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Introduction


The massive flux of photons incident on the earth from the
sun comprises an inexhaustible and plentiful energy source
for the foreseeable future. In contrast to other renewable re-
sources whose globally extractable power is less than 5 TW,
the solar constant on the Earth.s surface is 120000 TW.[1]


The abundant supply and environmental friendliness of
solar energy make the efficient conversion of solar radiation
into electricity a compelling scientific and economic goal.
While the efficiency of numerous classes of photovoltaic
technology has been steadily climbing, one class—dye-sensi-
tized solar cells (DSSCs)—has notably plateaued. After the
original report of a 7% efficient DSSC in 1991, Gr;tzel and
co-workers quickly pushed the efficiency to 10% by
1993.[2,3] Despite the relatively incremental improvements in
efficiency since then, reaching the current record of 11.2%,
a sea of relevant literature has emerged to raise our basic
science understanding at this intriguing confluence of elec-
trochemistry, photophysics, and materials chemistry.[4–7]


Like organic photovoltaics, DSSCs rely upon an interface
to efficiently split excitons, the tightly bound electron-hole
pairs generated by the absorption of light. In the most
common and most efficient devices to date, light is absorbed


by a ruthenium complex, such as (Bu4N)2[Ru(4,4’-dicarboxy-
2,2’-bipyridine)2 ACHTUNGTRENNUNG(NCS)2],


[8] that is bound to a metal oxide
photoanode via carboxylate moieties. The photoanode, usu-
ally TiO2, is composed of 10–20 nm diameter nanocrystals
that have been spread on a transparent, conducting oxide
(TCO) substrate and sintered to form a �16 mm thick film.
Following light absorption, the exciton is split across the
dye/nanoparticle interface in femtoseconds to picoseconds.
The injected electron diffuses through the sintered particle
network to be collected at the TCO, while the oxidized dye
is reduced by a redox shuttle, I�/I3


�, dissolved in a solution
that both permeates the porous photoelectrode and contacts
the circuit-completing dark electrode (typically, platinized
TCO). Diffusion of the oxidized form of the shuttle to the
counter electrode (dark electrode) completes the circuit.
The slow, random walk of electrons through the nanoparti-
cle film limits the collection of charges to the millisecond
timescale. Considering the close proximity at which oppos-
ing charges traverse the microns-thick device, the successful
operation of DSSCs is a small wonder.


Charge Dynamics


In order to understand and advance DSSC technology, the
kinetics and dynamics of charge movement have been exam-
ined in detail by many researchers, both experimentally and
via computational modeling. The transfer of electrons and
holes across several, often non-ideal and ill-defined, hetero-
geneous interfaces is exceptionally complex. As such, the ki-
netics are sensitive to many subtle factors such as excitation
wavelength and dye loading conditions.[9,10] Since the kinet-
ics are complicated and don.t always conform to a simple
rate law, rate constants aren.t strictly meaningful. Herein we
will follow the convention of reporting half-life times (see
Table S1 in Supporting Information), in order to appreciate
the different time scales of the relevant processes that span
nine orders of magnitude such as depicted in Figure 1.


Abstract: Modern dye-sensitized solar cell (DSSC) tech-
nology was built upon nanoparticle wide bandgap semi-
conductor photoanodes. While versatile and robust, the
sintered nanoparticle architecture exhibits exceedingly
slow electron transport that ultimately restricts the di-
versity of feasible redox mediators. The small collection
of suitable mediators limits both our understanding of
an intriguing heterogeneous system and the perfor-
mance of these promising devices. Recently, a number
of pseudo-1D photoanodes that exhibit accelerated
charge transport and greater materials flexibility were
fabricated. The potential of these alternative photoa-
node architectures for advancing, both directly and indi-
rectly, the performance of DSSCs is explored.


Keywords: atomic layer · charge dynamics · dyes/
pigments · nanoparticles · photovoltaic


[a] A. B. F. Martinson, Dr. T. W. Hamann, Prof. J. T. Hupp
Department of Chemistry, Northwestern University
2145 Sheridan Rd., Evanston IL 60208 (USA)
Fax: (+1)847-467-1425
E-mail : j-hupp@northwestern.edu


[b] A. B. F. Martinson, Dr. M. J. Pellin
Materials Science Department
Argonne National Laboratory, 9700 S. Cass Avenue
Argonne, IL 60439 (USA)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Figure 1. Kinetic processes in DSSCs. Processes in kinetic competition
have similar colors.
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For each time constant, the value shown is the most cur-
rent literature datum measured on a standard cell under op-
erating conditions, preferably at the maximum power point
(�700 mV).[11–15] A standard cell is taken to be a complete
device with configuration similar to the most efficient DSSC
to date.[16] Processes refer to electron dynamics unless other-
wise noted and rates in direct kinetic competition are shown
with the same color.


In order to relate these processes to PV performance, the
charge dynamics are best viewed on a modified energy level
diagram in Figure 2. Potentials are taken from literature re-
ports, Table S2 in Supporting Information.


The convenience of reporting half times of reaction rates
may result in the misconception that there is considerable
room for improvement by minimizing kinetic redundancy.
For example, it appears that charge injection is almost 100
times faster than the competing process, relaxation of the
excited state. If this were the case, then VOC could be sub-
stantially enhanced by shifting the conduction band edge of
TiO2 negative without loss of charge collection efficiency.
That this is not the case (or at least not entirely) is due to
the dispersive kinetics of charge injection. In fact, studies of
competing processes have shown that in its most efficient
configuration a DSSC has comparatively little kinetic redun-
dancy.[11,17] This point may be visualized in Figure 3, in
which order-of-magnitude estimates of area normalized
rates at the maximum power point are taken from literature
and presented as gaussian curves on a logarithmic time
scale.[11–15]


As state-of-the-art DSSCs have been optimized for maxi-
mum voltage while retaining near unity absorbed photon-to-
current efficiency, dramatically new versions of the key com-
ponents are warranted to advance the field. These could in-
clude new super chromophores that can collect light 10 to
100 times more efficiently than existing chromophores, new
shuttles that can regenerate dyes at low driving force yet ex-
hibit slow interception of injected charges, or new photo-


electrode architectures. Below we consider the third idea:
replacing the foundation of modern DSSC technology, the
nanoparticle film, with new photoanodes.


Photoanode Requirements


By combining optical transparency with a large surface for
dye loading, the introduction of a sintered titania nanoparti-
cle (NP) film was paramount to the early success of
DSSCs.[2] The NP film exhibits remarkably slow electron dif-
fusion matched only by the exceedingly slow charge inter-
ception by adjacent I3


�. Even sixteen years after its incep-
tion, a complete understanding of the competition between
transport of the electron through the TiO2-NP membrane
versus interception by I3


�—which is the key to the efficient
operation of existing DSSCs—remains elusive.[6,13] While the
NP film is still present in the most efficient DSSCs to date,
new materials and nanoscale architectures are attracting at-
tention. Below we consider several alternative photoanode
architectures and their potential for improving the efficiency
and our understanding of DSSCs.


The demands on a DSSC photoanode are many-fold.
These demands are best illustrated by examining a mathe-
matical model that describes a photoanode.s primary task,
quantitative charge transport of injected electrons to the
TCO. The continuity equation, introduced for DSSCs by
Lindquist and popularized by Peter, describes electron gen-
eration, diffusion, and interception, respectively.[6,18]


@n
@t
¼ hinjI0ae


�ax þDn
@2n
@x2 �


nðxÞ
tn
¼ 0 ð1Þ


Figure 2. Kinetic processes in DSSCs on a modified energy level diagram.


Figure 3. Area normalized rates from literature show charge dynamics in
direct kinetic competition at the maximum power point.
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with boundary conditions:


nð0Þ ¼ n0e
qU
kBT ð2Þ


dnðdÞ
dx


¼ 0 ð3Þ


Here the electron concentration, charge injection efficiency,
incident photon flux, absorption coefficient, and apparent
diffusion coefficient, are represented by n, hinj, I0, a, and Dn,
respectively. The effective (trap-limited) lifetime of elec-
trons, tn, describes the rate of interception of electrons in
the photoanode by I3


� through the film thickness, d. The
variables n0, q, U, kB, and T represent equilibrium (dark)
electron density, the elementary charge, voltage, Boltzman.s
constant, and temperature. This steady-state equation may
be solved numerically throughout the thickness, x, of the
film or solved exactly at the TCO in order to generate cur-
rent-voltage plots.[18]
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where the electron diffusion distance, L, is related to Dn and
tn by


L ¼ 1ffiffiffiffiffiffiffiffiffiffi
Dntn
p ð5Þ


The kinetic competition between charge injection and excit-
ed state decay (Figure 3a) is parameterized by hinj. The com-
petition between dye regeneration and recombination to the
dye+ (Figure 3b) is notably absent, although it has been in-
corporated in more detailed models.[19] The primary duty of
this model is to predict the distribution of electrons through-
out the photoanode and the current-voltage characteristics
for a given competition between tn and charge transport
(td), which is inversely proportional to Dn (Figure 3c). A
good photoanode will maximize the number of electrons
generated, the rate at which they are collected, and their
lifetime by maximizing each independent variable listed
above. Briefly, hinj is maximized by having a large density of
unpopulated states in the photoanode positive of the dye*/0


potential, preferably at optimal exoergicity. Maximizing the
photon flux to the dye is dependent upon the transparency
of the unsensitized semiconductor framework. The absorp-
tion coefficient is directly proportional to the effective
molar concentration of the dye, which is determined by the
roughness of the framework. Dn goes as the mobility of the
semiconductor according to the Einstein relation [Eq. (6)],


D ¼ m kBT
q


ð6Þ


but is often determined by trap controlled hopping between
low energy states.[20, 21] Finally, tn, is related to the quasi-
Fermi level of electrons in the film, and also shows trap den-
sity dependence.[22,23] All else being equal, a photoanode
that increases one of these independent variables will in-
crease efficiency, with the exception of Dn, which offers di-
minishing returns in the limit of kinetic redundancy
(Figure 3c).


Nanoparticle Thin Films


As a transparent, high surface area framework, a metal
oxide NP film was an excellent starting point for DSSCs.
The ease of fabrication, minimal cost, and control over light
scattering have ensured these structures provide the basis
for the most efficient DSSCs to date (11.2%). Optimized
films employ 10–20 nm spherical particles to form a high
surface area, 12 mm thick transparent film (Figure 4). The


surface area enhancement is described by the roughness
factor, defined as the ratio of actual surface area to the pro-
jected surface area, with NP films exhibiting roughness fac-
tors in excess of 1000. A �4 mm thick film of much larger
(�400 nm) particle diameter is subsequently deposited in
order to scatter red and near-IR photons back into the
transparent film.[16] (The dyes employed in the most efficient
cells typically absorb poorly in the red and near-IR region,
so they can collect more photons in this region if a scatter-
ing layer is present.)


Despite the adequate performance of nanoparticle films
in conventional DSSCs, this photoanode geometry has sever-
al disadvantages. These include low porosity, lack of materi-
als generality, and tedious particle synthesis. But the primary
weakness of the NP photoanode is the extraordinarily small
apparent diffusion coefficient, Dn. Electron transport to the
TCO is often modeled as the trapping and thermal release


Figure 4. Conventional TiO2 nanoparticle film.
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of electrons from a distribution of sub-bandedge states. This
process is highly dependent on the Fermi level, with TiO2


nanoparticle films showing Dn of order 10
�4 cm2s�1 when the


electron concentration is similar to that at the power
point.[15,24] Using the Einstein relation along with measured
mobilities (m) of 13 cmV�1 s�1 for single crystal anatase
TiO2,


[25] photoanodes with Dn of order 10�1 cm2s�1 (i.e., a
thousand times that in NP films) could be envisaged.


Nanorod Arrays


A DSSC photoanode based on an array of aligned nanorods
was introduced in 2005.[26] The photoanode is prepared on a
conducting glass substrate on which a layer of ZnO particles
has been deposited to seed nanorod growth. Preferential
growth of the [0001] crystal face from solution affords mod-
erately high aspect ratio single crystal rods perpendicular to
the TCO (Figure 5). In order to further enhance anisotropic
growth poly(ethyleneimine) is included in the growth solu-
tion, enabling rods with aspect ratios in excess of 125.[27]


Compared to nanoparticle films (roughness factors
>1000) the arrays are most notably lacking in roughness
(<200), significantly decreasing JSC and therefore limiting h


to 1.5%.[26] In addition, the solution growth of rods has been
restricted primarily to ZnO. This is unfortunate, as ZnO
photoanodes show consistently lower performance than sim-
ilar TiO2 devices, owing primarily to the instability of ZnO
in acidic dye solution.[28] Despite their modest success in
DSSCs to date, nanorod photoanodes possess several attrac-
tive features including low cost, scalability, and accelerated
electron transport.[29, 30]


Nanotube Arrays


To overcome the apparent limitations on nanorod array
roughness, a second route to low dimensionality DSSC pho-
toanodes has been established in the form of nanotubes. In


contrast to solution-phase nanorod growth, the electrochem-
ical anodization of select metal films affords an array of
metal oxide nanotubes with tunable roughness over 1000.
When a suitable metal such as Ti is employed, the mem-
branes may be employed directly as photoanodes with con-
version efficiency approaching 7%.[31,32]


Our group has made the fabrication of nanotubes materi-
als-general by conformably coating anodic aluminum oxide
(AAO) membranes via atomic layer deposition (ALD).[33,34]


In this technique, alternate exposures to reactive gas precur-
sors are separated by inert gas purging to deposit films of
metal oxides, sulfides, or nitrides. The self-limiting nature of
the layer-by-layer growth technique makes ALD uniquely
suited to high aspect ratio nanofabrication applications. The
result is a transparent array of polycrystalline tubes, the wall
thickness of which may be controlled with angstrom resolu-
tion (Figure 6). An optimal ZnO tube thickness grown
within and upon commercially available AAO affords
DSSCs with 1.6% efficiency, limited primarily by the
modest roughness factor of commercial membranes (<450).
The fill factor (FF) and VOC of ZnO nanotube devices
exceed those of any other ZnO photoanode reported to
date.


The most obvious advantage of the templated photoano-
des grown by ALD is the diversity of metal oxides that may
now be employed in the study of DSSCs. The hydrothermal
growth of nanorod arrays has been reported for only a small
subset of metal oxides. Likewise, fabricating high surface
area NP photoelectrodes of different metal oxides is a tech-
nical challenge that has yet to be overcome for several
oxides of interest (e.g. NiO).[35] In contrast, the ALD of a
long list of transition metal oxides may yield high surface
area anodes. ALD also opens wide the possibility of mixed
metal oxide devices to be employed in DSSCs. Due to the
high reproducibility of the template, this approach is also es-
pecially well suited to precisely comparing metal oxides in-
dependent of photoanode geometry and roughness.


A large effective surface area, which enables significant
light absorption from moderate extinction dyes, is a prereq-


Figure 5. ZnO nanorod film grown from Zn salt solution onto F/SnO2.


Figure 6. ZnO tubes grown by ALD on commercial AAO.
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uisite for efficient DSSCs. While nanorods can in principle
have large roughness factors, they have not yet been devel-
oped. Similar to NP systems, the AAO templates allow for
large and controllable surface areas. Unlike NPs, however,
AAO templates allow for independent control of the porosi-
ty, with 50% porous membranes feasible.[36] The large poros-
ities may enable thick membranes to handle large current
densities by overcoming the mass-transport limitations of
thick NP films. In addition, the alternative architectures are
one dimensional, or pseudo-one dimensional, which should
result in faster electron transport than in three-dimensional
NP films. Finally, both hydrothermal growth and ALD are
expected to yield more pristine semiconductors with larger
polycrystalline domains compared to NP films, resulting in
fewer surface trap states and grain boundaries or particle-
particle junctions. The advantages of the accelerated trans-
port and lower defect densities are considered below.


Architecture-Enabled Strategies for Improving
Photovoltage: Replacing I�/I3�


The novel architectures and deposition methods outlined
above should stimulate the field of DSSC-based energy con-
version by enabling innovative routes to improved device
performance. Strategies for improving the photovoltage at
open circuit (VOC) in DSSCs may be divided into two cate-
gories. The first strategy is to reduce the dark current (inter-
ception current) at a given photoanode Fermi level. The
second is to push the counter electrode potential more posi-
tive by changing the redox couple to which its Fermi level is
pinned, Figure 2. To further complicate matters, the two
strategies are enmeshed, as (all else being equal) dark cur-
rents are anticipated to depend to some extent on the redox
couple.s potential. In any case, the photovoltage is the dif-
ference of the Fermi level for the counter electrode (fixed at
the redox shuttle potential, EF,redox, if concentration polariza-
tion can be neglected) and the photoelectrode, nEF.


q Uphoto ¼ nEF�EF,redox ð7Þ


The VOC of the most efficient DSSC to date is 850 mV.[16] In
the absence of hot carrier injection, nEF may not exceed the
dye excited-state potential, thus limiting the VOC to �1.3 V
in traditional I�/I3


� DSSCs (Figure 2). Clearly, even with I�/
I3
� there is room for improvement based on the strategy of


reducing dark current.
Further improvement of VOC requires an alternative redox


couple with a more positive potential, approaching the dye0/+


potential (strategy 2). The optical gap of the Ru dye in the
most efficient DSSC to date is �1.8 eV, but the dye0/+ po-
tential differs from the I�/I3


� potential by �500 mV.[3,37] The
potential difference is necessary to drive regeneration at an
acceptable rate and is a consequence of the unusually large
reorganization energy for I�/I3


�. While detrimental to regen-
eration, the large reorganization energy paradoxically is
beneficial in terms of dark current minimization.


All reports of efficient (>4% at 1 sun illumination)
DSSCs to date have utilized the I�/I3


� couple as a dye re-
generator and redox mediator. The uniquely good perfor-
mance of I�/I3


� in these cells can be attributed to slow back
electron transfer from TiO2 to the mediator, maximizing
VOC in accordance with the diode equation. The I3


�/I�


couple, however, has a number of disadvantages, including
the corrosive nature of the oxidized species toward a tradi-
tional silver current collection mesh, which inhibits the low
cost commercialization of DSSCs. Further, the complex ki-
netics precludes a general understanding of the heterogene-
ous electron transfer reactions in these photoelectrochemi-
cal systems. Additionally, the redox potential of I�/I3


� limits
the maximum possible VOC of the best DSSCs to 1.3 V
owing to the roughly 500 mV of overpotential required for
reduction of the oxidized dye as described above (see
Figure 2). Attempts to increase the voltage by making the
solution potential more positive require increasing the con-
centration of I3


�, which simultaneously increases the rate of
electron interception (lowers nEF), thereby preventing an
overall VOC improvement. Thus, in order to extract all the
voltage available in a DSSC, alternative redox couples with
potentials more closely matched to the dye oxidation poten-
tial need to be identified.


In general, one-electron, outer-sphere redox reagents such
as ferrocenes have not been useful mediators in DSSCs.[38]


Although such species often rapidly reduce the oxidized
dye, these systems also have substantial dark reactivity, due
to facile reduction of their oxidized form by electrons in the
conduction band of the TiO2. This rapid interception of elec-
trons in the photoanode creates two distinct problems in the
operation of a DSSC: loss of VOC and diminished charge col-
lection efficiency. The most well recognized detriment is the
reduction in the VOC in accordance with the diode equation.
Unlike charge collection losses due to competing kinetic
processes (Figure 3), slowing competing processes cannot
circumvent this loss of VOC. Since the light-generated cur-
rent and dark current must be equal (and opposite) at open
circuit, compensating for a dark-current induced loss of VOC


requires increasing the number of charges injected per unit
time. In contrast, the loss of photocurrent (even under short
circuit conditions) due to interception of diffusing electrons
on their way to the TCO is controlled by a kinetic competi-
tion, shown in Figure 3c. This competition between charge
lifetime (tn) and charge transport time (td) has been exten-
sively studied via both frequency and time resolved tech-
niques.[6,15,39] The theoretical treatment, already introduced
as Equation (1), is employed to understand competition in
DSSCs under steady state conditions. Using this formalism,
the effects of accelerating electron interception (reducing
tn) have been modeled in Figure 7. Initially, VOC monotoni-
cally decreases with progressively shorter tn while the cur-
rent density under short circuit conditions (JSC) remains con-
stant. Given sufficiently fast transport (short td) only the ef-
fects of the increased dark current are visible in the J/V
curve under illumination, that is, lower VOC. However, under
conditions of even faster interception, or when the competi-
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tion in Figure 3c becomes relevant, a loss of photocurrent is
predicted. As must be the case for a system in which the col-
lection efficiency approaches unity, td has been shown to be
significantly smaller than tn in systems in which I�/I3


� is em-
ployed. Yet, in many other DSSCs, the kinetic competition
is relevant as evidenced in numerous reports of fast inter-
ception conditions.[38,40,41] In one particularly interesting ex-
ample, DSSCs that used cobaltACHTUNGTRENNUNG(III/II) tris(4,4’-di-tert-butyl-
2,2’-bipyridyl), [CoACHTUNGTRENNUNG(tBu2bpy)3]


3+ /2+ , as a redox mediator ex-
hibited excellent efficiencies, while cobaltACHTUNGTRENNUNG(III/II) tris(4,4’-di-
methyl-2,2’-bipyridyl), [Co ACHTUNGTRENNUNG(Me2bpy)3]


3+ /2+ , systems showed
poor performance.[42] If the tert-butyl group acts as a spacer
group to slow electron interception, the performance differ-
ence could be due to tn being slightly larger than td for [Co-
ACHTUNGTRENNUNG(Me2bpy)3]


3+ /2+ , but tn being slightly smaller than td for [Co-
ACHTUNGTRENNUNG(tBu2bpy)3]


3+ /2+ .[43]


Reducing charge collection losses at low applied poten-
tials requires a photoanode that exhibits faster charge diffu-
sion according to:


Dn ¼
d2


4 � td


ð8Þ


As previously discussed, Dn is surprisingly slow in NP thin
films and dependent upon nEF, effects most readily ex-
plained by the activation energy of trapping/de-trapping re-
quired to facilitate charge hopping. The result is a potential
dependence of both tn and td (or equivalently, a light-flux
dependence). In contrast, hydrothermally grown ZnO pho-
toanodes show considerably faster charge transport under
short-circuit conditions (Figure 8).[29,30] The faster transport
is not surprising, given the superior crystallinity and reduced
dimensionality of ZnO nanorod arrays compared to nano-
particle films.[26] Although to a lesser degree, we find that
the polycrystalline ZnO photoanodes deposited on the
pseudo-one-dimensional templates described above also ex-
hibit superior charge transport.


A related idea is to employ sensitizers with significantly
larger extinction since this would allow equal light harvest-
ing efficiency within a thinner photoanode. According to
Equation (8), a 10-fold reduction in photoanode thickness
will reduce td by 100-fold. Reducing the charge collection
time in this manner has the same advantages as increasing
Dn. Furthermore, a reduction in dark current is expected to
accompany any decrease in surface area.


Building DSSCs with significantly faster charge transport
kinetics should allow devices with a wider variety of redox
mediators to be used. To date, successful experiments with
only the very slowest of redox shuttles have been carried
out. Studies of faster shuttles, notably ferrocene, have been
characterized by almost complete device failure due to poor
charge collection.[38] Alternative photoanodes should over-
come this loss, as shown modeled in Figure 9, allowing for
the further exploration of redox mediators including com-
mercially attractive solid-state hole conductors.[44,45] Further-
more, redox shuttles with more positive potentials may be
studied, creating the possibility of voltages exceeding 1.0 V.


Figure 7. Current/voltage curves for DSSCs with progressively shorter
charge lifetime (tn). Each line represents an order of magnitude faster in-
terception. For simplicity, curves have been calculated assuming ideal be-
havior (diode quality factor of unity). Real DSSCs generally behave less
ideally, exhibiting smaller fill factors and showing (or implying) even
greater sensitivity of VOC to tn variations.


Figure 8. Charge transport (circles) and interception (triangle) lifetimes
for nanocrystalline (filled, red) and nanorod (open, blue) ZnO photoano-
des of similar thickness (�4 mm).[29] Importantly, the faster transport
rates for the nanorod array architecture are not compensated by faster
interception kinetics.


Figure 9. In devices with relatively short charge lifetimes (the shortest
shown in Figure 7), charge collection at low applied potentials may be
improved by increasing the diffusion rate. Each line represents an order
of magnitude larger apparent electron diffusion coefficient (Dn).
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Architecture-Enabled Strategies for Improving
Photovoltage: Reducing the Dark Current


In the most efficient DSSCs, the primary recombination/in-
terception pathway at open circuit is from electrons in the
NP film to I3


� in solution. In order to reduce the dark cur-
rent at a given nEF, inorganic barrier layers, alkyl chain addi-
tions to the Ru dye, and co-absorbents have been utilized
with moderate success.[12,14,46, 47] These physical barriers be-
tween semiconductors and redox shuttle comprise tunneling
barriers, which attenuate the rate of electron transfer from
the semiconductor to the shuttle.


A related notion centers on the reaction order for the
electron interception process. For triiodide as the intercep-
tor, the mechanism of this potentially multi-electron process
is complex and controversial. In particular, the reaction
order with respect to electrons is debated;[23,48] nevertheless
it is clear that the interception rate increases with increasing
concentration of electrons in the photoanode. This implies
that photoanodes with a lower density of states at a given


nEF will exhibit slower interception, all else being equal.
This effect has been illustrated nicely by Haque et al. where
the electrolyte composition was varied in order to shift the
density of states which controlled the rate of electron inter-
ception.[11] The effect of reducing dark current on photovolt-
age may be modeled for an ideal photoanode using Equa-
tion (4). The result is an �60 mV increase in VOC with each
order of magnitude reduction in dark current (Figure 10). In
semiconductor electrodes with larger diode quality factor,
the change is even more dramatic.


In nanostructured photoelectrodes, the relevant states
likely comprise both conduction band states and trap states.
Electron traps in TiO2 arise mainly from “incorrectly” coor-
dinated titanium ions found at intrinsic defect sites and sur-
face sites, and near intercalated species. Both hydrothermal
growth and ALD are expected to yield more pristine semi-
conductors with larger polycrystalline domains than found


in NP films, thus reducing the number of trap states. It may
be possible to further reduce the number of electron traps
near the semiconductor surface by atomic layer deposition
of a second material. For example, ultra-thin layers of insu-
lators such as ZrO2 are expected to react with and bury or
“correct” the coordination of these sites while at the same
time presenting a tunneling barrier to electron interception.
Thus, fabrication of higher quality semiconductors and/or
controlling the surface chemistry with ALD[47,49] may lead to
lower dark currents at a given nEF.


Novel electrode architectures may also influence the rate
at which oxidizing redox equivalents interact with the semi-
conductor surface by altering the packing of chromophores.
Like inorganic blocking layers, the dye itself acts to reduce
the effective surface area of semiconductor exposed to the
redox mediator.[12,50] The extent of dark current reduction is
dependent upon the size of the redox mediator and the po-
rosity of the chromophoric monolayer. On flat surfaces, it
has been shown that construction of chromophoric monolay-
ers capable of blocking molecular species (while passing
smaller ionic species, for example, Li+) is feasible.[51] As the
length of chromophores is comparable to the pore size of
high area photoelectrodes in many DSSCs, the curvature of
the photoanode is likely to influence porosity. The convex
interior surface of a tube is more likely to the block entry of
oxidizing equivalents compared to the convex surfaces of
particles and rods (Figure 11).


Novel photoelectrode architectures also should accommo-
date higher extinction chromophores. The porphyrin oligo-
mer shown in Figure 12[52] comprises one example of a po-
tentially strongly absorbing and broadly absorbing chromo-
phore suitable for an advanced DSSC. This next generation
of chromophores, with lengths in excess of 5 nm, will have
difficulty permeating typical nanoparticle photoanodes.
These new “super-chromophores” have the potential to sig-
nificantly reduce dark currents in DSSCs by allowing an
order of magnitude lower surface area photoanode to be
used without loss of light harvesting efficiency.


Figure 10. In ideal photoanodes, decreasing the dark current density in-
creases the voltage at open circuit and at the power point. Each line rep-
resents an order of magnitude lower dark current density.


Figure 11. Idealized dyes bound to convex and concave surfaces may
sieve different size species in solution, for example lithium ions (small,
light green blocks) versus molecular redox shuttles (large, dark red
blocks).
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Architecture-Enabled Strategies for Improving JSC


The possibility of employing alternative redox mediators in
DSSCs creates a cascade of new opportunities. The most ex-
citing prospect is the ability to rapidly reduce an oxidized
dye with smaller optical gap using minimal driving force.
Since incident photon-to-current efficiencies already ap-
proach unity from 350–650 nm in the most efficient DSSCs,
increasing the photocurrent requires extending dye absorp-
tion into the infrared. Under ideal conditions, a single junc-
tion solar cell with optical gap of �1.4 eV (corresponding to
900 nm light) has the potential to generate 33 mAcm�2.
Comparison of this with the highest current reported to date
for a DSSC (which employs the “black dye” Ru complex) of
21 mAcm�2 indicates that there is much room for improve-
ment if alternate redox couples can be utilized.[53]


There are two approaches to narrowing the dye.s optical
gap in order to collect a greater portion of the AM1.5 spec-
trum. Shifting the dye*/+ potential less negative is one possi-
bility, but the overpotential required for electron injection
into the metal oxide at a rate sufficient to compete with ra-
diative and nonradiative decay is already essentially opti-
mized for a given photoanode material (Figure 3a). The
second approach is to push the dye+ /0 level more negative;
however this approach is subject to a combination of prob-
lems that have thus far limited its implementation. A more
negative (less positive) dye+ /0 potential is expected to en-
gender slower regeneration kinetics due, at least in part, to
the lower driving force of the reaction. Further compound-
ing the problem, recombination to oxidized ruthenium and
osmium dyes has been shown (at least at shorter timescales)
to be subject to Marcus “inverted region” kinetics.[54,55] (At
longer times recombination seems to be trap limited, so is
insensitive to the dye0/+ potential).[56–58] Therefore, shifting
the ground state potential of the dye negative results in a
lower driving force and hence faster recombination. The
concomitant problems of slower regeneration and faster re-
combination make the successful use of dyes that extend the
spectral coverage in the current system extremely challeng-
ing.


Yet faster redox shuttles (that are incompatible with
nanoparticle DSSCs) have already been shown to rapidly
reduce oxidized dyes with less driving force.[38,41] Therefore,
we expect the application of faster redox shuttles to allow
the competitive reduction of the oxidized form of smaller
bandgap dyes, when combined with alternative photoanode
geometries. These smaller band gap dyes may enable greater


JSC, pushing DSSCs perfor-
mance closer to the still-distant
thermodynamic limit.


Conclusion


By making feasible the use of
faster redox shuttles and by
(potentially) enabling new ap-


proaches to dark current suppression, new photoelectrode
architectures and fabrication strategies are opening up the
possibility for improvement of photoelectrochemical systems
that have been otherwise almost completely optimized. So-
lution grown ZnO nanorod arrays and templated photoano-
des grown by ALD are believed to have many fewer trap
states. Under short circuit conditions these novel architec-
tures may also exhibit lower electron concentrations owing
to faster charge transport to the TCO. Faster charge trans-
port will enable a wide variety of redox mediators to be
studied while retaining reasonable charge collection efficien-
cy. This may, in turn, allow dyes with greater spectral cover-
age to be employed in DSSCs.
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Novel Contributions to the Mechanism of the Enantioselective
Hydrogenation of Dimethyl Itaconate with Rhodium Complexes


Thomas Schmidt,[a] Zhenya Dai,[a] Hans-Joachim Drexler,[a] Wolfgang Baumann,[a]


Christian J3ger,[b] Dietmar Pfeifer,[b] and Detlef Heller*[a]


Itaconic acid and its derivatives such as dimethyl itaco-
nate can easily be transformed into pharmaceutically inter-
esting chiral methyl succinates via enantioselective hydroge-
nation.[1] In contrast to a-[2] and b-dehydroamino acid deriv-
atives[3] mechanistic investigations concerning itaconates are
hardly available. Investigations of the system Rh–dipamp/di-
methyl itaconate (dipamp=1,2-ethandiylbis[(2-methoxyphe-
nyl)phenylphosphine]) by Brown et al. resulted in the detec-
tion of only one species in the 31P NMR spectroscopy at
�45 8C. From the rather large P–P coupling constant of
40 Hz they concluded the coordination of the C�C double
bond and the b-carboxy group to the rhodium center.[4]


Line-shape analysis of 31P NMR spectra of the substrate
complexes of dimethyl itaconate with a Rh–bisphosphinite
and an aminophosphine–phosphinite provided support for a
significantly higher rate of the intramolecular interconver-
sion between the diastereomers compared to the intermolec-
ular conversion via the solvate complex.[5] For the Rh–
DPPP complex (DPPP=1,3-bis(diphenylphosphino)pro-
pane) the formation of the hydrido alkyl species was shown
to be reversible in H/D exchange studies.[6] By means of the
PHIP method catalyst–substrate dihydride complexes could
be detected in the asymmetric hydrogenation of dimethyl
itaconate with cationic rhodium(I)–bis(phosphinite) com-
plexes.[7] Reetz and co-workers studied the mechanism of
enantioselective hydrogenation of dimethyl itaconate with


Rh complexes containing monodentate binol-based phos-
phites.[8] DFT calculations support the validity of the lock-
and-key principle[9] which was already proven experimental-
ly for one a- and several b-dehydroamino acid deriva-
tives.[2b,3]


The present work provides mechanistic insights into the
hydrogenation of dimethyl itaconate with [Rh ACHTUNGTRENNUNG(dipamp)-
ACHTUNGTRENNUNG(MeOH)2]BF4.


The hydrogenation of dimethyl itaconate with [Rh-
ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4 proceeds via the expected Michae-
lis–Menten kinetics. Independent of the substrate concentra-
tion average values of the pseudo-rate constant k2=


83 min�1 and the Michaelis constant Km=1.66910�2 molL�1


result, as well as an enantioselectivity of 91% (see Support-
ing Information).[10]


The quite large value of the Michaelis constant demon-
strates the stability of the catalyst–substrate complexes for
the system [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4/dimethyl itaconate to
be about three orders of magnitude smaller in methanol at
20 8C than the stability constant determined by Halpern
et al. for the very same catalyst but with the prochiral olefin
(Z)-methyl acetamido cinnamate (6.89104 Lmol�1, derived
from activation parameters of ref. [2a] versus 6.09
101 Lmol�1).


The 31P NMR spectra for different catalyst/substrate ratios
taken at room temperature show only broadened signals of
one catalyst–substrate complex. Even at a five-fold excess of
substrate only 85% of the rhodium are present as substrate
complex. This confirms the low stability of the intermediates
already derived from kinetic measurements.


By cooling the solution containing a five-fold excess of
substrate the signals become sharper and the P–Rh and P–P
couplings are accessible. Furthermore, an additional signal
set appears, presumably the corresponding minor diastereo-
mer (see Supporting Information).


Single crystals for X-ray analysis were isolated from a so-
lution of [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4 and dimethyl itaconate
after slow diffusion of diethyl ether into the solution.
Figure 1 shows the respective X-ray structure.[11,12] To the
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best of our knowledge it is the first X-ray structure of a Rh–
bisphosphine complex with an itaconic acid derivative.


The substrate coordinates via the C�C double bond and
the b-carboxyl group, forming the larger of the two possible
rings. The described coordination mode is thus similar to
known X-ray structures of different a-[2c,13] and b-dehydroa-
mino acid complexes[3] of the Rh–dipamp system.


Formal hydrogenation of the catalyst–substrate complex
shown in Figure 1 would lead to the R product. Due to the
fact that the hydrogenation yields the opposite enantiomer
in excess the system seems to correspond to the major/
minor principle[9] if the isolated complex can be assigned to
the major substrate complex.


Due to the low solubility of the catalyst–substrate com-
plex at low temperature a correlation of the isolated diaste-
reopure single crystals to one of the 31P NMR signal sets via
freezing out the interconversion at low temperature is not
possible.[2c]


However, also CD spectroscopy[14] does not lead to any
result. Due to the low stability of the catalyst–substrate
complex [Rh ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(MeOH)2]BF4 results, which thus dis-
turbs the measurements with its own CD signals (see Sup-
porting Information).


Solid-state NMR is an alternative method.[15] 100 mg of
single crystals (0.12 mmol) of the substrate complex were
isolated from a solution of Rh–dipamp solvent complex and
dimethyl itaconate and powdered for the NMR measure-
ments. The sample was proven to contain single crystals of
equal sizes by X-ray powder diffractometry (Supporting In-
formation) (see Supporting Information).


Interestingly, four different NMR signals (each is doublet
due to heteronuclear (P–Rh) J couplings (c.f. Table 1)) are
found in equal intensity ratios (Figure 2). Furthermore, a 31P
double quantum experiment (DQ) was carried out
(Figure 3). In this spectrum two DQ pairs are found at DQ
frequencies about 117 and 130 ppm (vertical axis) which are
highlighted by the horizontal lines. This result shows that
two P atoms with signals at d = 71.0 and 59.9 ppm are in
close spatial proximity as well is the case for the P atoms
with resonances at 66.4 and 51.1 ppm. These results are in-


terpreted as two structurally slightly different molecules per
unit cell (Supporting Information).


In Table 1 the chemical shifts and P–Rh couplings of the
solid-state NMR measurement are compared with the data
of the low-temperature NMR measurement at �80 8C.


Due to the huge differences between solid-state and solu-
tion NMR, the chemical shifts are not qualified for a corre-
lation of the solid-state NMR signals with either major or
minor substrate complex. However, the analysis of coupling
constants leads to pairs which match quite well: The cou-
pling constants 171/159 Hz of the diastereopure substrate
complex characterized by solid-state NMR correlate much
better with the data of the major diastereomer in solution
(174/154 Hz) than with the respective data of the minor sub-
strate complex (154/150 Hz).


Thus, the experimental results prove that indeed the
major substrate complex was isolated. Since it does not lead


Figure 1. X-ray structure of the complex [Rh ACHTUNGTRENNUNG((S,S)-dipamp)(dimethyl ita-
conate)]BF4 (ORTEP, 30% probability ellipsoids) One complex cation,
both BF4 anions and most hydrogen atoms are omitted for clarity. Select-
ed distances and angles as well as details to the structure can be found in
the Supporting Information.


Figure 2. 31P-CP/MAS NMR spectrum of [Rh ACHTUNGTRENNUNG(dipamp)(dimethyl itacona-
te)]BF4.


Figure 3. Double quantum experiment for homonuclear correlation of
the 31P NMR signals. Two DQ peak pairs at 117 and 130 ppm are found
(marked by the horizontal lines) indicating spatial proximity of the re-
spective sites. The remaining signals are single-quantum artifacts.


Table 1. Comparison of the low-temperature NMR data of [Rh-
ACHTUNGTRENNUNG(dipamp)(dimethyl itaconate)]BF4 in solution at �80 8C with the NMR
data of the solid-state NMR measurement.


Solution NMR
PMaj1


low–T PMin1
low–T PMaj2


low–T PMin2
low–T


d [ppm] 69.5 78.2 49.1 55.0
JP–Rh [Hz] 174 154 154 150


Solid-state NMR
PA1


solid PB1
solid PA2


solid PB2
solid


d [ppm] 71.0 66.4 59.9 51.1
JP–Rh [Hz] 171 171 159 159
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to the main enantiomer formed during hydrogenation the
major/minor concept should most likely be valid for the hy-
drogenation of dimethyl itaconate with [Rh ACHTUNGTRENNUNG(dipamp)-
ACHTUNGTRENNUNG(MeOH)2]BF4.


In summary, dimethyl itaconate forms two diastereomeric
catalyst–substrate complexes with [RhACHTUNGTRENNUNG(dipamp)-
ACHTUNGTRENNUNG(MeOH)2]BF4, which are, however, significantly less stable
than known Rh–dipamp complexes with a- und b-dehydroa-
mino acid derivatives. X-ray analysis of the isolated sub-
strate complex shows the coordination of the olefinic double
bond and the b-carbonyl oxygen. The isolated complex
leads to the minor enantiomer in hydrogenation and can be
identified as major intermediate via solid-state NMR spec-
troscopy. Hence, the major/minor principle should be valid
for the hydrogenation in methanol.


Keywords: asymmetric catalysis · hydrogenation · kinetics ·
reaction mechanisms · rhodium
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Synthesis, Structure, and Transport Property of Perfluorinated Oligofluorenes


Kimitaka Ohkubo,[a] Youichi Sakamoto,[a] Toshiyasu Suzuki,*[a] Toshimitsu Tsuzuki,[b]


Daisuke Kumaki,[b] and Shizuo Tokito[b]


A perfluorinated aromatic compound is typically an elec-
tron acceptor and considered as an important n-type semi-
conductor for organic electronics.[1] We have reported the
synthesis and electron-transport properties of perfluorinated
phenylene oligomers. Branched oligomers[2] such as per-
fluoro-1,3,5-tris(p-terphenyl)benzene (C60F42) displayed the
excellent ability to block exitons and holes in organic light-
emitting diodes (OLEDs) with phosphorescent dopants.
Linear oligomers[3] such as perfluoro-p-sexiphenyl (C36F26)
exhibited good electron injection and transport, but they
were not practically useful for OLEDs because of their high
crystallinity.[4] The purpose of this research is to produce a
new n-type semiconductor with 1) a high electron affinity, 2)
a high electron mobility, and 3) a stable amorphous state.
After theoretical calculations on several different structures,
we recognized that perfluorinated oligofluorenes could be
good candidates: The conversion of perfluorinated oligophe-
nylenes to perfluorinated oligofluorenes significantly lowers
the LUMO energy levels.[5] Oligo- and polyfluorenes have
been known as amorphous blue emitters with high carrier
mobilities.[6–8] We report here the synthesis, characterization,
and properties of perfluorinated oligo(9,9-dimethylfluor-
ene)s (PF-nFs, Scheme 1).


Octafluorofluorene 3 was first reported by Filler et al. in
1980.[9] Our improved synthesis starts with 1,2-dibromo-
3,4,5,6-tetrafluorobenzene, and the total yield is 52% as
shown in Scheme 2. The substitution reaction of 3 with hy-
drazine took place at the 2-position to provide 4. Bromina-


tion of 4 afforded 2-bromoheptafluorofluorene 5 in 47%
yield. The reaction of 5 with the trifluoromethylating agent
6 in the presence of NaH and [15]crown-5 gave 7 in 53%
yield. The dimer PF-2F was synthesized by the Ullmann
coupling of 7 in 72% yield.


Further bromination of 5, which was followed by trifluor-
omethylation, provided the dibromide 9 (Scheme 3). The
copper derivative 10 was prepared from the Grignard re-
agent of 7 and copper(I) bromide without isolation. The re-
action of 10 with 9 gave the trimer PF-3F (C45F38) in 52%
yield. Similarly, the dimeric dibromide 11,[5] prepared from
5, was allowed to react with 10 to afford the tetramer PF-4F
(C60F50) in 46% yield.


PF-2F to PF-4F were purified by train sublimation and
used for characterization. The structures were determined
by 19F NMR spectroscpy, mass spectrometry, and elemental
analyses. They are colorless solids and soluble in CHCl3,
THF, and aromatic solvents such as toluene. The UV/Vis ab-
sorption and photoluminescence spectra[5] of PF-3F were
very similar to those of the parent compound (3F :
C45H38)


[10] in shape but shifted by 40 nm to the higher
energy. This is consistent with the DFT calculations on 3F
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Scheme 1. Structures of perfluorinated oligo(9,9-dimethylfluorene)s.
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and PF-3F : The HOMO–LUMO gaps are 3.81 and 4.03 eV,
respectively. The wider HOMO–LUMO gap of PF-3F is
probably because of its larger dihedral angles (3F : 37.28 ;
PF-3F : 55.28 by the DFT calculations). Contrary to oligo-
and polyfluorenes, PF-2F to PF-4F showed only weak emis-
sions with the peaks around 350 nm.[5]


To estimate the LUMO energy levels, we measured the
cyclic voltammetry (CV). Although PF-2F showed only one
reversible couple at �1.80 V (versus the ferrocene/ferroceni-
um couple (Fc/Fc+)), PF-3F and PF-4F exhibited two rever-
sible couples in THF (Figure 1). The reduction potentials
shifted positively from PF-3F (�1.65 and �1.96 V) to PF-
4F (�1.60 and �1.80 V). This is consistent with the LUMO
energy levels obtained by the DFT calculations (PF-2F :


�2.64; PF-3F : �2.82; PF-4F : �2.91 eV). The potential dif-
ference between the first and second reductions (PF-3F :
0.31; PF-4F : 0.20 V) is smaller in PF-4F because of less
electron-electron repulsion in its longer p-conjugation. The
observed reduction potentials are more positive than those
of conventional electron-transport materials such as Alq3


(�2.36 V under the same conditions).[11]


We performed the X-ray crystallography of PF-2F to see
the molecular conformation and packing.[12] Interestingly, a
single crystal of PF-2F contains a 1:1 mixture of cis and
trans conformers in the unit cell (Figure 2), and each confor-
mer forms the separated layer.[5] The dihedral angle is slight-
ly larger in the cis conformer (cis : 57.78 ; trans : 53.28). These
values are typical for perfluorinated oligo(p-phenylene)s.
For example, the dihedral angles of perfluoro-p-quaterphen-
yl (C24F18) and -quinquephenyl (C30F22) are 59.58 and 53.58,
respectively.[13]


The differential scanning calorimetry (DSC) measure-
ments of PF-3F and PF-4F showed high glass transition
temperatures (Tg=133 and 163 8C, respectively).[5] No peaks
due to melting or crystallization were observed after the
first cycle, indicating that they are stable amorphous solids.


Scheme 2. Synthesis of octafluorofluorene 3 and PF-2F.


Scheme 3. Synthesis of PF-3F and PF-4F.


Figure 1. Cyclic voltammograms of PF-3F and PF-4F at 100 mVs�1 con-
taining 0.1m (nBu)4NPF6 in THF.


Figure 2. ORTEP drawing of cis-PF-2F (top) and trans-PF-2F (bottom).
Thermal ellipsoids are shown at 50% probability.
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The charge carrier mobilities for PF-3F and PF-4F were
measured by the conventional time-of-flight (TOF) tech-
nique with a N2 pulse laser. The samples were prepared on
ITO-coated glass substrates by high-vacuum thermal evapo-
ration of tris(8-quinolinolato)aluminum (Alq3, 30 nm) as the
charge-generation layer, PF-3F (5.6 mm) or PF-4F (3.8 mm),
and aluminum (100 nm). Relatively thick films of PF-3F
and PF-4F were nicely transparent, and no crystallization
was observed. A negative voltage was applied to the ITO
electrode to examine the electron-transport properties. Fig-
ure 3a and b show the representative transient photocur-
rents for PF-3F and PF-4F films, respectively. PF-3F exhib-
ited a current plateau followed by a tail in the double-linear
plot (Figure 3a). This nondispersive transport in the solid
film indicates that the density of electron traps due to ener-
getic disorder is small. Carrier transit times (Tt) were ob-
tained from the intersection point in the double-logarithmic
plots (insets of Figure 3a and 3b). The electron mobilities
can be calculated from the carrier transit times and are plot-
ted against the square of the electric field as shown in
Figure 4. PF-3F and PF-4F displayed weak field depend-
ence and high electron mobilities (2.1L10�4 and 2.0L
10�4 cm2V�1 s�1 at 5.8L105 Vcm�1, respectively) compared
to Alq3 (2.7L10�5 cm2V�1 s�1 at 1.2L106 Vcm�1).


In conclusion, we have synthesized perfluorinated
oligo(9,9-dimethylfluorene)s up to the tetramer. PF-3F and
PF-4F are amorphous n-type semiconductors with high elec-


tron affinity and mobility. The application to OLEDs is cur-
rently underway and will be reported elsewhere.
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Protection by Conformationally Restricted Mobility:
First Solid-Phase Synthesis of Triostin A


Judit Tulla-Puche,*[a] Eleonora Marcucci,[a] Manuel Fermin,[a] Nfflria Bay0-Puxan,[a] and
Fernando Albericio*[a, b, c]


Triostin A (Figure 1) belongs to a family of peptide antibi-
otics produced by marine bacteria. Triostins (A, B, and C)
were isolated in 1961 from a strain of Streptomyces aureus.[1]


Differing only in one of the NMe residues, triostin A bears
an NMe-Val, whereas triostin B and C contain an NMe-Ile
and an N,g-dimethyl-allo-Ile, respectively.[2] Triostin A, as
well as other members of this family, which include echino-
mycin,[3] BE-22179,[4] and thiocoraline[5,6] show antibacterial
and cytotoxic activity.[7]


Triostin A binds to DNA by bisintercalation[8] through its
two quinoxaline units and shows CpG selectivity.[9] The re-
moval of the four N-methyl groups in the TANDEM ana-


logue results in a change of selectivity to TpA sequences.[10]


Later studies have shown that binding to specific bases is
not only driven by hydrogen bonding, but that these com-
pounds also search for the most favourable stacking interac-
tions.[11]


The difficulty to synthesize triostin A is exemplified by
the fact that since its discovery more than 30 years ago, only
two elegant, but tedious, solution chemistry syntheses, which
involved purification at every intermediate, have been per-
formed more than 20 years ago.[12] To elucidate the mode of
action of this family of molecules, further biological studies
require an efficient synthetic protocol.[13]


The presence of consecutive NMe amino acids in triostin
A, which intrinsically implies synthetic difficulty, and of the
two ester bonds, which favour the formation of diketopiper-
azines (DKPs) as the main problem to be solved, makes the
solid-phase approach of this peptide a challenge.[14] Herein
we describe the first solid-phase synthesis of triostin A, ap-
plying a new concept in protection during synthesis. The
present strategy allows fast and efficient access to the natu-
ral product, and could also be used to prepare libraries of
analogues with modifications on the sequence and/or on the
heterocyclic unit.


The solid-phase synthesis employs several coupling re-
agents, a number of orthogonal protecting groups, and the
new concept of protection, referred to as conformationally
restricted mobility, which is crucial for the minimization of
DKP formation and for the success of the approach.
Stepwise elongation : Taking advantage of the C2 symme-


try of triostin and given its synthetic difficulty, the strategy
of choice is a [4+4] fragment coupling, because it reduces
the number of steps and therefore minimizes the risk of
side-reactions. The 4-amino acid fragment contains two
ester bonds (between the first amino acid and the resin and
between the Val and the d-Ser) and therefore two points
where DKPs could form. This risk is increasing because the
two remaining amino acids are NMe-Val and NMe-Cys. The
NMe increases the presence of the cis-configuration in the
dipeptide, thereby making it prone to DKP formation.[15]
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Figure 1. Structure of triostin A.


Chem. Eur. J. 2008, 14, 4475 – 4478 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4475


COMMUNICATION







Previous experience with analogues of this family prompt-
ed the selection of the 4-amino acid fragment shown in
Figure 2 as a target intermediate and the following approach
for its synthesis.


i) A Wang-type resin was used for the synthesis because
the Cl-TrtCl-resin,[16] known to minimize DKP formation, is
incompatible with Trt protection, used for temporary pro-
tecting group of the hydroxyl function of the d-Ser; ii) Ala
was used as the starting point for the synthesis. Since the
second amino acid is d-Ser, which is then elongated through
its side-chain, the risk of DKP formation is kept to mini-
mum. After introducing Fmoc-d-Ser ACHTUNGTRENNUNG(Trt)-OH, the Fmoc
group was removed and the 2-quinoxaline carboxylic unit
(Qxc) was introduced on solid-phase at the dipeptide level,
prior to ester formation.[17] iii) To introduce the two remain-
ing residues NMe-Val and NMe-Cys, different combinations
of protecting groups were investigated. Removal of the
Fmoc and pNZ groups by piperidine and SnCl2, respectively,
at the NMe-Val position resulted in partial cleavage of the
ester bond, with recovery of only the dipeptide (Qxc-d-Ser-
Ala-OH). Thus, at this position the Alloc derivative was in-
troduced, which was removed under practically neutral con-
ditions. For the introduction of NMe-CysACHTUNGTRENNUNG(Acm), the Boc
group was selected, to allow concomitant cleavage with the
release of the peptide from the support (Scheme 1).


To further detail the construction of the tetradepsipeptide,
Fmoc-Ala-OH was coupled onto Wang resin by treatment
with DIPCDI/DMAP. The Fmoc group was removed with
piperidine-DMF (1:4) and Fmoc-d-Ser ACHTUNGTRENNUNG(Trt)-OH was coupled
with HATU/HOAt/DIEA. After removing the Fmoc group,


Qxc was introduced by reaction with PyBOP/HOAt/DIEA
in DMF. The Trt was removed by washings with TFA/TIS/
CH2Cl2 2:2.5:95.5 until colourless filtrates were obtained.
After washing the resin with CH2Cl2, introduction of Alloc-
NMe-Val-OH was accomplished by treatment with
DIPCDI/DMAP in CH2Cl2/DMF 9:1. Removal of the
Alloc-protecting group with [Pd ACHTUNGTRENNUNG(PPh3)4] and PhSiH3 in
CH2Cl2, followed by introduction of Boc-NMe-Cys ACHTUNGTRENNUNG(Acm)-
OH afforded the target tetradepsipeptide with 85% purity.
Coupling of this second consecutive NMe amino acid was
particularly difficult, therefore the coupling reaction using
HATU/HOAt/DIEA was repeated.
Protection by conformationally restricted mobility:[18] For-


mation of the disulfide bridge: Synthetic organic chemistry
is based on the concourse of reagents and catalysts to
achieve clean formation of new bonds and appropriate
protecting groups to prevent the formation of undesired
bonds as well as side-reactions.


Conventional protection chemistry masks the properties
of the reactive chemical groups. Thus, carbamates such as
Fmoc, pNZ, or Boc, used in this study, reduce the nucleo-
philicity and basicity of the amines. A different approach for
protection is by the introduction of steric congestion around
the reactive group. A good example of this is the Trt group.
Thus, the Cl-TrtCl-resin, in addition to linking the carboxyl
group of the C-terminal amino acid to the resin, reduces
DKP formation (attack of the amine of the second amino
acid at the carboxyl group of the first amino acid) by steric
hindrance. In this regard, Barlos has reported that the Cl at
position 2 is crucial because simply by removing the Cl from
the Cl-TrtCl-resin, this support is more susceptible to DKP
formation.[19] Furthermore, Trt-amino acids, although diffi-
cult to couple to the peptide sequence, are practically free
of racemization, again due to the steric hindrance induced
around the a-H.[20] Moreover, backbone protection, such as
the introduction of the 2-hydroxy-4-methoxy benzyl (Hmb)
group[21] and the use of pseudoprolines[22] have enabled the


synthesis of difficult peptides
by disrupting secondary struc-
ture formation. Herein, we de-
scribe a new concept of protec-
tion based on conformational
mobility restriction.


In previous syntheses of ana-
logues, the removal of the pro-
tecting group of NMe-Cys (Boc
in this case) was accompanied
by immediate DKP formation.
Regardless of the protecting
groups used (Fmoc removed
with a base, pNZ and Alloc re-
moved under almost neutral
conditions, and the acid labile
Trt and Boc, removed by acid
and neutralized), the formation
of DKPs was extensive, and in
most cases quantitative (Fig-


Figure 2. Sequence of the tetrapeptide moiety.


Scheme 1. Synthesis of the tetradepsipeptide of triostin A on solid-phase. HATU = O-(7-azabenzotriazol-1-
yl)tetramethyluronium hexafluorophosphate; DIPCDI = N,N’-diisopropylcarbodiimide; Qxc = 2-quinoxaline
carboxylic unit; PyBOP = benzotriazol-1-yloxy-tris (dimethylamino) phosphonium hexafluorophosphate;
HOAt = 1-hydroxy-7-azabenzotriazole.
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ure 3A). At this point, we considered that the only solution
to solve this problem was to restrict the mobility of the pep-
tide chain, by making the amino function of the NMe-Cys


unable to reach the carboxyl of the NMe-Val. In this case,
this was achieved by the formation of the inter-chain disul-
fide bridge (Figure 3B) which restricts the mobility of the
peptide chain and thereby effectively prevents DKP forma-
tion.


Scheme 2 shows the on-resin
disulfide formation, followed by
the cleavage, and the final
double cyclization, which ren-
dered triostin A (Scheme 2).


The tetrapeptidyl resin was
subjected to two 10 min treat-
ments of oxidation with iodine.
The dimer was cleaved by treat-
ment with TFA/H2O/CH2Cl2
25:5:70, evaporated, redissolved
in H2O/CH3CN 1:1 and lyophi-
lized. The challenging final
macrocyclization (double and
with an NMe-amino as a nucleo-
phile) was performed by using
PyBOP/HOAt/DIEA in CH2Cl2
for 4 h. After workup, 83 mg of
crude triostin A was obtained
with excellent purity (51%, Fig-
ure 4B) for a crude peptide
after 12 steps, using six protect-
ing groups (Fmoc, Alloc and
Boc for the a-amino, Trt for hy-
droxyl, Acm for Cys, and sup-
ported p-alkoxybenzyl for the
C-terminal), an on-resin disul-
fide formation, and a double
cyclization.


Analytical HPLC and HPLC-
MS analysis revealed the pres-
ence of two peaks of the same
mass in a 65:35 ratio, which
were separated by semi-prepa-


rative reversed HPLC (17% overall yield) (Figure 4C, D).
The presence of two discrete conformers of triostin A in
slow exchange, which may be separated chromatographical-
ly, has been reported.[23] 1H NMR spectra in CDCl3 of the
two compounds were consistent with previously reported
data,[24,25] where the NMe-Val adopts a trans conformation


Figure 3. Protection by conformationally restricted mobility prevents
DKP formation.


Scheme 2. Dimerization and cyclization to obtain triostin A.


Figure 4. Analytical HPLC of A) crude dimer (tR=7.34 min), B) crude triostin A (tR=10.44 min), C) most
polar and D) least polar conformer.
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and the presence of the two conformers is a result of the iso-
merization cis/trans of the NMe groups of Cys.


The in vitro activity of the two conformers of triostin A
was evaluated in three tumour cell lines (MDA-MB-231,
A549, HT29). To the best of our knowledge, this is the first
time that these two conformers have been assayed separate-
ly. In the three cell lines, the most polar conformer showed
a higher inhibitory effect on cell growth (10�7m) than the
least polar one, which was one order of magnitude less
active.


In conclusion, we have demonstrated that an optimized
synthetic approach should allow the synthesis of any natural
product, as the two triostins A. Furthermore, the new con-
cept of conformationally restricted mobility can be key for
the synthesis of other peptides as well as other complex nat-
ural products.
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ACHTUNGTRENNUNG[Cu@Sn9]
3� and [Cu@Pb9]


3�: Inter ACHTUNGTRENNUNGmetalloid Clusters with Endohedral Cu
Atoms in Spherical Environments


Sandra Scharfe, Thomas F. F,ssler,* Saskia Stegmaier, Stephan D. Hoffmann, and
Klaus Ruhland[a]


Since the notification of the resemblance between homoa-
tomic Zintl anions and the class of fullerenes,[1] the discov-
ery of several new polyhedra as well as endohedrally filled
cages of the heavier Group 14 elements has been reported.
Besides the most common nine-atom clusters [E9]


n� (E=Si–
Pb; n=3, 4), a ten-atom closo-cluster [Pb10]


2� was synthe-
sized and structurally characterized.[2] Larger clusters appear
as endohedrally filled cages, and several of those have been
studied by single-crystal X-ray structure determination, such
as [Ni3@Ge18]


4�, [Pd2@Ge18]
4�, [Ni@Pb10]


2�, [M@Pb12]
2�


(M=Ni, Pd, Pt), [Ni2@Sn17]
4�, [Pt2@Sn17]


4�, and
[Pd2@Sn18]


4�.[3,4] They represent impressive examples of so-
called intermetalloid clusters.[5] The stability and structure of
other clusters, such as the binary ions [M@Sn12]


� for a series
of transition metals (M), have been anticipated by gas-phase
experiments and theoretical calculations.[6] The results led to
the idea that—in contrast to fullerenes—larger polyhedral
cages might exist for the heavier homologues of Group 14
elements only with endohedral atoms. Clusters with less
than ten atoms are less capable of encapsulating a transi-
tion-metal atom.[7,8]


Recently, we reported on reactions of [Ge9]
4� with


PPh3AuCl, which led to the isolation of [Au3Ge18]
5�[5c] and


the huge cluster [Au3Ge45]
9�.[5d] We have now investigated


the related reaction of [E9]
4� (E=Sn and Pb) homologues


with mesitylcopper and here we report on the structural and
spectroscopic characterization of the first representatives of
clusters containing endohedral Cu atoms in an almost per-
fectly spherical environment of nine tin or lead atoms; two
clusters which were not foreseen by gas-phase experi-
ments.[7d]


The compounds [K ACHTUNGTRENNUNG([2.2.2]crypt)]3ACHTUNGTRENNUNG[Cu@E9] ACHTUNGTRENNUNG(dmf)2 (E=Sn
(1) and Pb (2)) crystallize in the monoclinic space group
P21/c with two dimethylformamide (dmf) solvate molecules
per formula unit.[9] The unit cell parameters of the Pb com-
pound are about 0.07 > longer than those of the isomorphic
Sn compound. According to the number of well-ordered [K-
ACHTUNGTRENNUNG([2.2.2]crypt)]+ units, the cluster anions [Cu@Sn9]


3� (1a) and
[Cu@Pb9]


3� (2a) have a threefold negative charge and nine
Sn and Pb atoms, respectively, encapsulate a Cu atom. In
both cases nine crystallographically independent E atoms of
the anions build a distorted tricapped trigonal prism with
approximate C2v symmetry (Figure 1). The mean interatomic


distances (e) within the prism basal planes E1 to E3 and E4
to E6 are 3.097(5) and 3.224(5) >, respectively, and the con-
tacts to the capping atoms (c) are 3.052(5) and 3.163(5) >
for 1a and 2a, respectively. The homoatomic distances are
typical for delocalized cluster bonds, and are about 0.1 >
longer than in the empty clusters.[4,10–12] The prism heights
(h) E2 to E5 and E1 to E4 of 1a are 2% and 5% longer
than the shortest height E3 to E6 (3.757(5) >), whereas in
2a the corresponding distances are elongated by 2% and
6% with respect to the Pb3–Pb6 distance of 3.873(5) >.
Therefore the basal planes E1 to E3 and E4 to E6 are tilted
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Figure 1. Structure of the [Cu@Sn9]
3� ion (1a). Atoms are shown with a


90% occupation probability.
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by 3.48 (1a) and 4.08ACHTUNGTRENNUNG(2a).[13] Compared to empty [E9]
3� clus-


ters with approximate C2v symmetry, the mean prism heights
are elongated by 17% for 1a and 15% for 2a.[11] The aver-
age h/e ratios of 1.239 for 1a and 1.234 for 2a are larger
than in other known E9 cluster compounds with a similar
skeleton,[11,12] and the capping atoms in 1a and 2a are locat-
ed closer to the center of gravity of the corresponding rec-
tangular planes.
As a result of this distortion the E9 polyhedra possess an


almost spherical shape, and the Cu�E contacts are in the
very narrow range of 2.611(7) to 2.700(7) > for 1a and
2.71(1) to 2.802(11) > for 2a, with slightly longer contacts
to the capping atoms. This is also expressed by the offset of
the Cu atoms to the centers of the E9 cages, which is as
short as 0.02 > in both clusters.[14] The “sphere radii” for 1a
and 2a are given by the mean Cu�E distances of 2.645 and
2.759 >, respectively. In the case of an error-free arrange-
ment of nine atoms on the surface of a sphere with equal-
ized interatomic distances of 1, the radius can be geometri-
cally calculated by using r=1/2


ffiffiffi
3
p
,[15,16] leading to ideal in-


teratomic distances of 3.054 and 3.186 > for 1a and 2a, re-
spectively. These values are very close to the average mea-
sured E–E contacts in the clusters ignoring the prism
heights (1a : 3.067 > and 2a : 3.183 >). Thus. the ideal, geo-
metrically determined nine-atom polyhedron is best de-
scribed as an elongated tricapped trigonal prism with h/e=ffiffiffiffiffiffiffiffi
5=3


p
=1.29 and hence very close to the values found for


the [Cu@E9]
3� clusters.


The highly symmetric cluster shape suggests a spherical
coordination environment for the Cu atom, which accounts
for a d10 configuration for the Cu atom (Cu+) and conse-
quently a charge of 4� for the E9 skeleton. Magnetic meas-
urements showed that the crystals of 1 are diamagnetic and
confirmed the proposed charge distribution. Indeed, the
cluster shape is very different from that of a 22-electron
nido-cluster expected according to WadeOs rules. However,
the uncertainty of the assignment of the number of electrons
to homoatomic nine-atom cages based on their shapes has
previously been pointed out.[17]


Since crystals of 1 could be obtained in higher yields than
those of 2, further investigations were carried out only for 1.
The 119Sn NMR spectrum of 1 in acetonitrile at room tem-
perature displays a single resonance at d=�1440 ppm (see
the Supporting Information), which indicates that all Sn
atoms are time-averaged in solution. The chemical shift is in
the range of related cluster compounds and high-field shift-
ed relative to the empty cluster [Sn9]


4� (d=


�1230 ppm).[4,17,18] The 119Sn NMR signal appears as a
1:1:1:1 quartet with a coupling constant of J(119Sn–63/65Cu)=
286 Hz due to the interstitial Cu atom (69% 63Cu and 31%
65Cu with g ACHTUNGTRENNUNG(63Cu)/g ACHTUNGTRENNUNG(65Cu)=0.934), although the quadrupolar
momentum of the I=3/2 nuclei usually quenches coupling
because of very short relaxation times.[19,20] In our measure-
ment the coupling was observed because the Cu atom is sur-
rounded by a highly symmetrical Sn9 cluster, whose atoms
are not distinguishable on the spectral NMR time scale.
Each resonance signal is accompanied by two satellites with


J(119Sn–117Sn)=85 Hz arising from Sn–Sn coupling due to
homoatomic contacts. For comparison, the Pt-filled cluster
[Pt2@Sn17]


4� shows a 119Sn–117Sn coupling of 170 Hz.[4]


At room temperature, compound 1 displays one sharp
63Cu NMR resonance signal at d=�330 ppm (Figure 2). The


high-resolution satellite pattern permits the rare determina-
tion of the 63Cu–119Sn coupling constant of J(119Sn–63Cu)=
280 Hz, which is in good agreement with the 119Sn NMR
spectrum. The signalOs pattern arises from different iso-
topomers [Cu@117/119SnxSn(9�x)]


3� (with x=0, 1,. . , 4), since
only 16% of Sn atoms have spin I=1/2 and couple with the
Cu atom (8.58% 119Sn and 7.61% 117Sn with g ACHTUNGTRENNUNG(119Sn)/
g ACHTUNGTRENNUNG(117Sn)=1.047). The intensity distribution of the observed
seven peaks is consistent with a Sn9 cluster core (Figure 2).
The observed resonance frequency is in the range of other
CuI compounds.[20,21] Therefore the Cu atom in 1 is assumed
to have the formal oxidation state +1. Generally the major
challenge of 63Cu NMR studies in solution is the enhanced
line width, which seriously affects the sensitivity of the mea-
surement. Since 63Cu is a I=3/2 nucleus, a small electric
field gradient is necessary for sharp signals. Therefore, the
observed line width is highly dependent on the symmetry of
the surrounding atoms. A discrete signal can thus only be
obtained of Cu atoms in an environment of at least cubic
symmetry.[19,20,22] In our investigation, the copper atom occu-
pies the center of a spherical Sn9 cluster, as anticipated al-
ready from the single resonance in the 119Sn NMR spectrum.
Hence the line width is as narrow as 17 Hz and considerably
smaller than those reported up to now. The 119Sn and 63Cu
NMR spectra do not change upon cooling to �40 8C.
DFT calculations have been performed on the [Cu@Sn9]


3�


ion and the empty [Sn9]
n� clusters (n=2, 3, 4). Structure op-


timizations at the B3LYP/aug-cc-pVDZ-PP level lead to
ground state structures with D3h symmetry for [Cu@Sn9]


3�,
[Sn9]


2�, and [Sn9]
3�, and C4v symmetry for [Sn9]


4�.[23] The in-


Figure 2. 63Cu NMR spectrum of 1. a) Measured spectrum in acetonitrile
at room temperature, b) simulated spectrum for [Cu@117/119SnxSn(9�x)]


3�


(with x=0, 1,. . , 4).


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4479 – 44834480



www.chemeurj.org





teratomic distances calculated for [Cu@Sn9]
3� are somewhat


longer (max. 0.09 >) than the mean crystallographically ob-
served distances, but the trends are consistent with those
found experimentally. (Calculated Sn�Sn distances: h=


3.930 >, e=3.171 >, c=3.129 >; calculated Cu�Sn distan-
ces: 2.763 > to capping Sn atoms, 2.686 > to Sn atoms in
basal planes.) Notably, the calculated and observed h/e
ratios agree exactly for [Cu@Sn9]


3�. Single-point calculations
at the B3LYP level using aug-cc-pVTZ-PP basis sets of
triple zeta quality were performed on the optimized struc-
tures to analyze the electronic structures of the clusters. The
calculated HOMO–LUMO gap of [Cu@Sn9]


3� is 2.93 eV.
This value lies in between those for D3h-symmetric [Sn9]


2�


(1.90 eV) and [Sn9]
3� [2.56 eV (a-HOMO�a-LUMO)] and


the one for [Sn9]
4� with an optimized C4v-symmetric struc-


ture (3.11 eV). It is also larger than the HOMO–LUMO gap
calculated for a D3h-symmetric [Sn9]


4� ion with the structure
of the Sn9 skeleton optimized for [Cu@Sn9]


3� (2.70 eV). A
positive natural charge of 0.20 for Cu calculated in
[Cu@Sn9]


3� points towards the same Cu oxidation state as in
linear [CuCl2]


� with a natural charge of +0.58 for Cu.
Using the terminology of tensor surface harmonic theory,


we classified the molecular orbitals of [E9]
n� into S, P, D,


and F orbitals having shapes and nodal patterns similar to
the corresponding atomic orbitals.[24] In D3h point symmetry
the s, p, and d orbitals of the endohedral Cu atom and the S,
P, D orbitals of the tricapped trigonal prismatic E9 cluster
transform under the a1’ (s, dz2), a2’’ (pz), e’ (px, py, dx2�y2, dxy)
and e’’ (dxz, dyz) irreducible representations, the F orbitals
have a1’, a2’, a2’’, e’, and e’’ symmetry. An analysis of the mo-
lecular orbitals of [Cu@Sn9]


3� shows that the main interac-
tions between the central Cu atom and the E9 cage involve
Cu-d, -s, and -p orbital contributions (Figure 3).
Even though mass spectrometric investigations show the


absence of CuSn9 clusters,
[7d] the present study proves that


Cu ions can be trapped in homoatomic cages even in macro-
scopic quantities. The surrounding Sn and Pb atoms build a
nine-atom cage whose structure is optimized towards a per-
fect sphere. In contrast to the closely related Cu@C60, which
has been characterized by mass spectrometry and EPR spec-
troscopy as [Cu2+@C60


2�],[25] 1a can be formulated as [Cu+


@Sn9
4�]. The rapid exchange of the Sn atoms on the NMR


time scale in solution creates an ideal spherical environment
around the Cu atom and allows the examination of 63Cu
NMR spectra of these complexes.


Experimental Section and Methods


General : All manipulations and reactions were performed under an
argon atmosphere with standard Schlenk techniques or in an argon-filled
glove box. K4Sn9 and K4Pb9 were prepared by fusion of stoichiometric
amounts of the elements in stainless steel tubes at 550 8C and 400 8C, re-
spectively. Dimethylformamide (Merck) was distilled over calcium hy-
dride and used immediately after collection. Toluene and tetrahydrofuran
were dried in a solvent purification system (MBraun). [2.2.2]crypt
(Merck) was dried in vacuo for eight hours. Mesitylcopper was prepared
according to reference [26].


Synthesis of 1 and 2 : K4E9 (0.15 mmol), mesitylcopper (0.15 mmol), and
[2.2.2]crypt (0.27 mmol) were dissolved in dimethylformamide (2 mL)
and stirred for two hours. The intense dark red to brown solution was
separated from the residue by filtration and carefully layered with tolu-
ene (1 mL). Compound 1 crystallized after two weeks at �25 8C in the
form of dark red prisms, in contrast dark brown and cubic shaped crystals
of 2 were obtained after three months (yield: 1: 50%; 2 : 10%).


Characterization : EDX analyses of the crystals carried out on a JEOL-
SEM 5900 LV spectrometer confirm the K, Cu, and E (1: E=Sn, 2 : E=


Pb) composition of the X-ray structure elucidation. Elemental analysis
calcd (%) for 1: C 28.5, H 4.8, N 4.4, Cu 2.5, Sn 42.3, K 4.6; found: C
27.9, H 4.6, N 4.1, Cu 2.6, Sn 40.3, K 4.5. The magnetic investigations
were performed on a Quantum Design SQUID magnetometer MPMS-
XL7.


NMR spectra of 0.05 molL�1 solutions of single crystals of 1 in acetoni-
trile were recorded on a Bruker AMX400. The observed frequencies
were 119Sn (149.211 MHz) and 63Cu (106.096 MHz). 119Sn was referenced
to Me4Sn in C6D6 (0 ppm) and


63Cu to [CuACHTUNGTRENNUNG(CH3CN)4]ClO4 in CH3CN
(0 ppm) as external standards. Block searches of 500 ppm windows were
used to explore the 119Sn NMR shifts. A total of 2487 scans were accumu-
lated for the 119Sn NMR spectrum, 1876 scans for the 63Cu NMR spec-
trum.


Single crystals of 1 and 2 were fixed on glass capillaries. The data were
collected on an Oxford Diffraction Xcalibur3 diffractometer, MoKa radia-
tion (l=0.71073 >).[9a] The structures were solved by direct methods
(SHELXS-97[9b]) and refined by full-matrix least-squares calculations on
Sw(F2o�F2c)2 (SHELXL-97[9c]). All non hydrogen atoms were refined with
anisotropic displacement parameters, all hydrogen atoms were placed in
calculated positions and refined by using a riding model.


DFT calculations have been performed by using the GAUSSIAN 03
package of programs (Revision D.01).[27] Natural charges were calculated
by using Version 3.1 of the NBO program[28] as implemented in GAUSSI-
AN 03. The self-consistent isodensity polarizable continuum model (SCI-
PCM)[29] was used in all calculations to account for solvation effects (die-
lectric constant er(dmf)=36.71). GaussView was used to visualize molec-
ular orbitals.[30] Structure optimizations were first carried out at the
B3LYP/cc-pVDZ-PP level of theory, that is BeckeOs hybrid three-parame-
ter exchange functional[31] with the Lee–Yang–Parr correlation function-


Figure 3. Molecular orbital interaction diagram of [Cu@Sn9]
3� in frag-


ments of Cu+ and D3h-[Sn9]
4�. Important contributions are indicated by


dashed lines, and relevant molecular orbitals of [Cu@Sn9]
3� are shown on


the right.
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al[32] (UB3LYP for open shell [Sn9]
3�) with small-core relativistic pseudo-


potential correlation consistent valence double zeta plus polarization
basis sets.[33] Further optimizations were performed with B3LYP using
aug-cc-pVDZ-PP (augmented correlation consistent polarized valence
double zeta) basis sets[33] that include diffuse functions. Harmonic vibra-
tional frequencies were calculated numerically for the optimized struc-
tures to verify the nature of the stationary point on the potential energy
surface. Single-point calculations (Natural charge, HOMO–LUMO gaps,
MOs, MO eigenvalues) on the optimized (B3LYP/aug-cc-pVDZ-PP)
structures were performed at the B3LYP level using aug-cc-pVTZ-PP
basis sets of triple zeta quality.[33] Calculations for [CuCl2]


� were carried
out correspondingly, using cc-pVDZ, aug-cc-pVDZ (optimization) and
aug-cc-pVTZ (single point) basis sets for Cl.[34] All basis sets were ob-
tained from the EMSL Basis Set Exchange.[35]
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Highly Enantioselective Strecker Reaction of Ketoimines Catalyzed by an
Organocatalyst from (S)-BINOL and l-Prolinamide


Zongrui Hou, Jun Wang, Xiaohua Liu, and Xiaoming Feng*[a]


The catalytic asymmetric
Strecker reaction[1] has attract-
ed much attention and a
number of successful protocols
have been disclosed for its
great importance in the syn-
thesis of chiral a-amino acids
and their derivatives.[2] Howev-
er, in contrast to the relatively
well-developed cyanation of
aldimines,[3] limited reports
were related to the cyanation
of ketoimines[4] to afford phar-
maceutically important disub-
stituted a-amino nitriles. Espe-
cially, it is not easy to promote cyanation of ketoimines with
organocatalyst. Since the first successful example reported
by Jacobsen’s group using chiral urea as catalyst,[4a,c] two
types of N,N’-dioxides have been developed by our group
for the Strecker reaction of ketoimines and moderate to
good results were obtained.[4g,i] Herein, we reported a novel
kind of N,N’-dioxide with an axial chirality for the enantio-
selective cyanation of N-Ts-protected ketoimine, providing
excellent results (Figure 1).


Before, the linkers of the previously used N,N’-dioxides
for the Strecker reaction of ketoimines were achiral moiet-
ies. We speculated that the stereocontrol would be enhanced
by employing a suitable chiral linker. On the basis of this


idea, we designed and synthesized the N,N’-dioxide catalyst
derived from BINOL and prolinamide. The general route
was given in Scheme 1. Firstly, (S)-BINOL was formylated
via three steps to afford A1 which was subsequently subject-
ed to the condensation reaction with l-prolinamide. Then
the product B1 was oxidized to achieve the desired novel
N,N’-dioxide 1a. Notably, the absolute configuration of the
newly formed chiral center in catalyst 1a was identified as R
based on the observation of strong NOE signal between H1


and H2 (see Supporting Information). However, the attempt
to synthesize the similar structure from (R)-BINOL and l-
prolinamide was failed, which might be attributed to the in-
stability of the corresponding N,N’-dioxide. Interestingly,
when two hydroxyl groups of B1 were replaced by two me-
thoxy group, N,N’-dioxide 1c could not be prepared as dia-
stereomerically pure form in the oxidation step. Instead, the
mixture of the two epimers with a ratio of 1:1.8 was ob-
tained (see Supporting Information). Other catalysts dis-
played in Figure 1 were prepared in a similar process
(Scheme 1) for the preparation of 1a.


To examine the initial hypothesis, we evaluated these cat-
alysts in the asymmetric Strecker reaction of N-tosyl keto-
imines with TMSCN. It was found that a promising result
(80 % ee) was obtained by employing 5 mol% N,N’-dioxide
1a as catalyst, while inferior asymmetric induction was ob-
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Figure 1. Catalysts used in this research.
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served using 1b with two TMS groups on the 6,6’-position of
BINOL (Table 1, entries 1–2). A low ee value was obtained
by replacing the BINOL framework with H8-BINOL
(Table 1, entry 3), which suggested that a proper dihedral
angel in 1a was of great importance. When catalyst 3 de-
rived from axial flexible 2,2’-biphenol was examined, quite
poor enantioselectivity was given, which indicated that the
axial chirality of BINOL in 1a was crucial to achieve the
good ee value (Table 1, entry 4).


Solvent screening showed that toluene was the best sol-
vent (Table 1, entry 1). Other solvents such as CH2Cl2, ani-
sole, THF and CH3CN gave poor enantioselectivities
(Table 1, entries 5–8). When the reaction was performed at
�20 8C, slight increase in the enantioselectivity was ob-
served, but the reactivity decreased. High temperature was
disadvantageous to asymmetric induction (Table 1, en-
tries 9–10). Although low catalyst loading made the reaction


somewhat sluggish, the ee value was gradually enhanced
(Table 1, entries 11–13). Also, reduced concentration was
beneficial to the enantioselectivity (Table 1, entry 14). To
further improve the result, some additives were investigated.
Fortunately, 1-admantanol was found to be efficient to en-
hance both reactivity and enantioselectivity, and the best
amount was 1.0 equiv (Table 1, entry 15).


With the optimal conditions (Table 1, entry 15) in hand,
the substrate scope was surveyed. As shown in Table 2, vari-
ous aryl imines bearing no matter electron-withdrawing or
electron-donating group were smoothly converted to their
corresponding adducts in the range of 93–99 % ee with high
yields (Table 2, entries 1–11). Heteroaromatic ketoimines
showed high reactivities and enantioselectivities as well
(Table 2, entries 12–13). Aliphatic substrate 4n gave 93 % ee
(Table 2, entry 14). Besides, a,b-unsaturated ketoimine
could be transformed to the synthetically important product
5o with 95 % ee (Table 2, entry 15). Cyclic ketoimine could
give an excellent result with 98 % ee (Table 2, entry 16). Ex-
citingly, current catalyst system could be applied to the aryl
ethyl and aryl propyl ketoimines to give excellent results
(Table 2, entries 17–18). ortho-Chloro diphenylketoimine ex-
hibited good result, too (Table 2, entry 19).


In summary, a novel and efficient organocatalyst was de-
veloped to promote the Strecker reaction of ketoimines
with fairly wide substrate scope and excellent enantioselec-


Scheme 1. Synthesis of the catalyst : i) l-prolinamide, ethanol, reflux; ii)
mCPBA, CH2Cl2, �78 8C.


Table 1. Asymmetric cyanation of ketoimine 4a catalyzed by various cat-
alyst systems.


Entry[a] Cat. [mol %] Solvent Yield [%][b] ee [%][c]


1 1a (5) toluene 71 80
2 1b (5) toluene 53 55
3 2 (5) toluene 40 59
4 3 (5) toluene 43 27
5 1a (5) CH2Cl2 88 24
6 1a (5) anisole 64 48
7 1a (5) THF 84 18
8 1a (5) CH3CN 64 23
9[d] 1a (5) toluene 89 81
10[e] 1a (5) toluene 99 60
11 1a (10) toluene 99 75
12 1a (2) toluene 56 84
13 1a (1) toluene 42 86
14[f] 1a (2) toluene 66 90
15[f,g] 1a (2) toluene 93 97


[a] All the reactions were carried out with 4a (0.1 mmol), TMSCN
(1.5 equiv) in toluene (0.5 mL) at 0 8C in a dry flask for 48 h unless other-
wise specified. [b] Isolated yield. [c] Determined by chiral HPLC. [d] The
reaction was performed at �20 8C for 168 h. [e] The reaction was per-
formed at 30 8C. [f] The reaction was performed in 2.0 mL toluene for
72 h. [g] 1.0 equiv 1-adamantanol was added.


Table 2. Substrate scope for the Strecker reaction of ketoimines.


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


1 Ph Me 5a 72 93 97 (R)
2 2-FC6H4 Me 5b 72 95 94
3 3-ClC6H4 Me 5c 72 93 94
4 4-ClC6H4 Me 5d 72 91 93 (R)
5 4-FC6H4 Me 5e 72 94 95
6 4-MeC6H4 Me 5 f 72 88 98 (R)
7 2-MeOC6H4 Me 5g 120 82 97
8 3-MeOC6H4 Me 5h 120 81 96
9 4-MeOC6H4 Me 5 i 120 80 99 (R)


10 Me 5j 120 74 99 (R)


11 2-naphthyl Me 5k 72 82 97 (R)
12 2-furyl Me 5 l 72 88 95
13 2-thienyl Me 5m 72 86 97
14 tBu Me 5n 72 96 93


15 Me 5o 72 86 95


16 – 5p 120 73 98 (R)


17 Ph Et 5q 120 86 98
18 Ph nPr 5r 120 74 95
19 2-ClC6H4 Ph 5s 120 76 90


[a] All the reactions were carried out in a 0.1 mmol scale of 4 using
1.5 equiv TMSCN in 2.0 mL toluene with 2 mol % catalyst and 1.0 equiv
1-admantanol at 0 8C in a dry tube. [b] Isolated yield. [c] Determined by
chiral HPLC.
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tivities (up to 99 % ee). Low catalyst loading (2 mol %),
mild reaction conditions, and operational simplicity made
this strategy facile to be used in the organic synthesis. Fur-
ther investigation of the reaction mechanism is underway.


Experimental Section


Typical procedure for the Strecker reaction of ketoimine : To a dry reac-
tion tube charged with N-Ts ketoimine (0.1 mmol), catalyst
(0.002 mmol), additive (0.1 mmol) and toluene (2.0 mL) was added
TMSCN (0.15 mmol) with stirring at 0 8C. After the reaction completed,
the reaction mixture was purified by flash chromatography on silica gel
to afford the desired product.
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Introduction


Spontaneous assembly of molecules through noncovalent
complementary interactions and metal coordination is a fun-
damental process in nature (e.g., enzymes and receptors).[1,2]


While it is known that amino
acids and peptides have a high
propensity for association, they
are, surprisingly, not among the
most commonly used self-com-
plementary hydrogen-bonding
units for the construction of
noncovalent self-assembled sys-
tems[3] and catalysts.[4,5] We
have previously reported a new
concept for the in situ genera-
tion of heterobidentate ligand
libraries based on a nature-
analogous A·T base-pair motif
and self-assembly through hydrogen bonding of different
monodentate ligands in the coordination sphere of a met-
al.[4b,e–g] Recently we have extended our biomimetic concept
and have shown the metal-templated self-assembly of pep-
tide-based P-ligands (LC) that spontaneously tend to form
homodimeric helical peptide structures in the presence of


PtII and RhI ions (Scheme 1, left-hand side).[4i] Such “Phane-
Phos”-analogous self-assembling catalyst systems gave excel-
lent enantioinduction in asymmetric hydrogenation of
benchmark substrates. We now wondered whether one
could use self-assembly based on peptidic structures as a


new platform to generate heterodimeric complexes selec-
tively, which would enable a new combinatorial approach to
novel chelation emulating ligand libraries for metal complex
catalysis. Thus, a peptidyl ligand complementary to the C-
linked peptide-based ligand LC could be a N-linked peptidic
system, such as LN (Scheme 1, right-hand side). Molecular
modeling suggested that complementary hydrogen bonding
between the amide functions of both systems might occur
and induce the formation of an antiparallel b-sheet struc-
ture.
Self-assembly with concomitant formation of b-sheet


structures is an important aspect on its own, since it is cru-
cial to protein folding and design.[6–9] Many b-sheet models
based on covalent molecular templates in order to enforce
preorientation of adjacent peptide strands and initiate non-
covalent interactions between them have been stud-
ied.[6b,10–13] Conversely, relatively little is known about b-


Abstract: The principles of protein
structure design, molecular recognition,
and supramolecular and combinatorial
chemistry have been applied to devel-
op a convergent metal-ion-assisted self-
assembly approach that is a very
simple and effective method for the de
novo design and the construction of
topologically predetermined antiparal-
lel b-sheet structures and self-assem-
bled catalysts. A new concept of in situ
generation of bidentate P-ligands for
transition-metal catalysis, in which two
complementary, monodentate, peptide-
based ligands are brought together by
employing peptide secondary structure


motif as constructing tool to direct the
self-assembly process, is achieved
through formation of stable b-sheet
motifs and subsequent control of selec-
tivity. The supramolecular structures
were studied by 1H, 31P, and 13C NMR
spectroscopy, ESI mass spectrometry,
X-ray structure ana1ysis, and theoreti-
cal calculations. Our initial catalysis re-
sults confirm the close relationship be-


tween the self-assembled sheet confor-
mations and the catalytic activity of
these metallopeptides in the asymmet-
ric rhodium-catalyzed hydroformyla-
tion. Good catalyst activity and moder-
ate enantioselectivity were observed
for the selected combination of catalyst
and substrate, but most importantly the
concept of this new methodology was
successfully proven. This work presents
a perspective interface between protein
design and supramolecular catalysis for
the design of b-sheet mimetics and
screening of libraries of self-organizing
supramolecular catalysts.
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Scheme 1. Expanding the concept of self-assembly of monodentate ligands through formation of secondary
structures: two complementary metal binding sites with two otherwise flexible appended peptide chains are di-
rected to form a conformationally stable folded b-sheet upon coordination of a metal ion.
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strand mimics generated through noncovalent self-assem-
bling approaches.[14,15]


Most frequently, peptidomimetics and protein structural
motif analogues have been studied for medicinal chemistry
purposes,[6a,16] and to give a greater insight into peptide fol-
ding.[6b,10a] Much less is known about the application of sec-
ondary peptide structural elements as a chiral microenviron-
ment for catalysis. Notable are the pioneering works of Gil-
bertson, Miller and Hoveyda.[17–22] However, in these cases
the catalyst was either covalently linked to an unfolded pep-
tide used purely as a source of chirality or the metal center
was embedded into a preformed peptidic environment with
defined secondary structure, which differs substantially from
our approach representing a metal-coordination-induced b-
sheet self-assembly process.


Results and Discussion


Ligand synthesis : Inspection of molecular models suggested
that phosphane-functionalized peptides of the general struc-
tures 3, 5 and 6 might be suitable candidates for the envi-
sioned self-assembly process (Schemes 1 and 2). As comple-
mentary metal-binding units, 3-diphenylphosphanyl-benzoic
acid (1, m-DPPBA) and 6-diphenyl-phosphanyl-2-aminopyr-
idine (4, 6-DPPAP) were selected. Both templates provide
complementary functional handles (CO2H and NH2) for the
attachment of C- and N-terminal peptide residues, respec-
tively. The dimensions of the template were selected such
that the pendant peptide chains could be brought into hy-
drogen-bonding registry. Starting from 1 the peptidyl side
chains were introduced by standard peptide coupling meth-
ods [4-dimethylaminopyridine (DMAP)/N,N-dicyclohexyl-
carbodiimide (DCC) or N,N-diisopropylcarbodiimide


(DIC)] to give the phosphanes 3a–h in good to excellent
yields.[4i, 22e] The complementary N-linked peptide ligands
were prepared starting from aminopyridine 4 by employing
conventional solution-phase peptide synthesis procedures
utilizing a fragment condensation strategy (Scheme 2, steps
c–e).[23]


To demonstrate the importance of the self-assembled b-
sheet structure and to probe the nature of the folding pep-
tide residues, we also synthesized a small set of non-peptidic
ligands as a control experiment (3 i,j, 5e,f).


Conformational studies in solution : The first objective was
to explore whether self-assembly through b-sheet formation
is possible. Therefore, solution conformational analysis in
aprotic solvents such as CDCl3 was performed by 1H, 31P,
13C NMR spectroscopy and ESI mass spectrometry. In ab-
sence of the metal ion, the peptide ligands did not self-asso-
ciate and remained unfolded. Next, self-assembly of 1:1 mix-
tures of complementary C-peptidyl (LC: 3) and N-peptidyl
ligands (LN: 5, 6) in the presence of, for example, cis-[PtCl2-
ACHTUNGTRENNUNG(cod)] (cod=1,5-cyclooctadiene) was probed. Platinum(II)
was chosen for its ability to form very stable complexes and
to obtain a diamagnetic compound, which easily allows
NMR spectroscopic investigation of the supramolecular
structure.[4b,24] ESI mass spectrometry allowed the detection
of the ion of the heterodimeric self-assembled complex cis-
[PtCl2ACHTUNGTRENNUNG(LC·LN)] [M�Cl]+ and thus provided evidence for the
formation of the desired square-planar mononuclear metal-
lopeptides in all cases.[23] Furthermore, 31P NMR spectrosco-
py confirmed the selective formation of the heterodimeric
complex (Figure 1). The detected AB spin systems with a
2JP,P coupling constant of 12.8–16.7 Hz prove in all cases the
coordination of two non-equivalent phosphorous atoms to a
single platinum center.[24] The 1JP,Pt coupling constants were


all larger than 3000 Hz, as is
typical for cis-diphosphane PtII


complexes.[25] Small quantities
of the LC-homodimer were
always observable in the NMR
spectra, whereas the LN-homo-
dimer was also formed, but its
signals were not detectable due
to line broadening.
Product distributions were


analyzed by integration of the
resonances and revealed in the
best case for cis-[PtCl2 ACHTUNGTRENNUNG(3e·5b)]
a 98.3:1.7 mixture of heterodi-
mer and LC-homodimer at
300 K (Table 1, entry 13). This
ratio corresponds to a heterodi-
mer/homodimer equilibrium
constant K of 3.23M103m


�1 and
a statistically corrected free-
energy difference DG of
�4.0 kcalmol�1 (DG=�RTln-
ACHTUNGTRENNUNG(K/4)). Such a significant devia-


Scheme 2. Synthesis of C- and N-linked peptide-based phosphane ligands. a) H2 (1 atm), Pd-C (cat.), MeOH,
RT (95–99%); b) DIC or DCC, DMAP, CH2Cl2, RT (64–96%); c) amino acid chloride, py, CH2Cl2, 0 8C!RT
(82–93%); d) Et2NH, THF, RT (quant); e) DIC, HOBt, CH2Cl2, RT (60–80%). Abbreviations: AA=amino
acid; Z=benzyloxycarbonyl; PG=protecting group; Bz=benzyl; Piv=pivaloyl; Fmoc=9-fluorenylmethoxy-
carbonyl; Moc=methoxycarbonyl.
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tion from the statistical 50:25:25 mixture, expected for the
equilibrium mixture of the heterodimeric and the two homo-
dimeric complexes, was congruent with metal-induced self-
assembly based on complementary ligand–ligand interac-
tions, such as interstrand hydrogen bonding. Subtle pertur-
bations in the sequence of these small peptide ligands can


influence these equilibria dramatically (Table 1).[23] Thus,
higher selectivities for heterodimer formation were obtained
when combining sterically more demanding amino acids
(AAs: tLeu, Val) with smaller AAs (Ala; Table 1, entries 5
vs. 6, 7 vs. 8, 15 vs. 16). A related steric effect is seen on
combination of l- and unnatural d-configured AAs, in
which interstrand AA side chains point in different direc-
tions which minimizes steric interactions and thus allows a
closer interstrand contact (entry 9 vs. 10). Also, increasing
the number of potential hydrogen-bonding donor and ac-
ceptor groups increased the selectivity towards heterodimer
formation. Moreover, the terminal protecting groups (PG)
play an important role as well, as some of them were capa-
ble of increasing the heterodimer stability, presumably by
hydrophobic interactions (entry 13 (Fmoc) vs. 14 (Moc)).
Metal coordination is immediately evident from charac-


teristic changes in the 1H NMR spectra of the PtII complexes
in CDCl3 (Figure 2a, that is, signals for NHC and aromatic 2-
H protons) compared to the free ligands. In all cases the sig-
nals in the spectra of the complexes remained extremely
sharp and the resonances of individual residues are well re-
solved. The proton NMR spectra are concentration inde-
pendent at concentrations below 40 mm. This rules out the
formation of large, disordered aggregates and suggests the
formation of well-defined monomeric supramolecular spe-
cies.
Significant low-field shifts of the resonances of the amide


hydrogen atoms were observed
upon complex formation (NHA


Dd=1.28 ppm, NHC Dd=


2.38 ppm), which indicates their
involvement in hydrogen-bond-
ing (see Table 2, entry 1 vs.
3).[26] Moreover, comparison
with the helical homodimeric
complexes showed that signifi-
cant low-field positions of the
amide protons of the AA resi-
dues that undergo hydrogen-
bond formation were not just
induced by metal coordination,
but a consequence of inter-
strand hydrogen bonding and b-
sheetlike folding (Table 2,
entry 2 vs. 3). The magnitude of
the vicinal coupling constant
3JNH,CaH is related to the dihe-
dral angles f in peptides.[27]


Rather large 3JNH,CaH coupling
constants (9.8, 7.8, and 9.7 Hz,
see Table 2, entry 3) were moni-
tored for the heterodimeric Pt-
complex cis-[PtCl2ACHTUNGTRENNUNG(3d·5a)],
which is typical for a b-sheet-
like conformational situation
(f ~�1208).[28]


Figure 1. 31P NMR spectrum (202 MHz) of an equimolar mixture of 3e,
6b, and cis-PtCl2 ACHTUNGTRENNUNG(cod) in CDCl3 (37.5 mm) at 300 K. The AB system be-
longs to the heterodimeric self-assembled phosphane–phosphane Pt com-
plex cis-[PtCl2 ACHTUNGTRENNUNG(3e·6b)].


Table 1. 1H NMR spectroscopic and thermodynamic data for the in situ generated cis-[PtCl2 ACHTUNGTRENNUNG(LC·LN)] com-
plexes.[23]


Entry ArH NH NH NH hetero/ K [b] DG [c]


LC·LN CH···N 1.H-bond 2.H-bond 3.H-bond homodimer ACHTUNGTRENNUNG[m�1] [kcal·mol�1]
ACHTUNGTRENNUNG[ppm] ACHTUNGTRENNUNG[ppm] ACHTUNGTRENNUNG[ppm] ACHTUNGTRENNUNG[ppm] ratio[a]


1 3 i·5e n.d.[d] 7.62 – – 79.1 : 20.9 14 �0.8
2 3j·5 f 8.91 9.31 – – 80.7 : 19.3 17 �0.9
3 3a·5a 8.48 9.30 – – 87.6 : 12.4 50 �1.5
4 3b·5a 8.58 9.13 – – 70.2 : 29.8 6 �0.2
5 3c·5a 9.42 10.61 7.53 – 92.8 : 7.2 167 �2.2
6 3c·5b 9.57 10.78 7.61 – 97.7 : 2.3 1802 �3.6
7 3g·5a 9.48 10.59 7.96 – 93.8 : 6.2 228 �2.4
8 3g·5b 9.58 10.68 7.98 – 96.8 : 3.2 915 �3.2
9 3d·5a 9.47 10.61 7.53 – 94.9 : 5.1 339 �2.6
10 3h·5a 9.65 10.91 7.88 – 97.2 : 2.8 1228 �3.4
11 3d·5b 9.59 10.71 7.88 – 96.7 : 3.3 856 �3.2
12 3e·5c 9.45 10.55 7.98 – 95.7 : 4.3 501 �2.9
13 3e·5b 9.59 10.75 7.96 – 98.3 : 1.7 3229 �4.0
14 3e·5d 9.59 10.74 8.07 – 96.6 : 3.4 801 �3.2
15 3d·6a 9.46 10.56 8.51 5.58 93.6 : 6.4 215 �2.4
16 3e·6b 9.61 10.78 8.60 5.38 96.3 : 3.7 685 �3.1


[a] Determined by NMR integration. [b]K= [Hetero]2/ ACHTUNGTRENNUNG([C-Homo] ACHTUNGTRENNUNG[N-Homo]). [c]DG=�RTln ACHTUNGTRENNUNG(K/4). [d]n.d.=
not determined.
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Evidence for interstrand interactions was also obtained
from dimethylsulfoxide (DMSO) titration experiments (Fig-
ure 2b). The 1H NMR spectrum obtained upon addition of
[D6]DMSO to a solution of cis-[PtCl2ACHTUNGTRENNUNG(3e·6b)] in CDCl3
showed that, with increasing amounts of [D6]DMSO, the sig-
nals of amide protons B, D, and E are shifted downfield dra-
matically (Dd=0.53, 0.95 and 0.69 ppm, respectively), indi-
cative of their exposure to solvent, whereas the signals of
amide protons A and C exhibited small upfield shifts (Dd=


0 and 0.13 ppm, respectively). These results suggest that in a
low dielectric solvent like CDCl3, the amide protons A and
C are solvent shielded due to the formation of strong,
linear, intermolecular, hydrogen bonds.[26] Although amide
proton E presumably is involved in a hydrogen bond in
CDCl3, proton acceptor solvents such as DMSO disrupt this
interstrand interaction. This hydrogen bond might be
weaker because of a higher conformational flexibility of the
peptide chain ends.
Unambiguous assignment of the 1H NMR resonances for


cis-[PtCl2ACHTUNGTRENNUNG(LC·LN)] in CDCl3 was possible by using a combi-
nation of DQF-COSY, edHSQC-N, 2D TOCSY, and 2D
ROESY spectra. The 2D ROESY spectrum for cis-[PtCl2-
ACHTUNGTRENNUNG(3e·6b)] displayed 17 structurally relevant ROE correlations
that were utilized to make sequence specific resonance as-
signments for the peptide chain, and the intrastrand ROE


cross-peaks were consistent with extended b-strand confor-
mations of the peptide strands.[29] 2D ROE connectivity also
revealed ten interstrand contacts between the adjacent pep-
tide strands attached to the same metal center. The cross-
strand ROEs reflected the close proximity of two different
ligands, as well as the folded conformation of the peptide
strands and established that the peptides fold with the pro-
posed strand alignment shown in Figure 3.[28,29b] The close
proximity of two complementary ligands at the same metal
center induced intermolecular hydrogen bonding between
the neighboring peptide chains and thus lead to the forma-
tion of a stable, two-stranded, antiparallel, b-sheet structure.
To probe whether this assembly process is transferable


from a platinum(II) to a rhodium(I) center, complexation
studies of representative phosphane ligands 3 and 5 with
[Rh ACHTUNGTRENNUNG(cod)2]BF4 were undertaken. Thus, treatment of [Rh-
ACHTUNGTRENNUNG(cod)2]BF4 with 1:1 mixture of representative ligand 3d and
5a in CDCl3 furnished the corresponding self-assembled


complex [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(3d·5a)]BF4


exclusively. In the 31P NMR the
expected ABX system was
monitored at d=16.0 and
31.8 ppm (1JP,Rh=145.7 Hz and
150.6 Hz, 2JP,P=30.7 Hz).[24,30]


Moreover, ESI MS data indicat-
ed the exclusive formation of
the self-assembled heterodimer-
ic complex [Rh ACHTUNGTRENNUNG(cod)-
ACHTUNGTRENNUNG(3d·5a)]BF4 ([M�BF4]


+ at m/
z=1328.4).[23] Hence, the self-


assembly process with a rhodiACHTUNGTRENNUNGum(I) center is similar to that
of platinum(II).


DFT calculations : To give a greater insight into the structure
of the complex, DFT calculations were performed on a
model system closely related to cis-[PtCl2 ACHTUNGTRENNUNG(3e·6b)], in which
Val residues were substituted for Ala (Figure 4; see Support-
ing Information for full calculational details). Three isomers
of this structure, corresponding to different arrangements of
the ligands around the metal center, were optimized at the
BP86/TZVP level. The resulting structures, which are nearly
isoenergetic at this level of theory, all contained a typical
two-stranded, antiparallel, b-sheet conformation, in which
the AA side chains alternately project up and down as one


Figure 2. 1H NMR spectra (500 MHz) of cis-[PtCl2 ACHTUNGTRENNUNG(3e·6b)] in a) CDCl3
(37.5 mm) at 300 K and b) after addition of 20 vol% [D6]DMSO. For
signal assignments (A-E and 2-H) see Table 1.


Table 2. Comparison of relevant 1H NMR proton shifts and coupling constants of free ligand and the homo-
and heterodimeric PtII complexes of 3d and 5a in CDCl3.


[a]


Entry Species 2-H HA HB HC HD


1 free ligand 7.72 6.56 (8.7) 6.71 (8.7) 8.23 5.34 (br s)
2 homodimer 7.60 6.71 (8.3) 8.14 (6.9) 7.70 5.40 (7.4)
3 heterodimer 9.47 7.84 (7.8) 6.92 (9.8) 10.61 5.70 (9.7)


[a] Chemical shifts in ppm, and corresponding coupling constants in parenthesis in Hz.


Figure 3. Detected interstrand ROE contacts of cis-[PtCl2 ACHTUNGTRENNUNG(3e·6b)] in
CDCl3 at 500 MHz and 300 K with a 300 ms spin lock time.
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progresses along the strand. The one with the lowest energy
of these calculated isomers and its structure is shown in
Figure 4.
The experimental ROE contacts of cis-[PtCl2 ACHTUNGTRENNUNG(3e·6b)]


agreed well with the structural parameters of the DFT-calcu-
lated structures. Additionally, the model systems suggested
the formation of a non-classical hydrogen bond in the tem-
plate scaffold between 2-H and the aminopyridine ring ni-
trogen (with C�H···N distances as short as 2.71 S being seen
in the conformers depicted in Figure 4). The formation of
such a weak hydrogen bond is also supported by NMR spec-
troscopic data. Thus, the resonance of 2-H in proton NMR
displays an unusual low-field position (ca. 10.55–10.91 ppm,
Table 1). Furthermore, ROE studies showed a contact be-
tween 2-H and amide proton C, indicating that the template
aromatic rings are oriented towards each other. This type of
weak hydrogen bond (WHB) has often been observed in
solid-state structures, but their detection in solution still re-
mains scarce.[31,32]


X-ray crystal structure : Unfortunately, all efforts to obtain
suitable single crystals of heterodimeric complexes employ-
ing peptidyl ligands were not successful. However, by using
the simplified model ligands 3 j and 5 f, suitable single crys-
tals of the heterodimeric complex cis-[PtCl2ACHTUNGTRENNUNG(3 j·5 f)] could be
obtained. The X-ray structure clearly showed that two dif-
ferent cis-coordinated phosphane ligands form the expected
self-assembled heterodimeric complex (Figure 5).[23] The
noncovalent self-organized complex is held together by
metal coordination, intermolecular N�H···O and C�H···N
hydrogen bonds, and p-stacking between two neighboring
aryl groups at the same metal center (PPh2 aryl group of a
C-linked ligand and the pyridine group of a N-linked ligand;
compare calculated structure in Figure 4 and X-ray structure
in Figure 5). Hence, the metal-templating substructure ob-
tained by X-ray analysis agrees well with the structural pa-
rameters of the DFT-calculated structures.


Applications in rhodium(I)-catalyzed asymmetric hydrofor-
mylation : The Rh-catalyzed hydroformylation of styrene (7)


was chosen as an initial test reaction to explore the potential
of the self-assembled peptide-based ligands (SupraPepti-
Phos) in catalysis (Table 3). Rhodium catalysts were gener-
ated in situ through mixing of [Rh(CO)2acac] and the mono-
dentate peptide-based P-ligands. The peptides depicted in


Figure 4. DFT-optimized structure of a slightly simplified model for cis-
[PtCl2 ACHTUNGTRENNUNG(3e·6b)]. Selected interatomic distances (S) and angles (8): Pt�P1
2.31, Pt�P2 2.30, H2···N11 2.71, N12···O21 2.90, H12···O21 1.90,
H22···O12 1.98, H14···O23 2.11; P1�Pt�P2 105.9, C2�H2···N11 165.6,
N12�H···O21 161.3, N22�H···O12 158.7, N14�H···O23 172.5.


Figure 5. PLATON plot of cis-[PtCl2 ACHTUNGTRENNUNG(3j·5 f)] in the solid-state at 100 K.
Selected interatomic distances (S) and angles (8): Pt�P1 2.238, Pt�P2
2.259, C2···N11 3.572, N12···O2 2.961; P1�Pt�P2 97.9, C�H2···N11 139.7,
N12�H···O2 129.7. H atoms bound to C atoms and disordered toluene
and CDCl3 solvent molecules in the lattice were omitted for clarity.


Table 3. Rhodium-catalyzed asymmetric hydroformylation of styrene.[a]


Entry Ligands L1L2/[Rh] T [8C] conv.[b] [%] 8 :9[b] ee[c] [%] (S)


1 3d·3d 5 50 100 92:8 8
2 5a·5a 5 50 100 93:7 5
3 3d·5a 2.2 50 100 91:9 10
4 3d·5a 2.4 50 100 89:11 13
5 3d·5a 2.8 50 100 86:14 23
6[d] 3d·5a 2.8 50 92 91:9 11
7 3d·5a 2.8 40 74 88:12 30
8 3d·5a 10 40 47 85:15 38
9[e] 3d·5a 10 40 47 85:15 38
10[f] 3d·5a 2.8 40 100 92:8 4
11 3h·5a 2.8 50 88 88:12 17
12 3g·5a 2.8 40 60 87:13 30
13[g] 3g·5a 2.8 40 100 86:14 36
14 3d·5c 10 40 42 87:13 36
15 3e·5b 10 40 45 87:13 23
16 3d·6a 2.4 50 73 86:14 27
17[h] 3d·6a 2.8 50 100 85:15 34
18[i] 3d·6a 2.8 50 54 95:5 11


[a] All reactions were performed in dry toluene (c 1.2 mm Rh catalyst) in
a 50 mL steel autoclave under a 1:1 mixture of H2 and CO gas at an ini-
tial total pressure of 10 bar for 24 h; c0 (styrene) 0.6m, Rh/L1+L2/styrene
1:2.2–10:500. [b] Conversion and product distribution were determined
by 1H NMR spectroscopy. [c] eeTs determined by chiral GC (Hydrodex-b-
TBDAc). [d] 20 bar H2/CO. [e] Catalyst preformation at 40 8C and 10 bar
H2/CO for 1 h. [f] Reaction in THF. [g] c (catalyst) 2.3 mm. [h] c (catalyst)
5.8 mm. [i] c (catalyst) 0.3 mm.
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Scheme 2 were used as ligands in this model reaction using
1 mol% of the rhodium precatalyst, 1.1–5.0 mol% of each
ligand and 500 mol% of styrene in toluene at 40–60 8C and
10 bar CO/H2 gas pressure. The reaction course was moni-
tored using 1H NMR spectroscopy by sampling the reaction
mixture at appropriate time intervals. Regio- and enantiose-
lectivity were analyzed by 1H NMR spectroscopy and chiral
GC (Hydrodex-b-TBDAc), respectively. In all cases the pep-
tide ligands furnished active hydroformylation catalysts. Po-
tential side reactions such as hydrogenation or polymeri-
zation of 7 were not observed.
Some general trends were noted. The rhodium complexes


based on homocombinations of ligands 3 or 5 (Table 3, en-
tries 1 and 2) showed full conversion, but low enantioselec-
tivities (5–8% enantoimeric excess (ee)). Conversely, the
rhodium complexes based on the Rh-templated heterobi-
dentate ligand combinations 3·5 and 3·6 (entries 3–9) gave
in all cases significantly higher enantioselectivities (up to
38% ee entries 8 and 9). These results are in accord with the
conformational analysis data and suggest that the self-as-
sembling heterobidentate b-sheetlike motif between ligands
LC/LN is more efficient than the homodimeric helical ar-
rangement of LC in terms of enantioinduction in the course
of the hydroformylation of styrene.


Conclusion


In summary, this work presents a perspective interface be-
tween protein design, supramolecular catalysis, and combi-
natorial chemistry. A convergent metal-ion-assisted self-as-
sembly process has been designed and implemented that is a
simple and effective method for the de novo design and con-
struction of topologically predetermined peptide structures.
Thus, mixing of C-linked phosphane-functionalized peptidyl
ligands (LC) with the complementary N-linked phosphane-
functionalized peptidyl counterparts (LN) in the presence of
platinum(II) and rhodium(I) transition-metal salts led to the
selective formation of heterobidentate complexes [MX2-
ACHTUNGTRENNUNG(LC·LN)]. Detailed conformational analysis studies in solu-
tion, theoretical investigations, and X-ray studies show the
formation of a two-stranded, antiparallel, b-sheet structure.
Factors that influence the equilibria between heterodimeric
complexes and homodimeric complexes have been studied
in detail. This has given insights into the importance of indi-
vidual noncovalent interactions. Furthermore, the antiparal-
lel, b-sheet, self-assembly template system has served as
basis for the generation of a heterobidentate ligand library,
which has been explored in hydroformylation of styrene.
From these experiments it became evident that the b-sheet
self-assembly template does not only cause the selective for-
mation of heterobidentate ligand arrangements, but al-
though in a remote position relative to the catalytically
active center can induce enantioselectivity in the course of a
catalytic reaction.
The proof of principle has been achieved, and the concept


is now ready to be used to generate b-sheet structures and


larger ligand libraries to identify new tailor-made chelation
emulating ligands for homogeneous catalysis directed to or-
ganic synthesis.


Experimental Section


General remarks : Following starting materials were purchased and used
without further purification: glycine ethyl ester hydrochloride (2a, Al-
drich), Z-l-alanine (ABCR), Z-l-tert-leucine (Novartis), l-alanine
methyl ester hydrochloride, Boc-l-valine, Fmoc-l-alanine, and Fmoc-l-
valine (Fluka), and [Rh ACHTUNGTRENNUNG(cod)2]BF4 (BASF). Following protected amino
acids were prepared according to literature procedures: Moc-l-alanine,
Moc-l-valine,[33] l-valine methyl ester hydrochloride, d-valine methyl
ester hydrochloride,[34] Z-l-valine and Z-d-valine,[35] Z-l-valyl-l-valine
methyl ester (2d),[21e] Z-l-valyl-l-alanine methyl ester (2e),[36] Z-l-tert-
leucyl-l-valine methyl ester (2g),[37] Z-d-valyl-d-valine methyl ester
(2h),[21e] 3-(diphenylphosphanyl)benzoic acid (1, m-DPPBA),[38] 6-(diphe-
nylphosphanyl)-2-aminopyridine (4, 6-DPPAP), and 6-(diphenylphos-
phanyl)-N-pivaloyl-2-aminopyridine (5e).[4b] All reactions were carried
out in dried glassware under an argon atmosphere (argon 5.0 from Sauer-
stoffwerk Friedrichshafen GmbH). Air and moisture sensitive liquids and
solutions were transferred by syringe. All reagents were commercially
available unless otherwise noted. All solvents were dried and distilled by
standard procedures. Organic solutions were concentrated under reduced
pressure by rotary evaporation. Chromatographic purification of products
was accomplished using flash chromatography on a Merck silica gel Si
60U (200–400 mesh). NMR spectra were acquired on a Varian Mercury
300 (300 MHz, 121 MHz and 75 MHz for 1H, 31P and 13C respectively), on
a Bruker Avance 400 (400 MHz, 162 MHz and 100 MHz for 1H, 31P and
13C respectively) and on a Bruker Avance 500 (500 MHz, 202 MHz and
125 MHz for 1H, 31P and 13C respectively) spectrometers and are refer-
enced according to residual protio solvent signals [CDCl3: 7.26 ppm (1H),
77.10 ppm (13C)]. Data for 1H NMR are reported as follows: chemical
shift (d in ppm), multiplicity (s, singlet; br, broad signal; d, doublet; t,
triplet; q, quartet; m, multiplet; mc, symmetric multiplet), coupling con-
stant (Hz), integration, assignment (if possible). Data for 13C and
31P NMR are reported in terms of chemical shift (d in ppm), multiplicity
(if not a singlet), coupling constant (Hz), assignment (if possible). High-
resolution mass spectra and ESI mass spectra were obtained on a Finni-
gan MAT 95 instrument and a Finnigan LCQ Advantage respectively. El-
ementary analysis was performed on an Elementar Vario (Fa. Elementar
Analysensysteme GmbH). The enantiomeric excess (ee) of the hydrofor-
mylation product 8 was determined by chiral GC (Hydrodex-b-TBDAc).
Optical rotations were measured on a Perkin-Elmer 241 polarimeter.
Chromatography solvent ratios are given in v/v. Abbreviations: PE=pe-
troleum ether; EE=ethyl ether, Z=benzyloxycarbonyl.


Preparation of dipeptides


Z-l-Valylbutylamide (2c): Ethyl chloroformate (0.943 g, 8.69 mmol,
1.0 equiv) was added to a solution of Z-l-valine (2.183 g, 8.688 mmol)
and NEt3 (0.879 g, 8.69 mmol, 1.0 equiv) in dry CH2Cl2 (11 mL) at 0 8C.
The cooling bath was removed, the mixture was stirred an additional 1 h,
then cooled again and a solution of n-butylamine (0.960 g, 13.0 mmol,
1.5 equiv) in dry CH2Cl2 (2 mL) was added dropwise. After 1 h (TLC
control: PE/EE, 1:1) the mixture was acidified with aqueous HCl (1N,
10 mL), washed with H2O (2M10 mL) and dried (MgSO4). The solvent
was removed in vacuo and the residue was subjected to chromatography
twice on silica gel (CH2Cl2/EE, 10:1 and 7:1). Trituration with Et2O af-
forded compound 2c as a white solid (1.00 g, 38%, Rf=0.24 with 5:1).
M.p. 139 8C (CH2Cl2/Et2O); [a]20D �9.98 (c=0.665 in CHCl3).


1H NMR
(300 MHz, CDCl3): d =0.91 (t, J=7.0 Hz, 3H; 4’-H3), 0.92 (d, J=7.0 Hz,
3H; 4-H3 or 5-H3), 0.95 (d, J=6.7 Hz, 3H; 5-H3 or 4-H3), 1.32 (qt, J=7.3,
7.2 Hz, 2H; 3’-H2), 1.46 (tt, J=7.2, 7.0 Hz, 2H; 2’-H2), 2.11 (mc, J=


6.6 Hz, 1H; 3-H), 3.23 (mc, J=7.0 Hz, 2H; 1’-H2), 3.89 (dd, J=8.8,
6.5 Hz, 1H; 2-H), 5.10 (s, 2H; 7-H2), 6.17 (d, J=6.9 Hz, 1H; 2-NH), 6.71
(br s, 1H; 1’-NH), 7.29–7.42 ppm (m, 5H; ArH); 13C NMR (75 MHz,
CDCl3): d =13.8 (C4’), 18.0, 19.3 (C4, C5), 20.1 (C3’), 31.0 (C3), 31.6 (C2’),
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39.3 (C1’), 60.9 (C2), 67.1 (C7), 128.1 (2C10), 128.3 (C11), 128.6 (2C9), 136.3
(C8), 157.3 (C6), 171.1 ppm (C1); elemental analysis calcd (%) for
C17H26N2O3: C 66.64, H 8.55, N 9.14; found: C 66.33, H 8.63, N 8.97.


Z-l-Alanyl-l-valine methyl ester (2 f): DMAP (0.274 g, 2.24 mmol,
1.0 equiv) and DCC (0.462 g, 2.24 mmol, 1.0 equiv) were added to a solu-
tion of Z-l-alanine (0.500 g, 2.24 mmol) and MeO-l-Val-H·HCl (0.375 g,
2.24 mmol, 1.0 equiv) in dry CH2Cl2 (6 mL) at room temperature. The re-
sulting solution was stirred at room temperature for further 18 h. The
mixture was filtered through a 2 cm pad of Celite (wetted with CH2Cl2),
and the filter cake was washed with some CH2Cl2. After concentration in
vacuo, the residue was dissolved in EE (20 mL), washed with aqueous
HCl (2n, 30 mL) and saturated aqueous NaHCO3 (30 mL) and dried
(MgSO4). The solvent was removed in vacuo and short filtration over
silica gel (PE/EE, 1:1) gave dipeptide 2 f as a white solid (0.736 g, 98%,
Rf=0.38). M.p. 83 8C (PE/EE); [a]20D =�12.58 (c=0.760 in CHCl3).
1H NMR (300 MHz, CDCl3): d =0.87 (d, J=7.0 Hz, 3H; 4-H3 or 5-H3),
0.90 (d, J=7.0 Hz, 3H; 5-H3 or 4-H3), 1.38 (d, J=7.0 Hz, 3H; 8-H3), 2.15
(mc, J=6.9 Hz, 1H; 3-H), 3.73 (s, 3H; OCH3), 4.28 (dq, J=7.0, 7.0 Hz,
1H; 7-H), 4.52 (dd, J=8.8, 4.8 Hz, 1H; 2-H), 5.12 (s, 2H; 10-H2), 5.31
(br s, 1H; 7-NH), 6.48 (br s, 1H; 2-NH), 7.28–7.38 ppm (m, 5H; ArH);
13C NMR (75 MHz, CDCl3): d=17.7, 18.4, 19.0 (C4, C5, C8), 31.3 (C3),
50.6 (C7), 52.2 (OCH3), 57.2 (C2), 67.2 (C10), 128.2 (2C13), 128.3 (C14),
128.6 (2C12), 136.3 (C11), 156.1 (C9), 172.2, 172.3 ppm (C1, C6); HRMS
(EI-MS): m/z : calcd for C17H24N2O5 [M


+] 336.1685; found: 336.1677.


Synthesis of C-linked phosphane ligands : Under the peptide-coupling
conditions applied in the present work no racemization of the amino acid
was observed.[39] Control experiment with 3b : HPLC (Chiralpak AD, n-
heptane/iPrOH 95:5, 1 mLmin�1, 252 nm): tR (min)=16.93 (S); 100% ee.


3-(Diphenylphosphanyl)benzoylglycine ethyl ester (3a): DIC (0.111 g,
0.879 mmol, 1.08 equiv) was added to a solution of 1 (0.250 g,
0.816 mmol), 2a (0.114 g, 0.816 mmol, 1.0 equiv) and DMAP (0.100 g,
0.816 mmol, 1.0 equiv) in dry CH2Cl2 (4.5 mL) at room temperature. The
resulting solution was stirred at room temperature for further 27 h, con-
centrated in vacuo, and subjected to chromatography on silica gel (PE/
EE, 3:1) to afford monopeptidyl phosphane 3a as a colorless, resinous oil
(0.307 g, 96%, Rf=0.39 with 1:1). M.p. 63 8C (PE/EE); 1H NMR
(400 MHz, CDCl3): d=1.29 (t, J=7.1 Hz, 3H; 1-H3), 4.17 (d, J=5.0 Hz,
2H; 4-H2), 4.23 (q, J=6.7 Hz, 2H; 2-H2), 6.62 (br s, 1H; 4-NH), 7.26–7.44
(m, 12H; ArH), 7.76–7.82 ppm (m, 2H; ArH); 13C NMR (100 MHz,
CDCl3): d=14.2 (C1), 41.2 (C4), 61.7 (C2), 127.6 (C6’), 128.7 (d, JC,P=


6.9 Hz, 4ArCmeta), 128.9 (d, JC,P=5.5 Hz, C5’), 129.1 (2ArCpara), 132.2 (d,
JC,P=23.9 Hz, C2’), 133.8 (d, JC,P=19.9 Hz, 4ArCortho), 134.1 (d, JC,P=


7.5 Hz, C1’), 136.5 (d, JC,P=10.7 Hz, 2ArCipso), 136.7 (d, JC,P=15.8 Hz,
C4’), 138.6 (d, JC,P=13.5 Hz, C3’), 167.2, 170.0 ppm (C3, C5);


31P NMR
(162 MHz, CDCl3): d=�5.04 ppm (s); HRMS (EI-MS): m/z : calcd for
C23H22NO3P [M+] 391.1337; found: 391.1336.


(+)-(3-Diphenylphosphanyl)benzoyl-l-valine methyl ester (3b): Dry
CH2Cl2 (3 mL) was added to 2b (111 mg, 0.654 mmol), 1 (200 mg,
0.653 mmol, 1.0 equiv), DMAP (81.7 mg, 0.668 mmol, 1.02 equiv), and
DCC (141 mg, 0.686 mmol, 1.05 equiv). The mixture was stirred at room
temperature for 21 h. The reaction mixture was filtered through Celite to
remove dicyclohexylurea, and the filter cake was washed with some
CH2Cl2. The filtrate was concentrated in vacuo and subjected to chroma-
tography on silica gel (PE/EE, 4:1) to afford monopeptidyl phosphane
3b as a glass foam (194 mg, 71%, Rf=0.61 with 1:1). Additional recrys-
tallization from PE/Et2O gave analytically pure 3b as a white solid. M.p.
75 8C (PE/Et2O); [a]20D =++31.28 (c=0.765 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=0.92 (d, J=6.9 Hz, 3H; 4-H3 or 5-H3), 0.96 (d, J=


6.7 Hz, 3H; 4-H3 or 5-H3), 2.23 (qqd, J=6.7, 6.7, 5.1 Hz, 1H; 3-H), 3.75
(s, 3H; OCH3), 4.71 (dd, J=8.5, 4.9 Hz, 1H; 2-H), 6.47 (d, J=8.5 Hz,
1H; NH), 7.27–7.39 (m, 11H; ArH), 7.43 (mc, 1H; ArH), 7.70 (d, J=


7.3 Hz, 1H; ArH), 7.79 ppm (mc, 1H; ArH); 13C NMR (100 MHz,
CDCl3): d =17.9, 19.0 (C4, C5), 31.6 (C3), 52.3 (OCH3), 57.5 (C2), 127.7
(C6’), 128.7 (d, JC,P=6.9 Hz, 4ArCmeta), 128.9 (d, JC,P=6.1 Hz, C5’), 129.1
(2ArCpara), 132.1 (d, JC,P=22.2 Hz, C2’), 133.8 (d, JC,P=19.9 Hz, 2Ar-
Cortho), 133.9 (d, JC,P=19.6 Hz, 2ArCortho), 134.5 (d, JC,P=6.9 Hz, C1’),
136.5 (d, JC,P=10.9 Hz, 2ArCipso), 136.8 (d, JC,P=17.0 Hz, C4’), 138.6 (d,
JC,P=13.5 Hz, C3’), 167.1, 172.5 ppm (C1, C6);


31P NMR (162 MHz,


CDCl3): d =�5.22 ppm (s); elemental analysis calcd (%) for
C25H26NO3P: C 71.59, H 6.25, N 3.34; found: C 71.26, H 6.30, N 3.25.


(+)-(3-Diphenylphosphanyl)benzoyl-l-valine-n-butylamide (3c): Pd-C
(10%, 10 mg, Fluka) was added to a solution of 2c (0.500 g, 1.63 mmol)
in dry MeOH (8 mL), and the suspension was stirred under H2 (1 atm) at
room temperature for 15 h. The reaction mixture was filtered through
Celite and the solvent removed in vacuo to yield the free amine as a vis-
cous oil (0.281 g, 1.63 mmol, quant). The amine was dissolved in dry
CH2Cl2 (7 mL), and 1 (0.500 g, 1.63 mmol, 1.0 equiv), DMAP (0.199 g,
1.63 mmol, 1.0 equiv) and DIC (0.214 g, 1.70 mmol, 1.04 equiv) were
added. The mixture was stirred at room temperature for 19 h, concentrat-
ed in vacuo, and the residue was subjected to chromatography on silica
gel (PE/EE, 3:1) to give peptidyl phosphane 3c as a glass foam (0.585 g,
78%, Rf=0.52 with 1:1). M.p. 66 8C (PE/EE); [a]20D =++0.28 (c=0.620 in
CHCl3);


1H NMR (400 MHz, CDCl3): d =0.89 (t, J=7.2 Hz, 3H; 10-H3),
0.95 (d, J=6.7 Hz, 3H; 4-H3 or 5-H3), 0.97 (d, J=6.7 Hz, 3H; 4-H3 or 5-
H3), 1.31 (qt, J=7.2, 7.0 Hz, 2H; 9-H2), 1.45 (tt, J=7.0, 6.9 Hz, 2H; 8-
H2), 2.15 (dqq, J=6.9, 6.7, 6.7 Hz, 1H; 3-H), 3.18 (mc, J=7.0 Hz, 1H; 7-
HB), 3.27 (mc, J=7.0 Hz, 1H; 7-HA), 4.35 (dd, J=8.4, 7.5 Hz, 1H; 2-H),
6.17 (t, J=5.5 Hz, 1H; 7-NH), 6.71 (d, J=8.5 Hz, 1H; 2-NH), 7.26–7.42
(m, 12H; ArH), 7.70–7.78 ppm (m, 2H; ArH); 13C NMR (100 MHz,
CDCl3): d =13.7 (C10), 18.5, 19.4 (C4, C5), 20.1 (C9), 31.4 (C3), 31.6 (C8),
39.4 (C7), 59.2 (C2), 127.5 (C6’), 128.7 (d, JC,P=7.2 Hz, 4ArCmeta), 128.9
(overlapped d, C5’), 129.1 (2ArCpara), 132.3 (d, JC,P=23.6 Hz, C2’), 133.8
(2d, JC,P=19.6 Hz, 4ArCortho), 134.5 (d, JC,P=7.2 Hz, C1’), 136.5 (2d, JC,P=


10.7 Hz, 2ArCipso), 136.8 (d, JC,P=15.8 Hz, C4’), 138.7 (d, JC,P=13.8 Hz,
C3’), 167.3, 171.0 ppm (C1, C6);


31P NMR (162 MHz, CDCl3): d=


�5.25 ppm (s); elemental analysis calcd (%) for C28H33N2O2P: C 73.02, H
7.22, N 6.08; found: C 72.76, H 7.36, N 6.02.


(+)-(3-Diphenylphosphanyl)-benzoyl-l-valyl-l-valine methyl ester (3d):
Pd-C (10%, 20 mg, Fluka) was added to a solution of 2d (1.782 g,
4.890 mmol) in dry MeOH (20 mL); the suspension was stirred under H2


(1 atm) at room temperature for 15 h. The reaction mixture was filtered
through Celite and the solvent removed in vacuo to yield the free amine
H-l-Val-l-Val-OMe as a viscous oil (1.13 g, 4.89 mmol, quant). The
amine was dissolved in dry CH2Cl2 (25 mL), and 1 (1.648 g, 5.379 mmol,
1.1 equiv), DMAP (0.598 g, 4.89 mmol, 1.0 equiv) and DCC (1.112 g,
5.379 mmol, 1.1 equiv) (or DIC) were added at room temperature. The
resulting white, chalky solution was stirred at room temperature for fur-
ther 19 h. The mixture was filtered through a 2 cm pad of Celite (wetted
with CH2Cl2), and the filter cake was washed with some CH2Cl2. After
concentration in vacuo, the residue was subjected to chromatography on
silica gel (PE/EE, 2:1) to afford dipeptidyl phosphane 3d as a glass foam
(2.368 g, 93%, Rf=0.23). M.p. 172 8C (PE/EE); [a]20D =++5.58 (c=0.945 in
CHCl3);


1H NMR (400 MHz, CDCl3): d =0.87 (d, J=6.9 Hz, 3H; CH3),
0.88 (d, J=6.9 Hz, 3H; CH3), 0.96 (d, J=7.8 Hz, 3H; CH3), 0.98 (d, J=


7.0 Hz, 3H; CH3), 2.09–2.23 (m, J=6.8 Hz, 2H; 3-H, 8-H), 3.74 (s, 3H;
OCH3), 4.47–4.53 (m, J=8.5, 8.2 Hz, 2H; 2-H, 7-H), 6.56 (d, J=8.7 Hz,
1H; 2-NH), 6.71 (d, J=8.7 Hz, 1H; 7-NH), 7.26–7.42 (m, 12H; ArH),
7.72 (d, J=7.6 Hz, 1H; 2’-H), 7.77 ppm (mc, 1H; ArH); 13C NMR
(100 MHz, CDCl3): d=17.8, 18.3, 19.0, 19.2 (C4, C5, C9, C10), 31.1, 31.4
(C3, C8), 52.2 (OCH3), 57.4, 58.9 (C2, C7), 127.6 (C6’), 128.7 (d, JC,P=


7.2 Hz, 2ArCmeta), 128.8 (d, JC,P=7.2 Hz, 2ArCmeta), 128.9 (d, JC,P=5.5 Hz,
C5’), 129.1 (ArCpara), 129.1 (ArCpara), 132.3 (d, JC,P=23.3 Hz, C2’), 133.8
(d, JC,P=19.6 Hz, 2ArCortho), 133.9 (d, JC,P=19.9 Hz, 2ArCortho), 134.5 (d,
JC,P=6.9 Hz, C1’), 136.5 (d, JC,P=10.9 Hz, ArCipso), 136.6 (d, JC,P=10.9 Hz,
ArCipso), 136.8 (d, JC,P=15.8 Hz, C4’), 138.6 (d, JC,P=13.8 Hz, C3’), 167.3,
171.2, 172.1 ppm (C1, C6, C11);


31P NMR (162 MHz, CDCl3): d=


�5.26 ppm (s); elemental analysis calcd (%) for C30H35N2O4P: C 69.48, H
6.80, N 5.40; found: C 69.44, H 7.06, N 5.53.


(+)-(3-Diphenylphosphanyl)benzoyl-l-valyl-l-alanine methyl ester (3e):
Pd-C (10%, 37 mg, Fluka) was added to a solution of 2e (0.700 g,
2.08 mmol) in dry MeOH (9.5 mL) and CH2Cl2 (3 mL), and the suspen-
sion was stirred under H2 (1 atm) at room temperature for 17 h. The re-
action mixture was filtered through Celite and the solvent removed in
vacuo to yield the free amine H-l-Val-l-Ala-OMe as a viscous oil
(quant). The amine was dissolved in dry CH2Cl2 (10 mL), and 1 (0.624 g,
2.04 mmol, 1.0 equiv), DMAP (0.249 g, 2.04 mmol, 1.0 equiv) and DIC
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(0.257 g, 2.04 mmol, 1.0 equiv) were added at room temperature. The re-
action mixture was stirred at room temperature for further 24 h. After
concentration in vacuo, the residue was subjected to chromatography on
silica gel (PE/EE, 1:1) to afford dipeptidyl phosphane 3e as a glass foam
(0.640 g, 64%, Rf=0.31). M.p. 75 8C (PE/EE); [a]20D =++5.18 (c=1.270 in
CHCl3).


1H NMR (400 MHz, CDCl3): d =0.97 (d, J=6.9 Hz, 3H; 7-H3 or
8-H3), 1.00 (d, J=6.7 Hz, 3H; 7-H3 or 8-H3), 1.38 (d, J=7.2 Hz, 3H; 3-
H3), 2.16 (mc, J=6.7 Hz, 1H; 6-H), 3.75 (s, 3H; OCH3), 4.47 (dd, J=8.5,
6.6 Hz, 1H; 5-H), 4.70 (dq, J=7.3, 7.2 Hz, 1H; 2-H), 6.52 (d, J=7.3 Hz,
1H; 2-NH), 6.68 (d, J=8.5 Hz, 1H; 5-NH), 7.26–7.43 (m, 12H; ArH),
7.70–7.80 ppm (m, 2H; ArH); 13C NMR (100 MHz, CDCl3): d=18.1,
18.2, 19.2 (C3, C7, C8), 31.7 (C6), 48.2 (C2), 52.5 (OCH3), 58.7 (C5), 127.6
(C6’), 128.7 (d, JC,P=6.9 Hz, 4ArCmeta), 128.9 (d, JC,P=5.8 Hz, C5’), 129.1
(2ArCpara), 132.3 (d, JC,P=23.9 Hz, C2’), 133.8 (d, JC,P=19.9 Hz, 2Ar-
Cortho), 133.9 (d, JC,P=19.9 Hz, 2ArCortho), 134.5 (d, JC,P=7.2 Hz, C1’),
136.5 (2d, JC,P=10.7 Hz, 2ArCipso), 136.8 (d, JC,P=15.8 Hz, C4’), 138.7 (d,
JC,P=13.5 Hz, C3’), 167.3, 170.7, 173.1 ppm (C1, C4, C9);


31P NMR
(162 MHz, CDCl3): d=�5.26 ppm (s); elemental analysis calcd (%) for
C28H31N2O4P: C 68.56, H 6.37, N 5.71; found: C 68.43, H 6.62, N 5.97.


(�)-(3-Diphenylphosphanyl)-benzoyl-l-alanyl-l-valine methyl ester (3 f):
PearlmanTs catalyst (20% Pd(OH)2 on carbon, 31% H2O, ca. 5 mg) was
added to a solution of 2 f (0.275 g, 1.16 mmol) in dry MeOH (5 mL), and
the suspension was stirred under H2 (1 atm) at room temperature for 2 h.
The reaction mixture was filtered through Celite and the solvent re-
moved in vacuo to yield the free amine H-l-Ala-l-Val-OMe as a viscous
oil (0.235 g, 1.16 mmol, quant). The amine was dissolved in dry CH2Cl2
(10 mL), and 1 (0.357 g, 1.16 mmol, 1.0 equiv), HOBt (0.157 g,
1.16 mmol, 1.0 equiv), DMAP (14 mg, 0.12 mmol, 0.1 equiv) and DIC
(0.147 g, 1.16 mmol, 1.0 equiv) were added at room temperature. The re-
action mixture was stirred at room temperature for further 14 h. After
concentration in vacuo, the residue was subjected to chromatography on
silica gel (PE/EE, 2:1) to give dipeptidyl phosphane 3 f as a glass foam
(0.208 g, 37%, Rf=0.31 with 1:1). M.p. 70 8C (PE/EE); [a]20D =�7.38 (c=


0.755 in CHCl3);
1H NMR (400 MHz, CDCl3): d=0.87 (d, J=6.9 Hz, 3H;


4-H3 or 5-H3), 0.88 (d, J=6.9 Hz, 3H; 4-H3 or 5-H3), 1.45 (d, J=7.0 Hz,
3H; 8-H3), 2.17 (mc, 1H; 3-H), 3.74 (s, 3H; OCH3), 4.50 (dd, J=8.8,
5.0 Hz, 1H; 2-H), 4.70 (dq, J=7.0, 7.0 Hz, 1H; 7-H), 6.65 (d, J=8.5 Hz,
1H; 2-NH), 6.68 (d, J=7.0 Hz, 1H; 7-NH), 7.26–7.41 (m, 12H; ArH),
7.72–7.79 ppm (m, 2H; ArH); 13C NMR (100 MHz, CDCl3): d=17.7,
18.1, 19.0 (C4, C5, C8), 31.2 (C3), 49.3 (C7), 52.3 (OCH3), 57.4 (C2), 127.5
(C6’), 128.8 (d, JC,P=6.9 Hz, 4ArCmeta), 128.9 (d, JC,P=5.2 Hz, C5’), 129.1
(2ArCpara), 132.3 (d, JC,P=25.0 Hz, C2’), 133.8 (2d, JC,P=19.9 Hz, 4Ar-
Cortho), 134.2 (d, JC,P=7.8 Hz, C1’), 136.5 (2d, JC,P=9.8 Hz, 2ArCipso), 136.8
(d, JC,P=14.7 Hz, C4’), 138.7 (d, JC,P=13.5 Hz, C3’), 167.1, 172.1,
172.2 ppm (C1, C6, C9);


31P NMR (162 MHz, CDCl3): d=�5.16 ppm (s);
HRMS (EI-MS): m/z : calcd for C28H31N2O4P [M+] 490.2021; found:
490.2009.


(+)-(3-Diphenylphosphanyl)benzoyl-l-tert-leucyl-l-valine methyl ester
(3g): Pd-C (10%, 20 mg, Fluka) was added to a solution of 2g (0.240 g,
0.634 mmol) in dry MeOH (3 mL), and the suspension was stirred under
H2 (1 atm) at room temperature for 15 h. The reaction mixture was fil-
tered through Celite and the solvent removed in vacuo to yield the free
amine H-l-tLeu-l-Val-OMe as a viscous oil (quant). The amine was dis-
solved in dry CH2Cl2 (3 mL), and 1 (0.194 g, 0.634 mmol, 1.0 equiv),
DMAP (78 mg, 0.63 mmol, 1.0 equiv) and DIC (80 mg, 0.63 mmol,
1.0 equiv) were added at room temperature. The reaction mixture was
stirred at room temperature for further 16 h. After concentration in
vacuo, the residue was subjected to chromatography on silica gel (PE/
EE, 5:1!0:1) to afford dipeptidyl phosphane 3g as a glass foam (0.274 g,
81%, Rf=0.39 with 2:1). M.p. 82 8C (PE/EE); [a]20D =++30.98 (c=0.640 in
CHCl3);


1H NMR (400 MHz, CDCl3): d =0.89 (d, J=6.9 Hz, 3H; 4-H3 or
5-H3), 0.90 (d, J=6.9 Hz, 3H; 5-H3 or 4-H3), 1.45 (s, 9H; t-Bu), 2.15 (mc,
J=8.4, 4.8 Hz, 1H; 3-H), 3.75 (s, 3H; OCH3), 4.45 (d, J=9.2 Hz, 1H; 7-
H), 4.50 (dd, J=8.4, 4.8 Hz, 1H; 2-H), 6.16 (d, J=8.5 Hz, 1H; 2-NH),
6.67 (d, J=9.1 Hz, 1H; 7-NH), 7.26–7.38 (m, 11H; ArH), 7.42 (mc, 1H;
ArH), 7.66 (d, J=7.0 Hz, 1H; ArH), 7.77 ppm (mc, 1H; ArH); 13C NMR
(100 MHz, CDCl3): d =17.9, 19.0 (C4, C5), 26.7 (3C9), 31.2 (C3), 35.3 (C8),
52.2 (OCH3), 57.4 (C2), 61.0 (C7), 127.6 (C6’), 128.8 (d, JC,P=7.2 Hz,
4ArCmeta), 128.9 (d, JC,P=6.0 Hz, C5’), 129.1 (2ArCpara), 132.1 (d, JC,P=


21.9 Hz, C2’), 133.9 (2d, JC,P=19.9 Hz, 4ArCortho), 134.2 (d, JC,P=6.9 Hz,
C1’), 136.6 (2d, JC,P=10.7 Hz, 2ArCipso), 136.8 (d, JC,P=17.0 Hz, C4’), 138.7
(d, JC,P=13.5 Hz, C3’), 167.2, 170.5, 172.1 ppm (C1, C6, C10);


31P NMR
(162 MHz, CDCl3): d =5.29 ppm (s); elemental analysis calcd (%) for
C31H37N2O4P: C 69.91, H 7.00, N 5.26; found: C 69.72, H 7.19, N 5.23.


(�)-(3-Diphenylphosphanyl)benzoyl-d-valyl-d-valine methyl ester (3h):
was prepared as 3d using Z-d-Val-d-Val-OMe (2h) and DIC as coupling
reagent to afford phosphane 3h as a glass foam; [a]20D �3.58 (c 0.575,
CHCl3). NMR data identical to 3d ; HRMS (EI-MS): m/z : calcd for
C30H35N2O4P [M+] 518.2334; found: 518.2339.


3-(Diphenylphosphanyl)benzoic acid methyl ester (3i): DCC (0.135 g,
0.653 mmol, 1.0 equiv) was added to a solution of 1 (0.200 g, 0.653 mmol)
and DMAP (8.8 mg, 0.07 mmol, 0.1 equiv) in dry MeOH (2 mL) at room
temperature. The resulting white, chalky solution was stirred at room
temperature for further 3 h. The mixture was filtered through a 2 cm pad
of Celite (wetted with CH2Cl2), and the filter cake was washed with some
CH2Cl2. After concentration in vacuo, the residue was subjected to chro-
matography on silica gel (PE/EE, 5:1) and recrystallized from PE/Et2O
(2:1) to give the methyl ester 3 i as a white solid (0.120 g, 57%, Rf=0.71
with 1:1). M.p. 68 8C (PE/Et2O); 1H NMR (400 MHz, CDCl3): d=3.87 (s,
3H; OCH3), 7.26–7.49 (m, 12H; ArH), 7.98–8.08 ppm (m, 2H; ArH);
13C NMR (100 MHz, CDCl3): d =52.2 (OCH3), 128.7 (d, JC,P=6.9 Hz,
4ArCmeta), 129.1 (2ArCpara), 129.1 (overlapped d, C5), 129.9 (C6), 130.5 (d,
JC,P=7.5 Hz, C1), 133.8 (d, JC,P=19.9 Hz, 4ArCortho), 134.9 (d, JC,P=


23.3 Hz, C2), 136.6 (d, JC,P=10.7 Hz, 2ArCipso), 137.9 (d, JC,P=16.4 Hz,
C4), 138.4 (d, JC,P=13.5 Hz, C3), 166.9 ppm (C=O); 31P NMR (162 MHz,
CDCl3): d =�5.18 ppm (s); HRMS (EI-MS): m/z : calcd for C20H17O2P
[M+] 320.0966; found: 320.0965; elemental analysis calcd (%) for
C20H17O2P: C 74.99, H 5.35; found: C 74.70, H 5.59.


N-Benzyl-3-(diphenylphosphanyl)-benzamide (3j): Benzylamine (0.218 g,
2.03 mmol, 1.25 equiv) and DIC (0.208 g, 1.65 mmol, 1.0 equiv) were
added to a solution of 1 (0.500 g, 1.63 mmol) and DMAP (0.212 g,
1.73 mmol, 1.06 equiv) in dry CH2Cl2 (2 mL) at room temperature . The
mixture was stirred at room temperature for further 24 h and filtered
through a short plug of silica gel (CH2Cl2/EE, 3:1). Concentration in
vacuo and trituration with Et2O gave the benzylamide 3 j as a white solid
(0.500 g, 78%, Rf=0.95 with 3:1). M.p. 129 8C (Et2O); 1H NMR
(500 MHz, CDCl3): d=4.59 (d, J=5.7 Hz, 2H; 2-H2), 6.32 (s, 1H; NH),
7.27–7.42 (m, 17H; ArH), 7.73 (d, J=8.2 Hz, 1H; ArH), 7.79 ppm (m,
1H; ArH); 13C NMR (125 MHz, CDCl3): d=44.2 (C2), 127.7 (C6’, C6),
127.9 (2C5), 128.7 (d, JC,P=7.5 Hz, 4ArCmeta), 128.9 (2C4), 129.0 (d, JC,P=


5.4 Hz, C5’), 129.1 (2ArCpara), 132.0 (d, JC,P=24.7 Hz, C2’), 133.8 (d, JC,P=


20.4 Hz, 4ArCortho), 134.7 (d, JC,P=7.5 Hz, C1’), 136.5 (d, JC,P=10.1 Hz,
2ArCipso), 136.6 (d, JC,P=15.0 Hz, C4’), 138.1 (C3), 138.5 (d, JC,P=12.9 Hz,
C3’), 167.1 ppm (C1);


31P NMR (121 MHz, CDCl3): d=�5.09 ppm (s);
HRMS (EI-MS): m/z : calcd for C26H22NOP [M+] 395.1439; found:
395.1447; elemental analysis calcd (%) for C26H22NOP: C 78.97, H 5.61,
N 3.54; found: C 78.61, H 5.63, N 3.56.


Synthesis of N-linked phosphane ligands


(�)-(6-Diphenylphosphanyl)-2-aminopyridinyl-l-valyl-Fmoc (5a): SOCl2
(1.50 mL, 2.44 g, 20.6 mmol, 11 equiv) was added to a suspension of
Fmoc-l-valine (0.641 g, 1.89 mmol) in dry CH2Cl2 (8 mL) and the result-
ing mixture was stirred for 1 h at 55–60 8C. The clear reaction mixture
was concentrated in vacuo and the residue was redissolved in dry CH2Cl2
(5 mL). The solvent was removed in vacuo and this procedure was re-
peated two more times to give Fmoc-l-Val-Cl as a white solid (0.676 g,
1.89 mmol, quant). The amino acid chloride was dissolved in dry CH2Cl2
(5 mL) and was added dropwise at 0 8C to a solution of 4 (0.500 g,
1.80 mmol, 0.95 equiv) and pyridine (0.165 g, 2.08 mmol, 1.1 equiv) in
CH2Cl2 (3 mL). The yellow solution was stirred at room temperature for
further 23 h, then washed with half-saturated aqueous KHSO4 (6 mL)
and saturated aqueous NaHCO3 (6 mL), and dried [MgSO4). The organic
layer was concentrated in vacuo, and the crude product was purified by
column chromatography on silica gel (PE/EE, 5:1) to afford monopeptid-
yl phosphane 5a as a glass foam (0.890 g, 83%, Rf=0.41 with 2:1). M.p.
93 8C (PE/EE); [a]20D =�18.58 (c 0.750 in CHCl3);


1H NMR (400 MHz,
CDCl3): d=0.88–1.50 (m, 6H; 4-H3, 5-H3), 2.23 (mc, 1H; 3-H), 4.15–4.25
(m, J=6.0 Hz, 2H; 2-H, 8-H), 4.43 (mc, J=8.3 Hz, 2H; 7-H2), 5.34 (br s,
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1H; 2-NH), 6.81 (d, J=7.5 Hz, 1H; 5’-H), 7.25–7.42 (m, 14H; ArH),
7.54–7.63 (m, 3H; 4’-H, fluorenyl H), 7.75 (d, J=7.3 Hz, 2H; fluorenyl
H), 8.11 (d, J=8.2 Hz, 1H; 3’-H), 8.23 ppm (br s, 1H; 2’-NH); 13C NMR
(100 MHz, CDCl3): d =17.6, 19.4 (C4, C5), 31.3 (C3), 47.3 (C8), 61.2 (C2),
67.2 (C7), 112.9 (C3’), 120.1 (2 fluorenyl C), 124.5 (d, JC,P=12.7 Hz, C5’),
125.1 (2 fluorenyl C), 127.2 (2 fluorenyl C), 127.8 (2 fluorenyl C), 128.8
(d, JC,P=7.2 Hz, 4ArCmeta), 129.3 (2ArCpara), 134.2 (d, JC,P=19.9 Hz, 4Ar-
Cortho), 135.8 (d, JC,P=11.3 Hz, 2ArCipso), 138.2 (C4’), 141.4 (2 fluorenyl
C), 143.8 (fluorenyl C), 143.9 (fluorenyl C), 150.9 (d, JC,P=14.1 Hz, C6’),
156.7 (C6), 162.3 (C2’), 170.3 ppm (C1);


31P NMR (162 MHz, CDCl3): d=


�3.90 ppm (s); elemental analysis calcd (%) for C37H34N3O3P: C 74.11, H
5.71, N 7.01; found: C 73.71, H 6.00, N 6.92.


(�)-6-(Diphenylphosphanyl)-2-aminopyridinyl-l-alanyl-Fmoc (5b):
SOCl2 (1.40 mL, 2.24 g, 18.9 mmol, 10 equiv) was added to a suspension
of Fmoc-l-alanine (0.587 g, 1.89 mmol) in dry CH2Cl2 (11 mL) and the
resulting mixture was stirred for 0.5 h at 60 8C. The clear reaction mixture
was concentrated in vacuo and the residue was redissolved in dry CH2Cl2
(5 mL). The solvent was removed in vacuo and this procedure was re-
peated two more times to give Fmoc-l-Ala-Cl as a waxy oil (0.622 g,
1.89 mmol, quant). The amino acid chloride was dissolved in dry CH2Cl2
(5 mL) and was added dropwise at 0 8C to a solution of 4 (0.500 g,
1.80 mmol, 0.95 equiv) and pyridine (0.165 g, 2.08 mmol, 1.1 equiv) in dry
CH2Cl2 (3 mL). The yellow solution was stirred at room temperature for
further 24 h, then washed with half-saturated aqueous KHSO4 (6 mL)
and saturated aqueous NaHCO3 (6 mL), and dried (MgSO4). The organic
layer was concentrated in vacuo, and the crude product was purified by
column chromatography on silica gel (CH2Cl2/EE, 20:1) to afford mono-
ACHTUNGTRENNUNGpeptidyl phosphane 5b as a glass foam (0.913 g, 89%, Rf=0.62). M.p.
93 8C (CH2Cl2/EE); [a]20D =�14.18 (c=0.655 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=1.45 (d, J=5.4 Hz, 3H; 3-H3), 4.19 (t, J=6.6 Hz,
1H; 6-H), 4.42 (m, J=6.7 Hz, 3H; 2-H, 5-H2), 5.39 (br s, 1H; 2-NH), 6.80
(d, J=7.5 Hz, 1H; 5’-H), 7.25–7.43 (m, 14H; ArH), 7.52–7.64 (m, J=


8.1 Hz, 3H; 4’-H, fluorenyl H), 7.75 (d, J=7.5 Hz, 2H; fluorenyl H), 8.10
(d, J=8.4 Hz, 1H; 3’-H), 8.44 ppm (br s, 1H; 2’-NH); 13C NMR
(100 MHz, CDCl3): d=18.8 (C3), 47.2 (C6), 51.6 (C2), 67.3 (C5), 113.0
(C3’), 120.1 (2 fluorenyl C), 124.5 (d, JC,P=12.1 Hz, C5’), 125.1 (2 fluoren-
yl C), 127.2 (2 fluorenyl C), 127.8 (2 fluorenyl C), 128.7 (d, JC,P=7.2 Hz,
4ArCmeta), 129.3 (2ArCpara), 134.2 (d, JC,P=19.9 Hz, 4ArCortho), 135.8 (2d,
JC,P=10.5 Hz, 2ArCipso), 138.2 (d, JC,P=1.4 Hz, C4’), 141.4 (2 fluorenyl C),
143.8 (fluorenyl C), 143.9 (fluorenyl C), 151.1 (d, JC,P=14.1 Hz, C6’),
156.0 (C4), 162.3 (d, JC,P=3.7 Hz, C2’), 171.1 ppm (C1);


31P NMR
(121 MHz, CDCl3): d=�4.04 ppm (s); elemental analysis calcd (%) for
C35H30N3O3P: C 73.54, H, 5.29, N 7.35; found: C 73.35, H 5.39, N 7.30.


(�)-(6-Diphenylphosphanyl)-2-pyridinyl-l-valyl-Moc (5c): A catalytic
amount of DMF (1–2 drops) and oxalyl chloride (0.225 g, 1.77 mmol,
1.2 equiv) were added to a suspension of Moc-l-valine (0.255 g,
1.45 mmol) in dry CH2Cl2 (3 mL) at 0 8C, and the resulting mixture was
stirred at room temperature for further 2 h. The clear reaction mixture
containing Moc-l-Val-Cl was added dropwise at 0 8C to a solution of 4
(0.400 g, 1.45 mmol, 1.0 equiv) and pyridine (0.30 mL, 0.29 g, 3.7 mmol,
2.5 equiv) in dry CH2Cl2 (5 mL). The resulting dark solution was stirred
at room temperature for further 25 h, then concentrated in vacuo, and
purified by column chromatography on silica gel (PE/EE, 5:1) to give
monopeptidyl phosphane 5c as a glass foam (0.344 g, 55%, Rf=0.60).
M.p. 80 8C (PE/EE); [a]20D =�43.38 (c=0.970 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=0.94 (d, J=6.9 Hz, 3H; CH3), 1.01 (d, J=6.9 Hz,
3H; CH3), 2.24 (mc, J=6.7 Hz, 1H; 3-H), 3.68 (s, 3H; OCH3), 4.18 (br s,
1H; 2-H), 5.22 (d, J=6.9 Hz, 1H; 2-NH), 6.79 (d, J=7.3 Hz, 1H; 5’-H),
7.28–7.40 (m, 10H; PPh2), 7.57 (ddd, J=8.4, 8.4, 1.7 Hz, 1H; 4’-H), 8.10
(d, J=8.4 Hz, 1H; 3’-H), 8.29 ppm (br s, 1H; 2’-NH); 13C NMR
(100 MHz, CDCl3): d=17.5, 19.5 (C4, C5), 31.2 (C3), 52.7 (OCH3), 61.1
(C2), 112.9 (C3’), 124.5 (d, JC,P=12.7 Hz, C5’), 128.8 (d, JC,P=7.2 Hz,
4ArCmeta), 129.3 (2ArCpara), 134.2 (d, JC,P=19.9 Hz, 4ArCortho), 135.8 (d,
JC,P=10.4 Hz, 2ArCipso), 138.2 (d, JC,P=1.7 Hz, C4’), 151.0 (d, JC,P=


14.4 Hz, C6’), 156.2 (C6), 162.3 (d, JC,P=3.5 Hz, C2’), 170.4 ppm (C1);
31P NMR (121 MHz, CDCl3): d=�3.97 ppm (s); elemental analysis calcd
(%) for C24H26N3O3P: C 66.20, H 6.02, N 9.65; found: C 65.93, H 6.26, N
9.66.


(�)-(6-Diphenylphosphanyl)-2-aminopyridinyl-l-alanyl-Moc (5d): A cat-
alytic amount of DMF (1–2 drops) and oxalyl chloride (0.316 g,
2.48 mmol, 1.1 equiv) were added to a solution of Moc-l-alanine (0.333 g,
2.26 mmol) in dry CH2Cl2 (4.5 mL) at 0 8C, and the resulting mixture was
stirred at room temperature for further 2 h. The clear reaction mixture
containing Moc-l-Ala-Cl was added dropwise at 0 8C to a solution of 4
(0.600 g, 2.15 mmol, 1.0 equiv) and pyridine (0.200 g, 2.49 mmol,
1.1 equiv) in dry CH2Cl2 (3 mL). The resulting dark solution was stirred
at room temperature for further 21 h, then washed with half-saturated
aqueous KHSO4 (7 mL) and saturated aqueous NaHCO3 (7 mL), and
dried (Na2SO4). The organic layer was concentrated in vacuo, and the
crude product was purified by column chromatography on silica gel (PE/
EE, 4:1!3:2) to afford monopeptidyl phosphane 5d as a glass foam
(0.640 g, 73%, Rf=0.20 with 2:1). M.p. 74 8C (PE/EE); [a]20D =�30.68 (c=


0.700 in CHCl3);
1H NMR (400 MHz, CDCl3): d=1.45 (d, J=7.2 Hz, 3H;


3-H3), 3.67 (s, 3H; OCH3), 4.39 (br s, 1H; 2-H), 5.27 (br s, 1H; 2-NH),
6.78 (d, J=7.3 Hz, 1H; 5’-H), 7.28–7.42 (m, 10H; PPh2), 7.57 (ddd, J=


8.1, 8.1, 1.8 Hz, 1H; 4’-H), 8.09 (d, J=8.4 Hz, 1H; 3’-H), 8.49 ppm (br s,
1H; 2’-NH); 13C NMR (100 MHz, CDCl3): d=18.8 (C3), 51.6 (C2), 52.6
(OCH3), 113.0 (C3’), 124.4 (d, JC,P=12.1 Hz, C5’), 128.8 (d, JC,P=7.2 Hz,
4ArCmeta), 129.3 (2ArCpara), 134.2 (2d, JC,P=19.8 Hz, 4ArCortho), 135.8
(2d, JC,P=10.4 Hz, 2ArCipso), 138.2 (C4’), 151.1 (d, JC,P=14.4 Hz, C6’),
156.6 (C4), 162.2 (d, JC,P=4.3 Hz, C2’), 170.3 ppm (C1);


31P NMR
(121 MHz, CDCl3): d=�4.09 ppm (s); HRMS (EI-MS): m/z : calcd for
C22H22N3O3P [M+] 407.1398; found: 407.1397.


6-(Diphenylphosphanyl)-N-phenylacetyl-2-aminopyridine (5 f): NEt3
(0.600 g, 5.93 mmol, 5.5 equiv) was added to a solution of 4 (0.300 g,
1.08 mmol) in dry CH2Cl2 (5 mL) at 0 8C, followed by the dropwise addi-
tion phenylacetyl chloride (0.200 g, 1.29 mmol, 1.2 equiv); the resulting
mixture was stirred at room temperature for further 24 h. The resulting
white, chalky solution was washed with half-saturated aqueous KHSO4


(7 mL) and saturated aqueous NaHCO3 (7 mL), and dried (Na2SO4). The
organic layer was concentrated in vacuo, and the waxy residue crystal-
lized after 1 h. Trituration with Et2O/CH2Cl2 (9:1) afforded compound 5 f
as a yellow solid (0.320 g, 75%, Rf=0.60 with PE/EE 2:1). M.p. 167 8C
(Et2O/CH2Cl2);


1H NMR (300 MHz, CDCl3): d=3.70 (s, 2H; 2-H2), 6.77
(d, J=7.5 Hz, 1H; 5’-H), 7.25–7.40 (m, 15H; ArH), 7.55 (ddd, J=8.4,
7.5, 1.8 Hz, 1H; 4’-H), 7.92 (br s, 1H; NH), 8.10 ppm (d, J=8.4 Hz, 1H;
3’-H); 13C NMR (100 MHz, CDCl3): d=45.0 (C2), 112.8 (C3’), 124.3 (d,
JC,P=12.7 Hz, C5’), 128.7 (d, JC,P=7.2 Hz, 4ArCmeta), 129.1 (2C5), 129.2
(2ArCpara), 129.5 (2C4), 134.0 (C3), 134.2 (2d, JC,P=19.6 Hz, 4ArCortho),
135.9 (2d, JC,P=10.4 Hz, 2ArCipso), 138.1 (d, JC,P=1.7 Hz, C4’), 151.4 (d,
JC,P=14.4 Hz, C6’), 161.9 (d, JC,P=4.6 Hz, C2’), 169.6 ppm (C1);


31P NMR
(121 MHz, CDCl3): d=�4.10 ppm (s); HRMS (EI-MS): m/z : calcd for:
C25H21N2OP [M+] 396.1391; found: 396.1399.


(�)-(6-Diphenylphosphanyl)-2-aminopyridinyl-l-valyl-l-valine-Boc (6a):
Et2NH (0.50 mL, 0.35 g, 4.8 mmol, 19 equiv) was added to a solution of
5a (0.150 g, 0.251 mmol) in dry THF (2 mL) and the resulting mixture
was stirred at room temperature for 2 h (TLC control: PE/EE, 2:1).
Evaporation in vacuo followed by addition of dry CH2Cl2 (2 mL) and
reevaporation (repeat 2–3 times) gave a waxy oil (94 mg, 0.251 mmol,
quant). The free amine was dissolved in dry CH2Cl2 (3 mL) and treated
successively with Boc-l-valine (54 mg, 0.25 mmol, 1.0 equiv), HOBt
(34 mg, 0.25 mmol, 1.0 equiv) and DIC (32 mg, 0.25 mmol, 1.0 equiv) at
room temperature. The resulting solution was stirred at room tempera-
ture for further 20 h and concentrated in vacuo. The residue was subject-
ed to chromatography on silica gel (CH2Cl2!CH2Cl2/EE, 7:1) to afford
dipeptidyl phosphane 6a as a white solid (115 mg, 80%, Rf=0.52 with
5:1). M.p. 121 8C (CH2Cl2/EE); [a]20D =�27.98 (c=0.875 in CHCl3);
1H NMR (400 MHz, CDCl3): d =0.90 (d, J=6.7 Hz, 3H; CH3), 0.91 (d,
J=6.6 Hz, 3H; CH3), 0.95 (d, J=6.9 Hz, 3H; CH3), 0.98 (d, J=6.9 Hz,
3H; CH3), 1.42 (s, 9H; t-Bu), 2.04–2.30 (m, J=6.5 Hz, 2H; 3-H, 8-H),
3.91 (dd, J=8.4, 6.7 Hz, 1H; 7-H), 4.48 (dd, J=8.4, 5.9 Hz, 1H; 2-H),
5.10 (br s, 1H; 7-NH), 6.57 (d, J=8.5 Hz, 1H; 2-NH), 6.79 (d, J=7.5 Hz,
1H; 5’-H), 7.30–7.40 (m, 10H; PPh2), 7.55 (dd, J=9.2, 8.4 Hz, 1H; 4’-H),
8.07 (d, J=8.2 Hz, 1H; 3’-H), 8.39 ppm (br s, 1H; 2’-NH); 13C NMR
(100 MHz, CDCl3): d=17.8, 18.0, 19.4 (2C) (C4, C5, C9, C10), 28.4 (3C13),
30.5, 31.2 (C3, C8), 59.1 (C7), 60.4 (C2), 80.1 (C12), 112.9 (C3’), 124.5 (d,
JC,P=13.2 Hz, C5’), 128.7 (d, JC,P=7.2 Hz, 4ArCmeta), 129.2 (2ArCpara),
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134.2 (2d, JC,P=19.7 Hz, 4ArCortho), 135.8 (d, JC,P=10.7 Hz, 2ArCipso),
138.1 (C4’), 151.0 (d, JC,P=13.8 Hz, C6’), 156.2 (C11), 162.3 (C2’), 170.0,
172.1 ppm (C1, C6);


31P NMR (121 MHz, CDCl3): d=�3.93 ppm (s); ele-
mental analysis calcd (%) for C32H41N4O4P: C 66.65, H 7.17, N 9.72;
found: C 66.39, H 7.45, N 9.68.


(�)-(6-Diphenylphosphanyl)-2-aminopyridinyl-l-alanyl-l-valine-Boc
(6b): Et2NH (0.70 mL, 6.7 mmol, 19 equiv) was added to a solution of 5b
(0.200 g, 0.350 mmol) in dry THF (2 mL) and the resulting mixture was
stirred at room temperature for 3.5 h (TLC control: PE/EE, 2:1). Evapo-
ration in vacuo gave a waxy oil (quant). The free amine was dissolved in
dry CH2Cl2 (3 mL) and treated successively with Boc-l-valine (76 mg,
0.35 mmol, 1.0 equiv), HOBt (47 mg, 0.35 mmol, 1.0 equiv) and DIC
(44 mg, 0.35 mmol, 1.0 equiv) at room temperature. The resulting solu-
tion was stirred at room temperature for further 20 h and concentrated in
vacuo. The residue was subjected to chromatography on silica gel
(CH2Cl2/EE, 10:1) to afford dipeptidyl phosphane 6b as a glass foam
(0.115 g, 60%, Rf=0.47 with 5:1). M.p. 95 8C (CH2Cl2/EE); [a]


20
D =�31.08


(c=1.200 in CHCl3);
1H NMR (400 MHz, CDCl3): d=0.87 (d, J=6.7 Hz,


3H; 7-H3 or 8-H3), 0.90 (d, J=7.0 Hz, 3H; 7-H3 or 8-H3), 1.42 (s, 9H; t-
Bu), 1.43 (overlapped d, J=7.2 Hz, 3H; 3-H3), 2.08 (mc, J=6.5 Hz, 1H;
6-H), 3.94 (dd, J=7.2, 7.0 Hz, 1H; 5-H), 4.66 (dq, J=7.2, 7.0 Hz, 1H; 2-
H), 5.13 (brs, 1H; 5-NH), 6.67 (d, J=7.0 Hz, 1H; 2-NH), 6.78 (d, J=


7.5 Hz, 1H; 5’-H), 7.29–7.38 (m, 10H; PPh2), 7.56 (dd, J=8.1, 7.8 Hz,
1H; 4’-H), 8.06 (d, J=8.4 Hz, 1H; 3’-H), 8.57 ppm (br s, 1H; 2’-NH);
13C NMR (100 MHz, CDCl3): d=17.9, 19.4 (C7, C8), 18.4 (C3), 28.4
(3C11), 31.0 (C6), 49.8 (C2), 60.0 (C5), 80.0 (C10), 112.9 (C3’), 124.4 (d,
JC,P=13.3 Hz, C5’), 128.7 (d, JC,P=7.2 Hz, 4ArCmeta), 129.2 (2ArCpara),
134.2 (2d, JC,P=19.8 Hz, 4ArCortho), 135.9 (2d, JC,P=10.4 Hz, 2ArCipso),
138.1 (C4’), 151.1 (d, JC,P=13.8 Hz, C6’), 156.0 (C9), 162.2 (d, JC,P=3.6 Hz,
C2’), 170.9, 171.8 ppm (C1, C4);


31P NMR (121 MHz, CDCl3): d=


�4.09 ppm (s); HRMS (EI-MS): m/z : calcd for: C30H37N4O4P [M+]
548.2552; found: 548.2562.


General procedure for the generation of homo- and heterodimeric plati-
num(II) complexes: Ligand 1 (30.0 mmol, 1.0 equiv), a complementary
ligand 2 (30.0 mmol, 1.0 equiv) and cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol,
1.0 equiv) were dissolved in CDCl3 (0.8 mL, 37.5 mm) at room tempera-
ture and analyzed by NMR (1H; 31P, 13C) spectroscopy and ESI-MS. For
other characterization experiments, an appropriate amount of the com-
plex was dissolved in CH2Cl2 and stirred for 10 min at room temperature.
The solvent was removed in vacuo and the residue was washed with n-
pentane. The remaining white solid was dried in vacuo. In most of the
cases the N-homodimer signals in the 31P NMR spectra were broad or
not detectable due to line broadening. Thus, heterodimer/C-homodimer
ratios were determined by integration of corresponding signals in the 31P
and/or 13C NMR spectra.


cis-[PtCl2 ACHTUNGTRENNUNG(3d·3d)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (11.3 mg, 30.0 mmol) and 3d (31.6 mg,
60.9 mmol, 2.0 equiv) in CDCl3 (0.8 mL). 1H NMR (500 MHz, CDCl3):
d=0.94 (d, J=6.9 Hz, 3H; 4-H3 or 5-H3), 0.96 (d, J=6.9 Hz, 3H; 4-H3 or
5-H3), 1.00 (d, J=6.8 Hz, 3H; 9-H3 or 10-H3), 1.02 (d, J=6.8 Hz, 3H; 9-
H3 or 10-H3), 2.15–2.25 (m, J=6.8, 6.6, 5.4 Hz, 2H; 3-H, 8-H), 3.75 (s,
3H; OCH3), 4.24 (dd, J=8.5, 8.3 Hz, 1H; 7-H), 4.56 (dd, J=8.7, 5.1 Hz,
1H; 2-H), 6.71 (d, J=8.3 Hz, 1H; 2-NH), 6.99 (dd, J=7.5, 7.5 Hz, 1H;
5’-H), 7.22 (dd, J=7.2, 7.1 Hz, 2H; ArHmeta), 7.28 (dd, J=7.4, 7.1 Hz,
2H; ArHmeta), 7.34–7.42 (m, 2H; ArHpara), 7.45 (dd, J=9.2, 8.8 Hz, 1H;
4’-H), 7.54 (d, J=7.8 Hz, 1H; 6’-H), 7.58–7.66 (m, 3H; 2’-H, ArHortho),
7.69 (dd, J=11.4, 7.8 Hz, 2H; ArHortho), 8.14 ppm (d, J=6.9 Hz, 1H; 7-
NH); 13C NMR (125 MHz, CDCl3): d=18.0, 19.0 (C4, C5), 19.6, 19.7 (C9,
C10), 30.2, 31.2 (C3, C8), 52.2 (OCH3), 57.5 (C2), 61.1 (C7), 127.5 (C5’),
128.0 (2ArCmeta), 128.1 (2ArCmeta), 128.5 (C6’), 128.9 (d, JC,P=65.7 Hz, Ar-
Cipso), 129.2 (d, JC,P=65.7 Hz, ArCipso), 129.8 (d, JC,P=63.3 Hz, ArCipso),
131.3 (ArCpara), 131.5 (ArCpara), 133.3 (C2’), 133.6 (ArC), 135.5 (2Ar-
Cortho), 135.7 (2ArCortho), 136.2 (C4’), 165.8, 172.0, 172.7 ppm (C1, C6, C11);
31P NMR (121 MHz, CDCl3): d=14.79 ppm (d, 1JP,Pt=3658.7 Hz); MS
(ESI, 5 kV, calcd for: C60H70Cl2N4O8P2Pt): m/z (%): 1267.2 (100) [M+


�Cl].
cis-[PtCl2 ACHTUNGTRENNUNG(5a·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol) and 5a (36.8 mg,


60.0 mmol, 2.0 equiv) in CDCl3 (0.8 mL). 1H NMR (500 MHz, CDCl3):
d=0.95 (d, J=6.2 Hz, 3H; 4-H3 or 5-H3), 0.99 (d, J=6.0 Hz, 3H; 4-H3 or
5-H3), 2.13 (mc, 1H; 3-H), 4.04 (mc, 1H; 2-H), 4.20 (dd, J=6.9, 6.7 Hz,
1H; 8-H), 4.37 (dd, J=9.1, 7.1 Hz, 1H; 7-HB), 4.50 (dd, J=10.6, 6.9 Hz,
1H; 7-HA), 5.40 (d, J=7.4 Hz, 1H; 2-NH), 7.15–7.47 (m, 12H; ArH),
7.57 (d, J=7.2 Hz, 2H; ArH), 7.61–7.83 (m, 6H; ArH), 7.70 (overlapped
s, 1H; 2’-NH), 7.91 ppm (d, J=7.7 Hz, 1H; 3’-H); 13C NMR (125 MHz,
CDCl3): d=17.8, 19.4 (C4, C5), 31.1 (C3), 47.2 (C8), 61.0 (C2), 67.3 (C7),
115.2 (C3’), 120.08 (fluorenyl C), 120.10 (fluorenyl C), 125.0 (fluorenyl C),
125.1 (fluorenyl C), 126.5 (d, JC,P=22.7 Hz, C5’), 127.2 (2 fluorenyl C),
127.8 (m, 6ArC), 131.1 (ArC), 131.3 (ArC), 135.5 (2ArC), 135.9 (2ArC),
137.7 (d, JC,P=8.2 Hz, C4’), 141.4 (2 fluorenyl C), 143.71 (fluorenyl C),
143.72 (fluorenyl C), 150.2 (d, JC,P=17.9 Hz, C6’), 153.2 (d, JC,P=86.6 Hz,
C2’), 156.5 (C6), 170.3 ppm (C1);


31P NMR (121 MHz, CDCl3): d=


12.60 ppm (d, 1JP,Pt=3702.7 Hz); MS (ESI, 5 kV, calcd for:
C74H68Cl2N6O6P2Pt): m/z (%): 1429.4 (100) [M+�Cl].
cis-[PtCl2 ACHTUNGTRENNUNG(3i·5e)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3 i (9.7 mg,
30 mmol, 1.0 equiv), and 5e (10.9 mg, 30.0 mmol, 1.0 equiv). 31P NMR
(121 MHz, CDCl3): d=11.59 (dd, 1JP,Pt=3519.5 Hz, 2JP,P=15.6 Hz, amide
5e), 14.44 ppm (dd, 1JP,Pt=3687.1 Hz, 2JP,P=15.6 Hz, ester 3 i); MS (ESI,
5 kV, calcd for: C42H40Cl2N2O3P2Pt): m/z (%): 955.1 (42) [M+�Cl] (5e
homodimer), 913.1 (100) [M+�Cl] (heterodimer), 876.2 (49) [M+�Cl]
(3 i homodimer); heterodimer/C-homodimer ratio=79.1:20.9.


cis-[PtCl2 ACHTUNGTRENNUNG(3j·5 f)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3 j
(12.0 mg, 30 mmol, 1.0 equiv), and 5 f (12.0 mg, 30.0 mmol, 1.0 equiv). M.p.
135 8C (toluene/CDCl3);


31P NMR (202 MHz, CDCl3): d =9.32 (d and
brs, 1JP,Pt=3788.4 Hz, 2JP,P not detectable, 5 f), 14.49 ppm (dd overlapped
with C-homodimer signal, 1JP,Pt=3674.4 Hz, 2JP,P < 19 Hz, 3j); MS (ESI,
5 kV, calcd for: C51H43Cl2N3O2P2Pt): m/z (%): 1022.1 (100) [M+�Cl],
985.2 (16) [M+�Cl�HCl]; elemental analysis calcd (%) for
C51H43Cl2N3O2P2Pt: C 57.91, H 4.10, N 3.97; found: C 57.62, H 4.31, N
3.72; heterodimer/C-homodimer ratio=80.7:19.3. Colorless plate-like
crystals suitable for single-crystal X-ray diffraction analysis were ob-
tained from a solution of the complex in toluene/CDCl3 (5:2), which was
allowed to stand at room temperature for two weeks.


cis-[PtCl2 ACHTUNGTRENNUNG(3a·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3a
(11.7 mg, 30.0 mmol, 1.0 equiv), and 5a (18.0 mg, 30.0 mmol, 1.0 equiv).
31P NMR (121 MHz, CDCl3): d=10.61 (dd, 1JP,Pt=3691.0 Hz, 2JP,P=


12.8 Hz, N-peptide 5a), 14.83 ppm (dd overlapped with C-homodimer
signal, 1JP,Pt=3658.1 Hz, 2JP,P=14.5 Hz, C-peptide 3a); MS (ESI, 5 kV,
calcd for C60H56Cl2N4O6P2Pt): m/z (%): 1429.2 (10) [M+�Cl] (5a homo-
dimer), 1221.2 (100) [M+�Cl] (heterodimer), 1011.9 (10) [M+�Cl] (3a
homodimer); heterodimer/N-homodimer ratio=87.6:12.4.


cis-[PtCl2 ACHTUNGTRENNUNG(3b·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3b
(12.6 mg, 30.0 mmol, 1.0 equiv), and 5a (18.0 mg, 30.0 mmol, 1.0 equiv).
31P NMR (121 MHz, CDCl3): d=10.02 (dd, 1JP,Pt=3716.6 Hz, 2JP,P=


16.7 Hz, N-peptide 5a), 15.06 ppm (dd, 1JP,Pt=3685.4 Hz, 2JP,P=15.6 Hz,
C-peptide 3b); MS (ESI, 5 kV, calcd for C62H60Cl2N4O6P2Pt): m/z (%):
1429.3 (40) [M+�Cl] (5a homodimer), 1249.2 (100) [M+�Cl] (heterodi-
mer); heterodimer/C-homodimer ratio=70.2:29.8.


cis-[PtCl2 ACHTUNGTRENNUNG(3c·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3c
(13.8 mg, 30.0 mmol, 1.0 equiv), and 5a (18.0 mg, 30.0 mmol, 1.0 equiv).
31P NMR (121 MHz, CDCl3): d=5.81 (dd, 1JP,Pt=3647.6 Hz, 2JP,P=


16.2 Hz, N-peptide 5a), 15.77 ppm (dd, 1JP,Pt=3777.3 Hz, 2JP,P=16.7 Hz,
C-peptide 3c); MS (ESI, 5 kV, calcd for: C65H67Cl2N5O5P2Pt): m/z (%):
1290.3 (100) [M+�Cl]; heterodimer/C-homodimer ratio=92.8:7.2.


cis-[PtCl2 ACHTUNGTRENNUNG(3c·5b)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (8.4 mg, 22.5 mmol, 1.0 equiv), 3c (10.4 mg,
22.5 mmol, 1.0 equiv), and 5b (12.9 mg, 22.5 mmol, 1.0 equiv). 31P NMR
(202 MHz, CDCl3): d=4.58 (dd, 1JP,Pt=3647.4 Hz, 2JP,P=16.7 Hz, N-pep-
tide 5b), 16.20 ppm (dd, 1JP,Pt=3775.3 Hz, 2JP,P=16.2 Hz, C-peptide 3c);
MS (ESI, 5 kV, calcd for: C63H63Cl2N5O5P2Pt): m/z (%): 1373.2 (5) [M+
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�Cl] (5b homodimer), 1262.2 (100) [M+�Cl] (heterodimer); heterodi-
mer/C-homodimer ratio=97.7:2.3.


cis-[PtCl2 ACHTUNGTRENNUNG(3g·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (8.4 mg, 22.5 mmol, 1.0 equiv), 3g
(12.0 mg, 22.5 mmol, 1.0 equiv), and 5a (13.5 mg, 22.5 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=4.89 (dd, 1JP,Pt=3649.8 Hz, 2JP,P=


16.2 Hz, N-peptide 5a), 15.87 ppm (dd, 1JP,Pt=3799.6 Hz, 2JP,P=14.8 Hz,
C-peptide 3g); MS (ESI, 5 kV, calcd for: C68H71Cl2N5O7P2Pt): m/z (%):
1362.3 (100) [M+�Cl]; heterodimer/C-homodimer ratio=93.8:6.2.


cis-[PtCl2 ACHTUNGTRENNUNG(3g·5b)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (8.4 mg, 22.5 mmol, 1.0 equiv), 3g
(12.0 mg, 22.5 mmol, 1.0 equiv), and 5b (12.9 mg, 22.5 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=4.46 (dd, 1JP,Pt=3648.7 Hz, 2JP,P=


16.7 Hz, N-peptide 5b), 16.33 ppm (dd, 1JP,Pt=3812.4 Hz, 2JP,P=14.8 Hz,
C-peptide 3g); MS (ESI, 5 kV, calcd for: C66H67Cl2N5O7P2Pt): m/z (%):
1334.3 (100) [M+�Cl]; heterodimer/C-homodimer ratio=96.8:3.2.


cis-[PtCl2 ACHTUNGTRENNUNG(3d·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3d
(15.6 mg, 30.0 mmol, 1.0 equiv), and 5a (18.0 mg, 30.0 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=5.02 (dd, 1JP,Pt=3652.0 Hz, 2JP,P=


16.2 Hz, N-peptide 5a), 15.89 ppm (dd, 1JP,Pt=3802.9 Hz, 2JP,P=16.2 Hz,
C-peptide 3d); MS (ESI, 5 kV, calcd for: C67H69Cl2N5O7P2Pt): m/z (%):
1348.1 (100) [M+�Cl]; heterodimer/C-homodimer ratio=94.9:5.1.


cis-[PtCl2 ACHTUNGTRENNUNG(3h·5a)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3h
(15.6 mg, 30.0 mmol, 1.0 equiv), and 5a (18.0 mg, 30.0 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=4.67 (dd, 1JP,Pt=3668.7 Hz, 2JP,P=


16.2 Hz, N-peptide 5a), 15.63 ppm (dd, 1JP,Pt=3799.9 Hz, 2JP,P=16.2 Hz,
C-peptide 3h); MS (ESI, 5 kV, calcd for C67H69Cl2N5O7P2Pt): m/z (%):
1348.3 (100) [M+�Cl]; elemental analysis calcd (%) for
C67H69Cl2N5O7P2Pt: C 58.13, H 5.02, N 5.06; found: C 58.13, H 5.21, N
4.77; heterodimer/C-homodimer ratio=97.2:2.8.


cis-[PtCl2 ACHTUNGTRENNUNG(3d·5b)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (8.4 mg, 22.5 mmol, 1.0 equiv), 3d
(11.7 mg, 22.5 mmol, 1.0 equiv), and 5b (12.9 mg, 22.5 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=4.47 (dd, 1JP,Pt=3647.6 Hz, 2JP,P=


16.2 Hz, N-peptide 5b), 16.28 ppm (dd, 1JP,Pt=3804.1 Hz, 2JP,P=16.2 Hz,
C-peptide 3d); MS (ESI, 5 kV, calcd for C65H65Cl2N5O7P2Pt): m/z (%):
1320.3 (100) [M+�Cl]; heterodimer/C-homodimer ratio=96.7:3.3.


cis-[PtCl2 ACHTUNGTRENNUNG(3e·5c)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (8.4 mg, 22.5 mmol, 1.0 equiv), 3e
(11.0 mg, 22.5 mmol, 1.0 equiv), and 5c (9.8 mg, 22 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=5.59 (dd, 1JP,Pt=3670.4 Hz, 2JP,P=


16.2 Hz, N-peptide 5c), 15.82 ppm (dd, 1JP,Pt=3779.6 Hz, 2JP,P=16.7 Hz,
C-peptide 3e); MS (ESI, 5 kV, calcd for C52H57Cl2N5O7P2Pt): m/z (%):
1156.1 (100) [M+�Cl] (heterodimer), 1101.2 (29) [M+�Cl] (5c homodi-
mer); heterodimer/C-homodimer ratio=95.7:4.3.


cis-[PtCl2 ACHTUNGTRENNUNG(3e·5b)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3e
(14.7 mg, 30 mmol, 1.0 equiv), and 5b (17.1 mg, 30.0 mmol, 1.0 equiv).
M.p. 150 8C (CH2Cl2); [a]21D =�40.08 (c=0.700 in CHCl3);


31P NMR
(202 MHz, CDCl3): d=4.56 (dd, 1JP,Pt=3660.9 Hz, 2JP,P=16.2 Hz, N-pep-
tide 5b), 16.17 ppm (dd, 1JP,Pt=3797.9 Hz, 2JP,P=16.2 Hz, C-peptide 3e);
MS (ESI, 5 kV, calcd for C63H61Cl2N5O7P2Pt): m/z (%): 1373.1 (34) [M+


�Cl] (5b homodimer), 1292.1 (100) [M+�Cl] (heterodimer); elemental
analysis calcd (%) for C63H61Cl2N5O7P2Pt: C 56.97, H 4.63, N 5.27; found:
C 57.03, H 4.72, N 5.13; heterodimer/C-homodimer ratio=98.3:1.7.


cis-[PtCl2 ACHTUNGTRENNUNG(3e·5d)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3e
(14.8 mg, 30.0 mmol, 1.0 equiv), and 5d (12.3 mg, 30.0 mmol, 1.0 equiv).
M.p. 145–147 8C (CH2Cl2); [a]


21
D =�37.48 (c=0.620 in CHCl3);


31P NMR
(202 MHz, CDCl3): d=4.24 (dd, 1JP,Pt=3647.4 Hz, 2JP,P=14.8 Hz, N-pep-
tide 5d), 15.91 ppm (dd, 1JP,Pt=3775.3 Hz, 2JP,P=14.8 Hz, C-peptide 3e);
MS (ESI, 5 kV, calcd for C50H53Cl2N5O7P2Pt): m/z (%): 1128.0 (100) [M+


�Cl]; elemental analysis calcd (%) for C50H53Cl2N5O7P2Pt: C 51.60, H
4.59, N 6.02; found: C 51.90, H 4.83, N 5.71; heterodimer/C-homodimer
ratio=96.6:3.4.


cis-[PtCl2 ACHTUNGTRENNUNG(3d·6a)]: Following the general procedure this compound was
obtained from cis-[PtCl2 ACHTUNGTRENNUNG(cod)] (11.2 mg, 30.0 mmol, 1.0 equiv), 3d
(15.6 mg, 30.0 mmol, 1.0 equiv), and 6a (17.3 mg, 30.0 mmol, 1.0 equiv).
31P NMR (202 MHz, CDCl3): d=5.30 (dd, 1JP,Pt=3653.1 Hz, 2JP,P=


16.2 Hz, N-peptide 6a), 15.99 ppm (dd, 1JP,Pt=3880.9 Hz, 2JP,P=16.2 Hz,
C-peptide 3d); MS (ESI, 5 kV, calcd for C62H76Cl2N6O8P2Pt): m/z (%):
1383.3 (9) [M+�Cl] (6a homodimer), 1325.3 (100) [M+�Cl] (heterodi-
mer); elemental analysis calcd (%) for C62H76Cl2N6O8P2Pt: C 54.71, H
5.63, N 6.17; found: C 54.34, H 5.83, N 5.98; heterodimer/C-homodimer
ratio=93.6:6.4.


cis-[PtCl2 ACHTUNGTRENNUNG(3e·6b)]: Following the general procedure this compound was
obtained from cis-[PtCl2ACHTUNGTRENNUNG(cod)] (11.3 mg, 30.0 mmol, 1.0 equiv), 3e
(14.8 mg, 30.0 mmol, 1.0 equiv), and 6b (16.6 mg, 30.0 mmol, 1.0 equiv).
M.p. 155 8C (CH2Cl2); [a]20D =�14.08 (c=1.000 in CHCl3);


1H NMR
(500 MHz, CDCl3): d =1.00 (d, J=6.9 Hz, 3H; 27-H3 or 28-H3), 1.03 (d,
J=6.6 Hz, 3H; 27-H3 or 28-H3), 1.14 (d, J=6.9 Hz, 3H; 7-H3 or 8-H3),
1.17 (d, J=6.9 Hz, 3H; 7-H3 or 8-H3), 1.46 (d, J=6.0 Hz, 3H; 3-H3), 1.47
(s, 9H; tBu), 1.74 (d, J=6.9 Hz, 3H; 23-H3), 2.22 (mc, 1H; 26-H), 2.26
(m, J=6.9 Hz, 1H; 6-H), 3.79 (s, 3H; OCH3), 4.05 (dd, J=6.9, 6.6 Hz,
1H; 25-H), 4.63 (dq, J=7.3, 6.9 Hz, 1H; 2-H), 5.18 (dd, J=9.1, 6.9 Hz,
1H; 5-H), 5.38 (d, J=8.5 Hz, 1H; NHE), 5.47 (dd, J=7.3, 6.9 Hz, 1H;
22-H), 6.75 (dd, J=7.6, 4.1 Hz, 1H; 17-H), 6.80 (mc, 2H; ArH), 7.03–7.10
(m, 2H; ArH, 13-H), 7.12–7.22 (m, 10H; ArH, 14-H, NHD, NHB), 7.23–
7.47 (m, 7H; ArH, 18-H), 7.62 (mc, 2H; ArH), 7.74 (dd, J=7.7, 1.1 Hz,
1H; 15-H), 7.95 (mc, 2H; ArH), 8.19 (dd, J=8.3, 2.3 Hz, 1H; 19-H), 8.60
(d, J=6.9 Hz, 1H; NHA), 9.61 (d, J=14.8 Hz, 1H; 11-H), 10.78 ppm (s,
1H; NHC);


13C NMR (125 MHz, CDCl3): d=17.9 (C3, C27/28), 18.7, 19.0
(C7, C8), 19.5 (C27/28), 20.3 (C23), 28.4 (3C31), 31.1 (C26), 33.0 (C6), 48.3
(C2), 49.7 (C22), 52.3 (OCH3), 58.2 (C5), 60.4 (C25), 80.1 (C30), 114.6 (C19),
124.2 (d, JC,P=16.1 Hz, C17), 127.5 (d, JC,P=11.8 Hz, 2ArCmeta), 127.6 (d,
JC,P=10.8 Hz, 2ArCmeta), 127.9 (d, JC,P=10.7 Hz, 2ArCmeta), 128.1 (d,
JC,P=11.8 Hz, 2ArCmeta), 128.3 (d, JC,P=8.6 Hz, C14), 128.5 (ArC), 128.5
(ArC), 129.4 (d, JC,P=61.3 Hz, ArC), 130.4 (ArC), 130.6 (ArC), 131.3
(ArC), 131.4 (ArC), 134.4 (d, JC,P=9.7 Hz, 2ArC), 134.7 (d, JC,P=


14.0 Hz, ArC), 135.1 (d, JC,P=10.8 Hz, 2ArC), 135.2 (d, JC,P=10.7 Hz,
2ArC), 137.2 (d, JC,P=7.5 Hz, C18, 2ArC), 138.1 (d, JC,P=21.5 Hz, C11),
151.6 (d, JC,P=20.4 Hz, C20), 153.9 (d, JC,P=96.7 Hz, C16), 156.0 (C29),
166.9, 171.2, 171.7, 172.1, 173.2 ppm (C1, C4, C9, C21, C24);


31P NMR
(202 MHz, CDCl3): d=4.37 (dd, 1JP,Pt=3622.7 Hz, 2JP,P=14.8 Hz, N-pep-
tide 6b), 15.92 ppm (dd, 1JP,Pt=3790.1 Hz, 2JP,P=14.8 Hz, C-peptide 3e);
MS (ESI, 5 kV, calcd for C58H68Cl2N6O8P2Pt): m/z (%): 1269.2 (100) [M+


�Cl]; elemental analysis calcd (%) for C58H68Cl2N6O8P2Pt: C 53.38, H
5.25, N 6.44; found: C 53.24, H 5.37, N 6.38; heterodimer/C-homodimer
ratio=96.3:3.7. Resonance assignments were based on DQF-COSY,
edHSQC, 2D TOCSY and 2D ROESY analysis.


General procedure for the generation of homo- and heterodimeric rho-
dium(I) complexes: Equal amounts of ligand 1 (30.0 mmol, 1.0 equiv),
complementary ligand 2 (30.0 mmol, 1.0 equiv) and [Rh ACHTUNGTRENNUNG(cod)2]BF4


(12.2 mg, 30.0 mmol, 1.0 equiv) were dissolved in degassed CDCl3
(37.5 mm) at room temperature and analyzed by NMR (1H, 31P) spectros-
copy and ESI MS.


[Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(3d·3d)]BF4 : Following the general procedure this compound
was obtained from [Rh ACHTUNGTRENNUNG(cod)2]BF4 (10.0 mg, 24.6 mmol) and 3d (25.5 mg,
49.3 mmol, 2.0 equiv) in CDCl3 (0.7 mL). 1H NMR (300 MHz, CDCl3):
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d=0.93 (2d, J=7.3 Hz, 6H; 4-H3, 5-H3), 1.06 (d, J=6.5 Hz, 3H; 9-H3 or
10-H3), 1.07 (d, J=6.5 Hz, 3H; 9-H3 or 10-H3), 2.22 (mc, 1H; 3-H), 2.29
(mc, 1H; 8-H), 3.69 (s, 3H; OCH3), 4.43 (dd, J=8.2, 8.1 Hz, 1H; 7-H),
4.54 (dd, J=8.5, 5.3 Hz, 1H; 2-H), 7.05 (d, J=7.6 Hz, 1H; 2-NH), 7.15–
7.70 (m, 12H; ArH), 7.80 (d, J=7.3 Hz, 1H; ArH), 8.04 (d, J=6.7 Hz,
1H; 7-NH), 8.30 ppm (br s, 1H; ArH); 31P NMR (121 MHz, CDCl3): d=


27.28 (d, 1JP,Rh=144.8 Hz); MS (ESI, 5 kV, calcd for
C68H82BF4N4O8P2Rh): m/z (%): 1262.7 (41) [M+


oxide�Cl], 1246.8 (100)
[M+�Cl].
[Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(3d·5a)]BF4 : Following the general procedure this compound
was obtained from [Rh ACHTUNGTRENNUNG(cod)2]BF4 (10.8 mg, 26.6 mmol), 3d (13.9 mg,
26.8 mmol, 1.0 equiv), and 5a (15.9 mg, 26.5 mmol, 1.0 equiv). 1H NMR
(400 MHz, CDCl3, only relevant resonances): d=8.24 (d, J=9.2 Hz, 1H;
NHA), 9.49 (d, J=14.3 Hz, 1H; 13-H), 10.68 ppm (s, 1H; NHC);
31P NMR (162 MHz, CDCl3): d =16.04 (dd, 1JP,Rh=145.7 Hz, 2JP,P=


30.7 Hz, N-peptide 5a), 31.81 ppm (dd, 1JP,Rh=150.6 Hz, 2JP,P not resolved
due to broad line width, C-peptide 3d); MS (ESI, 7 kV, calcd for
C75H81BF4N5O7P2Rh): m/z (%): 1328.4 (100) [M+�BF4], 1220.1 (22) [M+


�BF4�cod], 811.0 (63).
X-ray crystal structure analysis : A single crystal of cis-[PtCl2 ACHTUNGTRENNUNG(3j·5 f)] was
submitted for X-ray data collection on a Rigaku R-AXIS SPIDER image
plate diffractometer using graphite monochromated MoKa radiation at
100 K. Structure solution was carried out with SHELXS-97,[40] and refine-
ment against F2 with SHELXL-97.[41] Crystallographic data of cis-[PtCl2-
ACHTUNGTRENNUNG(3j·5 f)] have been deposited to the Cambridge Crystallographic Data
Centre. CCDC-650318 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


General procedure for asymmetric hydroformylation : In an argon atmos-
phere [Rh(CO)2acac] (1.5 mg, 5.8 mmol, 1 mol%) and the corresponding
ligands LC (1.1–5 mol%) and LN (1.1–5 mol%) were dissolved in dry tol-
uene and stirred for 5–10 min at room temperature. Then, styrene (7)
was added and the resulting pale yellow solution was transferred into a
50 mL stainless steel autoclave under argon, and subsequently flushed
three times with a 1:1 mixture of H2 and CO gas. An initial total pressure
of 10 bar H2/CO 1:1 gas mixture was finally adjusted, and the autoclave
was heated within 5 min to the reaction temperature while the solution
was stirred. Reaction samples were taken through a sample valve and an-
alyzed by GC and/or 1H NMR spectroscopy. Conversion and regioselec-
tivity (8 :9 ratio) were determined by 1H NMR spectroscopy. Enantiomer-
ic excess of 8 was determined by chiral GC, using a Hydrodex-b-TBDAc
column, 25 mM0.25 mm, 95 8C. tR (min)=10.2 [(R)-enantiomer], 11.3
[(S)-enantiomer].
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Introduction


We describe the synthesis, photophysics and amine respon-
sive optical properties in absorption and emission of three
cruciform (XF) chromophores 1–3. The detection determi-
nation and quantification of low-molecular-weight amines is
critical in the medical field, in environmental science, and in
food safety. The enhanced presence of low-molecular-weight
amines in breath can mark disease states in patients and in
foods it indicates spoilage. The detection and quantification
of amines has been achieved by antibodies,[1] molecularly


imprinted polymers,[2] enzymes,[3] single-molecule and array
sensors,[4] and chromatographic methods.[5] Recently Lavinge
elegantly demonstrated that the interplay of planarization
and aggregate formation in a water soluble polythiophene
derivative is a powerful colorimetric tool to detect histamine
in food, predicting spoilage in fish samples.[6] Inspired by
Lavigne.s work, we have tailored a novel class of cruciform
fluorophores/chromophores (XF), 1,4-distyryl-2,5-bis(aryl-
ACHTUNGTRENNUNGethynyl)benzenes, carrying phenol functionalities as model
probes for amines.[7] While these small XF-fluorophores do
not display aggregation or distinct planarization behavior,[8]


their specifically engineered frontier molecular orbitals
(FMOs) should allow signal generation and amplification of
amine-probing functions such as phenols. The phenols will
exhibit either full or partial proton transfer to the amine ni-
trogen atom, resulting in observable spectroscopic changes.


Chromophore design centers around different fundamental
paradigms : 1) Choose or construct a suitable (aromatic) car-
bocyclic or heterocyclic skeleton, then 2) attach the necessa-
ry auxochromic groups, that is, electron-accepting or elec-
tron-releasing substituents to the skeleton to tune absorp-
tion and emission. In most chromophores donor and accep-
ACHTUNGTRENNUNGtor substituents are attached to the skeleton into positions
in which both FMOs have their largest orbital nodes, ensur-


Abstract: The synthesis of three hy-
droxy-substituted cruciforms (XF, 1,4-
bis(4’-hydroxystyryl)-2,5-bis(4’’-meth-
ACHTUNGTRENNUNGoxyphenylethynyl)benzene, 1,4-bis(4’-
methoxystyryl)-2,5-bis(4’’-hydroxyphe-
nylethynyl)benzene, and 1,4-bis(4’-hy-
droxystyryl)-2,5-bis(4’’-hydroxyphenyl-
ACHTUNGTRENNUNGethynyl)benzene) starts with a Horner
reaction followed by a Sonogashira
coupling and subsequent deprotection.
The three herein described XFs contain
either two or four free phenolic hy-
droxyl groups. All three XFs were sub-


jected to photometric UV/Vis titrations
in a methanol/water mixture. The re-
spective pKa values were obtained by
data deconvolution. As the three XFs
display a significant change in emission
color upon photoinduced deprotona-
tion, the XFs were taken up in differ-
ent solvents and exposed to twelve


amines. The amine-dependent change
in emissivity of the tetrahydroxy XF is
sufficiently distinct in the eight solvents
that all of the inspected amines are dis-
cerned by a linear discriminant analy-
sis. The tetrahydroxy XF in different
solvents forms a sensor array, the re-
sponse of which is based on the excit-
ed-state proton transfer (ESPT) to
amines and mediated by the choice of
the battery of solvents that are utilized.
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ing the maximum conjugative effect of the auxochromes to
the dye skeleton.[9] Auxochromes enlarge the p system and
stabilize/destabilize both the HOMO and LUMO, but to a
different degree, leading to red-shifted absorption.


We and others have designed dyes in which the geometric
overlap of HOMO and LUMO is minimized. These dyes,
cruciforms[10] (XF), consist of two independent but centrally
connected molecular axes, which carry electron-donating
and electron-withdrawing substituents respectively; this ar-
rangement leads to a situation in which the HOMO is spa-
tially confined on the electron-rich branch, while the
LUMO is confined on the branch that carries the electron-
withdrawing substituents. Examples are 1,4-distyryl-2,5-bis-
ACHTUNGTRENNUNG(arylethynyl)benzenes,[11,12] Haley.s 1,2,4,5-tetrakis(aryleth-
ACHTUNGTRENNUNGynyl)benzenes,[13] Scherf.s swivel cruciforms,[14] Diederich.s
tetraethynylethylenes,[15] and Galvin.s distyrylbenzene deriv-
atives.[16] One consequence of the spatially localized FMOs
is a surprisingly large auxochromic effect; that is, absorption
and emission are more strongly influenced by substituents
than would be generally expected, allowing to tune the
emission of a carbocyclic skeleton from blue to red. These
FMO-separated phores should allow biomolecular or envi-
ronmental sensing as XFs might be able to probe metal cat-
ions in cell compartments.[17] Outlined in Scheme 1 is a two-
stage metalloresponsive, orange-emitting model fluorophore
A. Upon exposure to magnesium or zinc ions the fluores-
cence of A changes to blue, but upon further increasing the
amount of metal salt the fluorescence color changes from
blue to yellow-green. The unusual color changes are ex-
plained by a consecutive stabilization of first the HOMO
and then the LUMO of the metal-complexed XF
(Scheme 1).


While we have investigated the stabilization of the FMOs,
we can also induce destabilization of the HOMO by intro-
duction of negative charges as in the hydroxy XFs B
(Scheme 1), and indeed, deprotonation led to a red-shift in
emission.[18] The LUMO of B is not affected according to
DFT calculations. In this contribution we examine the emis-
sive properties of three different hydroxy-substituted XFs 1–
3 and their emissive properties upon deprotonation and


upon exposure to a panel of amines in different solvents.
These studies are of interest as it is possible, just by chang-
ing the solvent, to identify specific amines by the analysis of
the fluorescence color of a single XF, 3.


Results and Discussion


Synthesis : A Horner reaction of 4 with the aldehydes 5a or
5b furnished the distyrylbenzene derivatives 6a and 6b in
77 and 64% yield, respectively, after chromatography
(Scheme 2). Subsequently, a Sonogashira coupling[19] with
either 7a or 7b gave rise to the formation of 8a–c in yields
from 61 to 77%. At a temperature of �78 8C trifluoroacetic
acid (TFA) in dichloromethane smoothly deprotected 8a–c
to give the XFs 1–3 in yields around 88–92% as air and
water-stable yellow powders.


Spectroscopic properties of the cruciforms 1–3 : Figure 1 dis-
plays the absorption and emission spectra of 1–3 in different
solvents (see also Tables 1–3). The spectra of tetra-ether 8c
are given for comparison. Solvatochromic behavior of 1–3
and 8c was investigated.[20] Kamlet–Taft solvent parame-
ters[21] can account for the contribution of selective (such as
point-to-point hydrogen-bonding interactions) versus non-
selective (solute–solvent dipole interactions) solvation to the
electronic spectra of the hydroxyaromatic molecules. For 8c
the absorbance spectra depend weakly on solvent polarity,
indicating a small ground-state dipole moment. The emis-
sion spectra of 8c exhibit stronger bathochromic shifts in
polar solvents due to the increase in dipole moment upon
excitation (Table 4). All four compounds (8c, 1–3) are iso-
ACHTUNGTRENNUNGelectronic. We assume that their dipole moments in the
ground and the excited states are similar. Therefore, addi-
tional bathochromic shifts in the di- and tetrahydroxy cruci-
forms are related to hydrogen-bonding between the hydroxy
groups of the chromophores and basic solvents, such as
DMSO or DMF. However, these shifts are small, indicating
weak acidity of phenol moieties in both ground and excited
states. A weak shoulder located at 530 nm in the emission of


Scheme 1. Modulation of the HOMO–LUMO gap in cruciform fluorophores by interaction with metal cations and pH change.
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3 in 90% water/methanol sol-
vent mixture might be associat-
ed with the excited-state
proton-transfer product.[22] For
all dyes the fluorescence quan-
tum yield (F) in methanol was
in the range of 16–37%
(Table 5). Compound 2 has the
highest quantum yield and the
longest emissive lifetime (t=


1.6 ns). It is not clear what the
reason is for the differences in
the structurally similar XFs.


The compounds 1 and 2 were
poorly soluble in pure water at
neutral pH, demonstrating for-
mation of red-shifted aggre-
gates in the absorbance spectra
(see Supporting Information).
A comparative study of the
acid–base behavior of 1–3 was
performed in a 2:1 volume ratio
of methanol/water (Figure 2).
However, the absorbance spec-
tra of 2 in this solvent at neu-
tral pH differed from that in
various organic solvents. Thus,
the absorbance titration data of
2 should be evaluated with cau-
tion, since it reflects not only
deprotonation, but also the dis-
solution of its aggregates. This
aggregation phenomenon at
neutral pH is observed also for
1, but to a much lesser extent.
The three compounds respond
differently towards hydroxide
ions in absorption and emission.
In the case of 1 a new band
emerges (416 nm, UV/Vis),
which is fully developed at
pH 12. Visually, the almost col-
orless solution turns yellow. Si-
multaneously, a new band at
600 nm appears in the emission
spectra, similar to that de-
scribed by us for B (Scheme 1),
while the emission at 460 nm
dissapears due to full ground-
state deprotonation. At higher
pH the long-wavelength emis-
sion exhibits a small hypsochro-
mic shift. The titration of XF 2
did not lead to the formation of
the characteristic red-shifted
phenolate band in the absorb-
ance spectra, and the fluores-


Scheme 2. Synthesis of cruciforms 1–3 by a combination of Horner and Sonogashira methods.


Figure 1. Absorption and emission spectra of 8c and 1–3 in different solvents. The color coding is the identical
for all graphs. MW is 1:9 vol. methanol/water.
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cence spectra were quenched without appearance of a new
low-energy band. Similar effects were observed by us earli-
er[18] for some other dihydroxycruciforms. On the basis of
MO calculations we have demonstrated that the HOMO
and LUMO orbitals of such molecules have a vanishing
overlap, which makes the S0–S1 electronic transition forbid-
den. As a result, bathochromic shifts in the absorbance spec-
tra were not observed upon deprotonation; the emission
from the deprotonated species is so weak that it can not be
recorded. The XF 3, with four hydroxy groups, features a
diffuse isosbestic point around 346 nm; upon deprotonation
a prominent feature develops at 370 nm. We assumed that
the terminal spectra at the highest pH value for each XF
belong to the fully deprotonated form of the respective
chromophore. The absorbance spectra of the tetra-anion of
3 can be viewed as a superposition of 1 and 2 dianion bands.
To understand these effects, we analyzed the photometric
absorption data using the SPECFIT software.[22b] Figure 3
displays the relative amounts of the corresponding depro-
tonated species present and the deconvoluted spectra of the
neutral compound and all of the phenolate anions up to the
tetra-anion for 3.


Upon increasing the pH the absorption profiles of the
formed mono-, di-, tri-, and tetra-anion are deconvoluted.
Their absorption maximum is consecutively red-shifted from
335 to 370 nm.


When traversing from pH 7 to pH 10 we observe a signifi-
cantly red-shifted (588 nm) emission band of lower intensity
in 3. Upon further increase of the pH, the fluorescence in-
tensity of 3 increases again and the emission maximum blue-
shifts to 565 nm. The results of the fit demonstrate the coex-
istence of several polyanions of 3 at different pH regimes. It
is surprising that in contrast to polyphenols[23] the pKa.s of
four hydroxyl groups differ by not more than one unit. A
possible explanation for this phenomenon is the weak elec-
tronic interaction between two pairs of hydroxyls located on
the distyrylbenzene and arylethynyl axes of the molecules.
Another important observation from the data fitting is the
pH mismatch in the existence areas of the different acid–
base species for the ground- and the excited-state titrations.
Such spectral behavior is a classical example of the photo-
ACHTUNGTRENNUNGacidity in the hydroxyaromatic molecules.[24] We note,
though, that the apparent shifts between the ground- and
excited-state pKa.s are only about one unit, demonstrating a
small but detectable increase of the photoacidity in aqueous
solutions.


Amine sensing using the cruciforms 1–3 : With these results
in hand we set out to explore the fluorescence change of the
XFs 1–3 upon exposure towards different amines. We pre-
pared 10 mm solutions of the respective XFs in eight differ-
ent solvents. These were then distributed into 13 vials each
to obtain a matrix of 12 amines plus reference in 8 solvents
to give 104 samples per XF. The amine (0.1 mL per sample,
an excess, corresponding to a 0.7–7.2 mm concentration
range) was then added and a picture of the 13 samples with
12 different amines for each of the eight solvents was taken


Table 1. Absorption and emission maxima for 1 in different solvents.


Solvent lmaxabs


[nm]
lmaxem


[nm]
Stokes shift
ACHTUNGTRENNUNG[cm�1]


Vibronic
progression
ACHTUNGTRENNUNG[cm�1]


methanol 336, 365 sh 451 7589, 5224 -
acetonitrile 337, 370 sh 451 7501, 4854 -
DMF 340, 375 sh 463 7813, 5068 -
DMSO 343, 380 sh 468 7787, 4948 -
THF 339, 370 sh 431, 453 6297, 3825 1127
CH2Cl2 342, 380 sh 428, 451 5875, 2951 1192
diethyl ether 336, 370 sh 423, 447 6121, 3386 1269
toluene 339, 375 sh 424, 449 5914, 3082 1313


Table 2. Absorption and emission maxima for 2 in different solvents.


Solvent lmaxabs


[nm]
lmaxem


[nm]
Stokes shift
ACHTUNGTRENNUNG[cm�1]


Vibronic
progression
ACHTUNGTRENNUNG[cm�1]


methanol 338, 370 sh 428, 450 6221, 3663 1142
acetonitrile 337, 370 sh 433, 452 6579, 3932 971
DMF 344, 375 sh 437, 458 6186, 3783 1049
DMSO 346, 380 sh 441, 462 6226, 3640 1031
THF 341, 370 sh 428, 453 5961, 3663 1289
CH2Cl2 339, 375 sh 431, 453 6297, 3465 1127
diethyl ether 338, 370 sh 422, 448 5889, 3330 1375
toluene 339, 380 sh 426, 452 6024, 2842 1350


Table 3. Absorption and emission maxima for 3 in different solvents.


Solvent lmaxabs


[nm]
lmaxem


[nm]
Stokes shift
ACHTUNGTRENNUNG[cm�1]


Vibronic
progression
ACHTUNGTRENNUNG[cm�1]


90:10 H3C�OH/H2O 334 458 8106 -
methanol 337 435, 456 6685 1059
acetonitrile 335 438, 450 7020 609
DMF 343 464 7602 -
DMSO 345 467 7572 -
THF 340 432, 456 6264 1218
CH2Cl2 332 428, 450 6756 1142
diethyl ther 337, 370 sh 424, 449 6089, 3442 1313
toluene 336 424, 448 6177 1263


Table 4. Absorption and emission maxima for 8c in different solvents.


Solvent lmaxabs


[nm]
lmaxem


[nm]
Stokes shift
ACHTUNGTRENNUNG[cm�1]


Vibronic
progression
ACHTUNGTRENNUNG[cm�1]


methanol insoluble 427, 448 – –
acetonitrile 331, 370 sh 433, 451 7116, 4854 922
DMF 338, 385 sh 436, 455 6650, 4689 958
DMSO 332, 370 sh 441, 458 7445, 5193 842
THF 338, 375 sh 427, 451 6167, 4494 1246
CH2Cl2 336, 370 sh 428, 450 6397, 4805 1142
diethyl ether 335, 375 sh 421, 446 6098, 4245 1331
toluene 340, 380 sh 426, 451 5938, 4143 1301


Table 5. Photophysical data of 1–3 in methanol.


1 2 3


Abs [nm] 336, 365 338, 370 337
Em [nm] 433, 451 430, 451 435, 456
F 0.17 0.37 0.16
t [ns] 0.80 1.60 0.89
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(Figure 4). These real-color photographs were taken in the
dark upon irradiation with a hand-held UV-lamp at an emis-
sion wavelength of 366 nm.


While the XF 1 gives color
changes in emission, the XF 2
mostly experiences quenching
(see the Supporting Informa-
tion), similar to the titration in
a methanol/water mixture. The
XF 3, however, experienced
spectacular changes in fluores-
cence upon the combination of
amines, with the emission
colors ranging from blue to red
traversing yellow and green,
covering the full visible spectral
range.


Ground- and excited-state
acid–base interactions between
dihydroxycruciforms and vari-
ous amines in dichloromethane
were studied[18] and the fluoro-
phores exhibit emission from
the fully deprotonated (ion
pair) state. From these observa-
tions we concluded that in di-
chloromethane the difference in
pKa (or DG of the proton trans-
fer) between the excited dihy-
droxycruciforms and amines is
sufficient to produce the sol-
vent-separated ion pair with the
emission around 550 nm.[25] In
the ground state the observed
DpKa results in the formation


of the hydrogen-bonded complexes.
Generally, a similar behavior of 1 and 3 is observed in the


present work for an array of solvents and amines. The only
amine that quantitatively deprotonates the XFs in the
ground state is the most basic DBU; significant changes
occur both in absorption as well as in emission (Figure 5).
While only DBU leads to a significant shift in absorption,
almost all amines lead to a red-shift in the emission of 3.


We were successful in utilizing the Kamlet–Taft method[21]


to analyze the solvatochromic behavior of the ESPT product
emission maxima, that is, the vertical columns in Figure 4.
For instance, for 3 the solvent dependence of the emission
maxima (n) of the long-wavelength band in the presence of
ethylenediamine can be presented as Equation (1):


nð103 cm�1Þ ¼ 19:8�2:7p*�0:9bþ 0:7a


ðr ¼ 0:95Þ
ð1Þ


in which p*, b, and a are Kamlet–Taft solvent parameters
reflecting the polarity, basicity, and acidity, respectively, of
the solvent (r= residual). From this analysis one can see that
the increase of solvent polarity and basicity causes the bath-
ochromic shift of the emission, while the acidity of the sol-
vent works in opposite direction. The magnitudes of the co-


Figure 2. Absorption and emission spectra of 1–3 in 2:1 vol. methanol/water mixtures at different pH. The
band at 690 nm in the emission titration of 3 is a scattering peak and represents double the excitation wave-
length.


Figure 3. Deconvoluted absorption and emission spectra of the anions of
3 with relative pKa values: pKa1=9.2 ACHTUNGTRENNUNG(�0.1); pKa2=10.0 ACHTUNGTRENNUNG(�0.2); pKa3=


10.6 ACHTUNGTRENNUNG(�0.3); pKa4=11.3 ACHTUNGTRENNUNG(�0.2).
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efficients demonstrate the dominating role of the polarity in
the solvatochromic behavior of the fluorescence. Interesting-
ly, the data from the horizontal rows in Figure 4 (emission


maxima) did not have a straigh-
forward correlation with the
pKa.


While the photographs give a
good indication to discern 12
amines by 3, we converted the
color into RGB values and sub-
tracted the RGB value of the
reference using the program
Contrast Analyzer.[26] Two inde-
pendent readings yielded RGB
values for the XF 3 that were
subjected to an LDA analysis
with the program SYSTAT
(Figure 6).[27] With 24 different
data points for each amine,
SYSTAT reduces the data into
a 2D LDA plot containing only
two factors. The 12 amines are
cleanly separated according to
the analysis of their RGB
values, allowing us to discern
diethylamine and triethylamine
or diethylamine and diisopro-
pylamine. Interestingly, the
amines are not grouped in this
LDA plot according to their
pKa values; however, the di-
ACHTUNGTRENNUNGamines (green) with exception
of piperazine are grouped to-
gether, and secondary amines
such as piperidine, diethyl-
amine, and diisopropylamine
(yellow-orange) are also group-
ed together at the bottom of
the plot.


Conclusion


In conclusion, we have synthe-
sized three phenolic XFs 1–3.
XFs 1 and 3 display red-shifted
absorption and emission upon
deprotonation in methanol/
water mixtures and were inves-
tigated for amine sensing. A
series of 12 different amines
could be discerned by the spe-
cific fluorescence response of 3
based on excited-state proton
transfer in eight different sol-
vents. These experiments imply
that one can create a “chemical


nose” by using only one sensor molecule, but in different
environments, that is, solvents. The emission wavelength of
XF 3 is exquisitely sensitive towards different amines, and


Figure 4. Photographs of solutions of 1 (left), and 3 (right) upon addition of amines 2–13 (left to right) 1) XF
reference, 2) histamine (6.9), 3) imidazole (6.9), 4) morpholine (8.3), 5) piperazine (9.8), 6) putrescine (9.9), 7)
1,3-diaminopropane (10.5), 8) ethylenediamine (10.7), 9) piperidine (10.8), 10) triethylamine (10.8), 11) dieth-
ylamine (11.0), 12) diisopropylamine (11.1), 13) 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU �12) [numbers in
parentheses are the pKa values of the corresponding ammonium ions in water] in different solvents (top to
bottom): A) methanol, B) acetonitrile, C) DMF, D) DMSO, E) THF, F) dichloromethane, G) diethyl ether,
and H) toluene. The samples were excited by using a hand-held UV-lamp at an emission wavelength of
366 nm.


Figure 5. Absorption and emission of XF 3 in acetonitrile upon addition of different amines. Note that only
DBU gives a significant red shift in absorption, while almost all amines give a significant shift in emission.


Figure 6. Linear discriminant analysis (LDA) of the differential RGB values (left) and ratio intensities (right)
of 3 obtained from the right-hand side of Figure 4. The data on the left were extracted from the matrix gener-
ated by the RGB values measured for the photographs of the XF 3 dissolved in eight solvents in the presence
of each different amine. The data on the right were extracted from the lmax of emission and the relative fluo-
rescence intensities of 3 in the presence of each amine. All of the amines are separated in the 2D LDA-plot.
The two factors do not represent a specific chemical property of the amines, such as pKa value, chemical struc-
ture or other evident chemical properties in either case.
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that in a solvent dependent fashion. The selectivity and re-
sponsivity of one fluorophore suffices to constitute a small
sensor array just by changing the solvent. Using solutions of
3 would not be the most effective way to design a strip
sensor or a similar application-oriented gadget, but the
proof of principle is important, as XFs could easily be incor-
porated into grafted, conjugated polymers, in which the ap-
pended, non-conjugated polymer chains should be able to
substitute for the solvent. Such materials could be spin cast
onto silanized silica gel and their color response be observed
upon exposure towards amines in air or water. The herein
described experiments serve as a valuable guide for the
design and execution of such polymeric materials, upon
which we will report in the future. The colorful hydroxy XFs
1 and 3 display large and unique ratiometric shifts upon ex-
posure to amines and are fascinating objects, fit for further
evaluation exploiting the principles of spatial separation of
FMOs and the mechanisms of the photoinduced proton
transfer.


Experimental Section


The experimental details for the synthesis of XFs 1–3, as well as details
for the photophysical experiments and the absorption and emission spec-
tra for all systems studied are available in the Supporting Information.
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Coordination Chemistry of the cyclo-(P5tBu4)
� Ion: Monomeric and


Oligomeric Copper(I), Silver(I) and Gold(I) Complexes


Santiago G,mez-Ruiz, Robert Wolf, Sebastian Bauer, Henry Bittig, Andrea Schisler,
Peter Lçnnecke, and Evamarie Hey-Hawkins*[a]


Introduction


Linear and cyclic oligophosphanes such as cyclo-(PR)n and
oligophosphanide anions such as cyclo-(PnRn�1)


� and
(PnRn)


2� are interesting objects of study, owing to their anal-
ogy to cycloalkanes[1] and because the presence of catenated
(PR)x moieties results in versatile coordination chemistry.
Although neutral oligophosphanes have been studied inten-
sively for many decades,[2,3] related anions have been investi-
gated to a lesser extent.[4,5] We recently embarked on a sys-
tematic study of the syntheses, structural properties and re-
activities of oligophosphanide anions with the specific aim
of exploring their utility as building blocks for phosphorus-
rich metal complexes. The high-yield synthesis and full char-
acterisation of the sodium salt [NaACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}] (1) and
its use to prepare the unusual nickel cyclopentaphosphene


complex [Ni(cyclo-P5tBu3) ACHTUNGTRENNUNG(PEt3)2] were early breakthroughs
in this project.[6] Subsequent transmetallation reactions of 1
with various halides of the nickel triad revealed its ability to
form a structurally diverse class of complexes with Ni, Pd
and Pt.[7] We observed that such reactions are markedly de-
pendent on the nature of the co-ligand and the transition
metal. Thus, either straightforward salt elimination may
occur, or the elimination of tBuCl may lead to cyclopenta-
phosphene complexes containing zero-valent metal atoms,
and in some cases ring contraction yielded complexes con-
taining the new {cyclo-(P4tBu3)PtBu}� ligand. Interestingly,
the reaction of 1 with [RhCl ACHTUNGTRENNUNG(PPh3)3] gave [Rh-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2], in which the cyclo-(P5tBu4)


� anion
remained intact.[8] In contrast to the successful transmetalla-
tion of 1 with group 9 and group 10 metal halides, redox re-
actions were observed in attempts to prepare main group
metal complexes by reaction of 1 with SnCl2, PbCl2 or
BiCl3.


[9] Formation of the dimer (cyclo-P5tBu4)2 as the major
product was observed as well as precipitation of elemental
Sb, Pb or Bi.[9] Nevertheless, the complex [AlEt2(cyclo-
P5tBu4)] was formed by reaction of 1 with AlEt2Cl.[9] Thus,
cyclo-(P5tBu4)


� shows a fascinating variety of possibilities to
form unusual phosphorus-rich metal compounds.


More recently, we have begun to investigate the coordina-
tion chemistry of linear oligophosphanediides (PnRn)


2� (n=


Abstract: [Na ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)}] (1)
reacts with [CuCl ACHTUNGTRENNUNG(PCyp3)2] (Cyp=


cyclo-C5H9) and [CuCl ACHTUNGTRENNUNG(PPh3)3] (1:1) to
give the corresponding copper(I) com-
plexes with a tetra-tert-butylcyclopenta-
phosphanide ligand, [CuACHTUNGTRENNUNG{cyclo-
ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2) and [Cu-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3). The CuCl
adduct of 2, [Cu2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}-
ACHTUNGTRENNUNG(PCyp3)2] (4), was obtained from the
reaction of 1 with [CuCl ACHTUNGTRENNUNG(PCyp3)2] (1:2).
Compounds 2 and 3 rearrange, even
at �27 8C, to give [Cu4ACHTUNGTRENNUNG{cyclo-


ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5), in which ring con-
traction of the [cyclo- ACHTUNGTRENNUNG(P5tBu4)]


� anion
has occurred. The reaction of 1 with
[AgCl ACHTUNGTRENNUNG(PCyp3)]4 or [AgCl ACHTUNGTRENNUNG(PPh3)2] (1:1)
leads to the formation of [Ag4-
ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (6). Intermedi-
ates, which are most probably mononu-
clear, “[Ag ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PR3)2]”
(R=Cyp, Ph) could be detected in the


reaction mixtures, but not isolated. Fi-
nally, the reaction of 1 with [AuCl-
ACHTUNGTRENNUNG(PCyp3)] (1:1) yielded [Au-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7), whereas
an inseparable mixture of [Au3-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8) and [Au4-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (9) was obtained
from the analogous reaction with
[AuCl ACHTUNGTRENNUNG(PPh3)]. Complexes 3–7 were
characterised by 31P NMR spectrosco-
py, and X-ray crystal structures were
determined for 3–9.
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2–4)[10] and have reported the synthesis of the first copper(I)
oligophosphanide complex [Cu4ACHTUNGTRENNUNG(P4Ph4)2 ACHTUNGTRENNUNG(PCyp3)3], which was
obtained from the reaction of two equivalents of [CuCl-
ACHTUNGTRENNUNG(PCyp3)2] with one equivalent of [Na2ACHTUNGTRENNUNG(thf)5ACHTUNGTRENNUNG(P4Ph4)].


[11] In-
spired by this result, we have now studied the reactivity of
[Na ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)}] (1) with copper(I), silver(I) and gold(I)
halides. Although, numerous oligonuclear copper(I) and sil-
ver(I) phosphanido complexes are known[12] oligonuclear
gold(I) phosphanides with six-, eight- and twelve-membered
AunPn rings have been reported only recently.[13] To our
knowledge, mononuclear oligophosphanides of copper and
gold are unknown.


Here we present the synthesis and structural characterisa-
tion of unusual, monomeric CuI and AuI oligophosphanido
complexes, [CuACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2), [Cu-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3) and [Au ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)]
(7), and rare examples of oligomeric coinage metal oligo-
phosphanides, namely, dinuclear copper(I) chloride complex
[Cu2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (4), unprecedented tri-
nuclear Au complex [Au3ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)}3] (8) and the tetra-
nuclear compounds [M4ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (M=Cu, 5 ;
Ag, 6 ; Au, 9), in which the cyclo-(P5tBu4)


� ligand has rear-
ranged to a {cyclo-(P4tBu3)PtBu}� group.


Results and Discussion


Syntheses of the complexes : The reaction of [Na-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}] (1) with phosphane complexes of group 11
metals is markedly dependent on the metal and the reaction
conditions. Thus, [CuCl ACHTUNGTRENNUNG(PCyp3)2] and [CuCl ACHTUNGTRENNUNG(PPh3)3] react
with 1 (1:1) to give [Cu ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2) and
[Cu ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3), in which the cyclo-(P5tBu4)


�


ligand has remained intact (Scheme 1). A small amount of
cyclo-(P5tBu4H)[14] is observed as a by-product. If the reac-


tion of 1 with [CuCl ACHTUNGTRENNUNG(PCyp3)2] is carried out in 1:2 molar
ratio (Scheme 1), [Cu2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (4) is
isolated as the main product. The structure of 4 can be
viewed as a 1:1 adduct of 2 and CuCl. The copper(I) com-
plexes 2 and 3 are unstable in n-hexane or toluene and rear-
range to [Cu4ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5) even at �27 8C. In-
terestingly, rearrangement of 4 to 5 is not observed even
after prolonged storage at room temperature. Complex 5 is
also obtained, albeit in very modest yield, by refluxing
[CuCl ACHTUNGTRENNUNG(PCyp3)2] or [CuCl ACHTUNGTRENNUNG(PPh3)3] with 1 overnight in THF.
Once complex 5 is isolated, it is very insoluble[15] and does
not decompose easily in air.


The silver compounds [AgCl ACHTUNGTRENNUNG(PCyp3)]4 (see the Supporting
Information) and [AgCl ACHTUNGTRENNUNG(PPh3)2] react with 1 (1:4 and 1:1)
with formation of [Ag4ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (6) in moder-
ate yield (Scheme 1). Complex 6 is presumably formed via
the corresponding mononuclear silver(I) phosphanido com-
plexes “[Ag ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PR3)2]” (R=Cyp, Ph), which
were detected in the reaction mixtures,[16] but could not be
isolated even if the reaction was worked up after short reac-
tion times or carried out in the dark. Thus, it seems that the
rearrangement of the postulated monomeric intermediates
(which were isolated for copper) proceeds faster in the case
of silver(I). As in the case of 5, once 6 is isolated as a solid,
it is very insoluble and moderately air stable.


The reaction of 1 with [AuCl ACHTUNGTRENNUNG(PCyp3)] (1:1) leads to the
formation of [Au ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7) in high yield
with some cyclo-(P5tBu4H) formed as a side product. Com-
plex 7 decomposes slowly in n-hexane or toluene at room
temperature over approximately six months to give a mix-
ture of gold complexes. We presume the decomposition
products to be 8 and 9, but these investigations were ham-
pered by the oligomeric nature of the products, which give
very complex 31P{1H} NMR spectra and are poorly soluble
once isolated. Fortunately, reactions of 1 with [AuCl ACHTUNGTRENNUNG(PPh3)]


Scheme 1.
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(1:1), which contains the more labile triphenylphosphane
ligand, were more successful and led directly to formation
of an inseparable product mixture from which [Au3-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8) and [Au4 ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (9)
could be obtained (Scheme 2) in the form of single crystals,
which were characterised by X-ray structure determination.


31P NMR spectroscopy : 31P NMR spectroscopy is a very
powerful tool for characterizing phosphorus-rich compounds
in solution. However, the detrimental influence of the quad-
rupolar moments of the metals employed and the low solu-
bility of most of the isolated compounds even in polar sol-
vents such as THF made full analysis of the 31P NMR spec-
troscopic data only possible in specific cases.


The 31P{1H} NMR spectrum of [Cu ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)}-
ACHTUNGTRENNUNG(PCyp3)2] (2) in THF is quite similar to that reported for 1
and shows a set of broad signals even at �80 8C, which cor-
responds to the expected AA’BB’CD spin system. A similar
spectrum is also observed for [Cu ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3)
with even broader multiplets down to �80 8C, whereas the
31P{1H} NMR spectrum of [Cu2 ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}-
ACHTUNGTRENNUNG(PCyp3)2] (4) shows a set of four broad signals at d=64.0,
11.6 (PCyp3), 5.2 (PCyp3) and �79.7 ppm (ratio 4:1:1:1). The
anionic phosphorus atoms bound to copper give rise to the
most shielded signals, at d��94 (2), �97 (3) and �80 ppm
(4). The severe line broadening, which precluded numerical
analysis of the coupling patterns, may partly be attributable
to the influence of the quadrupolar 63Cu and 65Cu nuclei as
well as unidentified dynamic processes involving the cyclo-
(P5tBu4)


� ligands. Nevertheless, the similarity of the spectra
of 2 and 3 to that of 1 leaves little doubt that the cyclo-
(P5tBu4)


� ligand also remains intact in solution, and the
spectrum of 4 is also consistent with its solid-state structure.


Unfortunately, the 31P NMR spectroscopic characterisa-
tion of [Cu4ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5) and [Ag4-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (6) was prevented by their lack of sol-
ubility in any common solvents. The more soluble monomer-
ic complex [AuACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7) shows three
broad multiplets at d�65, 55 and �55 ppm (ratio 1:4:1) in
the 31P{1H} NMR spectrum, which correspond to similar
peaks in the spectrum of 2. The signal at d=55 ppm is very
broad at room temperature, this suggests a dynamic behav-
iour for 7. A variable-temperature 31P{1H} NMR experiment
was carried out, and the spectrum recorded at d=�80 8C re-
vealed a set of six different multiplets (d=65.4, 64.6, 63.7,
42.3, 29.6 and �55.8 ppm), and the multiplicity of the high-
field signal at d=�55 ppm, which corresponds to the anion-
ic phosphorus atom of the ring, increased. The increased
asymmetry of the spectrum at low temperatures seems to in-
dicate that one of the phosphorus atoms (PE) adjacent to
the anionic phosphorus atom (PX) may be involved in coor-
dination, leading to a coordination number of three at the
gold atom.[17] At higher temperatures, this structure may be
in rapid equilibrium with the identical structure involving
the other phosphorus atom (PA) and/or with the linear, two-
coordinate structure observed for 7 in the solid state
(Scheme 3). The 31P{1H} NMR spectrum of 7 at �80 8C


could be successfully simulated with the program SPIN-
WORKS[18] (Figure 1). The observed and calculated cou-
pling patterns are in very good agreement and indicate that
the cyclo-(P5tBu4) unit is retained. The fragment PX-PE-PB-
PD has the largest absolute values for the 1J ACHTUNGTRENNUNG(P,P) coupling
constants (1J ACHTUNGTRENNUNG(P,P)=�305 to �408 Hz), which indicate some
double-bond character,[19] whereas PA shows smaller 1J ACHTUNGTRENNUNG(P,P)
coupling constants (1J ACHTUNGTRENNUNG(A,D)=�272 Hz, 1JACHTUNGTRENNUNG(A,X)=�199 Hz).


Spectra of the reaction mixture of [NaACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}] (1)
with [AuCl ACHTUNGTRENNUNG(PPh3)] (1:1) show numerous complex, overlap-
ping multiplets besides the by-product PPh3. The complexity
of the spectra precluded detailed analyses. Clearly, a mixture
of compounds was formed in solution. As the products [Au3-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8) and [Au4 ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (9)
could not be separated by fractional crystallisation, and the


Scheme 2.


Scheme 3.
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compounds had only low solubility, their 31P{1H} NMR spec-
tra could not be analysed satisfactorily.


Mass spectrometry : Observation of the molecular ions in
the FAB or ESI mass spectra of 2, 3, 4 and 7 (see Experi-
mental Section) provides additional support for the compo-
sitions obtained from the X-ray structure analyses. In addi-
tion, the presence of interesting organyl-free fragments such
as [CuP6]


+ and [CuP3]
+ for [Cu ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2)


and [Cu ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3) indicates that these com-
plexes could be suitable precursors for the formation of
binary metal phosphides. No molecular ions were observed
for oligomeric complexes 5, 6, 8 and 9, although different
techniques were employed (ESI-MS, FAB-MS, LDI-MS).
However, the detection of characteristic fragments involving
trinuclear (8) and tetranuclear moieties (5, 6, 9) further sup-
ports the identities established by X-ray crystallography (see
Experimental Section).


X-Ray crystallography : Molecular structures of 3–9 were de-
termined; selected bond lengths and angles are summarised
in Table 1.


The structure of [Cu ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3) shows a
mononuclear complex in which the copper atom is coordi-
nated by the anionic phosphorus atom of the cyclo-(P5tBu4)


�


ligand and two triphenylphosphane molecules. To our
knowledge, 3 is the first example of a monomeric copper
phosphanide. The structure of [Cu2 ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}-
ACHTUNGTRENNUNG(PCyp3)2] (4) differs from 3 in that one of the triphenylphos-
phane ligands has been replaced by a CuCl ACHTUNGTRENNUNG(PCyp3) moiety,
which is coordinated by one of the P atoms adjacent to the
anionic phosphorus atom of cyclo-(P5tBu4)


� and displays a
bridging chlorine atom. Both 3 and 4 (Figure 2 and
Figure 3) show all-trans arrangements of the tBu groups and


Figure 1. The 31P{1H} NMR spectrum of 7 at 193 K. a) PA,B,C, b) PD,E and
c) PX. Simulated (top) and experimental (bottom).


Figure 3. Molecular structure and atom-labelling scheme for 4 with ther-
mal ellipsoids at 50% probability (hydrogen atoms are omitted for
clarity).


Figure 2. Molecular structure and atom-labelling scheme for 3 with ther-
mal ellipsoids at 50% probability (hydrogen atoms are omitted for
clarity).
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an envelope conformation of the P5 ring, in which the tip
(P1 in 3 and P2 in 4) deviates from the P4 plane by ��91.0
(3) and �98.8 pm (4).


The copper atoms in 3 and 4 display trigonal-planar geo-
metries. Thus, Cu1 in 3 is nearly coplanar with the two phos-
phorus atoms of the PPh3 ligands (P6 and P7) and the anion-
ic P atom of the nonplanar (cyclo-P5tBu4)


� ligand (P1). Cu1
and Cu2 in 4 are nearly coplanar with the two phosphorus
atoms of the PCyp3 ligands (P6 and P7) as well as with P1


(phosphorus atom of the P5 ligand) and Cl1. The five-mem-
bered ring formed by Cu1, Cl1, Cu2, P1 and P2 has an enve-
lope conformation in which the P2 atom deviates by only
�20.9 pm from the best plane of the other atoms. The
Cu�Pring bond lengths of 228.6(2) (Cu1�P1 in 3) and
225.6(1), 227.3(1) pm (Cu1�P1 and Cu2�P2 in 4) are in the
same range as those previously reported for other copper(I)
phosphanido complexes.[12] The Cu�Pphosphane bond lengths of
231.3(2) pm (Cu1�P6) and 227.1(2) pm (Cu1�P7) in 3 are


Table 1. Selected bond lengths [pm] and angles [8] for 3–9.


3 4 5 6 7 8 9


P1�P2 214.6(2) 220.0(2) 219.3(2) 218.69(8) 223.0(2) 221(1) 219.7(5)
P2�P3 221.0(2) 221.8(2) 222.5(2) 222.73(8) 222.5(2) 221(2) 221.3(5)
P3�P4 221.1(2) 221.5(2) 221.4(2) 221.89(9) 221.6(2) 221(2) 222.8(6)
P4�P5 221.9(2) 220.5(2) 222.2(1) 222.35(8) 220.7(2) 219(2) 222.9(6)
P1�P5 222.2(2) 214.6(2) 217.3(2) 219(2)
P2�P5 221.7(1) 222.02(9) 221.2(5)
M1�P1 228.6(2) 225.6(1) 221.44(8) 238.26(5) 233.3(2) 231.7(7) 232.1(3)
M1�P6 231.3(2) 221.0(1) 230.1(2) 230.7(7)
M1�P7 227.1(2)
M2�P1 222.65(8) 240.19(6)
M2�P2 227.3(1)
M2�P7 223.3(1) 232.0(7)
M2�P11 233.1(7)
M3�P1 233.2(7)
M3�P12 231.6(7)
M1�Cl1 233.5(2)
M2�Cl1 234.7(2)
M1�P1A 221.44(8) 238.26(5) 231.6(3)
M2�P1A 222.65(8) 240.19(6)
P1�P2�P3 102.53(6) 99.80(6) 103.41(4) 102.65(3) 98.84(7) 102.0(4) 103.2(2)
P2�P3�P4 108.55(6) 102.92(6) 86.69(4) 86.90(3) 104.13(7) 106.2(4) 86.0(2)
P3�P4�P5 103.25(6) 107.26(6) 85.31(4) 84.81(3) 108.74(7) 109.4(4) 84.4(2)
P3�P2�P5 85.19(4) 84.69(3) 85.2(2)
P1�P5�P4 100.78(6) 103.18(6) 101.69(7) 103.6(4)
P4�P5�P2 86.67(4) 86.96(3) 85.9(2)
P5�P1�P2 104.64(6) 104.07(6) 106.33(7) 109.9(4)
P5�P2�P1 101.12(4) 100.08(3) 102.2(2)
P1�M1�P6 111.72(4) 133.65(5) 172.91(4) 161.1(3)
P1�M1�P7 135.46(4)
P6�M1�P7 111.09(4)
P1�M1�Cl1 112.39(4)
P2�M2�Cl1 103.82(4)
M1�Cl1�M2 103.35(4)
P2�M2�P7 148.13(4)
P1�M2�P1A 162.40(5) 160.31(3)
M1�P1�M2 102.09(3) 102.32(2)
M1�P1�M1A 102.2(2)
P1�M1�P1A 162.69(5) 162.83(3) 167.0(2)
P7�M2�P11 168.3(2)
M1�P6�P7 117.0(3)
M2�P7�P6 107.4(3)
M1�P1�M3 94.6(3)
P1�M3�P12 167.6(3)
M2�P11�P12 104.9(3)
M3�P12�P11 116.6(4)
M1�P1�P2 100.22(5) 101.23(5) 113.21(4) 112.04(3) 98.09(6) 126.1(4) 112.4(2)
M1�P1�P5 121.03(6) 111.53(6) 107.99(6) 99.8(3)
M2�P2�P1 113.81(5)
M2�P2�P3 128.35(6)
M2�P1�P2 112.50(4) 110.80(3)
M1A�P1�P2 111.9(2)
P6�M1�Cl1 112.77(4)
P7�M2�Cl1 107.57(4)
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�6 pm longer than in other copper(I) phosphane com-
plexes.[11,12] This phenomenon is not observed in 4, in which
the Cu�Pphosphane bond lengths are 221.0(1) (Cu1�P6) and
223.3(1) pm (Cu2�P7). The four P�P distances in the P5 ring
are in the range from 221.0(2) to 222.2(2) pm in 3 and from
220.0(2) to 221.8(2) pm in 4, which are typical values for
P�P single bonds.[20] However, the shorter P1�P2 bond
length in 3 (214.6(2) pm) and P1�P5 bond length in 4
(214.6(2) pm) indicate multiple-bond character.


A similar arrangement to 3 is observed for the mononu-
clear complex [AuACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7; Figure 4),
which crystallises in the triclinic space group P1̄ with two
almost identical molecules in the asymmetric unit, only one
of which is discussed below. The P5 ring shows an all-trans
arrangement of the tBu groups and an envelope conforma-
tion in which P1 deviates by �89.3 pm from the best plane
formed by P2-P3-P4-P5. Again, four of the five P�P bond
lengths in the P5 ring (P1�P2, P2�P3, P3�P4 and P4�P5)
are close to 220 pm, in the range of P�P single bonds, but
the P1�P5 distance of 217.3(2) pm is somewhat shorter. The
gold atom shows an almost linear geometry (P1�Au1�P6
172.91(4)8) with bond lengths in the range of other AuI


phosphanido and phosphane complexes (Au1�P1 233.3(2),
Au1�P6 230.1(2) pm).[13,21,22]


The tetranuclear complexes [Cu4 ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5)
and [Ag4ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (6) crystallise in the ortho-
rhombic centrosymmetric space group Fddd with eight mol-
ecules in the unit cell. The asymmetric unit contains one {M-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}M} fragment with two crystallographi-
cally independent copper and silver cations, respectively,
and one n-hexane molecule. Rotation around three two-fold
symmetry axes gives rise to an eight-membered M4P4 ring in
which the metal atoms are bridged by the anionic PtBu moi-
eties (Figure 5). The four-membered cyclo-(P4tBu3) groups
in the ligands show an all-trans arrangement of the tBu sub-
stituents and are in a butterfly conformation (Figure 5). The
M�P bond lengths in 5 (221.44(8), 222.65(8) pm) and 6
(238.26(5), 240.19(6) pm) are similar to those reported for
other CuI[11,12] and AgI[12] phosphanido complexes, respec-


tively. The P�M�P angles deviate slightly from linearity
(162.69(5) and 162.40(5)8 for 5 and 160.31(3) and 162.82(3)8
for 6), which is not very common in silver(I) and copper(I)
complexes. The P�P bond lengths (219.3(2)–222.5(2) pm in
5 and 218.69(8)–222.73(8) pm in 6) are typical for P�P
single bonds.[20] Packing diagrams of the molecular struc-
tures of 5 and 6 illustrate the presence of n-hexane solvent
molecules in pockets formed by four molecules of 5 or 6
(Figure 6).


Figure 4. Molecular structure and atom-labelling scheme for 7 with ther-
mal ellipsoids at 50% probability (hydrogen atoms are omitted for clari-
ty).


Figure 5. Molecular structure and atom-labelling scheme for silver com-
plex 6 with thermal ellipsoids at 50% probability level (hydrogen atoms
are omitted for clarity). The copper complex 5 is isomorphous.


Figure 6. Packing diagram of 5. View along the a axis.
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The analogous gold complex [Au4ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P4tBu3)PtBu}4]
(9) crystallises in the tetragonal space group I41/a with four
molecules of 9 in the unit cell in addition to 16 THF solvent
molecules. The asymmetric unit contains one Au-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu} fragment and one THF molecule. The
molecule is located on a crystallographic S4 axis which coin-
cides with the centre of the Au4P4 ring and generates the
other three AuACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu} fragments of the tetra-
mer (Figure 7); therefore, the molecule belongs to the point


group D2d. As in the case of 5 and 6, the central fragment of
9 is an eight-membered Au4P4 ring, which is in a butterfly
conformation (Figure 7, maximum deviation of Au and P
from the mean Au4P4 plane is 1.5 and 25.1 pm, respectively),
similar to that observed in the related tetranuclear complex
[{Au ACHTUNGTRENNUNG(PMes2)}4].


[13] Similar to 5 and 6, the four-membered
cyclo-(P4tBu3) groups in the ligands show an all-trans ar-
rangement of the tBu substituents and are in a butterfly con-
formation (Figure 7). The Au�P bond lengths in 9 (231.6(3),
232.1(3) pm) are similar to those in other AuI com-
plexes.[13,21, 22] The slightly bent coordination of the two-coor-
dinate gold atoms (P1�Au1�P1A 167.0(2)8) is comparable
to that of the related gold(I) phosphanido complex [{Au-
ACHTUNGTRENNUNG(PMes2)}4].


[13] The P�P bond lengths are typical for single
bonds.[20] Gold(I) complexes often exhibit inter- or intramo-
lecular Au�Au contacts (�300 pm),[21,22] but the correspond-
ing Au···Au distances in tetranuclear gold complex 9 are
much longer (�510.5 pm).


The trinuclear gold(I) complex [Au3ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8)
crystallises in the triclinic space group P1̄ with four mole-
cules in the unit cell. The two crystallographically independ-
ent molecules in the asymmetric unit are structurally almost
identical, so only one of them is discussed here. The struc-
ture contains an unprecedented array of three {cyclo-
(P5tBu4)}


� ligands and three gold atoms which form a nearly
planar eight-membered ring consisting of three gold atoms
and five phosphorus atoms. Two of the {cyclo-(P5tBu4)}


� li-
gands bridge the gold atoms through one anionic phospho-
rus atom each (P7, P11) as well as two adjacent phosphorus
atoms (P6 and P12), whereas the third ring bridges two gold
atoms through its anionic phosphorus atom alone (P1). The
tBu groups are in an all-trans arrangement and the P5 rings


are in an envelope conformation in which the tips P1, P7
and P11 deviate from the P4 plane by �54.4, 80.8 and
78.8 pm, respectively (Figure 8). Most of the P�P bond


lengths in each of the {cyclo-(P5tBu4)}
� ligands are close to


220 pm and thus in the range of P�P single bonds. The gold
atoms display slightly bent linear coordination in which the
P�Au�P angles range from 161.1(3) to 168.3(2)8. The Au�P
bond lengths (230.7(7)–233.2(7) pm) are in agreement with
those reported for other AuI complexes.[13,21,22] The Au···Au
distances in 8 of between �341.6 and 401.2 pm indicate no
interaction between the metal centres.[21,22]


Conclusion


The {cyclo-(P5tBu4)}
� ligand forms a variety of complexes


with the coinage metals. Initially, monomeric species of the
general type [M ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PR3)n] (M=Cu, Ag, Au)
are formed. Thus, the complexes [Cu ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}-
ACHTUNGTRENNUNG(PCyp3)2] (2) and [Cu ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3), [Au-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7) have been isolated and are the
first examples of mononuclear copper(I) and gold(I) phos-
phanido complexes. The compound [Cu2ACHTUNGTRENNUNG(m-Cl)-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (4) is an unusual CuCl adduct of
the monomer 2. Although 4 appears to be relatively stable,
the mononuclear complexes initially formed are labile and
rearrange slowly to stable, oligomeric complexes, in particu-
lar the tetranuclear compounds [M4ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4]
(M=Cu, 5 ; Ag, 6 ; Au, 9), in which the {cyclo-(P5tBu4)}


�


ligand has rearranged to the cyclotetraphosphane ligand
{cyclo-(P4tBu3)PtBu}�. In this regard, the highly unusual tri-
nuclear complex [Au3ACHTUNGTRENNUNG{cyclo-ACHTUNGTRENNUNG(P5tBu4)}3] (8) is particularly in-
teresting, as it shows an unprecedented bridging arrange-
ment of the {cyclo-(P5tBu4)}


� ligand and may thus resemble
an intermediate in this rearrangement process.


Figure 7. Section of the molecular structure of 9 with thermal ellipsoids
at 50% probability.


Figure 8. Section of the molecular structure of 8 with thermal ellipsoids
at 50% probability.
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Experimental Section


General methods : All experiments were performed under an atmosphere
of dry argon by using standard Schlenk techniques. The NMR spectra
were recorded at 25 8C on a Bruker AVANCE DRX 400 spectrometer.
1H NMR (400.13 MHz) and 13C NMR (100.16 MHz): internal standard
solvent, external standard TMS; 31P NMR (161.9 MHz): external stan-
dard 85% H3PO4. IR spectra: KBr pellets were prepared in a nitrogen-
filled glove box and the spectra were recorded on a Perkin–Elmer
System 2000 FTIR spectrometer in the range 350–4000 cm�1. All solvents
were purified by distillation, dried, saturated with argon, and stored over
potassium mirror. Elemental analyses were performed by means of a
VARIO EL (Heraeus). The melting points were determined in sealed ca-
pillaries under argon and are uncorrected.


Compound 1,[6] [CuCl ACHTUNGTRENNUNG(PCyp3)2],
[11] [CuCl ACHTUNGTRENNUNG(PPh3)3],


[23] [AgCl ACHTUNGTRENNUNG(PPh3)2],
[24]


and [AuCl ACHTUNGTRENNUNG(PPh3)]
[25] were prepared according to the literature proce-


dures. [AgCl ACHTUNGTRENNUNG(PCyp3)]4 and [AuClACHTUNGTRENNUNG(PCyp3)] were prepared in situ by
adding 1.1 equiv of PCyp3 to solutions of [AgCl ACHTUNGTRENNUNG(PPh3)2] and [AuCl-
ACHTUNGTRENNUNG(PPh3)], respectively. [AgCl ACHTUNGTRENNUNG(PCyp3)]4 was also prepared from AgCl and
1.1 equiv of PCyp3 in toluene and structurally characterised (see the Sup-
porting Information).


Data collection and structural refinement of 3–9 : The data of 3, 7, 8 and
9 were collected on a Siemens SMART CCD diffractometer (l ACHTUNGTRENNUNG(MoKa)=


71.073 pm) by using f scans mode, and those of 4, 5 and 6 on a CCD
Oxford Xcalibur S (l ACHTUNGTRENNUNG(MoKa)=71.073 pm) by using w and f scan modes.
Semi-empirical absorption corrections for 3, 7, 8 and 9 were carried out
by using SADABS;[26] semi-empirical from equivalents absorption correc-
tions for 4, 5 and 6 were carried out by using SCALE3 ABSPACK.[27] All
the structures were solved through direct methods.[28] Structure refine-
ment was carried out by using SHELXL-97.[29] All non-hydrogen atoms
were refined anisotropically, and H atoms were located by difference
maps and refined isotropically in all the structures except for 8, in which
carbon atoms were also refined only isotropically, owing to the poor
quality of the crystals. Table 2 lists crystallographic details.


CCDC 672159 (3), 672160 (4), 672161 (5), 672162 (6) 672163 (7), 672164
(8) and 672165 (9) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


[Cu ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2): At �78 8C a solution of [CuCl ACHTUNGTRENNUNG(PCyp3)2]
(1.41 g, 2.46 mmol) in toluene (20 mL) was slowly added to a solution of
1 (1.00 g, 2.46 mmol) in toluene (20 mL). A colour change from yellow to
dark orange occurred. After 1 h the solvent was evaporated and the resi-
due dissolved in n-pentane (10 mL), filtered (to remove NaCl) and the
solvent evaporated. The resulting orange residue is soluble in THF, tolu-
ene, diethyl ether, n-pentane and n-hexane. The 31P NMR spectrum
showed the presence of [Cu ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2) and cyclo-
(P5tBu4H). Repeated crystallisation from n-hexane gave [Cu-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)2] (2) as a yellow crystalline solid at �30 8C, which
was isolated by filtration. Cooling the mother liquor to �30 8C afforded
[Cu4ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5). Yield of 2 : 0.65 g (29%). Yield of 5 :
0.18 g (17%).
Complex 2 : M.p. 122–126 8C. 1H NMR (C7D8): d=1.27–1.77 ppm (br,
36H, tBu and 54H, Cyp); 13C{1H} NMR (C7D8): d =24.3–31.9 ppm (br,
tBu and Cyp); 31P{1H} NMR (C7D8): d=75 (br, 2P of P5 ring), 67 (br, 2P
of P5 ring), 8 (PCyp3), �94 ppm (br t, anionic P of P5, J ACHTUNGTRENNUNG(P,P)�320 Hz);
IR: ñ=2952(s), 2866 (s), 2850 (s), 2373 (vw), 2345 (vw), 1452 (m), 1382
(w), 1355 (m), 1300 (w), 1261 (s), 1169 (m), 1050 (s), 934 (w), 904 (m),
803 (s), 701 (w), 522 (m), 429 cm�1 (w); FAB MS (matrix: 3-NBA): m/z :
(%): 922.1 (5.2) [M+], 866.9 (1.9) [M+�tBu+H], 639.1 (22.5) [M+


�PCyp3�3Me�2H], 539.2 (50.3) [M+�P5tBu4], 301.0 (100.0) [M+


�P5tBu4�PCyp3], 249.0 (4.6) [M+�PCyp3�4 tBu�3Cyp=CuP6]; elemen-
tal analysis calcd (%) for C46H90CuP7 (923.57): C 59.82, H 9.82; found: C
59.44, H 9.91.


[Cu ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PPh3)2] (3): Complex 3 was prepared in a similar
manner to 2. 1 (1.00 g, 2.46 mmol) and [CuCl ACHTUNGTRENNUNG(PPh3)3] (2.18 g, 2.46 mmol).
Yield of 3 : 0.81 g (34%). Yield of 5 : 0.21 g (20%).
Complex 3 : M.p. 133–134 8C; 1H NMR (C6D6): d=1.23–1.77 (br, 36H,
tBu), 7.00–7.04 (m, 18H, o-H and p-H in Ph), 7.30–7.39 ppm (br, 12H,


Table 2. Crystal data and structure refinement for 3–9.


3 4 5 6 7 8 9


formula C52H66CuP7 C46H90ClCu2P7 C76H172Cu4P20 C76H172Ag4P20 C31H63AuP6 C52H118Au3OP15 C80H176Au4O4P20


cryst. size [mm] 0.25W0.25W0.15 0.15W0.10W0.10 0.30W0.20W0.10 0.20W0.07W0.05 0.08W0.08W0.07 0.20W0.10W0.02 0.05W0.05W0.02
colour pale orange yellow colourless colourless pale yellow yellow pale yellow
formula weight 971.38 1022.50 1959.70 2137.02 818.60 1814.91 2609.47
space group triclinic


P1̄
triclinic
P1̄


orthorhombic
Fddd


orthorhombic
Fddd


triclinic
P1̄


triclinic
P1̄


tetragonal
I41/a


a [pm] 1005.5(1) 1393.04(9) 1534.2(1) 1539.33(9) 1172.94(6) 15.366(6) 27.620(2)
b [pm] 1396.1(3) 1455.2(1) 3052.7(2) 3046.0(4) 1745.65(9) 20.674(7) 27.620(2)
c [pm] 2014.8(4) 1534.1(1) 4456.6(4) 4525.69(6) 2052.0(1) 26.414(9) 15.124(2)
a [8] 107.55(2) 84.650(1) 90 90 70.976(1) 89.986(6) 90
b [8] 94.97(1) 72.510(1) 90 90 77.310(1) 82.808(7) 90
g [8] 103.76(1) 64.064(1) 90 90 86.863(1) 89.201(7) 90
V [nm3] 2.5806(8) 2.6646(3) 20.87(1) 21.220(3) 3.8745(3) 8.324(5) 11.537(2)
Z 2 2 8 8 4 4 4
T [K] 130(2) 213(2) 150(2) 130(2) 233(2) 210(2) 203(2)
1calcd [Mg m�3] 1.250 1.274 1.247 1.338 1.403 1.448 1.502
reflns collected
2qmax [8]


48973
52.74


15387
49.42


27652
52.74


63005
58.26


19854
52.84


60039
46.70


35629
52.78


unique reflns 10472 8284 5325 7148 13892 20420 5924
refl. obs. [I>2s(I)] 8313 6457 3916 5249 11881 11960 3202
no. of parameters/
restraints


553/0 481/0 219/9 236/25 553/0 749/17 226/10


m [mm�1] 0.673 1.088 1.146 1.064 4.063 5.591 5.386
R1 [I>2s(I)] 0.0663 0.0491 0.0391 0.0325 0.0335 0.0969 0.0910
wR2 (all data) 0.1749 0.1167 0.1162 0.0683 0.0852 0.2511 0.1708
GOF on F2 0.998 1.130 1.086 1.070 1.024 1.006 1.051
residual density
ACHTUNGTRENNUNG[eX�3]


3.895 and
�1.617


1.184 and
�1.504


1.390 and
�0.410


0.555 and
�0.546


1.472 and
�1.768


3.734 and
�2.685


1.361 and
�1.204
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m-H in Ph); 13C{1H} NMR (C6D6): d =20.7–34.0 (br, tBu), 124.7 (br, 4-C
in Ph), 128.9 (s, 3,5-C in Ph), 133.7 (s, 2,6-C in Ph), 137.0 ppm (br, 1-C in
Ph); 31P{1H} NMR (C6D6): d =71 (br, 4P of P5), 67 (s, PPh3), �97 ppm (br
m, anionic P of P5, J ACHTUNGTRENNUNG(P,P)= �172 Hz); IR: ñ=3053 (m), 2934 (s), 2884
(s), 2850 (s), 1958 (w), 1890 (w), 1816 (w), 1584 (m), 1478 (m), 1455 (m),
1434 (s), 1383 (m), 1355 (m), 1309 (w), 1261 (m), 1169 (s), 1092 (s), 1025
(m), 851 (w), 806 (s), 743 (s), 695 (s), 618 (w), 541 (m), 510 (s), 429 cm�1


(w); FAB MS (matrix: 3-NBA): m/z : (%): 971.1 (0.6) [M+], 869.1 (3.3)
[M+�tBu�3Me+H], 798.1 (6.0) [M+�3 tBu�H], 709.2 (8.7) [M+


�PPh3+H], 587.2 (88.2) [M+�P5tBu4], 325.0 (100.0) [M+�P5tBu4�PPh3],
156.9 (3.5) [M+�5 tBu�6Ph�4P=CuP3]; elemental analysis calcd (%) for
C52H66CuP7 (971.38): C 64.29, H 6.85; found: C 64.31, H 7.03.


ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}ACHTUNGTRENNUNG(PCyp3)2] (4): Complex 4 was prepared in a
similar manner to 2. Compound 1 (0.50 g, 1.23 mmol) and [CuCl ACHTUNGTRENNUNG(PCyp3)2]
(1.41 g, 2.46 mmol). Yield: 0.61 g (49%).
Complex 4 : M.p. 183–188 8C; 1H NMR (C7D8): d=1.26–1.79 ppm (br,
36H, tBu and 54H; Cyp); 13C{1H} NMR (C7D8): d=24.1–31.9 ppm (br,
tBu and Cyp); 31P{1H} NMR (C7D8): 64.0, (br, 4P of P5 ring) 11.6 (br,
PCyp3), 5.2 (br, PCyp3), �79.7 ppm (br t, anionic P of P5, J ACHTUNGTRENNUNG(P,P)
�382 Hz); IR: ñ =2953 (s), 2867 (s), 1453 (s), 1383 (m), 1355 (m), 1300
(w), 1261 (m), 1250 (w), 1120 (m), 1101 (m), 1050 (m), 997 (m), 935 (w),
905 (m), 807 (s), 702 (w), 515 (m), 408 cm�1 (m); FAB MS (matrix: 3-
NBA): m/z : (%): 1022.2 (1.7) [M+], 1020.2 (11.9) [M+�2H], 733.1 (9.9)
[M+�Cl�Me�PCyp3+H], 685.1 (2.4) [M+�CuClPCyp3�H], 639.0 (16.9)
[M+�P5tBu4], 301.1 (100.0) [M+�P5tBu4�CuClPCyp3], 249.0 (4.6) [M+


�CuClPCyp3�4 tBu�3Cyp=CuP6]; elemental analysis calcd (%) for
C46H90Cu2ClP7 (1022.50): C 54.03, H 8.87; found: C 53.61, H 8.78.


ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5): At �78 8C a solution of [CuCl ACHTUNGTRENNUNG(PCyp3)2]
(1.41 g, 2.46 mmol) or [CuCl ACHTUNGTRENNUNG(PPh3)3] (2.18 g, 2.46 mmol) in THF (20 mL)
was slowly added to a solution of 1 (1.00 g, 2.46 mmol) in THF (20 mL).
A colour change from yellow to dark orange occurred. Afterwards, the
solution was refluxed overnight. The solvent was then evacuated and the
orange residue dissolved in n-hexane (10 mL), filtered (to remove NaCl)
and the solvent evaporated. The resulting yellow residue is soluble in
THF, toluene, diethyl ether, n-pentane and n-hexane. Crystallisation
from n-hexane gave yellow crystals of [Cu4 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (5).
Yield: 0.19 g (18%).
Complex 5 : M.p. 169–171 8C; 31P{1H} NMR (C6D6) of the reaction mix-
ture shows the same signals found for 2 or 3, depending on the starting
copper complex; IR: ñ=2951 (s), 2947 (s), 2988 (s), 2854 (s), 1468 (m),
1456 (s), 1386 (w), 1358 (s), 1261 (s), 1171 (s), 1126 (m), 1101 (m), 1050
(m), 997 (m), 806 (s), 743 (w), 696 (w), 572 (w), 489 cm�1 (w); ESI MS
(CH3CN:THF=1:1): m/z : 1671.2 [M+�2 tBu+H], 1273.3 [M+


�Cu2P4tBu3PtBu�2H]; elemental analysis calcd (%) for C64H144Cu4P20


(1787.49): C 43.00, H 8.12; found: C 43.47, H 8.38.


ACHTUNGTRENNUNG[Ag4 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (6): Complex 6 was prepared in a similar
manner to 5. 1 (1.00 g, 2.46 mmol) and [AgCl ACHTUNGTRENNUNG(PCyp3)]4 (0.94 g,
0.62 mmol) or [AgCl ACHTUNGTRENNUNG(PPh3)2] (1.64 g, 2.46 mmol). Yield: 0.24 g (20%).
Complex 6 : M.p. 182–185 8C; 31P{1H} NMR (C6D6) of the reaction mix-
ture with [AgCl ACHTUNGTRENNUNG(PCyp3)]4: d =67 (br, 2P of P5), 28 (br, 2P of P5), 12 (s,
PCyp3), �94 ppm (br, anionic P of P5); IR: ñ= 2957 (s), 2866 (s), 2701
(w), 2366 (w), 1454 (s), 1440 (m), 1384 (m), 1357 (s), 1300 (w), 1260 (s),
1171 (s), 1097 (m), 1055 (s), 934 (m), 904 (s), 863 (m), 804 (s), 700 (m),
571 (w), 518 (m), 402 cm�1 (m); ESI MS (CH3CN:THF=1:1): m/z :
1740.0 [M+�P2tBu2�3Me�H]; elemental analysis calcd (%) for
C64H144Ag4P20 (1964.78): C 39.12, H 7.39; found: C 38.55, H 7.00.


[Au ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7): At room temperature, a solution of
PCyp3 (0.30 g, 1.26 mmol) in toluene (5 mL) was added dropwise to a
suspension of [AuCl ACHTUNGTRENNUNG(PPh3)] (0.60 g, 1.23 mmol) in toluene (10 mL) and
the mixture stirred for 1 h. This mixture was then slowly added to a solu-
tion of 1 (0.50 g, 1.23 mmol) in toluene (10 mL) at �78 8C. The solution
turned orange and after 1 h the solvent was evaporated and the residue
dissolved in n-hexane (20 mL), filtered (to remove NaCl) and the solvent
evaporated. The resulting orange residue is soluble in THF, toluene, di-
ethyl ether, n-pentane and n-hexane. Analysis of the 31P NMR spectrum
revealed the presence of [Au ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7) and a very
small amount of cyclo-(P5tBu4H). Repeated crystallisation from n-hexane
gave yellow crystals of [Au ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)} ACHTUNGTRENNUNG(PCyp3)] (7) at �30 8C, which


were isolated by filtration. A mixture of [Au3 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8) and
[Au4 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (9) was obtained on cooling the mother liquor
to �30 8C.
Complex 7: Yield of 7: 0.41 g (40%). M.p. 134–137 8C; 1H NMR (C7D8):
d=1.31 (br, 6H; Cyp), 1.33–1.67 (br, 36H; tBu; 15H; Cyp), 1.75 ppm
(br, 6H; Cyp); 13C{1H} NMR (C7D8): 20.4–35.7 ppm (several signals, tBu
and Cyp); 31P{1H} NMR (C7D8) (193 K): 65.4 (m, PA; 1J ACHTUNGTRENNUNG(A,X)=199.4, 1J-
ACHTUNGTRENNUNG(A,D)=272.5, 2J ACHTUNGTRENNUNG(A,B)=0.1, 2J ACHTUNGTRENNUNG(A,E)=6.6, 3J ACHTUNGTRENNUNG(A,C)=11.3 Hz), 63.7 (m,
PB; 1J ACHTUNGTRENNUNG(B,D)=304.9, 1J ACHTUNGTRENNUNG(B,E)=330.9, 2J ACHTUNGTRENNUNG(B,X)=0.2, 4J ACHTUNGTRENNUNG(B,C)=0.2 Hz), 64.6
(m, PC; 2J ACHTUNGTRENNUNG(C,X)=99.8, 3J ACHTUNGTRENNUNG(C,E)=7.1 Hz), 42.3 (m, PD; 2J ACHTUNGTRENNUNG(D,E)=8.9, 2J-
ACHTUNGTRENNUNG(D,X)=25.4 Hz), 29.6 (m, PE; 1J ACHTUNGTRENNUNG(E,X)=408.4 Hz), �55.8 ppm (m, PX);
IR: ñ=2960 (s), 2872 (s), 2860 (s), 2291 (vw), 1630 (m), 1597 (m), 1511
(m), 1457 (s), 1388 (w), 1359 (m), 1261 (s), 1170 (s), 1144 (m), 1099 (s),
947 (w), 867 (m), 806 (s), 747 (w), 698 (w), 585 (m), 548 (m), 475 (m),
437 (w), 411 cm�1 (m); FAB MS (matrix: 3-NBA): m/z : (%): 819.1 (1.7)
[M++H], 818.1 (0.4) [M+], 801.1 (9.5) [M+�Me], 719.0 (3.4) [M+�Cyp-
2Me], 673.2 (23.6) [M+�2 tBu�2Me�H], 383.1 (37.8) [M+�AuPCyp3],
327.0 (100.0) [M+�AuPCyp3�tBu+H]; elemental analysis calcd (%) for
C31H63AuP6 (818.60): C 45.48, H 7.76; found: C 44.78, H 8.22.


ACHTUNGTRENNUNG[Au3 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8) and [Au4 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (9): A suspen-
sion of 1 (1.00 g, 2.46 mmol) in toluene (30 mL) was added dropwise to a
solution of [AuClACHTUNGTRENNUNG(PPh3)] (1.21 g, 2.46 mmol) in toluene (10 mL). The
mixture was stirred for two days, the yellow suspension filtered and the
colourless residue extracted twice with n-pentane (20 mL). The combined
filtrates were evaporated. The resulting oil was dissolved in THF and the
yellow solution was stored at �27 8C. A yellow solid formed after two
weeks, which was isolated and dried in vacuo for 20 min. The mother
liquor was reduced to �3 mL and stored at �20 8C. A crystalline solid
formed which consisted of yellow and colourless crystals. A yellow crystal
was subjected to X-ray crystallography and identified as [Au3-
ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P5tBu4)}3] (8) according to its unit cell parameters; the colourless
crystals were identified as [Au4 ACHTUNGTRENNUNG{cyclo- ACHTUNGTRENNUNG(P4tBu3)PtBu}4] (9). Crystals of 8
were also obtained when the crude product of the reaction was recrystal-
lised from toluene. 31P{1H} NMR (C6D6) of the reaction mixture: d=


124.7 (m), 118.2 (m), 93.7 (m), 83.2 (m), 67.2–39.6 (m), �1.8 to �15.6
(m), �39.6 to 59.0, �90.0 ppm (m, anionic P of P5 in 8); IR: ñ=2959 (s),
2871 (s), 2861 (s), 1630 (m), 1598 (m), 1511 (w), 1458 (m), 1388 (w), 1360
(m), 1262 (s), 1170 (s), 1140 (m), 1052 (s), 866 (m), 806 (s), 746 (w), 698
(w), 547 (m), 475 (w), 437 (w), 409 cm�1 (w); LDI MS: m/z : 1937 [Au4-
ACHTUNGTRENNUNG(P5tBu4)3]


+ , 1823 [Au4ACHTUNGTRENNUNG(P5tBu4)3�2 tBu]+ , 1740 [Au3ACHTUNGTRENNUNG(P5tBu4)3]
+ , 1683 [Au3-


ACHTUNGTRENNUNG(P5tBu4)3�tBu]+ , 1357 [Au3 ACHTUNGTRENNUNG(P5tBu4)2]
+ , 1301 [Au3 ACHTUNGTRENNUNG(P5tBu4)2�tBu+H]+ ,


1269 [Au3 ACHTUNGTRENNUNG(P5tBu4)2�PtBu]+ , 1243 [Au3 ACHTUNGTRENNUNG(P5tBu4)2�2tBu]+ , 721 [Au3-
ACHTUNGTRENNUNG(P5tBu4)�tBu+H]+ .
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Introduction


The development of materials known as metal-organic
frameworks (MOFs) started fifteen years ago.[1–4] The driv-
ing interest in this class of compounds was the possibility to
synthesize molecular-based solids, whose topology can be
controlled by a judicious choice of the building blocks. The
introduction of permanent porosity in those materials led to
an increasing interest in the discovery of new frameworks
that could compete with traditional microporous materials
such as zeolites, in various fields of applications, including
gas storage, guest separation and catalysis.[5–8] MOF materi-
als have superior sorption capabilities for difficult separa-
tions (e.g. m- vs. p-xylene) to zeolites and can display robust
Lewis acid catalytic activity.[9–11]


The development of chiral zeolites remains a difficult
task, and the few examples reported have not been applied
successfully to stereoselective separation or catalysis.[12, 13]


Porous homochiral metal-organic frameworks thus appear
to be an interesting alternative for such applications. Fur-
thermore, the synthetic strategies in principle allow precise
control of the size and functionalities of the pores.


A chiral MOF can crystallize in a chiral space group when
prepared from achiral precursors[14] with both enantio-
morphs within the bulk sample, leading to a crystalline race-
mate. The synthesis of homochiral samples requires enantio-
pure precursors, with chirality located either on the rigid or-
ganic spacer connecting metal centers,[15] or in a chiral auxil-
iary ligand.[16] If an extended chiral component of the struc-
ture is robust under the adopted synthetic conditions, it may
be possible to access a family of homochiral MOF materials
through the choice and design of the organic linker.


Biologically derived chiral ligands are particularly appeal-
ing as they are readily available enantiopure, and are inex-
pensive in the naturally occurring form. Molecules such as
lactate[17] and tartrate[18] have already been used for MOF
synthesis. The whole class of amino acids, in their l-form,
also satisfy the desired criteria. In particular, aspartic acid
has been used build homochiral mono-dimensional coordi-
nation polymers[19] and a three-dimensional homochiral mi-
croporous open framework.[20] We recently reported the syn-
thesis and sorption properties of the chiral open framework


Abstract: Substitution of the pillaring
ligand in the homochiral open-frame-
work [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] by extended
bipy-type ligands leads to a family of
layer-structured, homochiral metal-or-
ganic frameworks. The 1D channel top-
ology can be modified by the nature of
the organic linker, with shape, cross-
section and the chemical functionality
tuneable. In addition, the volume of


these channels can be increased by up
to 36% compared to the parent [Ni2ACHTUNGTRENNUNG(l-
asp)2 ACHTUNGTRENNUNG(bipy)]. The linker 1,4-dipyridyl-
benzene (3rbp) gives access to a new
layered homochiral framework [Ni2ACHTUNGTRENNUNG(l-


asp)2ACHTUNGTRENNUNG(3rbp)] with channels of a differ-
ent shape. In specific cases, non-porous
analogues with the linker also present
as a guest can be activated to give
porous materials after sublimation.
Their CO2 uptake shows an increase of
up to 30% with respect to the parent
[Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] framework.
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[Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)].
[21] The chirality of the pores, induced by


the enantiopure amino acid building block, leads to a signifi-
cant degree of enantioselection in the sorption of a family
of small diols with ee values up to 54%.


Herein we report the synthesis and characterization of a
family of MOFs, derived from the original [Ni2ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(bipy)] framework, which permits the dimensional tuning
and also modification of the pore geometry. Incorporating
organic linkers of different shapes and sizes, frameworks
with various characteristics such as conformational flexibility
or basic functionality within the pores can be obtained.


Results and Discussion


Phases description : Five organic linkers were used to obtain
structures derived from the [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] framework.
Three, 4,4’-azopyridine (azpy),[22] bis(4-pyridyl)ethylene
(bpe) and 1,4-bis(4-pyridyl)benzene (3rbp)[23] have the same
gross connectivity as 4,4’-bipyridine and can be considered
as “extended bipy ligands”. The other two, tris(4-pyridyl)-
triazine (py3T)


[24] and 3,5-bis(4-pyridyl)pyridine (35bpp)[25]


have a different topology and a supplementary pyridyl
group (Scheme 1).


The reaction of azpy with preformed [NiACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3]
under analogous conditions to
those used for the synthesis of
the original framework leads to
a reddish microcrystalline
powder of [Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(azpy)]·
(guests) (1). Compound 1 crys-
tallises in the chiral space group
P21 and shows a similar layered
structure to that observed in
the [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] frame-
work.[21] The coordination ge-
ometry about each metal centre
is a distorted octahedron. Both
aspartate molecules act as tri-
dentate ligands, leading to the
coordination of the amino
group and the oxygen atoms of


the a- and b-carboxylate groups to the metal in a fac fash-
ion. The nitrogen atom of one pillar ligand is situated in a
trans position to the amino group of the aspartate molecule.
The remaining two coordination sites are occupied by
oxygen atoms of carboxylate groups from two adjacent Ni-
ACHTUNGTRENNUNG(asp) entities. This arrangement leads to a corrugated layer
in which all Ni centres are surrounded by two a- and two b-
carboxylates (Figure 1).


Each layer is made from enantiopure ligand, with one l


layer connected to an adjacent l layer by the achiral organic
linker, leading to an overall chiral crystal (Figure 2). Com-
pound 1 can be thought of as derived from the [Ni2ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(bipy)] structure by shifting to monoclinic metric symmetry.
The Ni ACHTUNGTRENNUNG(l-asp) layer is built from two independent Ni cen-
tres, showing the same overall coordination sphere as in
[Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)], but differing in bond lengths and an-
gles.[26]The arrangement of the carboxylates remains the
same as in [Ni2ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bipy)], with each Ni centre surround-
ed by two a-carboxylates positioned trans to two b-carboxy-
lates. The b angle of the monoclinic cell of 1 is very close to
908. The b parameter can thus be related to the interlayer


Scheme 1. Scheme of the organic linkers L used in this paper, with ac-
companying numbering in Roman numerals. The corresponding [Ni2 ACHTUNGTRENNUNG(l-
asp)2L]· ACHTUNGTRENNUNG(guests) framework is indicated in bold in brackets.


Figure 2. View of the structure of 1; a) in the (b, c) plane; b) in the (a, b) plane (guests omitted). Ni (large,
dark grey), O (black), C (grey), N (small, dark grey).


Figure 1. View of the connectivity of aspartate ligands and the arrange-
ment of Ni centres within the [Ni ACHTUNGTRENNUNG(l-asp)] layer in compound 1. Ni (dark
grey), O (black), C (white), N (medium grey).
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distance and therefore to the size of the linker. In 1, the
longer linker manifests itself by a 2.5 O expansion along b
in comparison with the distance in the parent compound.
This is in agreement with an increase expected from the in-
sertion of two nitrogen atoms between the pyridine rings of
the linker. Another consequence of this length increase is
the modification of the topology of the channels in the
centre of the host framework. The channels are nearly
linear (see Figure S1 in the Supporting Information), non-in-
tersecting but the internal diameters vary between 4.1P
3.8 O (windows) and 7.8P3.7 O (pores) in 1, whereas the
channels are sinusoidal with an almost regular cross section
(3.8P4.7 O) in the [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] framework (all quoted
channel dimensions have had the van der Waals radii sub-
tracted). The windows are limited, along the interlayer di-
rection (b axis), by the hydrogen atoms of the b-carboxylate
group, and along the perpendicular direction (c axis) by the
central function of the pillar linker (N=N double bond). The
channel dimension along b increases from [Ni2ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(bipy)] to 1 with the length of the pillar linker (from 3.8 to
4.1 O). In the c direction, the distance between two succes-
sive azpy ligands varies only by 0.07 O from [Ni2ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(bipy)] to 1. The observed decrease from [Ni2 ACHTUNGTRENNUNG(l-asp)2bipy]
to 1 of the channel cross-section along c (from 4.70 to
3.80 O) is due to a slight twist of the pyridine rings of the
azpy ligand (33.68 for azpy vs. 15.28 for bipy) that projects
the nitrogen atoms of the N�N bond further inside the
channels. The chiral carbon atom of the aspartate imparts
chirality to the internal surface of the channels. The solvent
accessible volume per unit cell in 1 is 329.5 O3, which repre-
sents 26.3% of the total cell volume, to be compared to
23.1% in the case of the original bipy framework. This void
volume increase is related to the cross section enhancement
generated by the azpy ligand with respect to bipy.


The refinements reveal electronic density in the channels
that clearly corresponds to disordered azpy molecules. The
structural disorder could be modelled accurately using a
complete azpy molecule at position x/a=1/4 along the chan-
nel axis, while the azpy plane coincides with the diagonal of
the b and c axis, where the windows reach their greatest di-
mension. But unlike typically incommensurate urea inclu-
sion compounds,[27] the unit cell dimension a is commensu-
rate with the repeat unit for the guest along the channel axis
(Figure 3a). Although the azpy/host structure is commensur-
ately ordered, the azpy molecule (�9.5 O) is 1.5 times
longer than the a-repeat. If the azpy is ordered within a
channel, the natural repeat distance is 9.73 O. The unit cell
that is consistent with the guest repeat is aP1.5=9.730 O.
No extra reflections or diffuse scattering at incommensurate
positions were evident from the X-ray diffraction frames,
and thus the data were integrated with the smaller cell. As
the molecular length of azpy is greater than the a axis, the
guest molecules are disordered. The structural model that is
consistent with the a-repeat consists of two overlapping
azpy molecules, displaced by an amount that matches the a-
repeat. This gives the most reasonable structure because the
periodicity of neighbouring components matches the a axis


and results in the narrow windows in the structure being oc-
cupied by the azo groups only. The azpy ligand (approxi-
mate van der Waals dimensions of 12.4P6.4P3.4 O) can be
inserted in regular channels of 7.8P3.7 O, corresponding to
the pore dimensions of 1. The narrowest portion of the mol-
ecule, the central N=N double bond of the linker, with a
cross section of 4.1P3.1 O, occupies the narrowest section of
the channel (Figure 3b).


The refined population of the azpy molecules in the chan-
nels converged to 0.58, in reasonable agreement with ele-
mental analysis considering correlation with the refined pa-
rameters. The composition [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(azpy)]ACHTUNGTRENNUNG(azpy)0.6-
ACHTUNGTRENNUNG(H2O)1.4 (calcd: C 41.21, H 3.68, N 16.82, Ni 16.78; found: C
41.53, H 3.37, N 16.80, Ni 16.72) determined by elemental
analysis confirms the presence of excess ligand in the chan-
nels indicated by diffraction.


The powder X-ray diffraction patterns of the bulk samples
of 1 were recorded at room temperature and analysed. Le
Bail fits of the experimental patterns are in agreement with
a pure phase of space group P21 with room-temperature cell
parameters a=7.843(4), b=25.529(15), c=6.630(4) O, b=


91.516(21)8 (see Figure S2 in the Supporting Information).
The interlayer separation changes significantly from
24.778 O at 150 K.


The thermogravimetric (TG) curves (see Figure S3 in the
Supporting Information) shows a weight loss of 2.9% be-
tween 30 and 200 8C, attributed to solvent loss (one water
molecule per [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(azpy)] unit) and a second loss of
70.9% between 350 and 800 8C, in agreement with the de-
composition of the framework and the guest linkers to NiO
and organics (calcd 75.0%). The high decomposition tem-
perature demonstrates the high thermal stability of 1.


Figure 3. a) A plot of the guest disorder in 1 with overlapping compo-
nents is shown above. The two disorder components are translated exact-
ly 1 unit-cell repeat from each other along the a axis. They occupy fav-
oured positions along the channel axis, so that the narrower -N=N- link-
ages are non-overlapping and positioned in the narrowest portions of the
channels (at approximately x/a= 1=4). b) Position of the one guest azpy
ligand in the host channels in 1. Ni (green), O (red), C (grey), N (blue),
H (white). (CO2-excluded surface, calculated for a rolling ball of radius
R=1.51 O) in light blue.
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The enantiomeric purity of 1 was checked by GC analysis,
with bulk samples possessing enantiomeric excesses for the
asp linker of greater than 95%, indicating that the bulk
samples are chiral and enantiomerically pure.


In the closely related compound [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bpe)]·-
ACHTUNGTRENNUNG(guests) (2), made in an analogous manner, the azo group of
the bipyridyl pillaring ligand I in 1 is replaced by the -C=C-
double bond of ligand II (Scheme 1). Compounds 1 and 2
are isostructural. They both have a slight distortion from the
parent orthorhombic structure, and a similar window cross
section of 4.1P3.9 O and pore cross section of 7.8P3.3 O
(see Figure S1 in the Supporting Information). The void
volume of 2 represents 24.8% of the total volume.


The phase purity of the bulk samples of 2 was confirmed
by powder X-ray diffraction (see Figure S4 in the Support-
ing Information). Bulk chirality analysis indicates enantio-
meric excesses higher than 95%. As in the case of 1, crystal
structure and elemental analysis show the presence of
excess bpe ligand in the channels. The electronic density in
the channels was modelled as disordered bpe molecules in a
similar model to that used for the azpy ligand in 1. Van der
Waals dimensions of bpe are approximately 12.5P6.4P
3.4 O. Pyridyl rings of bpe thus fit in the available pores of
dimensions 7.9P3.3 O. The windows in 2 have a cross sec-
tion of 4.1P3.9 O (values along b and c axis, respectively).
The narrowest part of the bpe
ligand has a cross section of ap-
proximately 4.9P3.4 O and sits
in the windows (see Figure S5
in the Supporting Information).
The guests are in an orientation
close to Miller planes {012},
when displaced from the origin.
The refined population of the
bpe in the channels converged
to 0.44(1), consistent with that
determined by elemental analy-
sis of the bulk sample (elemen-
tal analysis leads to the formula
[Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bpe)] ACHTUNGTRENNUNG(bpe)0.4 ACHTUNGTRENNUNG(H2O)
for 2 : calcd: C 45.63, H 4.01, N
10.30, Ni 17.98; found: C 45.45,
H 3.98, N 10.29, Ni 18.03).


The TG data from 2 (see
Figure S6 in the Supporting In-
formation) shows a first weight
loss of 2.8% between 30 and
200 8C attributed to solvent loss
(one H2O molecule per [Ni2 ACHTUNGTRENNUNG(l-
asp)2ACHTUNGTRENNUNG(bpe)] unit) and a second
loss of 74.2% due to the de-
composition of the framework
and guests to NiO and organics
(calcd 74.3%). Decomposition
occurs between 375 8C and
415 8C.


The related material [Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(35bpp)]· ACHTUNGTRENNUNG(guests) (3) is
also accessible solvothermally from the linker III
(Scheme 1). The connectivity of this ligand is different from
those used in the previous two examples as the angle
formed by the lone pairs of the terminal pyridines is 1208,
not 1808. Compound 3 crystallizes in the chiral space group
C2 and its overall structure is very similar to that of [Ni2 ACHTUNGTRENNUNG(l-
asp)2ACHTUNGTRENNUNG(bipy)] (Figure 4). The 35bpp linker (III) connects Ni-
ACHTUNGTRENNUNG(l-asp) layers by its two terminal pyridyl groups. The inner
N atom does not coordinate to Ni, but instead forms hydro-
gen bonds to a neighbouring hydrogen atom of the central
aromatic ring of an adjacent 35bpp ligand (Figure 4b). Nev-
ertheless, while the two adjacent Ni ACHTUNGTRENNUNG(l-asp) layers in the [Ni2-
ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] framework are related by a 1808 rotation
about the c axis (one of the two-fold axes in P21212), they
are now related by a 1808 rotation about the b axis (two-
fold axis in C2) in compound 3, a consequence of the differ-
ent angles formed by the lone pairs in the bipy and 35bpp li-
gands (Figure 4).


The 35bpp ligand also shows a twist of 31.58 between the
central and external pyridines. All the central rings of the
35bpp linkers are aligned along the b direction as a result of
C�H···N non-classical hydrogen bonding between the pyrid-
yl N atom and the hydrogen atoms of the neighbouring
linker (Figure 4b).


Figure 4. Top: Symmetry relations between the layers in a) [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bipy)] and b) 3. The arrows represent
the direction of the Ni�N(py) bond. The layers are related by a) a two-fold rotation about c in P21212; b) A
two-fold rotation about b in C2. Bottom: Views of the structures of a) [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bipy)] and b) 3, showing
the N�H interaction between two consecutive 35 bpp linkers (represented in black). Ni (large, dark grey), O
(black), C (grey), N (small, dark grey).
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This pillared structure gives rise to channels, whose di-
mensions oscillate between 6.7P4.9 O and 10.3P5.4 O (see
Figure S1 in the Supporting Information). As in 1 and 2,
there is evidence of the presence of excess 35bpp linker
within the channels in the crystal structure. The solvent ac-
cessible volume in the host structure in 3 is now 31.4% of
the total volume of the framework. The third pyridyl group
of the 35bpp ligand is non-coordinating and thus accessible
to potential guest molecules. Phase purity of bulk samples
was confirmed by LeBail fits of powder X-ray diffraction
patterns (see Figure S7 in the Supporting Information) and
is in agreement with the phase described above.


Elemental analysis is consistent with the following compo-
sition for 3 : [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(35bpp)] ACHTUNGTRENNUNG(35 bpp)0.333 ACHTUNGTRENNUNG(H2O)1.333
(calcd: C 45.90, H 4.03, N 11.47, Ni 16.02; found: C 45.81, H
3.75, N 11.41, Ni 15.93). This indicates that excess linker is
present again. These molecules are located in the channels,
as these guest ligands cannot be washed away with metha-
nol. The host framework contains tunnels within which
35bpp molecules (ligand III) could be located. As in the pre-
vious structures, these guest molecules display translational
disorder along the channel axis. These tunnels (and the
35bpp molecules) are wider than in the previous structures,
but the included 35bpp is constrained to form linear extend-
ed structures, with space for only one 35bpp molecule in
each tunnel segment. The observed electron density corre-
sponding to the translational disorder could be reproduced
by starting with a disorder component consisting of a whole
35bpp molecule that when expanded by the space group
symmetry resulting in several overlapping guest molecules
with a translational component matching that of the b axis.
The optimal position of the 35bpp along the channel axis
was confirmed by translating the ligand as a rigid body
along the channel axis and noting the effect on the structure
refinement parameters. The position that gave the best re-
sults was that with external rings located in the widest sec-
tions of the channels (10.3P5.4 O) and with the middle ring
located in the windows of dimensions 6.7P4.9 O (Figure 5).
The modelled guest ligand is flat and its plane almost sits in
the ab plane. The central ring of the guest interacts by p-
stacking with the central rings of 35bpp pillars situated at
3.53 O along c on both sides of the channels. Another inter-
action occurs between the nitrogen of the central pyridine
of the guest and a hydrogen atom of a b-carboxylate of the
amino acid backbone at 2.53 O (Figure 5).


The TG curve of 3 (see Figure S8 in the Supporting Infor-
mation) shows a weight loss of 4.5% corresponding to loss
of one water molecule per [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(35bpp)] unit fol-
lowed by decomposition to NiO and organics between
380 8C and 435 8C (calcd: 73.9%, found: 74.2%).


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(py3T)]· ACHTUNGTRENNUNG(guests) (4), made from linker IV
(Scheme 1), has been obtained as a microcrystalline powder.
The space group and cell parameters obtained from small
single crystals (see Table S1 in the Supporting Information)
allow LeBail fitting of the powder pattern (see Figure S9 in
the Supporting Information). The layer cell parameters (a=


7.796(3), b=6.445(2) O) are typical of the previously ob-


served layered structures and suggest a similar 2D substruc-
ture of Ni ACHTUNGTRENNUNG(l-asp). The product of cPcos ACHTUNGTRENNUNG(b-90) (aPcosACHTUNGTRENNUNG(b-90)
in the case of 3) represents twice the interlayer distance.
This value for 3 and 4 is 30.21 and 29.53 O, respectively.
Such a similarity in interlayer distances suggests that the
py3T linker adopts the same bridging mode as 35bpp, as the
lone pairs of the external pyridine groups of py3T, like
35bpp, form an angle of 1208. Two of the py3T pyridyl
groups are coordinated to two successive layers, whereas the
third is not. By analogy with the crystal structure of 3, for a
planar conformation of py3T, this supplementary pendant
pyridyl group would generate steric hindrance with the cen-
tral ring of the next py3T ligand in the structure (see Figure
S10 in the Supporting Information). To avoid this situation,
the ligand has to be slightly bent and the third pyridyl group
is expected to be projecting inside the channels.


Elemental analysis and TG analysis (see Figure S11 in the
Supporting Information) for 4 is consistent with a frame-
work free of excess linker in the channels. This situation
probably arises from their partial occupation by the third
pendant pyridyl group of py3T. The size of the pillar pre-
vents occupation of the channels.


It is noticeable that, in the case of compounds 3 and 4, de-
spite the presence of three potential coordination sites on
the 35bpp and py3T, only two of them are effectively engag-
ed in coordination to metal atoms leading to the usual lay-
ered structure. This indicates that the Ni ACHTUNGTRENNUNG(l-asp) layer sub-
structure is particularly stable and that its formation is the
driving force for building of the whole 3D framework in all
of these materials. This is confirmed by the high onset tem-
perature for decomposition (greater than 350 8C) in all
cases.


Figure 5. Position of the guest 35bpp ligand in the host channels in 3. Ni
(green), O (red), C (grey), N (blue), H (white). Connolly surface (CO2-
excluded surface, calculated for a rolling ball of radius R=1.51 O) in
light blue. The interaction between the central pyridine of the guest and
the H atom of the b carboxylate of the amino acid backbone is represent-
ed in yellow.


Chem. Eur. J. 2008, 14, 4521 – 4532 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4525


FULL PAPERAmino Acid Derived Nanoporous Materials



www.chemeurj.org





Linker V (3rbp) (Scheme 1), as an extended bipy, is ex-
pected to lead to a framework that is isostructural to the
original [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] framework. From powder X-ray
diffraction data, the expected isostructural compound 5a
forms as a pure phase (see Figure S10 in the Supporting In-
formation) but cannot be isolated as single crystals. Elemen-
tal analysis is consistent with the formula [Ni2ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(3rbp)] ACHTUNGTRENNUNG(3rbp)0.5ACHTUNGTRENNUNG(C2H2Cl4)0.25ACHTUNGTRENNUNG(H2O)0.75 : (calcd: C 49.82, H
3.86, N 8.94, Ni 14.98; found: C 49.80, H 3.76, N 9.06, Ni
15.22). Cell parameters extracted from powder data are a=


30.564(2), b=6.812(2), c=7.430(1) O, b=106.680(1)8 in the
space group P21. The set of parameters b and c suggests the
presence of the Ni ACHTUNGTRENNUNG(l-asp) 2D substructure. The product aP
cos ACHTUNGTRENNUNG(b-90) (twice the interlayer spacing) is 29.27 O, very
close to what is observed in 3 and 4 (30.21 and 29.53 O, re-
spectively) (Figure 6). Elemental analysis shows evidence of


the presence of ligands in the channels, as excess ligand can
be washed away with tetrachloroethane.


The van der Waals radii of 3rbp are 13.5 OP6.2 OP3.1 O
for a planar conformation. If the central ring of V is twisted
by 458, the ligand can be included in a box of 13.5 OP
6.2 OP5.1 O. The expected cross section of the windows, by
reference to the original framework, and taking into account
the length increase of the ligand, is 8.1 OP3.2 O. The hy-
pothesis of the presence of guest 3rbp in the channels is
thus acceptable.


Under modified conditions (smaller volume of 1.5 mL,
concentration increased by a factor 5, and reaction time in-
creased to 72 h), a new phase forms from [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3]
and 3rbp (ligand V) in a water/1,2-propanediol mixture.
Single crystals of this new phase can now be isolated allow-
ing the different structure of 5b (see Table S1 in the Sup-
porting Information) to be determined, as the characteristic
set of parameters related to the NiACHTUNGTRENNUNG(l-asp) substructure are
not present here (space group: P21212 a=27.837(15), b=


9.892(5), c=10.446(5) O. The overall structure is still lay-
ered, but the connectivity of the aspartate ligand is different.
The aspartate is tridentate, coordinating in a fac fashion and
the nitrogen atom of the linker is still trans to the nitrogen


atom of the aspartate. The difference from [Ni2 ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(bipy)] and compounds 1 to 4 arises from the specific sites
occupied in the coordination sphere of nickel by the a- and
b-carboxylates. In [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)] and compounds 1 to 4,
each Ni centre is surrounded by two a- and two b-carboxy-
lates. An a-carboxylate always lies in a trans position to a b-
carboxylate (Figure 7a).


In compound 5b, two different Ni centres are present in
the unit cell. Ni1 is coordinated to one a- and three b-car-
boxylates, while Ni2 binds to three a- and one b-carboxylate
(Figure 7b). Each Ni1 has thus two coordination sites occu-
pied by the b-carboxylates of one Ni1 and one Ni2 neigh-
bouring centres, whereas Ni2 has two coordination sites oc-
cupied by the a-carboxylates of one Ni1 and one Ni2 neigh-
bouring centre. This connectivity generates chains of Ni1
linked by a-carboxylates (“chain 1”) and chains of Ni2


linked by b-carboxylates
(“chain 2”). The new [Ni ACHTUNGTRENNUNG(l-
asp)] layer is built by bridging
alternating chains 1 and 2. One
“chain 1” is linked to one
“chain 2” by a-carboxylates
only and to a second “chain 2”
by b-carboxylates only, leading
to an irregular arrangement of
the aspartate (Figure 7b),
whereas a-carboxylates sit in
trans position to b-carboxylates
in a regular fashion in [Ni2ACHTUNGTRENNUNG(l-
asp)2ACHTUNGTRENNUNG(bipy)] (Figure 7a).


The Ni�Ni distances are simi-
lar in both cases, with values of
5.515 and 5.332 O for [Ni2ACHTUNGTRENNUNG(l-
asp)2ACHTUNGTRENNUNG(bipy)] and 5.267, 5.192


and 5.606 O for 5b. The Ni-Ni-Ni angles are 90.9 and 79.78
in [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)], similar to 79.58, 89.08, 85.78, 87.38 and
81.28 for 5b. Despite those similarities, the different connec-
tivities of the Ni ACHTUNGTRENNUNG(l-asp) mononuclear units generate two
very different Ni ACHTUNGTRENNUNG(l-asp) layers (Figure 7). In 5b, two families
of linkers are found on either side of the corrugated Ni ACHTUNGTRENNUNG(l-
asp) layer, one connected to the Ni1 centres, the other to
the Ni2 centres. Each linker connects a Ni1 centre of one
layer to a Ni2 centre of the adjacent layer. Due to the differ-
ent arrangement of aspartate within these layers, those two
families of pillars are not parallel to each other (Figure 8).
All the linkers show a twist angle of 448 between the central
and external rings of ligand V=3rbp. Channels are never-
theless present but have now an oval form induced by the
twist angle between the 3rbp linkers along the b axis. They
are far smoother than in frameworks 1, 2 and 3, with a cross
section oscillating between 6.2P4.9 O and 7.1P3.8 O. This
arises from the character of the [Ni ACHTUNGTRENNUNG(l-asp)] layer itself. The
aspartate in this new layer projects the CH2 group and the
oxygen atom of its b-carboxylate outwards inside the chan-
nels, leading to a much smoother internal surface. These
channels are large enough to incorporate V (=3rbp) mole-
cules. The residual electron density peaks located in the


Figure 6. Expected arrangement of 3rbp between the Ni ACHTUNGTRENNUNG(L-Asp) layers in 5a (left). Comparison with frame-
work 3 (right). Ni (large, dark grey), O (black), C (grey), N (small, dark grey).
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channels were assigned as carbon and nitrogen atoms, and
without restraints generated an imperfect six-membered
ring. A whole 3rbp molecule could be generated by expand-
ing this ring with the point group and translational symme-
try of the crystal. The electron density in the channels could
be modeled reliably as overlapping whole 3rbp molecules
with restraints on the bond lengths and angles (see the Sup-
porting Information). Any section of the 3rbp is now small
enough to fit in the windows of the structure due to the less
pronounced difference between window and pore dimen-
sions compared to 1–4.


Unlike the azpy, bpe, and 35bpp compounds, the channel
ligand components are translated approximately 1 O from
each other, and occupy several positions along the channel
axis—it appears that none of these positions are particularly
favoured. Again this can be associated with the more regu-
lar dimensions of the host channels in 5b.


Shape and chirality of the channels: A number of general
points can be made about the family of frameworks based
on the “normal” Ni ACHTUNGTRENNUNG(l-asp) layer substructure (including 1, 2,
3, 4, 5a, and excluding 5b). For 1, 2 and 3, Connolly surface


representations revealed the
presence of linear channels,
with cross section oscillating
regularly between window and
pore dimensions. This shape has
different origins for 1 and 2 on
the one hand, and 3 on the
other hand. In all cases, the
bulky group limiting the chan-
nels size in the vicinity of the
windows is the CH2 group of
the b-carboxylate of the aspar-
tate backbone. For compound
3, the 1208 angle between the
lone pairs of the ligand forces
those groups to face each other
on both sides of the channels,
thus creating windows limited
by two of these groups, and a
linear shape for the channels,
with a cross section oscillating
along the channel axis. This sit-
uation is expected to occur with
any bipy-type ligand showing
the same coordination topology
as 35bpp (two pyridyl groups
which lone pairs form a 1208
angle), for instance py3T. In 1
and 2, the angle between the
lone pairs is 1808, thus, this ar-
gument is not valid any more.
The length of the ligand plays a
significant role here. The dis-
tance between two Ni centres
connected by azpy (and bpe) is


13.1 O (bpe: 13.7 O). Along the a axis (channel axis), the
projections of those two Ni centres are separated by a dis-
tance L=6.57 O (bpe: L=6.83 O), which is very close to
the cell parameter a=6.43 O (bpe: 6.48 O). As a conse-
quence of this match, the CH2 groups of the b-carboxylate
face each other on both sides of the channels, leading to
linear channels with a cross section oscillating along the axis
(Figure 9a). The chiral centre of aspartate is adjacent to the
methylene group that limits the channels, and projects out-
wards inside them, in the vicinity of their narrow part. The
chirality of the channels is thus located in the windows (Fig-
ure 9a).


The channel shape is similar for 1 and 2, and for 3. In the
case of the original framework [Ni2 ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)], the
ligand is shorter. The projections, along the channel axis, of
the two Ni centres linked by bipy are now separated by L=


5.62 O, and a mismatch of about 17% with the correspond-
ing cell parameter appears. As a consequence, the CH2


groups of the b-carboxylates are no longer eclipsed, but
staggered, leading to sinusoidal channels (Figure 9b). In
compound 5a, identified from powder data, due to the
length of 3rbp, a mismatch of 13% is expected between the


Figure 7. Coordination spheres of Ni centers and their arrangement within the Ni ACHTUNGTRENNUNG(l-asp) layer in a) [Ni2 ACHTUNGTRENNUNG(l-
asp)2ACHTUNGTRENNUNG(bipy)]and b) 5b. Ni (large, dark grey), O (black), C (grey), N (small, dark grey).
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cell parameter of the channel axis and the L value. Again,
sinusoidal shaped channels are probably to be expected in
this case. In [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)], chiral centres are located on
both sides of the sinusoidal channels at an average value of
x=0 on the a axis (channel axis) (Figure 9b). Again, chiral
functionality appears on the narrowest part of the channels.
The same pattern is expected for 5a.


In 5b, the arrangement of the aspartate in the layer is dif-
ferent and gives a smooth character to the surface of the
new Ni ACHTUNGTRENNUNG(l-asp) substructure. This aspect is reflected in the
shape of the channels that are also smooth and linear. The
formation of two competitive phases 5a and 5b with the
3rbp linker, whereas only the “normal” phase is detected
with azpy and bpe, probably arises from the match between
the shape of the channels and the guest ligand. Compound
5a is expected to display windows large enough for guest
3rbp to slide along the channels, whereas 5b shows smooth


channels in which 3rbp can move freely. The presence of
two families of aspartate ligands in the framework leads to a
more regular chiral functionality of the channels. One of the
chiral centres manifests itself by narrowing the channels via
its C�H bond, whereas the other limits them on their larger
section (Figure 9c). The host–guest interactions in 5a and
5b must have a similar order of magnitude, justifying the
competitive formation of both phases. As previously de-
scribed, 1 (and 2, respectively) forms with guest azpy (and
bpe, respectively) linker in the channels. The narrowest part
of the linker (the -C=C- or -N=N- bonds) sits in the win-
dows, whereas the bulkier pyridyl groups sit in the pores.
The guest has no degree of freedom to move along the
channels. It is literally trapped in the windows, as channels
and guest show almost perfect shape complementarity. In
the eventuality of the formation of a competitive phase iso-
structural to 5b with the azpy linker, the channels would be
smooth. As a consequence, the favourable host–guest com-
plementarity observed in 1 and 2 is probably detrimental to
the formation of this hypothetical competitive phase.


The shape of the channels can thus be controlled by the
size and topology of the pillar ligand and the solvent mix-
ture. In water/methanol mixtures, a bipyridyl-type ligand
with lone pairs forming a 1208 angle will lead to linear chan-
nels of oscillating cross section (35bpp ligand and frame-
work 3). Linear bipyridyl linkers can lead either to the same
kind of channels, or to sinusoidal channels, depending on
their length. Smooth linear channels can also be obtained in
competition with the former channels, using linear linkers in
water/1,2-propanediol. The channel–guest shape comple-
mentarity can then disfavour the formation of those smooth
linear channels. This effect is expected to decrease with
longer ligands that give rise to wider channels, as larger win-
dows would lose their guest-trapping potential. The inter-
play between linker geometry, reaction conditions, channel
size and guest location in these materials suggests a wide
array of pore geometries will be accessible.


Porosity studies : Based on the solvent-accessible volume of
these frameworks and the robustness of their backbone, per-
manent porosity could be expected for compounds 1 to 4.
CO2 sorption isotherms were thus recorded on those sam-
ples. The CO2 uptake in all cases was below 0.5 mass per-
cent, and the derived BET surface areas were extremely
low, confirming the as-made materials are effectively non-
porous. For 1 and 2, the explanation comes from the pres-
ence of a large amount of ligand in the channels preventing
their access to guest species and gases like CO2. This is suffi-
cient to block the accessibility of the 1D channels to gas
guest molecules, as in a 1D system there is no path around a
blockage. Framework 4 is different, with no excess ligand
present in the channels; however, the bulky pendant pyridyl
group of py3T projects inside them thus eliminating any po-
rosity. Thus, 4 is intrinsically non-porous.


Considering that frameworks 1 to 3 are non-porous due to
the presence of excess ligand in the channels, different
routes to eliminate these bulky guests and access the frame-


Figure 8. Connectivity of Ni1 and Ni2 in compound 5b. View along a)
the (a, c) plane; b) the (a, b) plane. Ni (large, dark grey), O (black), C
(grey), N (small, dark grey). The two families of 3rbp pillars are repre-
sented in black and medium grey.
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works’ porosity were investigated. For this purpose, several
experiments, based on solid–liquid extraction (in a variety
of refluxing solvents, or continuous Soxhlet extraction), or
on the use of a substitute template guest (co-solvent like tol-
uene or pyridine) were carried out, all proving unsuccessful.
Organic molecules have been reported to be removed from
porous MOFs under vacuum conditions.[28] We removed the
guest ligand molecules by sublimation under dynamic high-
vacuum conditions (10�4 Torr) at 210 8C (see paragraph II
and Figure S13 in the Support-
ing Information ).


An accurate heating period is
crucial for the total removal of
the ligand; if sublimation is in-
complete, small amounts of
guest ligand can still be present,
blocking the 1D channels, keep-
ing the material non-porous.


In the case of 1, the cooling
rate appears to be very impor-
tant, as it can favour the forma-
tion of different post-sublima-
tion phases, which were identi-
fied and characterised by
powder X-ray diffraction. If the
cooling rate is fast
(190 8Cmin�1), a first pure
single phase 1fc is obtained (see
Figure S14 in the Supporting


Information), whereas if the
cooling rate is slow (1 8Cmin�1),
another phase forms alongside
1fc.


Elemental analysis of 1fc is
consistent with a framework
free of guest molecules ([Ni ACHTUNGTRENNUNG(l-
asp) ACHTUNGTRENNUNG(azpy)1/2]· ACHTUNGTRENNUNG(H2O)0.5, (calcd: C
37.29, H 3.13, N 14.50; found:
C 37.10, H 3.30, N 14.78)). A
LeBail fit of 1fc allows us to ex-
tract the following cell parame-
ters P21212, a=7.778(1), b=


26.173(3), c=6.651(1) O (see
Figure S14 in the Supporting
Information). Those parameters
suggest the presence of the Ni-
ACHTUNGTRENNUNG(l-asp) substructure already
present in the as-made material
(the a and c parameters have
the typical values expected for
this substructure) and a larger
interlayer spacing as document-
ed by the increase in the b pa-
rameter, from 24.77(15) to
26.173(3) O. This increase can
be understood by the specific
torsion ability of the pillaring


ligand. Depending on the arrangement of azpy molecules
between the layers, two extreme “conformer structures” are
possible (Figure 10).


A transition from ’conformer 1’ to ’conformer 2’ would be
possible without breaking the framework via a simultaneous
1808 torsion of all azpy linkers. This transition would lead to
an estimated increase of the interlayer distance by 0.95 O,
and an increase of the b parameter by approximately 1.9 O.
The expansion of the b parameter observed in 1fc is thus in


Figure 9. Influence of the ligand size on the shape of the channels. L is the difference between the coordinates
(along the channel axis) of two Ni centers connected by the same ligand. a) Case of azpy (framework 1) (and
bpe (framework 2)). The L value is close to the a parameter. The channels are linear with an oscillating cross
section. b) Case of bipy (framework [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bipy)]). There is a mismatch between L and the a parameter.
The channels are sinusoidal. c) Case of 3rbp (framework 5b). The different Ni ACHTUNGTRENNUNG(l-asp) layer arrangement gives
the channels a smoother surface. Lower part: Connolly surface representation (CO2-excluded surface, calculat-
ed for a rolling ball of radius R=1.51 O).


Figure 10. Scheme of the two extreme “conformer structures” potentially accessible to [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(azpy)] via
simultaneous torsion of all azpy ligands. Ni (large, dark grey), O (black), C (grey), N (small, dark grey).
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an accessible. The CO2 sorption isotherm(s) of the sublimed
phase 1fc was recorded at 198 K (Figure 11). The as-made
material is non-porous to CO2 with an uptake of 0.5%,


whereas the sublimed phase is porous with a CO2 uptake of
19.4% for the 1fc phase, leading to a derived BET surface
area of 297(6) m2g�1. This represents an enhancement of the
gas uptake of up to 30% with respect to the original frame-
work (15% CO2 uptake, BET surface area of 243 m2g�1),
due to the increase in the size of the pillaring ligand. Subli-
mation under high vacuum thus restores the frameworkUs
porosity.


Phase 1fc is obtained in a pure form under high vacuum
and fast cooling conditions. Under slow cooling conditions, a
competitive phase forms, showing that 1fc is favoured under
high vacuum and high temperature (sublimation conditions)
and trapped by the fast cooling process. This provides in-
sight in the mechanism of azpy sublimation. In the as-made
material 1, we demonstrated that the guest azpy was trapped
in the windows of the channels and unable to slide along
them. To remove those guests, an expansion of the channels
is necessary. Transition from “conformer 1” to “conformer
2” would lead to a 0.95 O increase in the interlayer spacing
and thus of the channel cross section, and would modify the
shape of the channels. The estimated value of the parameter
L, as defined in Figure 9, would be around 5 O now, leading
to a mismatch with the channel axis parameter of 25%. As
in the case of [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(bipy)], channels are expected to
be sinusoidal. The guest would then regain the ability to
move along the channels, as the windows are no longer able
to trap it. This hypothesis for the sublimation mechanism is
corroborated by the interlayer spacing increase observed in
1fc. Indeed, the cell parameters of this high vacuum trapped
phase suggest a situation close to the one of “conformer 2”,
which could be favoured under sublimation conditions.


Carbon dioxide sorption isotherms based on the structure
of [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(azpy)] were calculated at 198 K using the


sorption module of software Materials Studio Modeling 4.0.
For this purpose, guests were deleted from the structure of 1
to evaluate the sorption properties of the host. The simula-
tion predicts a CO2 uptake of 9.2% at 0.76 bar, much lower
than the experimental value of 19.7% obtained for 1fc. This
can be explained by the structural difference between the
host in 1 and the host in the sublimed phase 1fc. Indeed, 1 is
close to what we described as “conformer 1”, whereas
powder data for 1fc suggests a situation closer to “conformer
2” (Figure 10). The simulated CO2 density is located in the
pores of the structure and absent from the windows. In 1fc
(by reference to “conformer 2”), channels are expected to
be wider and more sinusoidal, allowing carbon dioxide to
occupy a greater space along the channels.


When scaled with a factor F=2.25, the simulation repro-
duces very well the shape of the experimental sorption (see
Figure S15 in the Supporting Information). Scale factors
have already been used to take into account occluded
pores.[29,30]


A similar behaviour is observed for compound 2, built
from bpe, as torsion of the ligand is possible as in azpy. Nev-
ertheless, the high vacuum and high temperature phase
cannot be isolated as a single phase.


The difference in the interlayer spacing between the as-
made (1) and the sublimed (1fc) phases suggests a certain
degree of flexibility and guest-responsive behaviour for
compounds 1 or 2. This has been observed with several com-
pounds[31–34] including bpe and azpy based frameworks.[35]


The same sublimation procedure applied to compound 3
was unsuccessful and led to a deterioration of the frame-
work as shown by the broadening of the powder pattern re-
flections.


In the as-made materials, the guest molecules are “trap-
ped” in the window section of the channels (Figure 3b,
Figure S5 in the Supporting Information and Figure 5). To
be able to remove them by sublimation, the host framework
has to be flexible enough to allow an expansion of the
window size to the point where the guest can move along
the channels, without hindrance. This is possible in the case
of 1 and 2, thanks to the torsion ability of the azpy and bpe
ligands (for 1, torsion of azpy can lead to an increase of the
interlayer spacing of up to 0.95 O and to a window cross sec-
tion of up to 5.1P3.9 O , making the release of the guest
possible). This phenomenon is absent in 3, due to the rigid
character of 35 bpp. Sublimation can only lead to a degrada-
tion of the framework.


Conclusion


Amine-pillared metal aspartates are a tuneable family of
chiral porous materials for which the channel dimensions
can be varied through both linker changes and modification
of synthetic conditions to produce chiral channels capable of
accommodating six-membered rings. As often observed in
porous metal–organic frameworks synthesis, porosity is
avoided by guest inclusion in the present case, the guest


Figure 11. CO2 sorption isotherms at 198 K. As-made material 1 (trian-
gle), original [Ni2 ACHTUNGTRENNUNG(asp)2 ACHTUNGTRENNUNG(bipy)] framework (rhombus), and 1fc (ring). (Ad-
sorption: plain, desorption: empty).
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being the pillar ligand itself. Thanks to the high stability of
the layered structures of those frameworks, sublimation of
the guests under high vacuum enables restoration of their
porosity. Using pillaring ligands including double bonds as a
spacing group, sublimation can lead to porous frameworks.
The modification of the interlayer spacing due to linker con-
formational change, depending on temperature and pressure
conditions and on the presence of guest molecules, suggests
that the channel dimensions could respond selectively and
specifically to guest molecules. The original [Ni2ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(bipy)] showed remarkable enantioselection for a family of
small diols, but the dimensions of the channels were the lim-
iting factor for the sorption of larger chiral molecules. The
new porous materials reported here can thus be expected to
be enantioselective for a wide range of molecules as the
framework is stable in two different porous forms. The
other striking aspect of these tunable systems is the possibil-
ity to introduce functionalities within the pores via the or-
ganic linker. The 35bpp system (compound 3) illustrates the
possibility to introduce a basic active site inside the pores.
The general approach of robust structural units linked by
chiral biologically derived ligands and modifiable organic
pillars thus appears promising for the systematisation of
chiral open frameworks.


Experimental Section


Single crystal X-ray diffraction : The single-crystal diffraction data were
collected on stations 9.8 and 16.2SMX of the Synchrotron Radiation
Source at Daresbury Laboratory. Station 16.2SMX and station 9.8 are
high flux single crystal facility which utilise a Bruker-Nonius APEXII
CCD area detector and D8 diffractometer at an X-ray wavelength of
0.8184 O (1), 0.6727 O (2), 0.7848 O (3), 0.6904 O (4 and 5b) on station s
16.2SMX and 9.8. Data was recorded at 150 K.


Thermal analysis: TGA data were recorded using a Seiko S-II instru-
ment.


Chiral GC analysis: determination of the bulk chirality of the frame-
works : Firstly, the aspartic acid needs to be extracted from the bulk ma-
terial, and is done so by adding 1N NaOH (4 mL) to the framework
(30 mg) and removing the resulting precipitate by filtration through a
small plug of cotton wool. The addition of NaOH results in the precipita-
tion of insoluble Ni(OH)2 and the organic linker, also insoluble in basic
aqueous solution. Removal of the solids leaves the disodium aspartate in
the filtrate. It is neutralised by addition of 1n HCl and evaporated to dry-
ness in vacuo. The resulting white solid is a mixture of aspartic acid and
NaCl. The aspartic acid is then derivatised prior to GC analysis. The car-
boxylic acid groups are converted to methyl esters by refluxing in MeOH
(4 mL) and HCl (4n, 1 mL) for 4 h. The primary amine is transformed
into an amide by reaction with TFA (0.5 mL in 5 mL CH2Cl2, room tem-
perature, overnight). The crude mixture is filtered to remove NaCl and
the filtrate containing only AspACHTUNGTRENNUNG(OMe/TFA) is evaporated to dryness.The
concentration for GC analysis is 0.5% (w/v) Asp ACHTUNGTRENNUNG(OMe/TFA) in CH2Cl2
and is carried out using a Lipodex-E capillary-GC column at 120 8C.


X-ray powder diffraction : X-ray powder diffraction data were collected
with CuKa1 radiation with a Stoe Stadi-P diffractometer using a linear po-
sition sensitive detector and with CoKa1 radiation with a Panalytical
X’pert Pro Multi-Purpose diffractometer.


Sorption isotherm measurements : CO2 sorption isotherms were measured
using a Hiden IGA gravimetric sorption balance at 198 K. Prior activa-
tion of samples was carried out at 120 8C overnight.


Synthesis : 4,4’-azopyridine (azpy),[22] 1,4-bis-(4-pyridyl)-benzene
(3rbp),[23] tris-(4-pyridyl)-triazine (py3T)


[24] and 3,5-bis-(4-pyridyl)-pyri-
dine (35bpp)[25] were prepared according to literature methods. Bis(4-pyr-
idyl)ethylene (bpe) was purchased from Aldrich.


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(azpy)]ACHTUNGTRENNUNG(azpy)0.6 ACHTUNGTRENNUNG(H2O)1.4 (1): [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3] (0.1 g,
0.4 mmol) and azpy (0.075 g, 0.8 mmol) were added to a water/methanol
mixture (4 mL/2 mL) in a 23-mL teflon liner and allowed to react under
solvothermal conditions at 150 8C for 48 h. Initial pH 7.6. The crude prod-
uct was filtered and washed thoroughly with methanol, giving red micro-
crystals. Yield: 70%. Elemental analysis calcd (%) for [Ni2 ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(azpy)] ACHTUNGTRENNUNG(azpy)0.6 ACHTUNGTRENNUNG(H2O)1.4 (699.4): C 41.21, H 3.68, N 16.82, Ni 16.78;
found: C 41.53, H 3.37, N 16.80, Ni 16.72.


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bpe)] ACHTUNGTRENNUNG(bpe)0.4 ACHTUNGTRENNUNG(H2O) (2): [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3] (0.1 g, 0.4 mmol)
and bpe (0.074 g, 0.8 mmol) were added to a water/methanol mixture
(4 mL/2 mL) in a 23-mL teflon liner and allowed to react under solvo-
thermal conditions at 150 8C for 48 h. Initial pH 7.2. The crude product
was filtered and washed thoroughly with methanol, giving green micro-
crystals. Yield: 65%. Elemental analysis calcd (%) for [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bpe)]-
ACHTUNGTRENNUNG(bpe)0.4 ACHTUNGTRENNUNG(H2O) (652.6): C 45.63, H 4.01, N 10.30, Ni 17.98; found: C 45.45,
H 3.98, N 10.29, Ni 18.03.


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(35bpp)] ACHTUNGTRENNUNG(35bpp)1/3ACHTUNGTRENNUNG(H2O)1.33 (3): [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3] (0.1 g,
0.4 mmol) and 3,5-DPP (0.11 g, 0.47 mmol) were added to a water/metha-
nol mixture (2 mL/4 mL) in a 23-mL teflon liner and allowed to react
under solvothermal conditions at 150 8C for 48 h. Initial pH 7.2. The
product was filtered, washed with methanol and isolated as light green
crystals. Yield: 67%. Elemental analysis calcd (%) for [Ni2 ACHTUNGTRENNUNG(l-asp)2-
ACHTUNGTRENNUNG(35bpp)] ACHTUNGTRENNUNG(35bpp)1/3 ACHTUNGTRENNUNG(H2O)1.33 (732.6): C 45.90, H 4.03, N 11.47, Ni 16.02;
found: C 45.81, H 3.75, N 11.41, Ni 15.93. Measured bulk chirality ee :
70%.


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(L-asp)2 ACHTUNGTRENNUNG(py3T)]ACHTUNGTRENNUNG(H2O)0.5 (4): [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3] (0.1 g, 0.4 mmol) and
py3T (0.128 g, 0.4 mmol) were added to a water/methanol mixture (3 mL/
3 mL) in a 23-mL teflon liner and allowed to react under solvothermal
conditions at 150 8C for 48 h. The crude product was filtered and the
excess ligand dissolved in hot dichloromethane. A second filtration gives
the product as green microcrystals. Yield: 66%. Elemental analysis calcd
(%) for [Ni2ACHTUNGTRENNUNG(l-asp)2ACHTUNGTRENNUNG(py3T)] ACHTUNGTRENNUNG(H2O)0.5 (701.0): C 44.55, H 3.30, N 15.98, Ni
16.75; found: C 44.24, H 3.12, N 15.90, Ni 16.67. Measured bulk chirality
ee : 66%.


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(3rbp)] ACHTUNGTRENNUNG(3rbp)0.5 ACHTUNGTRENNUNG(C2H2Cl4)0.25ACHTUNGTRENNUNG(H2O)0.75 ACHTUNGTRENNUNG(5a): [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3]
(0.031 g, 0.13 mmol) and 3rbp (0.028 g, 0.13 mmol) were added to a
water/methanol mixture (3 mL/1 mL) in a 23-mL teflon liner and allowed
to react under solvothermal conditions at 150 8C for 48 h. Initial pH 7.11.
The product was filtered, washed with hot tetrachloroethane and isolated
as light green microcrystals. Yield: 66%. Elemental analysis calcd (%)
for [Ni2ACHTUNGTRENNUNG(L-asp)2 ACHTUNGTRENNUNG(3rbp)] ACHTUNGTRENNUNG(3rbp)0.5 ACHTUNGTRENNUNG(C2H2Cl4)0.25 ACHTUNGTRENNUNG(H2O)0.75 (783.4): C 49.82, H
3.86, N 8.94, Ni 14.98; found: C 49.80, H 3.76, N 9.06, Ni 15.22.


ACHTUNGTRENNUNG[Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(3rbp)] ACHTUNGTRENNUNG(3rbp)0.5 ACHTUNGTRENNUNG(5b): [Ni ACHTUNGTRENNUNG(l-asp) ACHTUNGTRENNUNG(H2O)3] (0.062 g, 0.26 mmol)
and 3rbp (0.056 g, 0.26 mmol) were added to a water/1,2-propanediol
mixture (1.125 mL/0.375 mL) in a 23-mL teflon liner and allowed to react
under solvothermal conditions at 150 8C for 72 h. Light green single crys-
tals suitable for X-ray diffraction were isolated.


Crystal data: CCDC-662393 (compound 5b), CCDC-662394 (compound
3), CCDC-662395 (compound 1), CCDC-662396 (compound 2) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


Crystal data for [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(azpy)]ACHTUNGTRENNUNG(azpy)0.6 ACHTUNGTRENNUNG(H2O)1.4 : C23H24.8N8Ni2O9.4,
M=699.55, green prism, 0.02P0.01P0.01 mm3, monoclinic, space group
P21 (no. 4), a=6.487(4), b=24.779(15), c=7.805(5) O, b=91.029(6)8, V=


1254.3(13) O3, Z=2, 1calcd=1.852 gcm�3, F000=719, Bruker D8 diffrac-
tometer, synchrotron radiation, l=0.8184 O, T=150(2 K, 2qmax=50.88,
5964 reflections collected, 3128 unique (Rint=0.0912). Final GooF=


1.037, R1=0.105, wR2=0.233, R indices based on 1955 reflections with
I>2 s(I) (refinement on F2), 234 parameters, 240 restraints. Lp and ab-
sorption corrections applied, m=1.579 mm�1. Absolute structure parame-
ter=0.12(10).
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Crystal data for [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(bpe)]ACHTUNGTRENNUNG(bpe)0.4ACHTUNGTRENNUNG(H2O): C28H25.33N6Ni2O9.33, M=


712.62, green plate, 0.02P0.01P0.004 mm3, monoclinic, space group P21
(no. 4), a=6.429(4), b=25.180(15), c=7.874(5) O, b=90.101(7)8, V=


1274.6(13) O3, Z=2, 1calcd=1.583 gcm�3, F000=624, Bruker D8 diffrac-
tometer, synchrotron radiation, l=0.6727 O, T=150(2 K, 2qmax=61.08,
10403 reflections collected, 6843 unique (Rint=0.0468). Final GooF=


1.055, R1=0.0906, wR2=0.2352, R indices based on 5110 reflections with
I>2 s(I) (refinement on F2), 261 parameters, 318 restraints. Lp and ab-
sorption corrections applied, m=1.532 mm�1. Refined with TWIN �1 0 0
0 �1 0 0 0 1 �4. The refined twin population parameters (BASF) were
0.25355 0.13160 0.16115.


Crystal data for [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(35bpp)] ACHTUNGTRENNUNG(35bpp)1/3ACHTUNGTRENNUNG(H2O)1.33 : C23H21N5Ni2O8,
M=712.62, green prism, 0.10P0.03P0.02 mm3, monoclinic, space group
C2 (no. 5), a=30.840(15), b=6.574(3), c=7.704(4) O, b=101.557(6)8,
V=1530.4(13) O3, Z=2, 1calcd=1.546 gcm�3, F000=732, Bruker D8 dif-
fractometer with APEXII detector, synchrotron radiation, l=0.7848 O,
T=150(2 K, 2qmax=51.48, 3839 reflections collected, 2525 unique (Rint=


0.0635). Final GooF=1.077, R1=0.0790, wR2=0.2027, R indices based
on 2145 reflections with I>2 s(I) (refinement on F2), 181 parameters, 1
restraint. Lp and absorption corrections applied, m=1.278 mm�1. Abso-
lute structure parameter=�0.01(5).
Crystal data for [Ni2 ACHTUNGTRENNUNG(l-asp)2 ACHTUNGTRENNUNG(3rbp)] ACHTUNGTRENNUNG(3rbp)0.5 : C32H28N5Ni2O8, M=728.01,
green prism, 0.10P0.02P0.01 mm3, orthorhombic, space group P21212
(no. 18), a=27.837(15), b=9.892(5), c=10.446(5) O, V=2876(3) O3, Z=


4, 1calcd=1.724 gcm�3, F000=1541, Bruker D8 diffractometer, synchrotron
radiation, l=0.69040 O, T=150(2 K, 2qmax=51.18, 17391 reflections col-
lected, 5820 unique (Rint=0.1228). Final GooF=1.013, R1=0.0727,
wR2=0.1688, R indices based on 3398 reflections with I>2 s(I) (refine-
ment on F2), 506 parameters, 185 restraints. Lp and absorption correc-
tions applied, m =1.378 mm�1. Absolute structure parameter=�0.03(4).
Detailed reports on disorder modeling in 2 and 5b can be found in the
Supporting Information (2: paragraph III and 5b: paragraph IV).
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Is the m-Oxo-m-Peroxodiiron Intermediate of a Ribonucleotide Reductase
Biomimetic a Possible Oxidant of Epoxidation Reactions?


Sam P. de Visser*[a]


Introduction


Many enzymes utilize molecular oxygen on a diiron center
for a variety of biochemical functions.[1] As such, there is
great interest from the bioinorganic chemistry community to
create biomimetics based on the structural motif of these
metal centers for use as new and powerful catalysts. A
common pattern shared by these enzymes is a carboxylate-
bridged diiron center and has been observed, for instance, in
hemerythrin (Hr), ribonucleotide reductase (RNR), ferritin,
methane monoxygenase (MMO), and D9-stearoyl-acyl carri-
er protein desaturase (D9D).[2–5] Despite their structural sim-


ilarities these enzymes have different biochemical functions,
that is, Hr is a dioxygen carrier, tyrosynyl radicals are gener-
ated in RNR, methane is hydroxylated in MMO, and D9D
catalyzes alkane dehydrogenation. Figure 1 shows an exam-


Abstract: Density functional calcula-
tions on a m-oxo-m-peroxodiiron com-
plex (1) with a tetrapodal ligand BPP
(BPP=N,N-bis(2-pyridylmethyl)-3-
aminopropionate) are presented that is
a biomimetic of the active site region
of ribonucleotide reductase (RNR).
We have studied all low-lying electron-
ic states and show that it has close-
lying broken-shell singlet and undecap-
let (S=0, 5) ground states with essen-
tially two sextet spin iron atoms. In
strongly distorted electronic systems in
which the two iron atoms have differ-
ent spin states, the peroxo group moves
considerably out of the plane of the m-
oxodiiron group due to orbital rear-
rangements. The calculated absorption


spectra of 1,111 are in good agreement
with experimental studies on biomi-
metics and RNR enzyme systems.
Moreover, vibrational shifts in the
spectrum due to 18O2 substitution of
the oxygen atoms in the peroxo group
follow similar trends as experimental
observations. To identify whether the
m-oxo-m-1,2-peroxodiiron or the m-oxo-
m-1,1-peroxodiiron complexes are able
to epoxidize substrates, we studied the
reactivity patterns versus propene.
Generally, the reactions are stepwise


via radical intermediates and proceed
by two-state reactivity patterns on
competing singlet and undecaplet spin
state surfaces. However, both the m-
oxo-m-1,2-peroxodiiron and m-oxo-m-
1,1-peroxodiiron complex are sluggish
oxidants with high epoxidation barriers.
The epoxidation barriers for the m-oxo-
m-1,1-peroxodiiron complex are signifi-
cantly lower than the ones for the m-
oxo-m-1,2-peroxodiiron complex but
still are too high to be considered for
catalytic properties. Thus, theory has
ruled out two possible peroxodiiron
catalysts as oxidants in RNR enzymes
and biomimetics and the quest to find
the actual oxidant in the enzyme mech-
anism continues.
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Figure 1. The active site region of mouse RNR from reference [6]. All
amino acids are labeled as in the PDB file.
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ple of a typical enzyme active site region of mouse RNR
with labels taken from the Protein Databank (PDB) file.[6]


Thus, the two iron atoms are held in position by interactions
with carboxylic acid groups of glutamate or aspartate resi-
dues as well as by two histidine side chains. There are two
bridging groups between the diiron moiety, namely an oxo
group and a carboxylic acid side chain of Glu170. In many
nonheme enzymes, iron atoms are held in position by inter-
actions with carboxylic acid groups or histidine groups, and
a motif with two-histidines and one-carboxylate group is
very common and appears, for instance, in the a-keto acid
dioxygenases, a large class of enzymes involved in the bio-
synthesis of antibiotics as well as DNA base repair.[7,8]


Thus, generally difficult oxidation reactions are catalyzed
by diiron enzymes and as a result there is a lot of interest in
generating synthetic analogues for the production of fine
chemicals. These synthetic analogues allow one to study the
active site region of these enzymes without perturbations of
the protein environment.[9,10] Synthetic biomimetic models
of MMO and RNR have been amply studied.[9] For instance,
the biomimetic complex [Fe2ACHTUNGTRENNUNG(6-HPA) ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(H2O)2]


4+ (6-
HPA=1,2-bis[2- ACHTUNGTRENNUNG{bis(2-pyridylmethyl)aminomethyl}-6-pyri-
dyl]ethane) reacts with alkenes to generate epoxides effi-
ciently.[11] More recent studies by Suzuki et al on peroxodi-
ACHTUNGTRENNUNGiron complexes with a bridging carboxylate ligand gave dif-
ferent reactivity patterns for a bridging Ph3CCOO� versus
Ph3COO� group.[12] In particular, the system with Ph3COO�


ligand gave regioselective phenyl hydroxylation, whereas
the one with Ph3CCOO� ligand exhibited reversible deoxy-
genation. Therefore, seemingly small perturbations to the
ligand system bound to the diiron core can influence the in-
herent and catalytic properties of the system. Crystal struc-
tures and spectroscopic properties of synthetic (m-hydroxo)-
ACHTUNGTRENNUNG(m-peroxo)diiron and (m-oxo)ACHTUNGTRENNUNG(m-peroxo)diiron complexes
with a tripodal ligand (6-Me2-BPP=N,N-bis(6-methyl-2-pyr-
idylmethyl)-3-aminopropionate) were studied and the
system shows spectroscopic properties and vibrational
16O2/


18O2 isotope shifts at par with carboxylate-bridged
diiron enzyme complexes as appear in RNR, D9D, and ferri-
tin.[13] In this work we will describe the electronic and cata-
lytic properties of (m-oxo) ACHTUNGTRENNUNG(m-peroxo)diiron-BPP2 complex
versus a typical substrate and make predictions of reactivi-
ties of analogous complexes in the RNR active site.


Extensive studies on diiron biomimetics have been per-
formed and crystal structures and spectroscopic parameters
of key intermediates after dioxygen activation deter-
mined.[14] Thus, spectroscopic studies revealed that an initial
m-hydroxodiiron(II) complex reacts with molecular oxygen
to form an end-on dioxygen-m-hydroxodiiron ACHTUNGTRENNUNG(II,III) com-
plex, which, via a proton-coupled electron transfer, is con-
verted into HOO ACHTUNGTRENNUNG(FeIII)(O) ACHTUNGTRENNUNG(FeIII)(OH).[15] The latter struc-
ture looses water to generate a m-oxo-m-1,2-peroxo complex.
Despite extensive studies on this and similar systems, it is
unknown which of these complexes is the actual active oxi-
dant in the catalysis of substrates. Recent studies on toluene
monoxygenase implicated that a peroxo-bridged diiron com-
plex could act as the active species of this enzyme.[16] How-


ever, these studies contradict work on mononuclear iron
complexes for which the hydroperoxoiron species was
shown to be a sluggish oxidant toward epoxidation especial-
ly in comparison to the oxoiron system.[17] Therefore, to
shed light onto the mechanism by which diiron complexes
react with substrates we present here density functional
theory studies on the propene epoxidation by a m-oxo-m-per-
oxodiiron complex and try to elucidate whether this com-
plex can act as the active oxidant of substrates.


Synthetic complexes with oxo-bridged diiron units have
been known for quite some time for systems with porphyrin
ligands.[18] Recently, it was shown that nonheme oxoiron(IV)
complexes exchange the oxygen atom with other nonheme
iron complexes rapidly, at a rate proportional to the oxidiz-
ing power of the oxoiron(IV) catalyst.[18d] Karlin et al[19]


studied oxo, hydroxo, and peroxo dimetal complexes using
iron, cobalt, and copper mixtures with one metal atom locat-
ed in a porphyrinate ligand, and the other in a tris(2-pyridyl-
methyl)amine ligand. Crystal structures of m-oxodiiron and
m-oxocopper iron complexes were measured.


The earliest density functional theory studies of a peroxo-
bridged diiron biomimetic were carried out by Brunold and
Solomon et al.[20] These studies addressed the spectroscopic
properties of a m-peroxodi-m-carboxylate diiron complex.
The ligands bound to the metal were abbreviated with am-
monia molecules, and the carboxylic acid residues with
formic acid. Only the maximum spin structure with S=5
was calculated, but the results in general were in good
agreement with experimental work. Further computational
studies of diiron enzyme models have been reported for fer-
ritin, MMO, and RNR.[21–23] Essentially, the active site struc-
tures of RNR and MMO are quite similar and the diiron
center is bound to five carboxylic acid groups of aspartate
or glutamate amino acids and two imidazole groups of histi-
dine residues. Furthermore, dependent on the oxidation
state of the system, the remaining ligand sites on the iron
atoms are occupied by water molecules, a m-oxo group, or a
hydroxo group. It was concluded that the O�O bond cleav-
age of dioxygen in MMO and RNR enzymes differs due to
a nearby tryptophan radical in RNR that facilitates a fast
electron transfer process and lowers the O�O bond-break-
ing barrier.[22d] A ferritin mimic containing a m-oxo-m-per-
ACHTUNGTRENNUNGoxo ACHTUNGTRENNUNGdiiron core was shown to be stable in a protein environ-
ment.[21] Detailed studies on the reaction mechanism of
methane hydroxylation by MMO were done by Yoshizawa
and Yumura.[24] Possible reaction pathways were investigat-
ed as well as detailed vibrational analysis of possible inter-
mediates in the reaction process.


In the past we extensively studied oxoiron heme and non-
heme complexes and their reactivity patterns with respect to
typical substrates.[25] It was shown that generally nonheme
oxoiron systems are stronger and more potent catalysts than
heme-type oxoiron complexes.[25b,26] To find out whether the
catalytic properties of diiron systems match ones of mono-
nuclear iron complexes or what their fundamental differen-
ces are we have performed DFT calculations on [Fe2-
ACHTUNGTRENNUNG(BPP)2(O)(O2)] with BPP=N,N-bis(2-pyridylmethyl)-3-ami-
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nopropionate), see Scheme 1. BPP is a tetradentate ligand
that binds to iron through its two pyridine nitrogen atoms,
the amino nitrogen atom, and one of the oxygen atoms of


the carboxylate group (atoms labeled with a star in
Scheme 1). Although many experimental biomimetic studies
have been performed on similar complexes, their electronic
and catalytic properties are still shrouded in many mysteries.
Moreover, understanding the mechanisms of substrate oxi-
dation by typical diiron complexes will explain the nature of
diiron enzymes. Therefore, to gain insight into the reaction
of diiron complexes with oxygen and the possible subse-
quent monoxygenation of a substrate, we present here re-


sults of the density functional theory study into the proper-
ties of [Fe2ACHTUNGTRENNUNG(BPP)2(O)(O2)] and its monoxygenation of a typ-
ical substrate (propene). We will compare the results with
those of previous studies of diiron enzyme models and
mono ACHTUNGTRENNUNGnuclear oxoiron catalysts.[22–25,27]


Results and Discussion


Electronic properties of [Fe2O3ACHTUNGTRENNUNG(BPP)2]: Diiron centers are
known to possess an extensive set of unpaired electrons on
both iron atoms.[20–24] Indeed, also the m-oxo-m-peroxodiiron
(BPP)2 complex (1) has many close-lying electronic states
with different possible orbital occupations. Figure 2 shows a
schematic representation of the highest lying occupied and
low-lying virtual orbitals of 1. The orbitals are dominated by
the 3d atomic orbitals on the two iron centers, which split
into a typical t2g–eg type of system with three low-lying p*
orbitals (p*xy, p*FeO, and p*FeOO) and two high-lying s* orbi-
tals (s*x2�y2 and s*z2) (Figure 2a). The p*xy orbital is essen-
tially a nonbonding orbital on the metal in the plane of the
Fe2O3 ring (the xy plane), while the p*FeO and p*FeOO orbi-
tals represent the interactions of the 3dxz,yz atomic orbitals
on iron with the 2px,y atomic orbitals on the oxo group and
the peroxo group, respectively. The two s* orbitals reflect
the antibonding interactions of the metal with the ligands in
the plane of the Fe2O3 ring (s*x2�y2) or perpendicular to this
plane (s*z2). Both metal centers have 3d5 occupation in all


Scheme 1. Chemical structure of the BPP ligand studied in this work. The
atoms labeled with a star bind to iron.


Figure 2. a) Metal 3d block molecular orbitals of 1 with coefficients on metal Fe2. There is a similar set of orbitals on Fe1 (not shown). b) Orbital occu-
pation of 111; orbitals on the left are on Fe2 and the ones on the right on Fe1. c) Local spin character on each metal atom for 11,7,5,3,11. d) Distorted p*FeOO


orbital as observed in 71.
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structures and hence the metals are in the oxidation state
FeIII in all spin states. To test the relative energies of the
possible spin-state structures we calculated 1 in the singlet,
triplet, quintet, septet, and undecaplet spin states. The unde-
caplet and open-shell singlet structures have the two metal
3d blocks completely singly occupied, and the five unpaired
electrons on each iron center are ferromagnetically or anti-
ferromagnetically coupled (Figure 2b). Thus, 111 and 11 es-
sentially can be seen as two neighboring sextet iron atoms:
6Fe1·6Fe2 (Figure 2c). By contrast, the septet spin state in
fact has a sextet spin orientation on Fe2 ferromagnetically
coupled to a doublet spin on Fe1 with orbital occupation
p*xy


2 p*FeO
2 p*FeOO


1. In the quintet spin state, there is also a
doublet spin on Fe1, but it is ferromagnetically coupled to a
quartet spin on Fe2 with p*xy


2 p*FeO
1 p*FeOO


1 s*z2
1 occupa-


tion. Finally, the triplet spin state structure represents the
ferromagnetically coupled system with a doublet spin on
each metal atom, whereby one center has p*xy


2 p*FeO
2


p*FeOO
1 occupation, whereas the other p*xy


2 p*FeO
1 p*FeOO


2


occupation so that the two radicals are on opposite sides of
the Fe2O3 ring.


We ran a full geometry optimization of the (m-oxo)(m-1,2-
peroxo) ACHTUNGTRENNUNG(BPP)2diiron complex (1) in the singlet, triplet, quin-
tet, septet, and undecaplet spin states. The open-shell singlet
state is the ground state and is 5.8 kcalmol�1 lower in
energy than the undecaplet spin state. The other spin-state
structures are considerably higher in energy: 71 is 17.3 kcal
mol�1 above 11, whereas the quintet and triplet spin states
are 30.0 and 40.1 kcalmol�1 higher, respectively. Therefore,
we will focus the remaining discussion on the broken spin
singlet and undecaplet spin states only; all other results can
be found in the Supporting Information. Since, 11 and 111
are close in energy, it is expected that 1 will react via two-
state reactivity (TSR) patterns on competing singlet and un-
decaplet spin-state surfaces. TSR has been shown to be very
dominant for heme-type oxoiron systems, such as the active
species of cytochrome P450 enzymes.[25a,28] The oxoiron spe-
cies of P450 has close-lying doublet and quartet spin states
with the same orbital occupation that are separated by less
than 1 kcalmol�1. However, the electron transfer mecha-
nisms and reaction mechanisms differ sometimes on the two
spin state surfaces so that for example, on one spin state sur-
face rearranged products are formed, whereas on the other
one only unrearranged products are observed.[29]


Optimized geometries of 11 and 111 are shown in Figure 3.
Owing to the same orbital occupation of these two spin
states their optimized geometries are very similar. Most
bond lengths in 1,111 are within 0.01 M, except the Fe1�O3
and Fe2�O5 distances that differ by 0.084 and 0.056 M, re-
spectively. As a result of that the Fe1-O4-O5-Fe2 dihedral
angle is closer to planarity in 11. Geometrically, the iron–
ligand distances show some fluctuations between the various
spin states due to differences in charge and spin populations
on the two iron centers. For instance, the p*FeO orbital on
Fe1 is singly occupied in 111, but doubly occupied in other
spin states; as a result a much longer Fe�O distance is ob-
tained in 111 than in 3,5,71. Furthermore, single occupation of


the two s* orbitals in 71 leads to enhanced distances be-
tween Fe2 and its ligands due to more antibonding character
into these bonds, whereas the corresponding bonds on Fe1
are much shorter. Therefore, the geometric features of the
different spin state structures follow the orbital occupation
of Figure 2.


The peroxo moiety is considerably displaced from the m-
oxodiiron plane in the septet and quintet spin states by
more than 458, whereas it is almost in the plane (by 5.78,
8.78, and 10.98, respectively) in the singlet, triplet, and unde-
caplet spin states. The large dihedral angle in the septet and
quintet spin states is the result of a doublet spin state on
one iron center with p*xy


2 p*FeO
2 p*FeOO


1 occupation, which
shortens one Fe�O bond. At the same time the Fe�OO
bond opposite in the Fe2O3 ring is weakened and the oxygen
atom of the peroxo group is displaced from the oxodiiron
plane. As a consequence, this changes the p*FeOO orbital on
the sextet spin iron center (Figure 2d) considerably and pro-
vides bonding overlap between the 2py atomic orbital on
oxygen with the 3dyz orbital on Fe1 rather than antibonding
character. Therefore, the ring will be close to planarity in
situations for which the two metal atoms are electronically
identical, that is, with similar orbital occupation on both
metal centers as is the case in 111, 11, and 31, that is, 111 and
11 contain two (anti)ferromagnetically coupled sextet iron
atoms, whereas in 31 two doublet spin iron atoms are cou-
pled (Figure 2c). Thus, double occupation of the p*FeO orbi-
tal on one center and single occupation on the other metal
center changes the spin and charge polarization in the
peroxo group, resulting in tilting of the peroxo group out of
the oxodiiron plane. Experimentally, also a small FeOOFe
dihedral angle of 14.58 is observed for a m-hydroxo-m-1,2-


Figure 3. Optimized UB3LYP/B1 geometries of 11,11 with iron–ligand dis-
tances (in M). Also shown are the relative energies (in kcalmol�1) with
respect to 111, the dihedral angle Fe1-O4-O5-Fe2 (in deg) and the inter-
ACHTUNGTRENNUNGatomic iron–iron distance.
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peroxodiiron complex,[13] which is close to the one we obtain
here for 1,111. Even though this dihedral angle shows consid-
erable differences between the various calculated structures,
the interatomic Fe�Fe distance is virtually the same in all
spin states (3.151–3.244 M). Generally, the optimized geome-
tries compare well with those from the crystal structure de-
termined by Suzuki et al.[13]


Vibrational spectra and isotopic replacement of the peroxo
group : It has been shown that peroxodiiron complexes have
a vibrational spectrum that undergoes some significant
changes when one (or both) of the atoms of the peroxo
group are replaced by a heavier isotope (Table 1).[2–5] Thus,
the O�O stretch vibrations are located at 870 cm�1 in RNR,
at 898 cm�1 in D9D, and at 851 cm�1 in ferritin, but replace-


ment of the 16O2 peroxo group with 18O2 lowers these stretch
vibrations by a value d=46–53 cm�1 (Table 1).[2,3,5a] Synthet-
ic biomimetic complexes with a m-peroxodiiron core give a
peroxo stretch vibration (nOO) and subsequent 18O2 isotopic
change (d) of the same order of magnitude as the enzymatic
systems.[12,13,15] The symmetrical (ns,OFeOO) and asymmetrical
(nas,OFeOO) stretch vibrations in the Fe-O-O-Fe groups of the
enzymes are typically located between 442–485 cm�1 and be-
tween 490–500 cm�1, respectively. These two vibrations also
show sensitivity to isotopic substitution, but by a much
smaller degree than the O�O stretch vibration, that is, both
vibrations drop by 12–22 cm�1 after replacement of the 16O2


peroxo group by 18O2.
We have calculated the vibrational frequencies of 11 and


111 and highlights of the results are shown in Figure 4 and
Table 1. Our calculated nOO of 856 and 848 cm�1 for 11 and
111, respectively, is in perfect agreement with the experimen-
tal value for [Fe2(6-Me2-BPP)2(O)(O2)] obtained by Suzuki
et al.[13] and shows a similar sensitivity to 18O2 substitution.
A comparable value for nOO was obtained in the septet spin
state, which implies that the O�O stretch vibration is not
sensitive to the Fe-O-O-Fe dihedral angle in the geometry.
The value also matches the O�O stretch vibration in other


synthetic m-peroxodiiron com-
plexes and ferritin closely
(Table 1).[3,12,13,15] The symmetri-
cal stretch vibration (ns,OFeOO) is
close to the one observed for
synthetic biomimetics and en-
zymes especially for 111, but the
effect of 18O substitution is here
much smaller. Finally, the asym-
metrical stretch vibration in 11
(nas,OFeOO) as calculated is close
to the one observed for enzy-
matic systems but considerably
lower lying than the one in typi-
cal peroxodiiron enzyme sys-
tems. On the other hand, the
nas,OFeOO value of 111 is close to
that for the synthetic model de-


veloped by Suzuki et al.[13] and quite different from enzy-
matic systems. It may be anticipated that these nas,OFeOO


values indicate that enzymatic systems are low-spin and bio-
mimetic complexes are high-spin but this needs to be tested
in further studies. The symmetrical (ns,FeOFe) and asymmetri-
cal (nas,FeOFe) stretch vibrations for the m-oxodiiron group are
located at 447 and 683 cm�1, respectively, for 11 and at 420
and 640 cm�1 for 111. The differences between 11 and 111 for
the symmetrical and asymmetrical oxoiron stretch vibrations
are due to the geometric differences of 11 and 111 (Figure 3).
Needless to say, only minor changes are observed in these
oxoiron vibrations after isotopic substitution of the peroxo
group with 18O2.


Catalytic properties of [Fe2O3ACHTUNGTRENNUNG(BPP)2]: Experimental studies
on RNR and MMO enzymes failed to elucidate the active
catalyst that performs the monoxygenation reaction.[30] Thus,
it has been anticipated that the peroxo-bridged diironACHTUNGTRENNUNG(III)
complex in MMO is able to perform alkene epoxidation,
whereas a m-dioxodiiron complex might hydroxylate alkanes.
To establish whether a (m-oxo)(m-1,2-peroxo)diiron complex
similar in structure to 1 is able to epoxidize C=C double
bonds, we have calculated the epoxidation mechanism of


Table 1. Selected vibrational frequencies (n) of peroxodiiron complexes and the change of the frequency (d)
after substitution of 16O2 by 18O2.


[a,b]


System nOO d ns,OFeOO d nas,OFeOO d Ref.


enzymes:
RNR 870 �46 458 �16 499 �22 [2]


D9D 898 �53 442 �17 490 �19 [5a]


ferritin 858 �51 485 �17 499 �12 [3]


synthetic models:
ACHTUNGTRENNUNG[Fe2(6-Me2-BPP)2(O)(O2)] 847 �33 465 �19 570 �28 [13]


ACHTUNGTRENNUNG[Fe2(6-Me3-TPA)2(O)(O2)]
2+ 848 �46 462 �21 531 �21 [15]


ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(LPh4) ACHTUNGTRENNUNG(Ph3CCOO)(O2)]
2+ 873 �50 480 �16 [12]


ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(LPh4) ACHTUNGTRENNUNG(PhCOO)(O2)]
2+ 840 �45 459 �20 [12]


calculations:
1Fe2ACHTUNGTRENNUNG(BPP)2(O)(O2) 856 �48 380 �15 492 �19 [c]


11Fe2 ACHTUNGTRENNUNG(BPP2)(O)(O2) 848 �48 434 �8 580 �19 [c]


[a] Vibrational frequencies (in cm�1) obtained at UB3LYP/LACVP. [b] d is frequency shift in cm�1 for 16O2-
peroxide replaced by 18O2 peroxide. [c] This work.


Figure 4. a) Vibrational spectrum of 1Fe2 ACHTUNGTRENNUNG(BPP)2(O)(O2) in the range of
200–900 cm�1. Highlighted are critical vibrations for the Fe2O3 core.
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propene by 1. As shown in Figure 3 the broken spin singlet
spin state is the ground state with the undecaplet spin state
a few kcalmol�1 higher. These two spin states are well sepa-
rated from the other spin states. Detailed geometry scans
starting from 1,111 for the C�O bond formation reaction be-
tween the peroxo group and the approaching propene mole-
cule led to a high-energy epoxidation pathway (with barriers
in excess of 35 kcalmol�1) (Figure 5). During these scans the


Fe2O3 ring stayed virtually intact right up until the C�O
bond formation, whereby a radical on the substrate moiety
was created. We then removed the geometric constraints
and did a full optimization of the epoxide radical intermedi-
ate (3), whereby the terminal oxygen atom of the peroxide
moiety forms a bond with propene and a radical center is
created on the substrate. Thus, a backward geometry scan
starting from the epoxide intermediate (113) in the direction
of 1, showed that much lower barriers are encountered but
led to a side-on peroxodiiron complex or (m-oxo)(m-1,1-
peroxo) [Fe2O3ACHTUNGTRENNUNG(BPP)2] complex (112) rather than 111. Thus,
the exploratory geometry scans implicated that the (m-
oxo)(m-1,2-peroxo)diiron complex (1) first is converted into
a (m-oxo)(m-1,1-peroxo) diiron complex (2) that is able to
react with substrates with much lower reaction barriers than
a direct epoxidation by 1. Therefore, we started the work
with studies of the ring-opening of the Fe2O3 cluster in the
singlet, septet, and undecaplet spin states to form com-
plex 1,7,112.


Detailed geometry scans for the conversion of 1 into 2 are
shown in Figure 6. Thus the conversion of 111 (11) into 112
(12) encounters a barrier of 7.9 (8.8) kcalmol�1 and is endo-
thermic by 5.7 (2.9) kcalmol�1. Indeed, this barrier is signifi-
cantly lower than that for the direct epoxidation mechanism,
as shown in Figure 5. Therefore, it may very well be that an
internal reorganization, that is, conversion of 1 into 2 pre-
cedes the catalytic mechanism.


Subsequently, we calculated the epoxidation of propene
by 11,7,5,3,12, and the potential energy surface obtained is


shown in Figure 7, including optimized geometries of the
radical intermediate (1,113) and epoxide product complexes
(1,114). Optimized geometries of all structures are given in
the Supporting Information. Thus, the reactions occur in
stepwise fashion via an initial C�O bond formation transi-
tion state (TS1), which leads to a radical intermediate (3)
that via a ring-closure transition state (TS2) gives epoxide
products and a di-m-oxodiiron complex (4). All energies re-
ported are DE+ZPE values with energies obtained with B2
and ZPE corrections with B1 basis sets and calculated rela-
tive to 111. The mechanism is similar to ones calculated for
mononuclear heme and nonheme catalysts.[25–27] Note that
the ring-closure barriers (TS2) are of the same order of
magnitude as the C�O bond formation barriers (TS1) on all
four spin states, which implies that the reaction will be of
second order kinetics with a relatively long-lived radical in-
termediate (3). During the lifetime of this intermediate rear-
rangement may occur leading to cis–trans scrambling of ep-
oxides as shown before for the epoxidation of ethene and
styrene by P450 model complexes.[31] Although the exother-
micity of the overall reaction is large (36.4 kcalmol�1 for the
undecaplet spin state), the reaction encounters a large C�O
bond formation barrier. The lowest barrier is via 1TS1 with
the barrier via 11TS1 some 2.5 kcalmol�1 higher. Thus, the m-
oxo-peroxodiiron complex reacts via two-state reactivity on
competing singlet and undecaplet spin state surfaces. How-
ever, the absolute barriers are significant, with 1TS1 being
29.4 kcalmol�1 above 111. These barriers are too high to be
considered as a realistic oxidant of epoxidation reactions.
The barriers passing 7TS1, 5TS1, and 3TS1 are higher in
energy than 11TS1 by 11.8, 27.1, and 25.6 kcalmol�1. Thus,
with rate-determining epoxidation barriers of the order of
30 kcalmol�1 or more, it is not expected that the m-oxo-m-
peroxo (BPP)2 diiron complex will be an efficient catalyst of
epoxidation reactions. In particular, with the same methods
and basis sets the epoxidation of propene by a cytochrome
P450 mimic gave barriers of 12.3 kcalmol�1, whereas a non-
heme mimic of taurine/a-ketoglutarate dioxygenase gave a
barrier of 4.8 kcalmol�1.[25b,32] Therefore, the (m-oxo)(m-1,1-


Figure 5. a) Forward and backward geometry scans for the C�O activa-
tion reaction. Each point corresponds to a full geometry optimization
with one degree of freedom (the C�O distance) fixed. All energies are in
kcalmol�1 relative to 111 and are obtained at UB3LYP/B1 in Jaguar. The
forward scan started from 11,11, while the backward scan started from 112.
b) Reaction mechanisms of propene epoxidation via a direct pathway or
via the m-oxo-m-1,1,-peroxodiiron intermediate (2).


Figure 6. Geometry scan for the conversion of the m-oxo-m-1,2-peroxo
(11,7,11) into the m-oxo-m-1,1-peroxo (2) complex. Each point corresponds
to a full geometry optimization with one degree of freedom (the Fe�O
distance) fixed. All energies are in kcalmol�1 relative to 111 and are ob-
tained at the UB3LYP/B1 level of theory in Jaguar.
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peroxo) and (m-oxo)(m-1,2-peroxo)diiron complexes are
sluggish oxidants that are unable to react with substrates.


As such, another intermediate in the catalytic cycle of
RNR and related biomimetics is responsible for substrate
hydroxylation and/or epoxidation. Nevertheless, the com-
plete reaction mechanism leading to epoxide products is still
exothermic by a large amount, so that there should be a
mechanism with lower barriers for this diiron system. The
catalytic cycle of this biomimetic contains many intermedi-
ates that could be alternative oxidants in this process. More-
over, it may very well be that the peroxodiiron species ab-
stracts a proton from its surrounding to create the active ox-
idant. Therefore, many possible oxidants in this catalytic
mechanism remain and the search to identify this elusive ox-
idant continues. Work is in progress in our group to estab-
lish the active oxidant in this reaction.


Thus, our calculations show that neither the m-oxo-m-1,2-
peroxodiiron complex nor the m-oxo-m-1,1-peroxodiiron
complex is likely to act as the active oxidant in hydroxyl-
ation or epoxidation reactions of substrates. As a conse-
quence of this, it is also unlikely that precursors of the m-
oxo-m-1,2-peroxodiiron complex in the catalytic cycle of this
system are active oxidants as that would prevent the occur-
rence of the m-oxo-m-peroxodiiron complex. Therefore, it
seems more likely that the m-oxo-m-1,2-peroxodiiron com-


plex is an intermediate en route to the formation of the
active oxidant of RNR and biomimetics rather than the
actual catalyst itself. Thus, it may very well be that the
active oxidant is so reactive that it cannot be stabilized and
detected and that the m-oxo-m-1,2-peroxodiiron complex is
the last intermediate in the catalytic cycle which is inactive
and can be stabilized long enough to be detected and char-
acterized. This is, for instance, the case in the cytochromes
P450 for which the active oxidant is elusive and has never
been detected experimentally. However, indirect evidence
of the nature of the active oxidant was obtained through ki-
netic isotope effect studies and product distributions that
implicated the oxoiron species as the active oxidant in P450
catalysis, although controversies regarding possible alterna-
tive oxidants remain.[25a,33]


Conclusion


DFT calculations on a synthetic diiron model mimicking the
active site of diiron enzymes such as RNR, ferritin, and D9D
have been performed. The calculations predict electronic,
spectroscopic and structural features of the m-oxo-m-peroxo-
diiron complex. Thus, vibrational spectra are in excellent
agreement with experiment and the replacement of 16O2 by


Figure 7. Potential energy landscape for the epoxidation of propene by 11,7,5,3,12. All energies are in kcalmol�1 relative to 111 and have been taken from
the DE+ZPE values with energies at the UB3LYP/B2 level of theory and ZPE corrections at the UB3LYP/B1 level of theory.
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18O2 in the peroxo moiety gives a spectroscopic downshift of
the peroxo O�O stretch vibration with �48 cm�1 when both
oxygen atoms are substituted by 18O atoms. Subsequent, re-
activity studies of the m-oxo-m-1,2-peroxo species revealed
that it is a sluggish oxidant with high epoxidation barriers
with respect to propene. We then investigated an alternative
mechanism in which the m-oxo-m-1,2-peroxo is converted
into a m-oxo-m-1,1-peroxo species. This structural rearrange-
ment is a low-energy pathway that is slightly endothermic.
The epoxidation reaction from the m-oxo-m-1,1-peroxo spe-
cies gave substantially lower epoxidation barriers than the
pathway from the m-oxo-m-1,2-peroxo intermediate but the
barriers are still considerably higher than those obtained for
mononuclear heme and nonheme oxoiron catalysts. There-
fore, the m-oxo-m-peroxodiiron intermediate in biomimetics
and enzymatic systems cannot be regarded as an active oxi-
dant of epoxidation reactions. Research continues to search
for the catalytic active species in RNR enzymes.


Experimental Section


As before[25, 26] all calculations employ the unrestricted hybrid density
functional method UB3LYP,[34] since this method has been shown to pro-
duce rate constants and kinetic isotope effects at par with experimental
data.[29,35] We used (m-oxo) ACHTUNGTRENNUNG(m-peroxo)ACHTUNGTRENNUNG(BPP)2diiron (Fe2C30H32N6O7) as
catalyst, and propene as substrate. Full geometry optimizations (without
constraints) were performed in Jaguar, but since Jaguar does not have
the possibility to calculate frequencies analytically these were done with
Gaussian-03.[36,37] Previous work of ours has shown that a numerical fre-
quency in Jaguar gives energetics and frequencies similar to an analytical
frequency in Gaussian.[37] All transition states reported here had one
imaginary frequency for the correct mode, while all reactants, products,
and intermediates had real frequencies only. Initially we used a double-z
type LACVP basis set on iron (that contains a core potential) and a 6-
31G basis set on the rest of the atoms: basis set B1.[38] Subsequent single-
point calculations on the optimized geometries using the triple-z type
LACV3P+ basis set on iron and 6-311+G* on all other atoms were per-
formed in Jaguar: basis set B2. All energies reported in this work were
taken from the UB3LYP/B2 energies with zero-point corrections at the
UB3LYP/B1 level of theory. As is the case in most transition-metal com-
plexes,[39] the reactants appear in close-lying spin states; therefore, we cal-
culated the complete reaction pathway on the singlet, triplet, quintet,
septet, and undecaplet spin states, which are identified with a superscript
1, 3, 5, 7, and 11 next to the label of the structure. In this work we fo-
cused on the lowest lying two spin states, namely the maximum spin state
and its antiferromagnetic counterpart with an overall spin of S=0. All
data on the remaining spin states can be found in the Supporting Infor-
mation. We ran extensive geometry scans between reactants, intermedi-
ates, and product complexes. These calculations were performed with
Jaguar and correspond to a full geometry optimization with one degree
of freedom fixed, that is, the reaction coordinate. These calculations were
used to confirm the reaction mechanisms between the various local
minima and to create starting points for the transition-state optimiza-
tions.
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Polyhedral Structures with Three-, Four-, and Five Fold Symmetry in Metal-
Centered Ten-Vertex Germanium Clusters


R. Bruce King,*[a] Ioan Silaghi-Dumitrescu,[b] and Matei-Maria Uţă[b]


Introduction


Ten-vertex Zintl cluster ions are of interest because of their
ability to accommodate interstitial transition metal and
post-transition metal atoms.[1,2] However, the centered ten-
vertex polyhedra in such Zintl cluster ions are known to
have different shapes depending on the central metal atom


and the skeletal electron count. Thus for the ions M@In10
10�


(M=Ni, Pd, Pt) found in the intermetallics K10In10M the
In10 polyhedron is a C3v tetracapped trigonal prism
(Figure 1).[3] However, for the isoelectronic ion Zn@In10


8�


found in the intermetallic K8In10Zn the In10 polyhedron is a
D4d bicapped square antiprism (Figure 1).[4] Furthermore the
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. The optimized
structures of M@Ge10


z can be found in Table S1 with their energies
and geometries.


Figure 1. Ten-vertex polyhedra exhibiting three-, four-, and five-fold sym-
metry found in centered bare post-transition metal clusters. For clarity
the caps are depicted in green and the underlying polyhedra in black.


Abstract: Studies using density func-
tional theory (DFT) at the hybrid
B3LYP level indicate that the relative
energies of structures with three-fold,
four-fold, and five-fold symmetry for
centered 10-vertex bare germanium
clusters of the general type M@Ge10


z


depend on the central metal atom M
and the skeletal electron count. For
M@Ge10 clusters with 20 skeletal elec-
trons the DFT results agree with exper-
imental data on the isoelectronic cen-
tered 10-vertex bare metal clusters.
Thus the lowest energy structure for
Ni@Ge10, isoelectronic with the known
Ni@In10


10�, is a C3v polyhedron derived
from the tetracapped trigonal prism.
However, Zn@Ge10


2+ is isoelectronic
with the known cluster Zn@In10


8�,
which has the lowest energy structure,


a D4d bicapped square antiprism. For
the clusters Ni@Ge10


2�, Cu@Ge10
�, and


Zn@Ge10 that have 22 skeletal elec-
trons the lowest energy structures are
the D4d bicapped square antiprism pre-
dicted by the Wade–Mingos rules. For
the clusters Ni@Ge10


4�, Cu@Ge10
3�,


and Zn@Ge10
2� that have 24 skeletal


electrons the lowest energy structures
are C3v polyhedra with 10 triangular
faces and 3 quadrilateral faces derived
from a tetracapped trigonal prism by
extreme lengthening of the edges of
the capped triangular face of the un-


derlying trigonal prism. For the clusters
Cu@Ge10


5� and Zn@Ge10
4� that have


26 skeletal electrons the lowest energy
structures are the D5d pentagonal anti-
prisms predicted by the Wade–Mingos
rules and the C3v tetracapped trigonal
prism as a somewhat higher energy
structure. However, for the isoelectron-
ic Ni@Ge10


6� the relative energies of
these two structure types are reversed
so that the C3v tetracapped trigonal
prism becomes the global minimum.
The effects of electron count on the ge-
ometries of the D5d pentagonal prism
and D4d bicapped square antiprism cen-
tered metal cluster structures are con-
sistent with the bonding/antibonding
characteristics of the corresponding
HOMO and LUMO frontier molecular
orbitals.


Keywords: cluster compounds ·
copper · endohedral clusters ·
germanium · nickel · Wade–Mingos
rules · zinc
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Bi10 polyhedron in the 26 skeletal electron Pd@Bi10
4+ found


in Bi14PdBr16 (= [Pd@Bi10]ACHTUNGTRENNUNG[BiBr4]4)
[5] is different from either


of these polyhedra, but instead is a D5d pentagonal antiprism
(Figure 1). Thus polyhedra of three-, four-, and five-fold
symmetry are found in metal-centered ten-vertex post-tran-
sition metal clusters.
The objective of the research is to study the effects of in-


terstitial atoms and electron count on cluster geometry
using density functional theory (DFT) methods. Germanium
clusters with interstitial Ni, Cu, and Zn atoms were chosen
as tractable systems with minimum charges, but having verti-
ces isolobal to the Group 13 to 15 metal atom vertices
found in the known ten-atom inorganic clusters with intersti-
tial atoms. The range of charges on M@Ge10


z chosen for this
work spans the 20 skeletal electrons found in the known de-
rivatives[3,4] Ni@In10


10� and Zn@In10
8� to the 26 skeletal elec-


trons required for an arachno ten-vertex cluster (26=2n+6
for n=10) such as the known[5] Pd@Bi10


4+ . Note that in
counting the skeletal electrons in these systems the filled d10


shell of the interstitial atom is formally considered to be un-
available for skeletal bonding so that interstitial Ni, Cu, and
Zn atoms contribute 0, 1, and 2 skeletal electrons, respec-
tively. The choice of germanium as the vertex atom for this
study of the centered ten-vertex clusters minimizes the max-
imum charge required for the range of skeletal electrons of
interest thereby facilitating the calculations. Although no
ten-vertex germanium clusters are known experimentally,
the related ten-vertex clusters Pb10


2� (ref. [6]) and Ni@Pb10
(ref. [7]) are known and contain the heavier Group 14 ele-
ment lead.
Isoelectronic and isolobal relationships provide analogies


of our DFT results on M@Ge10
z clusters (M=Ni, Cu, Zn) to


experimentally known related metal centered clusters with
group 13 vertices (indium) or group 15 vertices (bismuth).


Computational Methods


Geometry optimizations were carried out at the hybrid DFT B3LYP
level[8, 9,10, 11] with the 6-31G(d) (valence) double zeta quality basis func-
tions extended by adding one set of polarization (d) functions. The Gaus-
sian 98 package of programs[12] was used in which the fine grid (75,302) is
the default for numerically evaluating the integrals and the tight (10�8)
Hartree stands as default for the self-consistent field convergence. Com-
putations were carried out using four initial geometries including ten-
vertex polyhedra with three-fold, four-fold, and five-fold symmetry
(Figure 2). The symmetries were maintained during the geometry optimi-
zation processes. In addition, symmetry breaking by using modes defined
by imaginary vibrational frequencies was used to determine optimized
structures with minimum energies. Vibrational analyses show that all of
the final optimized structures discussed in this paper are genuine minima
at the B3LYP/6-31G(d) level without any significant imaginary frequen-
cies (Nimag=0). In a few cases the calculations ended with acceptable
small imaginary frequencies[13] and these values are indicated in the cor-
responding figures.


The optimized structures found for the M@Ge10
z clusters are labeled by


the number of skeletal electrons, the order of the principal rotation axis,
and the central metal atom with significant distortions from ideal symme-
try indicated by D, for example 24-4D(Cu). Thus the C3v isomer of neu-
tral Ni@Ge10 is labeled 20–3(Ni). Additional details of all of the opti-


mized structures, including all interatomic distances and the initial geo-
metries leading to a given optimized structure, are provided in the Sup-
porting Information. In assigning polyhedra to the optimized structures,
the Ge�Ge distances less than �3.2 K were normally considered as poly-
hedral edges; significant exceptions are discussed in the text.


Metal–cluster molecular orbital interaction diagrams have been drawn
with the aid of the ADF-2007.01 package of programs.[14]


Results


Structures with 20 skeletal electrons : The structures that
have 20 skeletal electrons are of particular interest because
the isoelectronic Ni@In10


10� and Zn@In10
8� are found experi-


mentally to have different structures, namely the C3v tetra-
capped trigonal prism[3] for Ni@In10


10� and the D4d bicapped
square antiprism[4] for Zn@In10


8�. Our calculations on the
isoelectronic Ni@Ge10 and Zn@Ge10


2+ are consistent with
this experimental observation (Figure 3). For all three inter-


stitial metals the C3v and D4d isomers (20–3 and 20–4, re-
spectively) are seen to be very close to each other in energy
with a maximum of 4.6 kcalmol�1 difference for the nickel
derivatives. Furthermore, the D4d isomer is increasingly fa-
vored in going from Ni to Zn so that for Ni@Ge10 and


Figure 2. The starting structures used for the M@Ge10 optimizations.


Figure 3. The three types of optimized structures for the 20 skeletal elec-
tron systems Ni@Ge10, Cu@Ge10


+ , and Zn@Ge10
2+ with the relative ener-


gies indicated in kcalmol�1.
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Cu@Ge10
+ the C3v isomers are the global minima whereas


for Zn@Ge10
2+ the relative energies are interchanged so


that the D4d isomer is the global minimum. A D5h pentago-
nal prismatic isomer 20–5(Cu) is also found for Cu@Ge10


+


at 22.7 kcalmol�1 above the global minimum 20–3(Cu)
(Figure 3). No D5h or D5d isomer was found for the Ni deriv-
ative Ni@Ge10.


Structures with 22 skeletal electrons : The D4d bicapped
square antiprismatic structure dominates for the M@Ge10
derivatives with 22 skeletal electrons (Figure 4). This is con-


sistent with the Wade–Mingos rules[15,16,17, 18] predicting this
most spherical deltahedron for a closo 22 skeletal electron
system as exemplified by the well-known B10H10


2� in borane
chemistry.[19] In addition the bicapped square antiprismatic
cluster structure is found for the closely related lead cluster
Ni@Pb10


2�, which has been isolated and characterized by X-
ray diffraction.[7] Attempted optimization from a D5h pen-
tagonal antiprism starting point (Figure 2) for these systems
with 22 skeletal electrons leads to distorted pentagonal pris-
matic rather than antiprismatic stationary states for
Cu@Ge10


� and Zn@Ge10 at 12.7 and 22.7 kcalmol�1, respec-
tively, above the 22–4 D4d global minima, apparently by ro-
tation of one pentagonal face relative to the other one in
the original antiprism. However, a true D5d pentagonal anti-
prismatic stationary state is obtained for Ni@Ge10


2�, but at
the relatively high energy of 38.0 kcalmol�1 above the 22–4
global minimum (Figure 4). In addition, C3v tetracapped
trigonal prism stationary states are found for all three deriv-
atives, but at 14 to 28 kcalmol�1 above the global minima
(Figure 4).


Structures with 24 skeletal electrons : The Wade–Mingos
rules[15,16,17, 18] predict a polyhedron with one non-triangular
face for a ten-vertex polyhedral cluster with a 24 skeletal
electron count. For example, the nido borane B10H14 has a
polyhedral structure with one large hexagonal face.[20] How-
ever, the lowest energy structure for all three of the 24 skel-
etal electron systems Ni@Ge10


4�, Cu@Ge10
3�, and


Zn@Ge10
2� is a C3v polyhedron with three quadrilateral


faces (Figure 5) in contradiction to the Wade–Mingos
rules.[15, 16,17, 18]


No other structures were found for Ni@Ge10
4�. For the


copper derivative Cu@Ge10
3� optimization of the D4d bicap-


ped square antiprism led to a highly distorted structure
24–4 D(Cu) at 6.9 kcalmol�1 above the global minimum
24–3(Cu) (Figure 5). For the isoelectronic zinc derivative
Zn@Ge10


2� an analogous optimization from the D4d bicap-
ped square antiprism retained the general shape, but result-
ed in significant elongation to give structure 24–4(Zn) at
5.1 kcalmol�1 above the global minimum 24–3(Zn).
Still higher energy structures are found for Cu@Ge10


3�


and Zn@Ge10
2� starting with the D5d pentagonal antiprism


(Figure 5). For the copper derivative the five-fold symmetry
is retained to give structure 24–5(Cu) at 26.9 kcalmol�1


above the global minimum 24–3(Cu). However, an analo-
gous optimization of the zinc derivative leads to considera-
ble distortion of the pentagonal antiprism to give the “Lean-
ing Tower of Pisa” distorted pentagonal prismatic structure
24–5 D(Zn) at 12.0 kcalmol�1 above the global minimum
24–3(Zn).


Structures with 26 skeletal electrons : The Wade–Mingos
rules[15,16,17, 18] suggest an arachno structure with two open
(non-triangular) faces for a 10-vertex cluster and 2n+6 skel-
etal electrons. The most obvious possibility is the pentagonal
antiprism found experimentally[5] in the 26 skeletal electron
system Pd@Bi10


4+ in [Pd@Bi10]ACHTUNGTRENNUNG[BiCl4]4. The global minima
for the isoelectronic Cu@Ge10


5� and Zn@Ge10
4� are also the


D5d pentagonal antiprisms 26–5(Cu) and 26–5(Zn). Howev-
er, for the isoelectronic Ni@Ge10


6�, which would be a more
direct analogue of the known Pd@Bi10


4+ , the analogous pen-
tagonal antiprismatic structure 26–5(Ni) lies 17.6 kcalmol�1


above the global minimum 26–3(Ni).
The global minimum for Ni@Ge10


6� is a C3v structure
26–3(Ni), which has similar topology to the C3v structure of
the 20 skeletal electron Ni@Ge10, but elongated significantly
(Figure 6). The analogous C3v structure for the isoelectronic


Figure 4. The optimized structures for the 22 skeletal electron systems
Ni@Ge10


2�, Cu@Ge10
�, and Zn@Ge10 with the relative energies indicated


in kcalmol�1.


Figure 5. The optimized structures for the 24-skeletal electron systems
Ni@Ge10


4�, Cu@Ge10
3�, and Zn@Ge10


2� with the relative energies indicat-
ed in kcalmol�1.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4542 – 45504544


R. B. King et al.



www.chemeurj.org





Cu@Ge10
5� isomer, namely 26–3(Cu), lies only 1.0 kcalmol�1


above the pentagonal antiprismatic global minimum
26–5(Cu). However, the corresponding Zn@Ge10


4� isomer
26–3(Zn) lies 16.6 kcalmol�1 above the D5d global minimum
26–1(Zn). In addition, an even higher energy distorted
Zn@Ge10


4� isomer 26–2(Zn) at 18.3 kcalmol�1 above 26–
2(Zn) is found starting from the D4d bicapped square
ACHTUNGTRENNUNGantiprism.


Discussion


Pentagonal antiprismatic structures—structures with a C5


axis : The pentagonal antiprismatic structure of fivefold sym-
metry (D5d) predicted by the Wade–Mingos rules[15,16,17,18]


for ten-vertex systems with 26 skeletal electrons is found ex-
perimentally[5] in Pd@Bi10


4+ and is predicted here by DFT
for the isoelectronic systems Ni@Ge10


6�, Cu@Ge10
5�, and


Zn@Ge10
4�. In our previous DFT studies[21] a similar pentag-


onal antiprismatic structure was also found for the empty
cluster Ge10


6� with 26 skeletal electrons. For other skeletal
electron counts an undistorted pentagonal antiprismatic
structure is found only for Ni@Ge10


2� with 22 skeletal elec-
trons. Attempts to optimize pentagonal antiprismatic struc-
tures for the isoelectronic Cu@Ge10


� and Zn@Ge10, also
with 22 skeletal electrons, led to rotation of one pentagonal
face relative to the other to give pentagonal prismatic struc-
tures (Figure 4).
A pentagonal antiprism of D5d symmetry has two different


edge lengths, namely the lengths of the ten equivalent sides
of the two pentagonal faces (the “horizontal” edge length,
h) and those of the ten edges connecting a vertex of one
pentagonal face with the other pentagonal face (the “verti-
cal” edge length, v). The ratio v/h between these two edge
lengths can be used to characterize the amount of elonga-
tion of the pentagonal antiprism. High v/h ratios correspond
to elongated (prolate) structures and relatively low v/h
ratios indicate compressed (oblate) structures.
Table 1 summarizes the v/h ratios and related geometric


parameters for various computed pentagonal antiprismatic
structures as well as the experimental structure[5] for
Pd@Bi10


4+ . For all of the systems with 26 skeletal electrons
studied the v/h ratio falls in the narrow range from 0.93 for


Ni@Ge10
6� to the experimental value[5] of 1.00 for Pd@Bi10


4+ .
The presence of the interstitial metal atom is seen to have
relatively little effect on the shape on the pentagonal anti-
prism since the v/h ratio of 0.97 for the empty Ge10


6� pen-
tagonal antiprism falls in the middle of this range. For the
single system with 22 skeletal electrons with pentagonal an-
tiprism geometry found in this work, namely Ni@Ge10


2�, a
significantly higher v/h ratio of 1.12 was found (Table 1) in-
dicating significant elongation of the pentagonal antiprism
upon removal of four skeletal electrons from Ni@Ge10


6�.
The geometries of the D5d pentagonal antiprismatic


M@Ge10 clusters can be rationalized by consideration of the
frontier molecular orbitals. In this connection both the
HOMO and LUMO of Ni@Ge10


2� with 22 skeletal electrons
are doubly degenerate, namely e2g and e1g, respectively
(Figure 7). This implies that similar D5d pentagonal anti-


prism centered 10-vertex metal clusters with either 20 or 24
skeletal electrons will have open shells, namely a half-filled
HOMO or a half-filled LUMO, respectively, and thus
should either be triplets or undergo Jahn–Teller distortion
from ideal D5d symmetry.
Consider also the four-electron reduction of the D5d pen-


tagonal antiprismatic Ni@Ge10
2� to Ni@Ge10


6� thereby in-
creasing the number of skeletal electrons from 22 to 26. The
extra four electrons fill both orbitals of the e1g LUMO pair,
which is bonding between the two pentagonal faces of the
antiprism in the direction of the C5 axis (Figure 7). There-


Figure 6. The optimized structures for the 26 skeletal electron systems
Ni@Ge10


6�, Cu@Ge10
5�, and Zn@Ge10


4� with the relative energies indicat-
ed in kcalmol�1.


Table 1. Dimensions of pentagonal antiprismatic metal clusters [K].


Cluster v h v/h M@E10 distance


26 skeletal electrons
Ge10


6� (empty) 2.67 2.74 0.97 –
Ni@Ge10


6� 2.64 2.84 0.93 2.65
Cu@Ge10


5� 2.66 2.81 0.95 2.64
Zn@Ge10


4� 2.68 2.79 0.96 2.63
Pd@Bi10


4+ (exptl)[a] 3.15 3.16 1.00 3.00
22 skeletal electrons
Ni@Ge10


2� 2.83 2.53 1.12 2.49


[a] Ref. [5]


Figure 7. The frontier orbitals of the pentagonal antiprism cluster
Ni@Ge10


2� with 22 skeletal electrons. Both the HOMO and LUMO de-
picted in this figures are one representative of a pair of degenerate e2g
and e1g orbitals, respectively.
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fore, four-electron reduction of pentagonal antiprismatic
Ni@Ge10


2� to Ni@Ge10
6� should result in compression of the


antiprism to a more oblate structure. This is consistent with
the decrease of the v/h ratio from 1.12 in Ni@Ge10


�2 to 0.93
in Ni@Ge10


6� (Table 1).


Bicapped square antiprismatic structures—structures with a
C4 axis : The bicapped square antiprism structure with four-
fold symmetry (D4d) is found experimentally[4] in the 20 skel-
etal electron centered cluster Zn@In10


8� as well as in a
number of 22 skeletal electron structures including B10H10


2�


and its numerous substitution products and the phosphorus-
centered metal carbonyl cluster[22] P@Co10(CO)22


3�. Our
DFT calculations find the bicapped square antiprism to be
the global minima for the 22 skeletal electron systems
Ni@Ge10


2�, Cu@Ge10
�, and Zn@Ge10 in accord with the


Wade–Mingos rules.[15,16, 17,18] In addition, bicapped square
antiprismatic structures are found for the 20 skeletal elec-
tron systems Ni@Ge10, Cu@Ge10


+ , and Zn@Ge10
2+ , albeit


not as global minima. A distorted bicapped square antipris-
matic structure is also found for the 24-skeletal electron
Zn@Ge10


2+ .
A bicapped square antiprism of D4d symmetry has the fol-


lowing three different edge lengths (Table 1):


1) The lengths of the eight equivalent sides of the two
square faces of the underlying square antiprism (the
“horizontal” edge length, h).


2) The lengths of the eight edges connected a vertex of one
square face of the underlying square antiprism with the
other square face (the “vertical” edge length, v).


3) The eight equivalent edges connecting vertices of the
square faces of the underlying square antiprism with one
of the two caps (the “capping” edge length, c).


As is the case with the pentagonal antiprism discussed
above, the elongation of the bicapped square antiprism can
be measured by the v/h ratio as given in Table 1. Also the
antipodal distance between the two caps of the bicapped
square antiprism (a) is a good measure of the elongation or
compression. However, this distance, as it is obviously not a
bonding distance, is not easy to extract from published struc-
tural data. Also note that the designations here of h, v, c,
and a for the horizontal, vertical, and capping edge lengths
and the antipodal distances, respectively, correspond to the
distances designated as h, d, c, and v in a previous paper.[21]


This change was made for consistency with the pentagonal
antiprismatic structures discussed above.
Consider first the bicapped square antiprismatic structures


with 22 skeletal electrons since they are the global minima
for both the empty and metal-centered structures in accord
with the Wade–Mingos rules.[15, 16,17,18] The shape of the bi-
capped square antiprism is seen to change very little upon
incorporation of a metal atom in the center as indicated by
the very small change in the v/h ratio from 0.90 in the
empty Ge10


2� cluster to 0.88 in the filled M@Ge10 clusters
(Table 2). Furthermore, the antipodal distance a=5.33 K in


the empty Ge10
2� cluster is within the 5.29–5.41 K range


found in the filled M@Ge10 clusters. However, the size of
the Ge10 cluster is seen to expand when a metal atom is
placed as indicated by expansions of the v distances from
2.54 K to 2.66–2.73 K, the h distances from 2.82 K to 3.03–
3.09 K, and the c distances from 2.59 K to 2.67–2.73 K upon
going from the empty cluster to the filled M@Ge10 clusters.
In the bicapped square antiprismatic M@Ge10 clusters with
22 skeletal electrons the distances from the central metal
atom M to the two capping Ge vertices fall in the range
2.65–2.70 K, which is approximately 0.27 K longer than the
distances in the range 2.38–2.43 K from M to the remaining
eight Ge vertices, namely those of the underlying square an-
tiprism (Table 2). This suggests stronger bonding of the cen-
tral metal atom to the vertices of the underlying square anti-
prism than to the remaining two capping vertices. This is
consistent with the fact that from the sp3d5 manifold of the
central metal atom a set of eight sp3d4 orbitals can be gener-
ated pointing to the vertices of a square antiprism. The
metal d orbital not used for the square antiprismatic hybrid
orbitals is the dz2 orbital, which is suitably situated to form
longer three-center bonds with the two antipodal vertex
atoms.
The complete set of three centered bicapped square anti-


prismatic M@Ge10 derivatives with 20 skeletal electrons is
also found in this work, although not as global minima. The
deltahedra in the derivatives with 20 skeletal electrons are
significantly compressed over those in the derivatives with
22 skeletal electrons as indicated by a reduction of the anti-
podal distance a=5.29–5.41 K in the 22-skeletal electron de-
rivatives Ni@Ge10


2�, Cu@Ge10
�, and Zn@Ge10 to 4.73–


Table 2. Dimensions of bicapped square antiprismatic metal clusters [K].


Cluster v h c a v/h M@E10 distances


24 skeletal electrons
Ge10


4� (triplet) 2.63 2.76 2.72 5.96 0.95 –
Zn@Ge10


2� 2.81 3.13 2.71 5.31 0.90 2.66(2),2.54(4),
2.43(4)


22 skeletal electrons
Ge10


2� 2.54 2.82 2.59 5.33 0.90 –
Ni@Ge10


2� 2.66 3.03 2.67 5.29 0.88 2.65(2), 2.38(8)
Cu@Ge10


� 2.69 3.05 2.69 5.36 0.88 2.68(2), 2.40(8)
Zn@Ge10 2.73 3.09 2.73 5.41 0.88 2.70(2), 2.43(8)
20 skeletal electrons
Ge10 (triplet) 2.60 2.76 2.61 5.61 0.94 –
Ni@Ge10 2.61 3.13 2.60 4.73 0.83 2.37(2), 2.43(8)
Cu@Ge10


+ 2.67 3.16 2.62 4.78 0.84 2.39(2), 2.46(8)
Zn@Ge10


2+ 2.74 3.22 2.66 4.87 0.85 2.44(2), 2.51(8)
Zn@In10


8� (exptl)[a] 3.10 3.64 3.04 5.63 0.85 2.82(2), 2.84(8)


[a] Ref. [4].
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4.87 K in the 20-skeletal electron derivatives Ni@Ge10,
Cu@Ge10


+ , and Zn@Ge10
2+ (Table 2). As a result of this


compression the two distances of the central metal atom to
the capping vertices (2.37–2.44 K) are slightly smaller than
eight distances of the central metal atom to the vertices of
the underlying square antiprism (2.43–2.51 K) so that the in-
teractions of the central metal atoms with all ten vertices of
the bicapped square antiprism are nearly equal.
One example of a centered bicapped square antiprismatic


derivative with 24 skeletal electrons is found, namely the
zinc derivative Zn@Ge10


2�. In this structure the ideal D4d


structure of the bicapped square antiprism is distorted to a
lower symmetry structure (averages of the h, v, and c distan-
ces are listed in Table 2). Other than this distortion the bi-
capped square antiprism in the 24 skeletal electron
Zn@Ge10


2� is fairly similar to that in its 22 skeletal electron
analogue Zn@Ge10, as indicated by an antipodal distance of
5.31 K versus 5.41 K and v, h, and c edge lengths of 2.81,
3.13, and 2.71 K versus 2.73, 3.09, and 2.73 K, respectively.
The geometries of the D4d bicapped square antiprismatic


M@Ge10 clusters can be rationalized by consideration of the
frontier molecular orbitals. Thus for the 22 skeletal electron
cluster Ni@Ge10


2� the HOMO is antibonding in the direc-
tion of the C4 axis (Figure 8). Removal of the two HOMO


electrons in oxidizing Ni@Ge10
2� to Ni@Ge10 should increase


the bonding in the direction of the C4 axis thereby decreas-
ing the antipodal distance a. This is consistent with our cal-
culations (Table 2) indicating that a decreases from 5.29–
5.41 K in the bicapped square antiprismatic clusters with 22
skeletal electrons to 4.73–4.78 K in such clusters with only
20 skeletal electrons.
Consider now the two-electron reduction of Ni@Ge10


2� to
the centered cluster Ni@Ge10


4� with 24 skeletal electrons.
The added two electrons go into a LUMO, which has a
node along the C4 axis of the bicapped square antiprism and
thus is non-bonding along the C4 axis (Figure 8). This sug-
gests that reduction from Ni@Ge10


2� to Ni@Ge10
4� should


lead to relatively little change in the antipodal distance a.
This again is consistent with our calculations indicating that
the a of 5.31 K for the cluster Zn@Ge10


2� with 24 skeletal
electrons is relatively close to the a of 5.41 K for the corre-
sponding cluster with 22 skeletal electrons.


Structures with a C3 axis derived from the tetracapped trigo-
nal prism : Structures derived from the tetracapped trigonal
prism with C3v symmetry are found for the metal-centered
ten-vertex clusters with all even skeletal electron counts
from 26 to 20. Furthermore, the clusters M@In10


10� (M=Ni,
Pd, Pt) with 20 skeletal electrons are known experimentally
in the intermetallics K10In10M and have been characterized
by X-ray diffraction.[3]


The 24 edges of the tetracapped trigonal prism can be par-
titioned into the following six types:


1) The three vertical edges of the underlying trigonal prism
of length v.


2) The three edges of the capped triangular face of the un-
derlying trigonal prism of length hc.


3) The three edges of the uncapped triangular face of the
underlying trigonal prism of length hu.


4) The six edges connecting the caps of the quadrilateral
faces of the underlying trigonal prism to the vertices of
its uncapped triangular face.


5) The six edges connecting the caps of the quadrilateral
faces of the underlying trigonal prism to the vertices of
its capped triangular face.


6) The three edges from the unique vertex capping a trian-
gular face of the underlying trigonal prism and lying on
the C3 axis.


The lengths of the nine edges of the underlying trigonal
prism, designated as v, hc, and hu as indicated above, can be
used to characterize the shapes of the C3v polyhedra derived
from the tetracapped trigonal prism in cluster structures
with various electron counts as summarized in Table 3. In
many cases the cap at one end of the underlying trigonal
prism makes the lengths hc and hu very different so that
their difference hc�hu= Dh can be used to measure the dis-
tortion of the underlying trigonal prism from its original D3h


symmetry to the C3v structure with a cap at one end. The
vertex capping the triangular face of the underlying trigonal
prism is conveniently called the axial vertex in these struc-
tures since it is the only one of the ten vertices on the C3


axis. In addition the ratio v/h̄ can be used to measure the
elongation of the tetracapped trigonal prism where h̄ is the
mean of hc and hu, i.e. , (hc+hu)/2.
The shapes of the C3v polyhedra found in the metal-cen-


tered ten-vertex clusters, as indicated by the v/h̄ ratio and
Dh of the underlying trigonal prism, is seen to depend dras-
tically on the skeletal electron count. Consider first the sys-
tems with 20 skeletal electrons corresponding to the
known[3] M@In10


10� (M=Ni, Pd, Pt). In the C3v polyhedron
of the empty Ge10 cluster optimized in our previous work[21]


the v/h̄ ratio is 0.94 and Dh is 0.33 K. Insertion of a metal in
the center of this polyhedron moves the axial vertex closer
to the center so that all ten M�Ge distances are within
2.6 K. This distortion lengthens drastically the size of the
capped triangular face of the underlying trigonal prism so
that Dh increases from 0.33 K in the empty Ge10 polyhedron
to 0.84–0.92 K depending on the central metal atom. Com-


Figure 8. The frontier orbitals of the D4d bicapped square antiprism clus-
ter Ni@Ge10


2� with 22 skeletal electrons relative to the indicated orienta-
tion of the bicapped square antiprism.
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parison of these calculated polyhedra to the experimentally
found polyhedron in the Ni@In10


10� of K10In10Ni is difficult
because of deviation from C3v symmetry and two independ-
ent Ni@In10


10� anions in the actual structure.[3] However,
using the crude estimates in Table 3 obtained from the ex-
perimental data leads to a Dh of �1.1 K and a v/h̄ ratio of
0.88 as compared with our calculated Dh of 0.92 and v/h̄ of
0.95 for Ni@Ge10.
Addition of two skeletal electrons to the centered C3v ten-


vertex polyhedra to give structures with 22 skeletal electrons
leads to significantly more elongated polyhedra as indicated
by Dh values in the range 0.46–0.47 K and v/h̄ ratios in the
range 1.11–1.12 (Table 3). Because of this elongation only
nine of the ten germanium atoms are within the reasonable
distances of 2.3–2.5 K for significant direct interaction with
the central metal atom. The tenth germanium atom, namely
the axial germanium atom (Table 3), is now �3.3 K from
the central metal atom. In this case an empty C3v isomer of
Ge10


2� was not found in our earlier work[21] so that a direct
comparison of the effect of the central metal atom on the
polyhedral geometry cannot be made.
The empty C3v Ge10


4� polyhedron with 24 skeletal elec-
trons is rather elongated with a v/h̄ ratio of 1.21 and a
rather small Dh value of 0.19 K. Insertion of a metal atom
into the center changes the geometry drastically to bring the
axial vertex even closer to the central metal atom (2.38–
2.40 K) than the other nine vertices (2.38–2.58 K). This dis-
tortion makes three of the edges of the original tetracapped


trigonal prism, namely the edges of the capped triangular
face of the underlying trigonal prism, so long (�3.9 K as in-
dicated directly by the hc values in Table 3) that these dis-
tances can no longer be regarded as edges. The tetracapped
trigonal prism, which is a deltahedron with 16 triangular
faces, now becomes a polyhedron with 10 triangular faces
and 3 quadrilateral faces.
The C3v polyhedra with 26 skeletal electrons have the


most elongated structures found in this work. The empty C3v


Ge10
6� polyhedron[21] has the largest v/h̄ ratio found in this


work, namely 1.35, as well as a negative Dh of �0.11 K indi-
cating a contraction of the edges in the capped triangular
face of the underlying trigonal prism. Inserting a metal atom
changes the shape only to a slight extent with Dh ranging
from �0.05 K for the zinc derivative to 0.30 K for the nickel
derivative and v/h̄ ratios in the narrow range 1.26–1.28.
Only nine of the ten germanium atoms are within bonding
distances of the central metal atom, namely 2.36–2.53 K. As
a consequence of the elongated structure of the 26-skeletal
electron C3v M@Ge10 structures, the tenth germanium atom
at the unique axial vertex is long, �3.8 K from the central
metal atom indicating essentially no direct interaction.


The effect of the central metal atom on the cluster molecu-
lar orbitals : The molecular orbital diagrams for the isoelec-
tronic C3v Ni@Ge10 and Zn@Ge10


2+ (20–3) in Figure 9 and
Figure 10, respectively, depict the interactions of the bond-
ing molecular orbitals of the empty Ge10 cluster with the


Table 3. Dimensions of bicapped square antiprismatic metal clusters [K].


Cluster v hc hu Dh h̄ v/h̄ M@E10 distances


26 skeletal electrons
Ge10


6� 3.65 2.66 2.77 �0.11 2.71 1.35 –
Ni@Ge10


6� 3.68 3.06 2.76 0.30 2.91 1.26 2.36(3),2.50(6),3.81(1)
Cu@Ge10


5� 3.71 2.96 2.88 0.08 2.92 1.27 2.38(3),2.50(6),3.85(1)
Zn@Ge10


4� 3.76 2.91 2.96 �0.05 2.94 1.28 2.42(3),2.53(6),3.88(1)
24 skeletal electrons
Ge10


4� 3.26 2.80 2.61 0.19 2.70 1.21 –
Ni@Ge10


4� 3.10 3.89 2.70 1.19 3.30 0.94 2.38(3),2.42(1),2.51(3),2.55(3)
Cu@Ge10


3� 3.03 3.96 2.76 1.20 3.36 0.90 2.38(4),2.53(3), 2.57(3)
Zn@Ge10


2� 3.04 3.99 2.81 1.18 3.40 0.89 2.40(1),2.42(3),2.55(3),2.58(3)
22 skeletal electrons
Ni@Ge10


2� 3.26 3.13 2.67 0.46 2.90 1.12 2.32(3),2.37(3),2.40(3),3.30(1)
Cu@Ge10


� 3.28 3.17 2.71 0.46 2.94 1.12 2.34(3),2.40(3),2.44(3),3.30(1)
Zn@Ge10 3.34 3.23 2.76 0.47 3.00 1.11 2.39(3),2.43(3),2.48(3),3.34(1)
20 skeletal electrons
Ge10 2.64 2.97 2.66 0.33 2.81 0.94 –
Ni@Ge10 3.00 3.62 2.70 0.92 3.16 0.95 2.36(3),2.41(3),2.43(3),2.46(1)
Cu@Ge10


+ 3.03 3.65 2.77 0.88 3.21 0.94 2.40(3),2.44(3),2.45(3),2.54(1)
Zn@Ge10


2+ 3.10 3.71 2.87 0.84 3.29 0.94 2.47(6),2.49(3),2.62(1)
Ni@In10


10� (exptl)[a] �3.3 �4.3 �3.2 �1.1 �3.75 0.88 2.8(9),2.7(1)


[a] Ref. [3].
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atomic orbitals of the interstitial metal atom. For the nickel
atom in Ni@Ge10 (20–3(Ni)), which is a formal zero-electron
donor to the surrounding Ge10 cluster, there is very little in-
teraction of the nickel atomic orbitals with the cluster mo-
lecular orbitals (Figure 9). The interstitial nickel atom thus
functions as a “pseudo noble gas” with a filled 3d10 shell as
has been previously discussed. [23] However, for the zinc
atom in Zn@Ge10


2+ (20–3(Zn)), which is a formal two-elec-
tron donor through ionization to Zn2+ , the metal interacts
strongly with the cluster molecular orbitals leading to major
stabilization (Figure 10). A similar pattern of interaction of
the central metal atoms is observed in the corresponding
M@Ge10 clusters of four-fold symmetry (20–4).


Summary


Structures with three-fold, four-fold, and five-fold symmetry
are found by DFT for centered 10-vertex bare germanium
clusters of the general type M@Ge10


z depending on the cen-


tral metal atom M and the skeletal electron count. Thus for
M@Ge10 clusters with 20 skeletal electrons the DFT results
are consistent with experimental data on isoelectronic cen-
tered 10-vertex bare metal clusters. The lowest energy struc-
ture for Ni@Ge10, isoelectronic with the known Ni@In10


10� in
K10In10Ni,


[3] is a C3v polyhedron derived from the tetracap-
ped trigonal prism. However, for Zn@Ge10


2+ , isoelectronic
with the known Zn@In10


8� in K8In10Zn,
[4] the lowest energy


structure is a D4d bicapped square antiprism. For the clusters
Ni@Ge10


2�, Cu@Ge10
�, and Zn@Ge10 with 22 skeletal elec-


trons the lowest energy structures are found to be the D4d


bicapped square antiprism predicted by the Wade–Mingos
rules.[15, 16,17, 18] For the clusters Ni@Ge10


4�, Cu@Ge10
3�, and


Zn@Ge10
2� with 24 skeletal electrons the lowest energy


structures are C3v polyhedra with 10 triangular faces and 3
quadrilateral faces derived from a tetracapped trigonal
prism by extreme lengthening of the edges of the capped
face of the underlying trigonal prism. For the clusters
Cu@Ge10


5� and Zn@Ge10
4� with 26 skeletal electrons the


lowest energy structures are the D5d pentagonal antiprism
predicted by the Wade–Mingos rules[15,16,17, 18] with the C3v


tetracapped trigonal prism as a somewhat higher energy
structure. However, for the isoelectronic Ni@Ge10


6� the rela-
tive energies of these two structures are reversed so that the
C3v tetracapped trigonal prism becomes the global
ACHTUNGTRENNUNGminimum.
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Introduction


Magnetic resonance imaging (MRI) is a powerful, noninva-
sive diagnostic technique with high spatial resolution. In an
MR image, the contrast is the result of a complex interplay
between instrument parameters and intrinsic differences in
the relaxation rates of tissue water protons. In many cases


the contrast can be improved by using a contrast agent
(CA), such as a GdIII chelate, which locally reduces the
proton relaxation times. The magnitude of this effect on the
longitudinal relaxation time T1 (or transverse relaxation
time T2) is measured as relaxivity r1 (or r2, respectively) nor-
malized to 1 mm concentration at a given magnetic field
strength and is used to evaluate the efficacy of the
agents.[1–4] Most of the currently used extracellular agents
are nonspecific and far less efficient than predicted by
theory.[2] This means that in order to achieve enough con-
trast in an MR image, concentrations of CA higher than
50 mm have to be reached in a localized area.[5,6] A very
active search is under way for targeting contrast agents,[5,7–10]


that is, for systems able to delineate lesions by the specific
design of molecules for a given pathology. As the concentra-
tion of the targets may be very low (typically 10�9–
10�13 molg�1 of tissue), it is necessary to reach high concen-
trations of GdIII chelate with high relaxivity at the site of in-
terest.[11] This goal may be pursued by 1) using polymers
containing covalently bound CA units (dendrimers,[12] poly-
mers and polysaccharides,[13–17] poly amino acids and pro-
teins);[18,19] 2) exploiting self-assembly[20–29] or noncovalent


Abstract: Nanosized contrast agents
have great potential in magnetic reso-
nance molecular imaging applications
for clinical diagnosis. This study pro-
poses new nanoparticles spontaneously
formed under mild conditions and
composed of a noncovalent adduct be-
tween a gadolinium complex, a poly-
mer of b-cyclodextrin (pbCD: MW
1.57106 gmol�1) and a dextran grafted
with alkyl chains (MD). The formation
of this supramolecular nanoassembly is
based upon a “lock-and-key” recogni-


tion process in which the hydrophobic
alkyl chains of MD and the adamantyl
moieties of macrocyclic GdIII chelates
are included in the cavities of pbCD.
The large number of bCDs contained
in the pbCD resulted in the formation
of 200 nm diameter nanoparticles, each


entrapping 1.87105 molecules of a low-
molecular-weight Gd complex. This
system, which exhibits a great relaxivi-
ty enhancement (48.4 mm


�1 s�1, at
20 MHz and 37 8C) compared to the
GdIII chelate itself (5.2 mm
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interactions between a suitably functionalized chelate and a
macromolecular substrate;[6,30–32] and 3) using nanoscale car-
goes such as liposomes and nanoparticles.[5,8,33–37] From these
routes, the nanocarriers have recently shown a significant
degree of success in providing positive contrast agents with
remarkable gadolinium payload that can also be functional-
ized for molecular targeting. Many of these GdIII-containing
assemblies behave as colloidal carriers which, in addition to
the increased relaxivities, have valuable pharmacological
characteristics.[38] Nanoparticles therefore appear as promis-
ing candidates for molecular imaging, and there is a growing
need for more powerful new systems. In the pursuit of dif-
ferent in vivo delivery methods, one can change the size,
charge, and surface properties of these carriers, as well as
the GdIII-loading mode, by adding new ingredients to the
mixture or by variation of preparation methods. In this con-
text the host–guest type interactions with cyclodextrin (CD)
have been exploited to obtain large supramolecular struc-
tures[39,40] and especially high-molecular-weight adducts of
poly-b-cyclodextrin (pbCD) (average MW of 6–130 KDa)
with suitably functionalized chelates, leading to an efficient
relaxation enhancement.[32, 41–45] However, all the previously
described systems using CD have been limited to a moder-
ate b-cyclodextrin (bCD) content and a consequent low
amount of loaded GdIII.
Recently, a new stable supramolecular nanoassembly


based on noncovalent host–guest interactions exhibiting
high bCD content has been described.[46] The polymers in-
volved in the formation of these nanoparticles are a dextran
functionalized with alkyl chains (MD) and a high molecular
weight pbCD. The matching of these stable structures gives
a supramolecular adduct of about 200 nm diameter that re-
sults from the formation of inclusion complexes between hy-
drophobic alkyl chains grafted on the polysaccharide (dex-
tran) and the bCD cavities of the polymer. Several specifici-
ties make this nanosystem a promising candidate for the en-
capsulation of GdIII derivatives: 1) it is prepared in a con-
venient one-step procedure, without the use of organic
solvents and surfactants, exploiting a simple and biocompat-
ible technology and meeting in this way the requirements of
public health agencies;[46] 2) it constitutes a potential carrier
of very high GdIII payload, since about half of the numerous
bCD cavities remain free to entrap a lipophilic GdIII chelate
through host–guest-type interactions;[46] and 3) the high
number of water molecules contained in the nanoparticles
(70 wt% of the nanogel is water)[47] would result in a re-
markable proton density surrounding the GdIII necessary for
high relaxivity.
In this paper we describe the formation and the relaxo-


metric properties of highly loaded GdIII nanoparticles
through a three-component assembly based on noncovalent
interactions (Figure 1). A new GdIII chelate bearing an ada-
mantyl moiety, which was designed to form a host–guest
adduct with bCD and pbCD, has been synthesized, and its
interaction has been quantified by using the proton relaxa-
tion enhancement (PRE) method. Different conditions have
been tested in order to optimize the entrapment of the GdIII


chelate in the pbCD/MD nanoparticles while maintaining
their size and stability. The effect of the complexation with
pbCD or pbCD/MD on the proton relaxivity of the GdIII


chelate has been measured. To determine the influencing
parameter, namely the water exchange rate and rotational
correlation time, variable-temperature 17O NMR and multi-
ple-field 1H NMRD (nuclear magnetic relaxation dispersion)
studies have been performed.


Results and Discussion


The GdIII complex


Design and synthesis : A new contrast agent was designed to
form a host–guest inclusion complex with bCD. It is based
on the cyclic polyaminocarboxylate DO3A (DO3A=


1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid) template


Figure 1. Formation of GdIII-loaded nanoparticles through a supramolec-
ular three-component assembly: GdIII chelate/pbCD/MD. The alkyl
chains functionalizing dextran are in yellow, the GdIII chelate is in violet.
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linked through a spacer to a known guest ligand of cyclo-
dextrin. The cyclic DO3A was chosen, rather than a linear
analogue, because of its known thermodynamic and kinetic
stability. Among the possible hydrophobic guests of
bCD,[48,49] adamantyl appeared as the most appropriate,
since it fits perfectly inside the bCD cavity, resulting in suit-
able association constants (103–105m


�1).[50,51] Crystal struc-
tures of the complexes between adamantyl derivatives and
bCD have confirmed the inclusion of this moiety inside the
cavity.[52,53] Moreover the bulkiness of the adamantyl groups
prevents the formation of large hydrophobic microdomains
(as is the case with alkyl tails) and therefore avoids the self-
association of the contrast agent.[54] DO3A and adamantane
were connected through an acetamide spacer, although it is
known that in some cases this function is deleterious for the
water-exchange-rate parameter.[55,56] In fact, it represents a
good compromise between the necessity of placing the ada-
mantyl away from the bulky DO3A moiety to facilitate its
optimum fitting in the bCD cavity and the need for overall
rigidity of the entity in order to optimize the rotational cor-
relation time of the contrast agent (tR). To our surprise only
one linear polyaminocarboxylic GdIII ligand bearing an ada-
mantyl moiety has been reported.[57]


The synthesis of compounds 1–5 is shown in Scheme 1.
The Gd complex 5 was obtained in a four-step process from
triethyl ester 2 and 1-adamantanamine, which was first acy-


lated with bromo acetylbromide by using a modified proce-
dure.[58] The bromo acetamide derivative was then used to
alkylate the macrocycle 2 in 97% yield. Steric congestion in
the structure of 3 was evidenced by the broadening of reso-
nance signatures (273–373 K) in both 1H and 13C NMR spec-
tra resulting from slow conformational interconversion.
Saponification of the tetra-alkylated cyclen 3 by a strong
anion exchange resin avoids side formation of salts during
this step. The complex was formed under pH-controlled
conditions with a stoichiometric amount of GdCl3 at room
temperature. Finally, special attention was paid to the re-


moval of salts through gel filtration chromatography to
avoid any problem of instability of the nanosystem during
the entrapment. The Gd complex 5 was therefore obtained
in a four-step process and 15% overall yield.


Relaxivity : For the chelate 5, the millimolar relaxivity r1 of
5.2 mm


�1 s�1, measured at 20 MHz and 298 K, is in agree-
ment with reported values for molecules with comparable
molecular weight.[3] The pH dependence study of the relax-
ivity (data not shown) indicates that the GdIII chelate is
stable in the range of pH 4–12. At more acidic pH the pro-
tonation of the carboxylic groups of the complex makes it
unstable, subsequently increasing the relaxivity.


The host–guest adducts with bCD and pbCD—relaxomet-
ric characterization of binding parameters : The increase of
the relaxivity of a GdIII chelate caused by the lengthening of
its reorientational correlation time tR is a well-known phe-
nomenon. Usually, the increase of tR results from the forma-
tion of adducts between the paramagnetic chelate and a
slowly tumbling substrate. In the context of this work, one
could expect that the non-covalent interaction of 5 with the
cyclodextrin hosts will result in an increase of relaxivity, as
previously described for related systems.[32,44] The relaxomet-
ric characterization of the adducts with both the monomer
bCD and the high-molecular-weight pbCD was performed.
Binding parameters (the affinity constant KA, the number of
equivalent and independent binding sites n and the relaxivi-
ty of the supramolecular adduct rb1) were determined using
the proton relaxation enhancement (PRE) method, which
considers the relaxation enhancement derived from the for-
mation of the adduct.[19] The method involves measuring the
water proton relaxation rate in the presence of the complex
and increasing amounts of bCD or pbCD (Figures 2 and 3,
respectively).
Considering the equilibrium,5+HQ5/H, in which H is the


host (bCD or pbCD) and 5/H is the host–guest adduct, the
affinity constant KA is given by Equation (1), in which [nH]


Scheme 1. Synthesis of the GdIII chelate: a) CH2Cl2, Na2CO3, RT;
b) CH3CN, K2CO3, RT; c) EtOH/H2O, AG1-X4 resin (OH Form), RT;
d) GdCl3, H2O, RT.


Figure 2. Water proton relaxation rate of an aqueous solution of 0.1 mm 5
upon addition of increasing amounts of bCD. The solid line is the result
of the fitting to Equation (2) using parameters reported in Table 1.
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indicates the concentration of the equivalent and indepen-
ACHTUNGTRENNUNGdent binding sites.


KA ¼
½5=H�
½5�½nH� ð1Þ


In the aqueous solution containing the two interacting
species, the measured longitudinal proton relaxation rate,
R1obs, is given by the sum of the contributions arising from
the unbound and the bound species as well as from the dia-
magnetic contribution of the host, R1H, as given by Equa-
tion (2), in which r1 and rb1 are the millimolar relaxivities of
the unbound and bound 5 chelate, respectively.


Rlobs ¼ ðr1½5� þ rb1½5=H�Þ1000þ R1H ð2Þ


Combination of Equations (1) and (2) allows correlation
of the measured R1obs to the binding parameter KA and n
(see equations of the PRE method in the Supporting Infor-
mation). For the determination of KA for the bCD, a fixed
concentration of GdIII chelate was titrated with bCD
(Figure 2). By fitting the curve obtained to Equation (2), a
KA value of 4.9710


3
m
�1 and rb1c value of 9.6 mm


�1 s�1 were
calculated (Table 1).


To determine the parameters KA and n for the pbCD, two
different kinds of titrations were performed. In the first, the


titration of a fixed concentration of Gd complex 5 with
pbCD resulted in an increase of the relaxation rate
(Figure 3). The fitting of the obtained curve to Equation (2)
gave KA=6.37103m


�1 and rb1=14.8 mm
�1 s�1 (Table 1). In the


second, a fixed concentration of the pbCD was titrated with
5 (Figure 4). The water proton relaxation rate increased lin-


early with the concentration of the added 5 until a slope
breaking point, corresponding to the saturation of the poly-
mer and to the contribution of additional free GdIII chelate
remaining in solution, was observed. The 5/pbCD ratio of
approximately 185 found at this point corresponds roughly
to n.[19] This GdIII payload was not reachable with previously
reported pbCD.
The measured association constants for the adduct of 5


with the different forms of bCD (Table 1) are higher than
values reported for most other adducts of monofunctional-
ized GdIII chelates with bCD.[59–61] The relaxivity enhance-
ments observed upon formation of the supramolecular ad-
ducts with bCD and with pbCD (Table 1) are similar to
values reported for related systems.[32,41,44,60, 62–64] The rather
limited enhancement obtained with pbCD, in spite of its
high molecular weight (103–2.67103 KDa), is classical for
this linear polymer and has been assigned to the predomi-
nance of the segmental motions over the rotational correla-
tion time, which becomes independent of molecular weight
above 10 KDa.[65] Nevertheless, these results demonstrate
that adamantane-functionalized 5 forms inclusion complexes
with bCD and its polymeric form; this was a prerequisite for
the following study on the engineered supramolecular nano-
assemblies.


Nanoparticles containing the GdIII chelate


Preparation : The MD-pbCD nanoparticles were prepared
by simply mixing two aqueous solutions containing the two
respective polymers involved. It was previously established


Figure 3. Water proton relaxation rate of an aqueous solution of 0.1 mm 5
upon addition of increasing amounts of pbCD. The solid line is the result
of the fitting to Equation (2) using the parameters reported in Table 1.


Table 1. Binding parameters relative to the supramolecular adducts of 5
with bCD and pbCD.


Host KA
[a] [103m


�1] n[b] rb1
[a,c] [mm


�1 s�1] rb1/r1
[d]


bCD 4.9�0.54 1 9.6�0.08 1.8
pbCD 6.3�1.10 185 14.8�0.40 2.8


[a] Determined from the fitting of the titration curves (Figures 2 and 3),
see Supporting Information for equations. [b] See text for the determina-
tion of n in the case of pbCD. [c] rb1 is the relaxivity of bound 5. [d] Re-
laxivity enhancement, r1 relaxivity of 5 (5.2 mm


�1 s�1).


Figure 4. Water proton relaxation rate of an aqueous solution of 5 mm of
pbCD upon addition of increasing amounts of 5.
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that practically all the alkyl chains of MD were included
within the cyclodextrin cavities of pbCD, leaving about half
still available for the complexation of the molecules of inter-
est.[46] Nanoparticles containing GdIII were obtained in a
similar way, by mixing at room temperature equal volumes
of two aqueous solutions containing a preformed pbCD/5
host–guest adduct and MD, respectively (Figure 1). To dem-
onstrate the formation of the three-component nano-assem-
bly, several studies were carried out. First, the influence of
the concentration of the nanoparticle components on the
size stability of the particles and on the entrapment of the
GdIII chelate was evaluated. Different nanoparticle prepara-
tions corresponding to different concentrations of the three
components, pbCD/5/MD, were prepared as described
above. A first assay with respective concentrations of 5/0.5/
5 mgmL�1 led to precipitation, indicating formation of ag-
gregates and instability of the nanoparticles. This phenom-
enon was found to be independent of the presence of GdIII


chelate, since the mixing of the two components pbCD and
MD in the same concentration range led to the same result.
For this reason the study was performed at lower concentra-
tions of the two polymers. Three preparations (Table 2)


were investigated in detail. The size of the nanoparticles in
solution and their homogeneity (polydispersity) were deter-
mined by quasi-elastic light scattering (QELS) at two differ-
ent time points after their preparation. The amount of en-
trapped 5 was determined as the difference between the
total amount added and the amount of free GdIII chelate.
The latter was obtained by quantification of 5 in the super-
natant after ultracentrifugation of the nanoparticle prepara-
tion using EvansS method.[66] We noticed a small effect of
the concentration of 5 on the size of the nanoparticles (com-
pare B/C, Table 2) due probably to entrapment of the che-
late, and almost no effect of the concentration of the poly-
mers (compare A/B, Table 2). For all the preparations the
polydispersity was lower than 0.2, showing a monomodal
population with narrow size distribution. Moreover, the size
and the polydispersity were constant over 36 h, demonstrat-
ing the stability of the GdIII-loaded supramolecular system.


Among the three concentration ratios tested the highest per-
centage of 5 entrapped was obtained for preparation A
(Table 2). The previously mentioned instability of the nano-
particles formed from more concentrated solutions of poly-
mers (see above) prevented the increase of the pbCD/MD
concentrations tested. The gain in percentage of entrapment
observed for preparation A in comparison to preparation B
can be assigned to the higher concentration of nanoparticles
formed rather than to a higher amount of GdIII entrapped in
each of them. Indeed, the ratio of this percentage (EGd,
Table 2) on the total concentration of polymers (5 mgmL�1


for A and 2.5 mgmL�1 for B) is slightly lower for prepara-
tion A (8.2 versus 9.6). In the case of preparation C, this
ratio is lower (6.4), indicating a less efficient entrapment. In
this context, preparation A was considered as the best com-
promise for the studied parameters and was chosen for fur-
ther investigation. No variation of the percentage of entrap-
ment was observed over a period of 36 h, confirming the sta-
bility of the host–guest adduct in the nanoparticles.
To evaluate the maximum amount of 5 that can be inter-


nalized without destabilizing these nanoparticles, prepara-
tions with a concentration ratio of 2.5/x/2.5 were used. The
concentration of the 5 (x) was varied from 0.5 to 3 mgmL�1


(Table 3). The payload of GdIII chelate (PGd) for each mix-


ture was determined by using Equations (3) to (6), in which
VNP and d are the volume and the mean hydrodynamic di-
ameter of a particle, respectively, and NNP is the number of
nanoparticles in 1 mL of preparation. These equations are
based upon the measurement of the amount of gadolinium
entrapped and on the particle size.[37]


VNP ¼
1
6


pd3 ð3Þ


NNP ¼WNP=ðdNP VNPÞ ð4Þ


UGdb ¼ GdbN ð5Þ


PGd ¼ UGdb=NNP ð6Þ


The weight of nanoparticles formed in 1 mL of prepara-
tion, WNP, is assumed to be the sum of the weight of the


Table 2. Effect of the components ratio on the size, stability, and 5 en-
trapment for the nanoparticles.


Prepa-
ration[a]


Component
ratio[b]


d30min [c]


ACHTUNGTRENNUNG(�SD) [nm]
d36h [d]


ACHTUNGTRENNUNG(�SD) [nm]
PI[e] EGd


[f]


ACHTUNGTRENNUNG(�SD) [%]
A 2.5/0.5/2.5 214 (�2.6) 211 (�1.6) <0.2 41 (�2.9)
B 1.25/0.5/1.25 200 (�2.8) 190 (�1.9) <0.2 24 (�1.7)
C 1.25/0.25/1.25 132 (�1.6) 130 (�0.97) <0.2 16 (�1.7)


[a] See Experimental Section. [b] Concentrations in the preparation for
the three components bCD/5/MD respectively expressed in mgmL�1.
[c] Mean hydrodynamic diameter of nanoparticles from QELS deter-
mined 30 min after their preparation. Each measurement was repeated
three times for two minutes at room temperature at an angle of 908.
SD= standard deviation. [d] As [c] but determined 36 h after their prepa-
ration. [e] PI: polydispersity index. [f] Percentage of 5 entrapped in the
nanoparticle on total 5. Determined 30 min after their preparation as de-
scribed in the text.


Table 3. Effect of the 5 concentration on the size, stability, and 5 entrap-
ment.


x[a]


ACHTUNGTRENNUNG[mgmL�1]
d30min [b]


ACHTUNGTRENNUNG(�SD) [nm]
d3h [c]


ACHTUNGTRENNUNG(�SD) [nm]
PI[d] Gdb


[e]


ACHTUNGTRENNUNG[10�9m]
P[f]


0.5 214 (�2.6) 215 ACHTUNGTRENNUNG(�1.6) <0.2 304 1.87105


2.0 418 (�143) 940 (br) >0.5 800 3.77106


3.0 466 (br) 1480 (br) >0.5 1360 8.37107


[a] x is the concentration of 5 in preparations containing 2.5 mgmL�1 of
each polymer pbCD/MD. [b] See footnote [c] in Table 2. [c] Mean hydro-
dynamic diameter of nanoparticles from QELS determined 3 h after
their preparation, SD= standard deviation, br=broad. [d] PI: polydis-
persity index. [e] Amount of entrapped 5 determined as described in the
text. [f] P : Payload or unit of 5 entrapped per nanoparticle, determined
as mentioned in the text.
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polymers pbCD and MD used. The value of the density of
the nanoparticle, dNP, is assumed to be 1. The parameter
UGdb is the number of 5 entrapped in the nanoparticles
formed from 1 mL of preparation, Gdb is the mole number
of 5 entrapped, and N is AvogadroSs number. The size, poly-
dispersity, and amount of GdIII chelate entrapped for the dif-
ferent mixtures were determined as described for the previ-
ous study. The noticeable increase of the payload at the
highest ratios of 5 (from 1.87105 to 8.37107 5/NP), was as-
sociated with an increase in the size of the nanoparticles
(Table 3). Diameters above 400 nm were obtained for con-
centrations of 5 higher than 2 mgmL�1; polydispersity above
0.5 indicated the coexistence of several nanoparticle popula-
tions. This destabilization might result from competition for
the b-cyclodextrin cavity between the adamantyl moiety and
the lauryl chains anchored to the modified dextran.[39]


From this series of experiments it appears that with
regard to the size, the stability, and the capacity for GdIII en-
trapment, the optimized conditions were obtained for prepa-
ration A. The measured diameter of around 200 nm and the
stability over 36 h are compatible with intravenous adminis-
tration.[67] The high value of almost 1.87105 units of GdIII


chelate entrapped per particle is definitely a very promising
result in the context of MRI. Indeed, the best reported re-
sults in the literature were about 97104 units of GdIII per
fluorocarbon nanoparticle of about 250 nm diameter,[68] and
only about 47104 GdIII per liposome of 100 nm diameter.[69]


Relaxometric characterization : The main objective of this
study was to obtain a supramolecular system with a good
GdIII payload and a high relaxivity. Having achieved the
first requirement, we needed to study the relaxometric be-
havior of the nanoparticles and to compare it with the free
GdIII chelate and its host–guest adducts with bCD and
pbCD. The residence lifetime of the water molecule coordi-
nated to the metal center (tM) is one of the key parameters
responsible for the relaxivity of chelates immobilized on
slowly moving substrates. The tM of 5 was determined from
the study of the temperature dependence of the transverse
relaxation rate (RO


2p) for the
17O water nuclei (Supporting In-


formation, Figure 2). The RO
2p values increase with the tem-


perature until tM becomes short enough with respect to RO
2M


(transverse relaxation rate of the metal-bound 17O water nu-
cleus), and this causes a decrease in RO


2p with a further in-
crease in temperature. The resulting bell-shaped curve was
fitted to equations first proposed by Swift and Connick[70,71]


(all relevant equations and the other fitting parameters are
given in the Supporting Information) to give the tM value of
513�73 ns at 298 K. This value, which is almost twice that
determined for [Gd ACHTUNGTRENNUNG(DOTA)][2,72] (244 ns) might be ex-
plained by considering the structure of the complex. A rea-
sonable assumption is that the presence of the amido group
in the spacer slows down the exchange rate of the coordinat-
ed water molecule, as already observed upon carboxylic acid
replacement by this function.[73,74] Unfortunately, the high
concentration of GdIII chelate required for the 17O NMR ex-
periment is incompatible with that of nanoparticle prepara-


tion A, and the residence lifetime of the water molecule co-
ordinated to the metal in the supramolecular construct
could not be determined by this method. For the rest of the
study it was assumed to be identical to the value found for
the free GdIII chelate.
The measurement of water proton relaxation rate over an


extended range of magnetic field strengths (0.01–80 MHz;
the NMRD experiment) is a complementary method for the
complete characterization of a paramagnetic complex.[70,72]


The resulting plot of r1 versus the proton Larmor frequency,
the NMRD profile, for 5 is reported in Figure 5. All the


data were analyzed by using the classical inner sphere[75,76]


and outer sphere theories.[77]The inner and outer sphere con-
tributions are determined by several structural and dynamic
parameters (D2, tV, tM, tR, q, r, a, D). The possibility of
fixing the values of some of the parameters involved makes
the determination of others more accurate. The analysis of
the NMRD profiles collected in recent years for a series of
structurally similar GdIII chelates provided us with reliable
estimates for some relaxation parameters. In particular, the
value of “q” (number of coordinated water molecules) was
assumed to be 1, as expected for all DOTA derivatives; the
distance “r” between the GdIII ion and the protons of the
coordinated water molecule was fixed at 3.1 T, and the dis-
tance “a” between the GdIII ion and the outer sphere water
proton nuclei was set at 3.8 T; the solute–solvent diffusion
coefficient (D) was fixed at 2.24710�5 cm2s�1. The exchange
lifetime (t298M ) was fixed to the value previously obtained for
5 from 17O-NMR studies (513 ns). The shape of the profile
shows dispersion between 3 and 8 MHz, and two plateaus in
the regions of low and high magnetic field. The tR value
(81 ps) calculated from the best fitting of the data is in the
range usually found for molecules with a similar molecular
weight (for D2, tV parameters see Supporting Informa-
tion).[78]


To assess the efficacy of the nanoparticles (preparation A)
and to evaluate the parameters governing their relaxivity,
the NMRD profile between 0.01 and 80 MHz was recorded


Figure 5. Overlapping of 1/T1 NMRD profiles at 298 K and neutral pH of
0.3 mm solution of 5 (~), the adduct with pbCD (*), and with pbCD/MD
(*).
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at 25 8C (Figure 5). The profile shows that this system pos-
sesses high relaxivity values at all fields, with a marked peak
centered at 30 MHz. The values are similar to those report-
ed for other GdIII chelates bound to a macromolecule, with
a peak at around 30 MHz caused by an increase in the reor-
ientational correlation time (tR).


[2] Experimental data were
first analyzed by using the Solomon–Blombergen–Morgan
inner/outer-sphere model,[75,76]considering one water mole-
cule in the inner coordination sphere of the GdIII chelate
(q=1) and fixing the exchange lifetime (tM) to the value ob-
tained from 17O NMR studies for 5. The other structural and
dynamic parameters (r, a, D) were fixed to the values previ-
ously used for the free ligand (see above). Actually, this
quantitative analysis of the NMRD profile based on the
simple inner/outer-sphere model was not entirely satisfacto-
ry. To obtain a better fitting, the observed relaxivities were
assumed to also receive contributions from protons of one
water molecule present in the second coordination sphere of
the GdIII chelate at a distance of approximately 4 T. The
second-sphere water molecule was defined as the water mol-
ecule held in the second coordination shell of GdIII through
hydrogen bonding with the polar groups present in the
ligand.[79] This second-sphere contribution was analyzed on
the basis of the Solomon–Blombergen–Morgan model suit-
ACHTUNGTRENNUNGably modified by introducing a generic correlation time (tss),
which deals with the modulation of the dipolar interaction
of the second-coordination-sphere water molecules (ex-
change and/or rotation). For the nanoassembled nanoparti-
cles at 25 8C, a tR value of 3.5 ns and a tss value of 2.95 ns
were calculated from the best fitting procedure of the data.
Surprisingly, the tss value appears to be very similar to the
tR determined for the overall supramolecular assembly. Al-
though we are conscious that this result is still an approxi-
mation, highly dependent on the model used for the fitting,
it suggests that the motion of this second-sphere water mole-
cule may be considered interdependent with that of the
GdIII chelate. It is probably held in the proximity of the
para ACHTUNGTRENNUNGmagnetic metal through hydrogen bonding with some of
the numerous hydroxyl groups provided by both the pbCD
and MD polymers.
Moreover, since 5 is endowed with a rather long exchange


lifetime of the coordinated water molecule, the relaxivity
may be increased at physiological temperature (37 8C) com-
pared with at 25 8C due to the increase of the water ex-
change rate. The increase of temperature induces an en-
hancement of the relaxivity at 20 MHz from 33.5 to
48.4 mm


�1 s�1. This increase in relaxivity could be ascribed
neither to a partial release of free GdIII nor to a size in-
crease of the particles. Indeed, we have verified, using the
methods previously described, that the size of the nanoparti-
cles and the amount of GdIII entrapped did not change be-
tween these two temperatures. These data simply outline
the observation that the relaxivity is quenched by a long ex-
change lifetime at 25 8C, but this limiting factor may be re-
duced at 37 8C, at which the water exchange rate is faster
(t310M =315 ns). The use of a GdIII chelate endowed with a
shorter exchange lifetime than 5 could bypass this quenching


effect. The higher millimolar relaxivity of 48.4 mm
�1 s�1


found at physiological temperature compares very well with
the value reported for other nanosystems.[33]


The comparisons of the NMRD profiles of the loaded
nanoparticles with those of 5 and the pbCD/5 adduct ac-
quired under the same conditions definitely demonstrate
their higher efficacy. Regarding the millimolar relaxivitiy at
298 K and 20 MHz, a sharp enhancement is observed from
5.2 mm


�1 s�1 for 5 to 14.8 and 33.5 mm
�1 s�1 once the adducts


are formed with pbCD and pbCD/MD, respectively. Differ-
ent fitting models have been used in the case of pbCD/5 and
loaded nanoparticles, because of a big difference in the fit-
ting quality by using one model instead of the other. This
has to be taken into consideration for the following compar-
isons. The high-field relaxivity peak associated with the mo-
lecular correlation time tR centered at 30 MHz is much
higher for the nanoparticles than for the metal complex and
even than for the host–guest adduct with pbCD (Table 4
and Figure 5). In this last case the best fitting of the NMRD


profile was obtained by using the Solomon–Blombergen–
Morgan model suitably modified according to the Lipari–
Szabo approach (see Supporting Information) in which a
shorter local and a longer global reorientational correlation
time have to be accounted for. In fact, it is reasonable to
think that in the pbCD adduct the Gd complex may be free
to move independently of the supramolecular backbone
constituted by the cyclodextrin linear polymer.
On the other hand, in the case of the nanoparticle assem-


bly, besides the contribution from one tightly bound second-
sphere water molecule, the relaxivity enhancement clearly
has to be attributed to the lengthening of the effective mo-
lecular reorientational motion (tR=3.5 ns) of the GdIII com-
plex firmly entrapped in the supramolecular system without
any chance of independent motions.


Table 4. Reorientational correlation times for the different forms of 5.[a]


tR [ps]
[b] qss


[c] tss [ps]
[d]


tl tg S


5/pbCD/MD 3527 1 2950
5/pbCD 220 2061 0.49 0 –
5 81 0 –


[a] The reorientational correlation times for the different forms of 5 were
calculated from the fitting of NMRD profiles measured at pH 7.4 and
25 8C reported in Figure 5. During the fitting procedure some parameters
were fixed; namely: the number of coordinated water molecules: q=1;
the distance between GdIII ion and the protons of the coordinated water
molecule: r=3.1 T; the distance of maximum approach of the outer
sphere water proton nuclei: a=3.8 T; the solute-solvent diffusion coeffi-
cient: D=2.24710�5 cm2s�1; the exchange lifetime was fixed to the value
previously obtained for 5 from 17O-NMR studies: t298M =513 ns. [b] tl is
the correlation time for the local motion, tg is the correlation time for
global motion, S is the generalized order parameter, see Supporting In-
formation. [c] Number of second-sphere water molecules. [d] See the text
and Supporting Information.
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Conclusion


The present study describes a new paramagnetic contrast
agent with high GdIII payload and high relaxivity. The supra-
molecular assembly, resulting from the self-association of a
hydrophobic modified dextran, a bCD polymer, and a func-
tionalized GdIII chelate, leads to homogeneous stable nano-
particles with diameter of about 200 nm, a payload of 1.87
105 units of GdIII and a relaxivity r1 of 48.4 mm


�1 s�1 at
20 MHz and 37 8C. This macromolecular Gd-based system is
expected to be less toxic than that in which GdIII chelate is
covalently bound to a polymeric matrix, since it would
follow the elimination pathway of the free low molecular
weight complex. The MD/pbCD nanoparticles appear to be
a good candidate for the delivery of contrast agents that
could be further improved in terms of relaxivity by using
Gd complexes endowed with a shorter exchange lifetime
thus removing the observed quenching effect of tM on the
relaxivity. It could also be improved in terms of stability by
using a multifunctionalized GdIII chelate of higher affinity
and through the modification of the nanoparticle surface
with hydrophilic polymers, such as poly(ethylene glycol), to
control the in vivo fate. All these studies are in progress and
will be reported in due course.


Experimental Section


Unless stated otherwise, the chemicals were obtained from commercial
sources and used without any additional purification. b-Cyclodextrin
polymers (pbCD) were prepared by cross-linking b-cyclodextrin (bCD)
with epichlorohydrin (EP), under strongly alkaline conditions.[80] The
bCD content, as determined by 1H NMR spectroscopy, was 70% w/w.
The molar masses of the polymers obtained were between 106 and 2.67
106 gmol�1, as determined by gel filtration chromatography.[80] To synthe-
size dextran bearing lauryl side chains (MD), lauryl chloride was linked
to the dextran polymer and subsequently purified by precipitation and di-
alysis. The substitution yield of MD was determined according to the
1H NMR spectra and was found to be 4.3%, according to the amount of
lauryl chloride introduced in the reaction mixture.[46] Reactions were
monitored by thin-layer chromatography (TLC) performed on precoated
silica gel (F254, Merck) or RP-18 (F254, Merck) plates. Plates were vi-
sualized under UV light (254 nm), and using Dragendorff reagent. Com-
pounds containing unmetalated cyclen could be easily detected using a
platinum stain.[81] Silica gel 60 (particle size 40–63 mm) was used for flash
column chromatography. Ion exchange chromatography was performed
with AG1-X4 ion exchange resin (100–200 Mesh, Bio-Rad) and gel filtra-
tion chromatography was performed using Sephadex G10 resin (Pharma-
cia). 1H and 13C NMR spectra were recorded at 300, 500 and 600 MHz
(Bruker spectrometers), at 298 K (or 373 K for compound 3), in deuterat-
ed solvents and calibrated against the solvent residual peak. Chemical
shifts are given in ppm relative to TMS as an external standard. Mass
spectra (MS) and high-resolution mass spectra (HRMS) were recorded
using electro spray ionization (ESI) conditions in a positive-ion or a neg-
ative-ion mode (MALDI-TOF mass spectrometer Voyager-DE STR, Ap-
plied Biosystems).


Synthesis of Gd complex 5


N-(1-Adamantyl)-2-bromoacetamide (1): An aqueous solution of 1n


NaOH (17.0 mL, 17.0 mmol) was slowly added to a cooled solution of 1-
adamantylamine hydrochloride (3.0 g, 16.0 mmol) in water (20 mL). The
resulting suspension was extracted with CH2Cl2 (5725 mL). The com-
bined organic phases were dried (Na2SO4), filtered, and evaporated


under reduced pressure to give 1-adamantanamine. A solution of bromo
acetyl bromide (2.90 g, 14.4 mmol) in CH2Cl2 (10 mL) was then added
dropwise over a period of 30 min to a cooled suspension of Na2CO3


(1.90 g, 17.6 mmol) and the previously obtained 1-adamantanamine in
CH2Cl2 (40 mL). After completion of the addition the mixture was stirred
at room temperature for one more hour and water (50 mL) was added to
the solution. The organic phase was successively washed with water, with
1n aqueous HCl and with brine. After drying (Na2SO4) and evaporation
of the solvent under reduced pressure a white solid was obtained that
was crystallized in toluene to give 1 as colorless crystals (1.0 g, 73%).
M.p. 127–128 8C (lit.[58] 124–126 8C from benzene); TLC (Silica, CH2Cl2):
Rf=0.53;


1H NMR (300 MHz , CDCl3): d=1.66–1.71 (m, 6H; 3CH2 Ad),
1.99–2.03 (m, 6H; 3CH2 Ad), 2.06–2.13 (m, 3H; 3CH Ad), 3.77 (s, 2H;
CH2Br), 6.11 ppm (sl, 1H; NH); 13C NMR (300 MHz , CDCl3): d=


29.26(3) (CH Ad), 29.83 (CH2Br), 36.12(3) (CH2 Ad), 41.06(3) (CH2


Ad), 52.43 (CAdNH), 164.07 ppm (C=O); MS ACHTUNGTRENNUNG(ESI): m/z : 273 [M+H]+ ,
295 [M+Na]+ , 311 [M+K]+ .


Triethyl 2,2’,2’’-{10-[2-(1-adamantylamino)-2-oxoethyl]-1,4,7,10-tetraazacy-
clodo-decane-1,4,7-triyl}triacetate (3): Bromoacetamide 1 (0.95 g,
3.49 mmol) was added to a stirred suspension of DO3A triester 2 (1.50 g,
3.49 mmol) and K2CO3 (1.73 g, 10,5 mmol) in acetonitrile (10 mL). After
4 h at room temperature, the suspension was filtered and the precipitate
washed with acetonitrile. The solvent was evaporated under reduced
pressure and the yellow residue was purified by flash chromatography on
deactivated silica gel (deactivation with CH2Cl2/33%Me3N-EtOH, 9:1;
eluent: CH2Cl2/EtOH 9:1) to afford compound 2 (2.10 g, 97%) as a
white powder. TLC (RP18, CH3CN/H2O/TFA=1:1:0.1): Rf=0.39;
1H NMR (500 MHz, [D6]DMSO, 373 K): d=1.20–1.28 (m, 9H;
3CH3CH2), 1.60–1.72 (m, 6H; 3CH2Ad), 1.94–2.01 (m, 6H; 3CH2Ad),
2.01–2.09 (m, 3H; CHAd), 2.54–3.28 (m, 16H; CH2 Cyclen), 3.28–3.53
(m, 6H; NCH2CO), 4.10–4.23 (m, 6H; 3CH3CH2-O), 7.33 ppm (s, 1H;
NH); 13C NMR (150 MHz, [D6]DMSO): d =14.39 (CH3CH2), 29.30
(CHAd), 36.41 (CH2NAd), 41.25 (CHCH2Ad), 50.56–51.23 (CH2 cyclen),
51.65 (CAdNHCO), 55.34 (NCH2COO), 55.42 (NCH2COO), 57.37
(NCH2CONH, CAd, CH2 cyclen and CH2CO), 60.92 (CH2CH3), 171.35
(CONH), 172.80 (COOCH2), 173.47 ppm (COOCH2); HPLC-MS
(Column: Symmetry Shield 5 mm 4.67150 mm; eluent A: H2O, HCOOH
0.01% (v/v) B: CH3CN, HCOOH 0.01% (v/v), flow: 1 mL/min, linear
gradient from 90% A to 70% A in 15 min. Detection: LSD and Mass de-
tection: Electro spray ionization (ESI) in positive mode [M]+ =622), Rt=


13.13 min; MS (ESI+): m/z : 622 [M+H]+ , 644 [M+Na]+ ; HRMS calcd
for C32H56N5O7: 622.4180; found: 622.4163.


2,2’,2’’-{10-[2-(1-Adamantylamino)-2-oxoethyl]-1,4,7,10-tetraazacyclodode-
cane-1,4,7-triyl}triacetic acid (4): A suspension of the triethyl ester 3
(2.0 g, 3.22 mmol) in EtOH (4 mL) was stirred overnight at room temper-
ature in the presence of AG1-X4 resin (32 mL of wet resin, 32.2 mequiv,
100–200 mesh, OH form). The mixture was loaded on a glass column
fitted at the bottom with a glass frit (17 mm diameter), and washed with
water. The product was eluted with a 0.1m solution of ammonium hydro-
genocarbonate. The fractions containing the product were collected and
freeze-dried. The solid residue was dissolved in water and freeze-dried
again. This operation was repeated three times in order to completely
eliminate the ammonium salts and to afford compound 4 (1.1 g, 56%).
White powder, m.p.: 197 8C; TLC (RP18 silica gel, CH3CN/H2O/TFA,
1:1:0.1): Rf=0.70;


1H NMR (600 MHz, [D6]DMSO): d=1.58–1.64 (m,
6H; CH2Ad), 1.92–1.98 (m, 6H; CH2Ad), 1.98–2.02 (m, 3H; CHAd),
2.68–3.22 (m, 16H; CH2Cyclen), 3.29 (s, 2H; CH2CONH), 3.48 (s, 2H;
CH2COO), 3.56 (s, 4H; CH2COO), 7.28 ppm (s, 1H; NH); 13C NMR
(150 MHz, [D6]DMSO): d=29.28(3) (CHAd), 36.46(3) (CH2CHAd),
41.25(3) (CH2CNAd), 50.28, 50.31, 50.36, 51.24 (CH2cyclen) 51.54
(CAdNHCO), 55.50 (CH2CONH), 57.59(3) (CH2COO), 168.49 ACHTUNGTRENNUNG(CONH),
170.74(2) (COO), 171.62 ppm (COO); HPLC-MS (Column: Symmetry
Shield 5 mm 4.67150 mm; eluent A: H2O, HCOOH 0.01% (v/v) B:
CH3CN, HCOOH 0.01% (v/v), flow: 1 mLmin�1, stepwise gradient from
90% A to 70% A in 15 min and from 70% A to 50% A in 15 min. De-
tection: LSD and Mass detection: Electro spray ionization (ESI) in nega-
tive mode [M�H]�=536), Rt=7.97 min; ESI


� : 536 [M�H]+ ; HRMS
calcd for C26H42N5O7: 536.3084; found: 536.3173.
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Gadolinium complex of 2,2’,2’’-{10-[2-(1-adamantylamino)-2-oxoethyl]-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl}triacetic acid (5): A solution of
GdCl3·H2O (0.054 g, 0.21 mmol) in water (2 mL) at pH 4.6 was slowly
added to a solution of triacid 4 (0.10 g, 0.19 mmol) in water (2 mL). The
pH of the solution was continuously adjusted to 6.5 by addition of 1n


NaOH. After completion of the addition, the pH was increased to 7.5
and the reaction was stirred for 60 h at room temperature. The pH was
then increased to 9 in order to precipitate all the excess GdIII as
Gd(OH)3. The solution was filtered (0.2 mm Millipore filter for syringe)
and freeze-dried, to afford the compound 5 as a white solid (0.15 g). The
GdIII chelate was further purified from salts by gel filtration (Sephadex
G10, 1.2780 cm) eluting with water. The collected fractions were freeze-
dried, to afford the compound 5 as a white solid with a purity of 98% de-
termined by EvansS method[46] (0.11 g, 76%); Maldi MS: m/z: 693.22[M]+,
715.21 [M+Na]+ ; HRMS calcd for C26H41N5O7Gd: 693.22695; found:
693.22416. HPLC-MS (Column: Sunfire 5 mm 4.67150 mm; eluent A:
Ammonium acetate 25 mm B:CH3CN, linear gradient from 100% A to
70% A and 30% B in 30 min. Mass detection: Electro spray ionization
(ESI) in positive mode [M]+ =693), Rt=13.59 min.


Nanoparticles preparation and characterization :


General procedure for the preparation : Stock solutions of pbCD/5 were
first obtained by adding Gd complex 5 as a solid (0.5 to 6 mgmL�1 final
concentration) to an aqueous solution of pbCD (2.5 or 5 mgmL�1) and
stirring overnight at RT. MD stock solutions were obtained by dissolution
of MD in water at concentration of 2.5 or 5 mgmL�1 with stirring at RT
overnight.


Nanoparticles containing 5 were then obtained by mixing at room tem-
perature equal volumes (0.5–1 mL) of these two stock solutions. For the
study of the effect of the component ratio on the size, stability, and 5 en-
trapment of the nanoparticles, three different preparations were used.
They were obtained using the stock solutions S1 and S2 with the follow-
ing concentrations of the three components:


Preparation A: S1) 5 mgmL�1 of pbCD and 1 mgmL�1 of 5 ;
S2) 5 mgmL�1 of MD.


Preparation B: S1) 2.5 mgmL�1 of pbCD and 1 mgmL�1 of 5 ;
S2) 2.5 mgmL�1 of MD.


Preparation C: S1) 2.5 mgmL�1 of pbCD and 0.5 mgmL�1 of 5 ;
S2) 2.5 mgmL�1 of MD.


For the evaluation of the maximum amount of 5 that can be entrapped,
two other preparations were obtained using the same procedure. Stock
solutions S1 and S2 with the following concentrations of the three com-
ponents were used:


1) S1) 5 mgmL�1 of pbCD and 4 mgmL�1 of 5 ; S2) 5 mgmL�1 of MD


2) S1) 5 mgmL�1 of pbCD and 6 mgmL�1 of 5 ; S2) 5 mgmL�1 of MD.


Size measurements : The mean diameter and the size distribution of the
nanoparticles were determined at different time intervals, after their for-
mation, by quasi-elastic light scattering (QELS) by using a Coulter nano-
sizer (model N4MD, Coultronic, France). According to need, samples
were diluted with milliQ water in order to maintain the count per second
between 57104 and 17106. Each measurement was repeated three times
for two minutes at room temperature (20–25 8C) and at 37 8C, at an angle
of 908.


Quantification of the 5 entrapped : Nanoparticle suspensions were centri-
fuged (25,000 g, 45 min, ultracentrifuge Beckmann Coulter LE-80 K),
using a 50.3 Ti rotor, in order to remove the non-entrapped 5. The
amount of 5 entrapped in the nanoparticles was determined as the differ-
ence between the total amount of GdIII chelate added and the amount of
GdIII chelate detected in the supernatant. The percentage of entrapment
was calculated as the ratio between amount of entrapped GdIII chelate
and the total amount of GdIII chelate added. The amount of 5 in the su-
pernatant was determined by EvansS method.[46] For this tert-butanol
(25 mL) was added as standard to a sample of supernatant (500 mL).
1H NMR spectra were acquired (500 MHz, 298 K) in presence of an
inner cell containing external standard consisting of D2O (100 mL) and
tert-butanol (25 mL). By measuring the difference of chemical shift, D(d)
in ppm, between the signals of tert-butanol from the two solutions, it was
possible to calculate the exact amount of paramagnetic agent present in


solution, by Equation (7), in which c is the concentration of the GdIII che-
late, s=1/3 (for cryomagnet), meff is the magnetic moment of the lantha-
nide metal (7.94 for GdIII).


DðdÞ ¼ ð4000pcs=TÞ ðmeff=2:84Þ2 ð7Þ


Stability of the entrapment : The stability of the entrapment was evaluated
by quantifying the 5 entrapped as described above, at different time in-
tervals after the preparation, over a period of 36 h.


Water proton relaxivity measurements : The longitudinal water proton re-
laxation rate was measured by using a Stelar Spinmaster (Stelar, Mede,
Pavia, Italy) spectrometer operating at 20 MHz, by mean of the standard
inversion–recovery technique. The temperature was controlled with a
Stelar VTC-91 air-flow heater equipped with a copper constantan ther-
mocouple (uncertainty 0.1 8C). The proton 1/T1 NMRD profiles were
measured over a continuum of magnetic field strength from 0.00024 to
0.47 T (corresponding to 0.01–20 MHz proton Larmor Frequency) on a
Stelar field-cycling relaxometer. The relaxometer works under complete
computer control with an absolute uncertainnty in 1/T1 of �1%. Data
points from 0.47 T (20 MHz) to 1.7 T (70 MHz) were collected on a
Stelar Spinmaster spectrometer working at variable field. The concentra-
tion of the 5 solution, for the relaxometric characterization, was deter-
mined by mineralizing a given quantity of sample solution by the addi-
tion of HCl 37% at 120 8C overnight: from the measurement of the ob-
served relaxation rate (R1obs) of the acidic solution and knowing the re-
laxivity (r1p) of Gd


III aquation in acidic conditions (13.5 mm
�1 s�1), it was


possible to calculate the exact GdIII concentration (this method was cali-
brated using standard ICP solutions, and the accuracy was determined to
be 1%).


Variable-temperature 17O measurements : For 17O measurements, aqueous
solution containing 2.6% 17O isotope (Yeda, Israel) was used. Variable-
temperature 17O NMR measurements were recorded at 600 MHz on a
Bruker spectrometer, equipped with a 5 mm probe, by using a D2O exter-
nal lock. Experimental settings were as follows: spectral width of
9000 Hz, 908 pulse for 14 ms, acquisition time 10 ms, 1024 scans and with-
out sample spinning. The observed transverse relaxation rates RO


2pobs were
calculated from the signal width at half-height (Dn1/2): RO


2p obs= pDn1/2.


The simultaneous least-squares fittings were performed with the program
Origin 7.0 for Windows systems.
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Introduction


Fullerenes that encapsulate a trimetallic nitride cluster are
known as trimetallic nitride template endohedral metalloful-
lerenes (TNT EMFs) and are usually synthesized by arcing
graphite rods. The graphite rods are packed with a metal
oxide and vaporized at low pressures in a Kr#tschmer–Huff-
man reactor in the presence of a nitrogen source. The first
example of a TNT EMF, Sc3N@C80, was prepared by Dorn
and co-workers in 1999.[1] Since its discovery, several fuller-
ene-encapsulated metal-based nitride clusters[1–9] and mixed


metal nitride endohedral fullerenes[1,10] have been success-
fully prepared and characterized. In each case, these com-
pounds have a wide distribution of cage sizes, which range
from cages as small as C68 to those as large as C98.


[8] Howev-
er, as the size of the metallic cluster is increased, the yield
of the EMFs decreases drastically, as in the case of the
Gd3N@C2n (40�n�44) family of EMFs,[6] which is formed
in one of the lowest yields for a synthesized EMF when
compared with other metallofullerenes with smaller metallic
clusters.[8,4]


As a result of their structures and electronic properties,
EMFs are unique compounds that have potential applica-
tions in several different fields, such as in molecular elec-
tronics and as contrast agents in magnetic resonance imag-
ing.[11,12]


Until recently, all of the isolated EMFs had a common
characteristic, that is, the preferential templating of C80


cages. This is favored for most metallic clusters owing to an
electronic stabilization between the metallic cluster and the
fullerene cage,[13] which gives M3N@C80 (M=metal) as the
most abundant species in the fullerene soot after the arcing
process. Recently our group reported an Nd3N@C2n EMF[14]


that showed for the first time preferential templating of a
larger cage (C88), which was probably the result of both the
size and the electronic stabilization of the cluster. This result
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prompted the question of whether a C88 cage is the maxi-
mum size limit for metallofullerenes or if larger clusters
would favor still larger cages, and if so, which cages would
those be?


Another interesting property of EMFs is that their elec-
trochemical behavior changes dramatically as the cage size
increases. It was recently observed that as the cage size in-
creased from C80 to C88, the reduction waves became com-
pletely reversible and the HOMO–LUMO gap decreased
considerably.[14, 15]


Herein we report the synthesis and isolation of Nd-, Pr-,
and Ce-based EMFs and their characterization by mass
spectrometry, HPLC, UV/Vis-NIR spectroscopy, and cyclic
voltammetry. These three families of TNT EMFs are the
largest to be isolated to date and all present the same pref-
erential C88 templating. In addition, the C96 cage is increas-
ingly favored as the metal size is increased.


Results and Discussion


Synthesis and identification of the M3N@C2n (M=Nd, Pr,
Ce) EMF families : The families of EMFs were synthesized
in a conventional Kr#tschmer–Huffman arc reactor. Graph-
ite rods were packed with a mixture of the corresponding
metal oxide and graphite powder and then burned in a He/
NH3 atmosphere. For the synthesis of Nd3N@C2n (40�n�
50) and Pr3N@C2n (40�n�52), a 1:1 graphite/metal oxide
mixture gave the highest yield of metallofullerenes (0.2 mg
of fullerenes per rod for Nd and 0.4 mg of fullerenes per rod
for Pr). For Ce3N@C2n (43�n�53), the maximum yield of
fullerenes (0.1 mg of fullerenes per rod) was obtained when
the graphite rods were packed with a 3:1 mixture of graph-
ite powder and cerium oxide.


Figure 1 shows the mass spectra and HPLC chromato-
grams of the Nd3N@C2n, Pr3N@C2n, and Ce3N@C2n families.
From the mass spectra it is evident that a wider range of
EMF sizes was obtained as the size of the metal in the clus-
ter was increased (Figure 1a) and metallofullerenes with
cages as large as C106 were formed (Figure 1a, bottom). Both
the Nd and Pr species gave a very low amount of the C80


metallofullerene, and no C82 metallofullerene was observed.
In the case of Ce3N@C2n, only a small amount of the C86


metallofullerene was formed. The mass spectra and HPLC
chromatograms also show the formation of two monometal-
lofullerenes under these arcing conditions, Pr@C84 (Figure 1,
y’) and Ce@C84 (Figure 1, y’’) The yields of these mono-
ACHTUNGTRENNUNGmetallofullerenes were favored as the metal size was in-
creased; for Ce, a relatively high abundance of this species
was observed in the chromatogram, but for Nd no Nd@C84


was observed.
The identity of each peak in the chromatogram was estab-


lished by mass spectrometry and the products were isolated
by using a one-stage HPLC separation. The purity was
checked by using a two-stage HPLC separation with a linear
combination of a Buckyprep-M and a Buckyprep column.
No further purification was necessary. Energy dispersive


spectroscopy (EDS) performed on some of the isolated sam-
ples showed the characteristic peaks of Nd, Pr and cerium
(see the Supporting Information).


Nd3N@C2n (40�n�50) has four main fractions in its
HPLC chromatogram, which were identified as Nd3N@C80


(a), Nd3N@C84 (b), Nd3N@C86 (c), and Nd3N@C88 (d) (see
Figure 1b, top, and the Supporting Information), of which
Nd3N@C88 was the most abundant species. Larger metallo-
fullerenes were also observed, but in very low yields and
with poor isomeric purity.


Pr3N@C2n (40�n�52) showed a broader distribution of
cage sizes than its Nd counterpart. The product contained a


Figure 1. a) Mass spectra of the Nd3N@C2n (top), Pr3N@C2n (middle) and
Ce3N@C2n (bottom) EMF families. z’’ indicates the signal assigned to
Ce3N@C96. b) HPLC chromatograms of the Nd3N@C2n (top), Pr3N@C2n


(middle) and Ce3N@C2n (bottom) EMF families. y’: Pr@C84, y’’: Ce@C84,
z : Nd3N@C96 z’: Pr3N@C96, and z’’: Ce3N@C96. See text for the assignment
of peaks a–g. Conditions: eluent= toluene, flow rate=4.0 mLmin�1;
Buckyprep-M column; detection wavelength=372 nm.
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significant amount of Pr3N@C96 (z’) and a lower concentra-
tion of metallofullerenes with cages smaller than C88. Pr3N@
C80 (a’) was produced in very low amounts. Peaks b’ and c’
were identified as Pr3N@C84 and Pr3N@C86, respectively (see
Figure 1b, middle, and the Supporting Information).


The Ce3N@C2n (43�n�53) EMF family mainly contained
metallofullerenes larger than Ce3N@C86, in which Ce3N@C88


(d’’) and Ce3N@C96 (z’’) were the most abundant species.
The other peaks (e–g) were identified as Ce3N@C90, Ce3N@
C92, and Ce3N@C94, respectively; however, their isomeric
purity is probably low because as the cage size increases, the
number of possible isomeric structures also increases dra-
matically.[16] For example, there are 187 possible isomers
that follow the isolated pentagon rule (IPR) for C96, which
explains why the purification process is a major issue in met-
allofullerene research. Recent computational work has
shown that the number of isomeric IPR cages with an elec-
tronic structure that can accept the transfer of six electrons
from the cluster is actually quite low,[17] but the presence of
multiple isomers still cannot be ruled out.


Previously reported TNT EMFs have shown a preference
for templating the C80 cage, but Nd3N preferentially tem-
plates the C88 cage,


[14] and the same preferential templating
is reported herein for both Pr and Ce. As the size of the
metal increased, a gradual increase in the abundance of the
C96 cage was observed; both the mass spectra and HPLC
chromatograms show that the abundance of the M3N@C96


(M=Nd, Pr, Ce) EMFs gradually increases to the point that
Ce3N@C96 is the second most abundant species in the
Ce3N@C2n (43�n�53) family (see Figure 1). From these
features, it would be expected that for an even bigger cluster
(i.e., La3N), a considerably higher amount of M3N@C96


would be found or that preferential templating of the C96


cage would be observed.


UV/Vis-NIR spectra of the isolated Nd-, Pr-, and Ce-based
EMFs : It has been demonstrated that the electronic absorp-
tions of metallofullerenes are due to p–p* transitions of the
fullerene cage.[2,18] It is also known that the spectral onset in
the UV/Vis-NIR spectrum can be used to calculate the opti-
cal band gap.[19] Usually, 1.0 eV is used to differentiate be-
tween small and large band gap fullerenes,[2,19] so metalloful-
lerenes with an optical band gap larger than 1.0 eV are con-
sidered to be large band gap EMFs, which determines their
reactivity and stability to some degree.


The isolated EMFs were dissolved in toluene and their
UV/Vis-NIR spectra were recorded. Figure 2 shows the elec-
tronic spectra of the isolated products of the Nd3N and Pr3N
EMF families. Their corresponding absorption peaks, spec-
tral onsets, and optical band gaps are listed in Table 1.


Nd3N@C80 and Pr3N@C80 both have a strong visible ab-
sorption at l=404 nm. Two other peaks were also observed
in the same region, and all of these absorptions correlate
well with the peaks observed for their M3N@C80 (Ih; M=


Gd, Dy, Tm) counterparts, which suggests that they have
similar electronic and structural properties. The HOMO–
LUMO gaps were calculated to be 1.55 eV for Nd3N@C80


and 1.51 eV for Pr3N@C80. These values fall within the
range of 1.50 to 1.60 eV that is usually calculated for metal-
lofullerenes with the general formula M3N@C80 (M=Sc, Tb,
Ho, Y, Er, Tm, Dy, Gd).[2,4,6,20]


The spectrum of Nd3N@C84 shows a relatively smaller
spectral onset and thus a higher optical band gap than
Pr3N@C84 and other isolated M3N@C84 (M=Dy, Tb, Gd)
metallofullerenes, and it can, therefore, be classified as a
large-band gap metallofullerene. However, its absorption
peaks resemble those observed for Pr3N@C84 and Gd3N@
C84


[15] with the exception of the NIR absorption, which is
not present in the spectrum of Nd3N@C84. On the other
hand, Pr3N@C84 has a band gap that is closer to that of
Gd3N@C84, and some very close absorptions as well, such as
the UV absorption at l=380 nm, two visible absorptions at
l=488 and 627 nm, and finally a NIR absorption at l=


1086 nm.
Nd3N@C86 and Pr3N@C86 have very similar electronic


spectra, but Pr3N@C86 has an additional absorption in the
NIR region and its spectral onset is located at around l=


Figure 2. UV/Vis-NIR spectra of the Nd3N@C2n and Pr3N@C2n EMFs dis-
solved in toluene. a) Nd3N@C80, b) Pr3N@C80, c) Nd3N@C84, d) Pr3N@C84,
e) Nd3N@C86, and f) Pr3N@C86


Table 1. Characteristic spectral onsets, band gaps and UV/Vis-NIR ab-
sorptions of some of the M3N@C2n (n=40, 42, 44) species.


Onset [nm] Band gap[a] [eV] UV/Vis-NIR l [nm]


Nd3N@C80 800 1.55 404, 560, 721
Pr3N@C80 820 1.51 404, 555, 728
Nd3N@C84 1041 1.19 358, 441, 655
Pr3N@C84 1342 0.92 380, 488, 627, 1086
Nd3N@C86 1194 1.04 338, 445, 641, 739
Pr3N@C86 1479 0.84 335, 461, 636, 744, 1389
Nd3N@C88 1420 0.87 390, 770, 965
Pr3N@C88 1445 0.86 395, 491, 775, 955
Ce3N@C88 1442 0.86 395, 481, 769, 949


[a] Band gap calculated from the spectral onset (band gap�1240 per
onset).[8]
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1479 nm, which results in the same optical band gap as that
reported for Dy3N@C86.


[8]


The UV/Vis-NIR spectra of Nd3N@C88, Pr3N@C88, and
Ce3N@C88 are quite similar, which suggests that these TNT
EMFs share the same structure. A very strong absorption lo-
cated between l=769 and 775 nm and NIR absorptions at
around l=949 and 965 nm were found for all three metallo-
fullerenes. Nd3N@C88 has an optical band gap of 0.87 eV,
whereas for Pr3N@C88 and Ce3N@C88 the band gap is
0.86 eV (see Figure 3 and Table 1).


Electrochemical studies of the Nd, Pr, and Ce EMF fami-
lies : The electrochemical studies were conducted in a 0.05m


solution of NBu4PF6 in ortho-dichlorobenzene (o-DCB) as
the supporting electrolyte and by using a 2 mm diameter
glassy carbon disk as the working electrode. Ferrocene (Fc)
was added at the end of the experiments and used as an in-
ternal reference for measuring the potentials.


Figure 4 and Table 2 show the redox behavior of both
Pr3N@C88 and Ce3N@C88, which was very similar to that of
Nd3N@C88


[14] and Gd3N@C88
[15] reported recently. All of


these EMFs show three reduction steps; the first is mono-
ACHTUNGTRENNUNGelectronic and reversible (peak to peak separation=60 mV),
the second is monoelectronic and quasi-reversible (peak to
peak separation=120–200 mV), and the third is less clearly
defined and probably multielectronic. These compounds
also show two reversible, monoelectronic oxidation steps.
This behavior appears to be characteristic of the C88 EMFs.
We note that Ce3N@C88, Pr3N@C88, and Nd3N@C88 also
have very similar electrochemical HOMO–LUMO gaps,
which is probably a consequence of their similar structures
and the similar electronic properties of the encapsulated
metals (see the electronegativity values of the three metals
in Table 2).


As expected, Nd3N@C80 and Pr3N@C80 exhibited redox
behavior that was comparable to that of previously de-


scribed Sc3N@C80, Er3N@C80, Y3N@C80, Dy3N@C80, Tm3N@
C80, and Gd3N@C80 (see Figures 5 and 6 and Table 3).[15,21–23]


Figure 3. UV/Vis-NIR spectra of a) Nd3N@C88, b) Pr3N@C88, and
c) Ce3N@C88 EMFs in toluene.


Figure 4. Cyclic voltammograms of a) Ce3N@C88, b) Pr3N@C88, and
c) Nd3N@C88 in a 0.05m solution of NBu4PF6 in o-DCB with ferrocene as
the internal standard. The scan rate was 0.1 Vs�1.


Table 2. Half-wave potentials (vs. Fc+/Fc) of the first reduction and oxi-
dation steps of Ce3N@C88, Pr3N@C88, and Nd3N@C88.


c[a] Redox potential
E1/2, red(1) [V] E1/2,ox(1) [V] DEgap [V]


Nd3N@C88 1.14 �1.33 0.07 1.40
Pr3N@C88 1.13 �1.31 0.09 1.40
Ce3N@C88 1.12 �1.30 0.08 1.38


[a] Pauling electronegativity.[24]


Figure 5. Cyclic voltammograms of a) Nd3N@C80, b) Nd3N@C84,
c) Nd3N@C86, and d) Nd3N@C88 in a 0.05m solution of NBu4PF6 in o-
DCB with ferrocene as the internal standard. The scan rate was 0.1 Vs�1.
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One reversible oxidation step and at least two irreversible
reduction steps were observed.


The first reduction process in Nd and Pr TNT EMFs was
cathodically shifted compared with that of Sc TNT EMFs
and was similar to that of Gd TNT EMFs, which is reason-
ACHTUNGTRENNUNGable if the similar electronegativity values of Pr, Nd, and Gd
(1.13–1.20) and the higher electronegativity value of Sc
(1.36) are considered. Nd3N@C84 also showed at least two ir-
reversible reduction steps and a reversible oxidation step,
which were also previously observed for Gd3N@C84. Herein,
we also report the electrochemical behavior of C86 TNT
EMFs for the first time. Interestingly, the electrochemistry
of Nd3N@C86 and Pr3N@C86 is qualitatively very similar to
that of Nd3N@C84, Nd3N@C80, and Pr3N@C80 since these
compounds also showed irreversible reduction and reversi-
ble oxidation behavior.


The electrochemical HOMO–LUMO gaps in these new
EMF families follow the trends previously reported for the
Gd3N@C2n family.[15] A large gap was recorded for the C80


cage and a smaller one for the C88 cage. The cluster ful-
lerenes encapsulated in C84 and C86 cages appear to have
similar HOMO–LUMO gaps, which are intermediate be-
tween those of C80 and C88.


Conclusion


The Nd3N@C2n (40�n�50), Pr3N@C2n (40�n�52), and
Ce3N@C2n (43�n�53) EMF families were successfully syn-
thesized, isolated, and characterized by mass spectroscopy,
HPLC, UV/Vis-NIR spectroscopy, and cyclic voltammetry.
To date, these compounds are the largest EMFs with the
largest clusters encapsulated isolated. These three families
of metallofullerenes all exhibited the same preferential tem-
plating of the C88 cage. When the ionic radii of the metal
that formed the cluster was increased another tendency ap-
peared, there was a progressive and significant increase in
the yield of the M3N@C96 metallofullerene, which suggested
that preferential templating of larger EMFs had occurred.
The electronic properties of these new EMFs were studied
and the results indicated that the size of the optical band
gap decreased as the cage size increased. Metallofullerenes
with the same cage size had similar band gaps and values of
absorption, which suggested similar structures. The electro-
chemical properties of the three families were investigated
by cyclic voltammetry and the results showed reversible re-
ductions for the C88 cage compounds and irreversible reduc-
tions for smaller cages. The oxidation steps were easier for
the larger cage compounds.


Experimental Section


High-purity graphite rods (6 mm diameter; purchased from POCO) were
core-drilled (4 mm diameter) and packed with 3:1, 1:1, and 1:1 mixtures
of graphite powder and CeO2, Pr6O11, and Nd2O3, respectively. The rods
were annealed at 1000 8C for 12 h and then vaporized by using an arc cur-
rent of 85 A in a Kr#tschmer–Huffman arc reactor, under a mixture of
ammonia (20 mbar) and helium (200 mbar). The soot from each packed
rod was collected from the arc reactor and extracted with CS2 in a sonica-
tor for about two hours. After removal of the solvent, the crude mixtures
were washed with diethyl ether and acetone until the washings were no
longer colored. The solids were then dissolved in toluene and separated
by HPLC (eluent: toluene) by using a semipreparative 10 mmM250 mm
Buckyprep-M column with a flow rate of 4 mLmin�1. MALDI-TOF mass
spectrometry was carried out by using a Bruker Omni Flex spectrometer.
For the EDS analysis, the samples were deposited on TEM grids and the
spectra were recorded by using a HD-2000 STEM, equipped with an
Oxford EDS system. Cyclic voltammetry was carried out in a one-com-
partment cell connected to a BAS 100B workstation in a 0.05m solution
of NBu4PF6 in o-DCB. UV/Vis-NIR spectra were obtained using a
Perkin–Elmer Lambda 950 spectrophotometer.
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Figure 6. Cyclic voltammograms of a) Pr3N@C80, b) Pr3N@C86, and
c) Pr3N@C88 in a 0.05m solution of NBu4PF6 in o-DCB with ferrocene as
the internal standard. The scan rate was 0.1 Vs�1.


Table 3. Cathodic peak potentials (vs. Fc+/Fc) of the first reduction step
and half-wave potentials of the other Nd- and Pr-based TNT EMFs iso-
lated.


Ep, red(1) [V] E1/2,ox(1) [V] E1/2,ox(1)�Ep, red(1) [V]


Nd3N@C80 �1.42 0.63 2.05
Pr3N@C80 �1.41 0.59 2.00
Nd3N@C84 �1.44 0.31 1.75
Nd3N@C86 �1.46 0.36 1.82
Pr3N@C86 �1.48 0.31 1.78
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Introduction


Polymers containing charged groups, known as polyelectro-
lytes, are among the most important classes of macromole-
cules. Common examples of polyelectrolytes include a large
number of biopolymers, for example, proteins, nucleic acids,
and many types of synthetic polymers. They have been ex-
tensively studied over the past several decades, due both to
scientific interest in understanding their behavior as well as
the enormous potential in various applications, in diverse
fields such as chemistry, biology, materials science, medicine,
physics, and nanotechnology. Polyelectrolytes have been fab-
ricated into multilayers, self-assemblies, thin films, and nano-
structures, and have been used for electronic and photonic
applications; for separation and sensor developments; for
biomedical applications, including controlled drug delivery,
gene therapy; and the development of new biomaterials.[1]


Despite growing interest in the use of polyelectrolytes for


the supramolecular ionic assembly of moieties containing
opposite charges, most of the work reported is confined to
the use of inorganic ions or chromophoric ions that are or-
ganic in nature. Assembly of metal–ligand chromophoric
units from polyelectrolytes is extremely scarce.[1,2]


Platinum(II)–polypyridyl complexes belong to a particu-
larly interesting class of organometallic chromophoric com-
plexes, and they are square planar. These complexes are
known for many years to possess a strong tendency to ar-
range themselves into linear chain or oligomeric structures
in the solid state, many of which involve metal–metal inter-
actions and aromatic ligand p–p stacking interactions. De-
pending on the extent of these interactions, these complexes
often exhibit different colors.[3–13]


We recently synthesized a number of platinum(II)–terpyr-
idyl complexes, and interesting solid-state as well as solution
spectroscopic properties, including induced aggregation
under various conditions, have been observed.[14–18] Herein
we present a detailed study of the properties of polyelectro-
lyte-induced self-assembly of several organometallic platinu-
m(II) complexes in aqueous media. Triflate salts of several
water-soluble alkynylplatinum(II)–terpyridine complexes
with different cationic charges and ligands of different hy-
drophobicity have been synthesized (1–4), and tested for
their self-assembly properties in the presence of various
anionic polyelectrolytes. The UV/Vis and emission spectral
changes were studied and correlated to the nature of the
complexes, polymer, and the media. It is envisaged that such


Abstract: Polyelectrolytes carrying
multiple negative charges were found
to induce the aggregation and self-as-
sembly of the positively charged plati-
num(II)–terpyridyl complexes in aque-
ous media. The aggregation and self-as-
sembly of the complexes were driven
by electrostatic interactions between
the polymer and the complex, and by
terpyridine ligand p–p stacking and


platinum–platinum (metal–metal) in-
teractions. As a result, remarkable UV/
Vis and emission spectral changes were
observed. The spectroscopic property


changes were related to the structural
properties of the metal complexes as
well as the polyelectrolytes. The in-
duced self-assembly of the platinum
complexes was also strongly affected
by the solution properties of the aque-
ous media, for example, the solution
pH, ionic strength, and the percentage
of organic solvent added.


Keywords: noncovalent interac-
tions · platinum · polyelectrolytes ·
self-assembly · UV/Vis spectro-
scopy


[a] Dr. C. Yu, Dr. K. H.-Y. Chan, Dr. K. M.-C. Wong,
Prof. Dr. V. W.-W. Yam
Center for Carbon-Rich Molecular and
Nanoscale Metal-Based Materials Research
Department of Chemistry and
HKU-CAS Joint Laboratory on New Materials
The University of Hong Kong, Pokfulam Road
Hong Kong (P. R. China)
Fax: (+852)2857-1586
E-mail : wwyam@hku.hk


Chem. Eur. J. 2008, 14, 4577 – 4584 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4577


FULL PAPER







studies would provide a fundamental understanding of the
various factors that govern the self-assembly of the metal
complexes and the interplay of electrostatic and hydropho-
bic interactions between the polyelectrolytes and the metal
complexes, which may serve as model systems for the under-
standing of the interactions between the metal complexes
and various anionic biomolecules.


Results and Discussion


Four platinum(II)–alkynyl complexes 1–4 were synthesized
by the reaction of Sonogashira coupling and characterized
by 1H NMR and IR spectroscopy, MS, and elemental analy-
ses. Functionalization of the platinum(II)–terpyridyl–alkynyl
complexes through the attachment of a hydroxymethyl func-
tional group at the butadiynyl end in 1 and trimethylammo-
nium groups to give dicationic species in 2–4 has rendered
these complexes soluble in water. These complexes with dif-
ferent charges and degree of hydrophobicity were designed
and employed for the present study. Of the four complexes,
complex 3, which contains an extra phenyl ring, is the most
hydrophobic. For complexes 2–4, the positively charged tri-
methylammonium group is furthest away from the platinum
metal center and the terpyridine ligand in 3, while complex
4, which contains only one alkynyl unit, has the positively
charged trimethylammonium group closest in distance from
the platinum metal center and the terpyridine ligand.


Three polymers of different nature were also selected for
the present investigation, namely polyacrylate, poly(vinyl
sulfonate), and poly(4-styrene sulfonate). Poly(vinyl sulfo-


nate) and poly(4-styrene sulfonate) in their acid forms carry
the strongly acidic sulfonic acid groups, whereas polyacry-
late in its acid form carries the mildly acidic carboxylic acid
functions. Poly(4-styrene sulfonate), which contains a phenyl
ring, is more hydrophobic than the other two polymers.


Electronic absorption and emission properties : The UV/Vis
spectra of complexes 1–4 (30 mm) in a water–acetonitrile
mixture (5 mm Tris-HCl, 10 mm NaCl, pH 7.5, 40% CH3CN)
showed an intense band at 300–360 nm and a less intense
band at 360–500 nm, typical of that found for alkynylplati-
num(II)–terpyridine complexes (Figure 1). The electronic


absorption spectral data are summarized in Table 1. Based
on our previous work[14–18] and other related studies,[3–13] the
high-energy bands of complexes 1–4 are tentatively assigned
as intraligand p!p* transitions of the terpyridine and al-
kynyl ligand, while the lower energy bands are assigned as


Figure 1. UV/Vis spectra of 30 mm of complexes 1 (c), 2 (b), 3
(g) and 4 (d) in buffer–CH3CN solvent mixture (Medium: 5 mm


Tris-HCl, 10 mm NaCl, pH 7.5, 40% CH3CN).


Table 1. Photophysical data of complexes 1–4 in solution state.


Absorption, lmax [nm] (e [dm3mol�1 cm�1])[a] Emission
lmax [nm][b]


1 238 (33665), 267 (19315), 278 (18090), 287 (22540),
313 (10765), 329 (12905), 339 (12805), 405 (4550)


788


2 237 (31240), 256 (22190), 277 (17940), 286 (24725),
308 (10110), 330 (12805), 340 (11225), 391 (4665)


742


3 242 (32720), 274 (40235), 285 (40480), 308 (12380),
327 (12270), 340 (14385), 417 (5145)


796


4 233 (27975), 254 (23725), 274 (21055), 283 (31930),
306 (10980), 330 (14070), 346 (11255), 378 (3590)


–[c]


[a] Measured in water–acetonitrile mixture (5 mm Tris-HCl, 10 mm NaCl,
pH 7.5, 40% CH3CN) with 30 mm complexes. [b] Measured in buffer
(5 mm Tris-HCl, 10 mm NaCl, pH 7.5) with 0.15 mm complexes. [c] Non-
emissive
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admixtures of metal-to-ligand charge-transfer (MLCT;
dp(Pt)!p* ACHTUNGTRENNUNG(tpy)) and alkynyl-to-terpyridine ligand-to-ligand
charge-transfer (LLCT) transitions. The observed shift of
the energy of the absorption bands at 360–500 nm in the
order: 4(lmax=378 nm; E=26455 cm�1)>2(lmax=391 nm;
E=25575 cm�1)>1(lmax=405 nm; E=24691 cm�1)>3(lmax=


417 nm; E=23981 cm�1) is in line with the order of the in-
creasing electron-richness of the alkynyl ligands. Complex 4,
which contains a positively charged electron-withdrawing
trimethylammonium group closest to the platinum(II)–ter-
pyridyl unit, possesses the least electron-rich alkynyl ligand,
giving rise to the highest energy MLCT/LLCT transition.
The lower electronic absorption energies of 2 than 4 and of
3 than 2 are also consistent with the increasing distance of
the trimethylammonium moiety on going from 4 to 2 to 3,
which gave rise to the decreasing electron-withdrawing in-
ductive effect of the +NMe3 group. A better p-donating
ability of 3 is also anticipated with the presence of the
phenyl moiety. Complex 1, with the absence of the positively
charged trimethylammonium unit on the alkynyl ligand,
showed a lower energy MLCT/LLCT transition than 2, as
the neutral non-cationic hydroxymethylbutadiynyl ligand
should behave as a better donor ligand.


When the percentage of acetonitrile in the solvent mix-
ture was reduced, the UV/Vis spectra of complexes 1–4
(30 mm) all showed a decrease in the intensity of the low-
energy MLCT/LLCT band and the emergence of a new
lower energy absorption shoulder in the region of approxi-
mately 480–550 nm. Concentration-dependence studies of
complexes 1–4 indicate that BeerKs law is not obeyed in the
low-energy absorption region at high complex concentra-
tions. With reference to our previous studies,[14–18] the emer-
gence of the low-energy absorption shoulder or tail origi-
nates from a metal–metal-to-ligand charge-transfer
(MMLCT) transition as a result of close Pt–Pt contacts and
p–p interactions in solution. The UV/Vis studies thus
strongly suggest that these complexes show a tendency to
exhibit ground-state complex aggregation in aqueous solu-
tion. This is not surprising; since the aromatic terpyridine
ligand is relatively hydrophobic, and in addition, the planar
structure of the complexes also facilitates their intermolecu-
lar stacking interactions. Since complex 1 has only one posi-
tive charge and thus is a monocationic complex, the electro-
static repulsive force between the complex molecules is the
smallest, and so it has the strongest tendency of showing a
background self-aggregation. The significantly tailed UV/Vis
spectrum with noticeable absorption spanning all the way to
about 600 nm is a strong indication of the background ag-
gregation. Complex 4, on the other hand, is dicationic and,
in addition, the trimethylammonium charged group is posi-
tioned closest to the hydrophobic terpyridine moiety; hence
there exists the strongest electrostatic repulsive force among
the complex molecules that gives rise to the weakest tenden-
cy for background self-association to occur.


Corresponding emission studies of complex 1 (30 mm) in a
water–acetonitrile mixture (5 mm Tris, 10 mm NaCl, pH 7.5,
0–40% CH3CN) showed the appearance of a weak emission


band at around 800 nm, with the intensity becoming stron-
ger with decreasing CH3CN percentage. In pure buffer, be-
sides complex 1, complex 3 (30 mm) also showed a very
weak emission band at around 800 nm. In addition, when a
more concentrated complex solution was tested (0.15 mm),
complexes 1–3 clearly showed emission bands at 788, 742,
and 796 nm, respectively, while complex 4 remained non-
emissive (Table 1). Based on the UV/Vis absorption studies,
the emission bands, which appear in the NIR region, are
tentatively assigned as triplet MMLCT emission,[14–18] result-
ing from the background self-aggregation of the platinu-
m(II) complexes.


The influence of the solution ionic strength on the com-
plex background self-aggregation in a pure aqueous buffer
solution was also studied. The metal complex concentration
was kept at 30 mm and the NaCl concentration was varied.
For all four complexes, upon increasing the NaCl concentra-
tion, the UV/Vis spectra showed an increase in the intensity
of the complex MMLCT bands, indicating an enhancement
of background aggregation of the complexes (complex 1
precipitated at around 0.5m NaCl concentration, while solu-
tions of complexes 2–4 remained clear at 1m NaCl concen-
tration). Figure 2 shows the UV/Vis absorption spectra of 2


and 3 in the absence and in the presence of 1m NaCl in
buffer solution. Emission studies also revealed that with the
increase of the NaCl concentration, complex 3 showed quite
clear MMLCT band intensity enhancement, while complex
1 showed small MMLCT band intensity enhancement; com-
plexes 2 and 4 did not show the appearance of the MMLCT
emission band. These results indicate that the addition of
NaCl increased the tendency of complex p–p hydrophobic
stacking interactions, causing an increase in the background
aggregation. Thus the effect of NaCl is exactly opposite to
that of adding acetonitrile. The tendency for the complex to
undergo background self-aggregation is also consistent with
the nature and properties of the complexes as discussed ear-
lier (vide supra).


Polyelectrolyte-induced aggregation studies : When 30 mm of
complex 1 was mixed with 180 mm of the polymers in a pure


Figure 2. UV/Vis absorption spectra of 2 in the absence (*) and in the
presence (?) of 1m NaCl, and 3 in the absence (~) and in the presence
(&) of 1m NaCl in buffer (5 mm Tris, 10 mm NaCl, pH 7.5) solution.
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aqueous buffer solution (5 mm Tris-HCl, 10 mm NaCl,
pH 7.5), drastic UV/Vis spectral changes were observed (see
Figure 3). With polyacrylate and poly(vinyl sulfonate), new


UV/Vis bands with peak maxima appeared at 550 nm (E=


18181 cm�1) and 552 nm (E=18116 cm�1), respectively, in
the electronic absorption spectra of 1. With poly(4-styrene
sulfonate), a weak broad absorption shoulder at longer
wavelength (ca. 522 nm; E=19157 cm�1) with no clear band
maximum was observed. Similar UV/Vis spectral changes
were generally observed with complexes 2 and 3 in the pres-
ence of the polymers, while complex 4 also gave similar
changes in the UV/Vis absorption patterns, albeit considera-
bly smaller changes were observed. The UV/Vis spectral
changes of complex 2 in the presence of various polymers
are shown in Figure 3.


With reference to our previous work and other related
studies, the new UV/Vis bands are assigned as MMLCT
transitions.[14–18] The results clearly show that upon mixing of
the complex with the polymer, electrostatic interactions be-
tween the complex and the polymer induced the self-assem-
bly of the complex molecules through metal–metal and p–p


stacking interactions. The properties of the complex self-as-
sembly are apparently related to the properties of the com-
plex molecules and the nature of the polymers. In general,
more evident UV/Vis spectral changes typical of the forma-
tion of self-assembled aggregates were observed in com-
plexes 1–3, whereas for complex 4, the UV/Vis changes
were far less significant. For example, when the complexes
were mixed with polyacrylate, the shifts in energy to the red
from the complex monomer MLCT/LLCT absorption band
to the corresponding complex aggregate absorption band
were 6509, 6120, 6858, and 2005 cm�1 for complexes 1–4, re-
spectively.[19] For the same complex, poly(vinyl sulfonate)
gave better performance than polyacrylate in inducing the
self-assembly of the complex molecules, while poly(4-sty-


rene sulfonate) was the least effective. For example, when
poly(vinyl sulfonate) was mixed with complexes 1–3, pro-
nounced aggregate formation was observed, as reflected by
the growth of the aggregate MMLCT absorption, with UV/
Vis absorption energy changes between the monomer and
the aggregate species of 6575, 6883, and 7118 cm�1, whereas
for poly(4-styrene sulfonate), the corresponding values were
5534, 5575, and 5930 cm�1 for complexes 1–3, respectively.
The larger spectral shifts of the aggregate MMLCT absorp-
tion from the corresponding monomeric MLCT/LLCT ab-
sorption in poly(vinyl sulfonate) than poly(4-styrene sulfo-
nate) are indicative of a stronger metal–metal and p–p


stacking interactions in the complex aggregates of the
former, as the difference in the energy of the monomer and
aggregate/oligomer absorption is a measure of the strength
of these metal–metal and p–p interactions. It is likely that
the stronger hydrophobic interactions between the more hy-
drophobic poly(4-styrene sulfonate) and the complex would
reduce the tendency of the complex to undergo self-assem-
bly. It is also interesting to note that in all cases complex 3
gave the largest UV/Vis band energy changes between the
monomer and the aggregates regardless of the polymer used
(6858, 7118, and 5930 cm�1 for polyacrylate, poly(vinyl sul-
fonate), and poly(4-styrene sulfonate), respectively), pre-
sumably because of its stronger hydrophobic characters.


The appearance of new emission bands upon mixing of
complexes with various polyelectrolytes was observed. For
the mixtures of 30 mm of complexes 1–4 with 180 mm of poly-
acrylate, new emission bands with peak maxima at 795, 764,
812, and 668 nm, respectively, were found (Figure 4). Similar


observations were also identified by using poly(vinyl sulfo-
nate) and poly(4-styrene sulfonate), and the corresponding
emission spectra of 1 and 3 in the presence of the polymers,
together with the emission spectra of their monomeric
forms are depicted in Figure 5. As described earlier, these
newly appeared emission bands are assigned as MMLCT
triplet emission.[14–18] It is interesting to note that the relative
positions of the emission bands appear to be related to the
properties of the complex molecules. For the mixtures of the
polymers with complexes 2–4, complex 3 in all cases studied


Figure 3. UV/Vis absorption spectra of 30 mm of 1 (top) and 2 (bottom)
in the absence of polymers (&) and in the presence of the 180 mm of poly-
acrylate (*), poly(vinyl sulfonate) (~), and poly(4-styrene sulfonate) (?)
in buffer (5 mm Tris, 10 mm NaCl, pH 7.5) solution.


Figure 4. Normalized emission spectra of 30 mm of 1 (&), 2 (*), 3 (~) and
4 (?) mixed with 180 mm of polyacrylate in buffer (5 mm Tris, 10 mm


NaCl, pH 7.5) solution.
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gave an emission band at the longest wavelength (with peak
maxima at 812 (12315), 815 (12270), and 777 nm
(12870 cm�1) for polyacrylate, poly(vinyl sulfonate), and
poly(4-styrene sulfonate) respectively), whereas complex 4
gave an emission band at the shortest wavelength (with
peak maxima at ca. 668 (14970), 663 (15083), 639 nm
(15649 cm�1) for polyacrylate, poly(vinyl sulfonate), and
poly(4-styrene sulfonate) respectively), which is consistent
with the relative MLCT/LLCT UV/Vis absorption trends of
these complex assemblies. As mentioned above, the degree
of conjugation of the electron-donating alkynyl group and
the strength of the electron-withdrawing positively charged
trimethylammonium group determine the emission energy
and consequently their relative band positions. Complex 4,
which has a trimethylammonium group separated by only
one alkynyl attached to platinum, is the least electron-rich
complex, whereas complex 3, with an aryl-substituted alkyn-
yl group, is the most electron-rich complex. In addition, as
the electron-withdrawing trimethylammonium group moves
further away from complexes 4 to 2 to 3, the electron-with-
drawing effect becomes less important. As a result, complex
4 gave an emission band of the highest energy, while com-
plex 3 gave an emission band of the lowest energy. It is also
interesting to note that complex 3 gave the highest energy
MMLCT emission (780 nm) arising from aggregate forma-
tion upon addition of poly(4-styrene sulfonate) when com-
pared with the other anionic polymers, polyacrylate
(812 nm) and poly(vinyl sulfonate) (816 nm), as shown in
Figure 5 (bottom). The occurrence of the MMLCT emission
band at higher energy is indicative of a weaker tendency for
the complex cations to stack with each other to form self-as-
sembly. The reduced tendency of complex stacking is ascri-
bed to the hydrophobic interactions between the relatively
hydrophobic planar styryl groups and the more hydrophobic
complex 3 bearing an aryl group on the alkynyl unit.


Effect of organic solvent: As mentioned above, the addition
of acetonitrile can reduce hydrophobic p–p stacking interac-
tions between the complex molecules and help to minimize
the complex background self-aggregation. Our results show
that the addition of acetonitrile can also effectively reduce
the nonspecific hydrophobic interactions between the com-
plex molecules and the polymer. For complex binding to
poly(4-styrene sulfonate), in a pure aqueous buffer solution,
only weak complex self-assembly was observed as shown in
Figure 3. With the addition of 40% of acetonitrile, the back-
ground aggregation was suppressed, and more importantly,
the performance of poly(4-styrene sulfonate)-induced com-
plex self-assembly was found to improve significantly for
complexes 1–3 as a result of the reduced nonspecific hydro-
phobic interactions. Much increased MLCT/LLCT UV/Vis
absorption band intensity and clear band maximum were
both observed. It is also interesting to note that since the hy-
drophobic interactions were largely suppressed, unlike in
the pure aqueous buffer solution, in which complex 3 gave
the largest UV/Vis band-energy changes between the mono-
mer and the aggregates, complexes 1–3 all gave similar per-
formance (energy difference: 6866, 6778, and 6590 cm�1 for
complexes 1–3, respectively).


Effect of polyelectrolyte concentration : The influence of the
ratio of polymer to complex on the self-assembly properties
of the complexes was studied. It was observed that addition
of 0.5–1.5 times the amount of polyacrylate (based on car-
boxylate unit concentration) to a solution of complex 1 at a
concentration of 30 mm gave rise to a slightly turbid solution,
with strong light-scattering in both the UV/Vis and emission
spectra. It is likely that with such relatively small amounts
of polymer added, the negative charges on the polymer
were largely neutralized upon binding to the metal complex,
and since there would not be enough electrostatic repulsive
forces between the polymer molecules for their dispersion,
aggregation and precipitation resulted. In contrast, with a
larger excess (3–48 times) of polyacrylate added, both the
UV/Vis and emission spectra showed the formation of low-
energy MMLCT absorption and emission bands, indicative
of excellent complex self-assembly. It is interesting to note
that the spectral changes are relatively insensitive to a varia-
tion in the amount of polymer added, indicating that in this
polyacrylate concentration range the self-assembly of com-
plex 1 took place to a significant extent and was not sensi-
tive to the amount of polymer added. Similar results were
obtained for complexes 2 and 3. For complex 4, the
3MMLCT emission of complex aggregates gave the best re-
sults under the conditions of 3–6 times the amount of poly-
acrylate added, with a significant decrease of the 3MMLCT
emission intensity upon further increase of the polymer con-
centration, and the almost complete disappearance of the
emission band when 24 times the amount of polyacrylate
were added.


As shown in our previous study, in an organic solvent mix-
ture, when the amount of base added was kept constant, ad-
dition of large excess of poly(acrylic acid) resulted in a sig-


Figure 5. Normalized emission spectra of 30 mm of 1 (top) and 3 (bottom)
in the absence of polymers (&) in buffer–CH3CN solvent mixture and in
the presence of the 180 mm of polyacrylate (*), poly(vinyl sulfonate) (~),
and poly(4-styrene sulfonate) (?) in buffer (5 mm Tris, 10 mm NaCl,
pH 7.5) solution.
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nificant decrease of the complex self-assembly, as a result of
the “diluted” average number of negatively charged carbox-
ylate functional groups on each polymer chain.[17] In an
aqueous buffer solution, the situation is quite different.
Since the solution pH was kept at a constant value of 7.5,
addition of uncharged poly(acrylic acid) is equivalent to the
addition of negatively charged polyacrylate, and the “dilu-
tion” effect is largely reduced. However, for complex 4,
since it has the weakest tendency to aggregate and self-as-
semble among the four complexes studied as a result of the
strong repulsive forces that exist between the positively
charged complex molecules, addition of a large excess of
polyacrylate results in a stronger tendency to “dilute” the
average number of complex molecules that would bind to
each polymer chain, leading to a reduced 3MMLCT emis-
sion.


Effect of solution buffer pH : The influence of the solution
buffer pH on the self-assembly properties of the metal com-
plexes was also investigated. For polyacrylate, since the car-
boxylic acid functionality is only mildly acidic, a large de-
crease of the buffer pH reduces the percentage of the ion-
ized functional groups on each polymer chain, and thus in-
fluences the electrostatic binding of the positively charged
complexes to the polymer chain and their self-assembly. It
was found that for the mixture of 30 mm of complex 1 and
180 mm of polyacrylate, a decrease of the buffer pH from 7.5
to 6.0 and 5.0 caused only small UV/Vis spectral changes,
suggesting that the assembly properties of the complex were
little influenced in this pH region. Further decrease of the
buffer pH to 4.0 and 3.0 caused the solution to turn turbid,
indicating precipitation of the metal-complex-bound poly-
mer, probably as a result of the reduced net negative charg-
es on each polymer chain. At pH 2.0, the negative charges
on the polymer were largely removed, and the solution ap-
peared turbid, because of the decreased solubility of the po-
lymer. However, with the addition of 20% acetonitrile, a
clear yellow solution was obtained, with little complex ag-
gregation observed. Upon bringing the solution back to
basic conditions, both the UV/Vis and emission spectra
showed the revival of complex assembly, as indicated by the
observation of the low-energy MMLCT absorption and
emission bands. Poly(vinyl sulfonate), on the other hand,
was less susceptible to a change in pH since the sulfonic
acid moiety is strongly acidic. The polymer-induced complex
assembly was found to be little influenced by the buffer pH.
At pH 2.0, a mixture of 30 mm of complex 1 and 180 mm of
poly(vinyl sulfonate) still showed excellent complex self-as-
sembly.


Effect of solution ionic strength : The effect of the ionic
strength of the buffered solution on the polyelectrolyte-in-
duced complex self-assembly was also studied. For a mixture
of 30 mm of complex 2 and 180 mm of polyacrylate, UV/Vis
spectral studies showed an increased background light-scat-
tering as the concentration of NaCl was increased, indicating
that the complex-bound polymer started to gradually aggre-


gate, as a result of the increased strength of the hydrophobic
interactions. Interestingly, a concomitant decrease in the
MMLCT emission band intensity occurred (Figure 6), which


indicates that the bound complex molecules were gradually
replaced by sodium ions. With 0.34m NaCl added, the com-
plex molecules were completely replaced by sodium ions,
and a clear yellow solution was obtained. Our results also
show that because of the weaker tendency of complex 4 to
aggregate, upon mixing of it with polyacrylate, the MMLCT
emission band was completely gone with a total of only
0.1m NaCl added.


Conclusions


In the present study, several polymers carrying multiple neg-
atively charged functional groups have been shown to
induce the aggregation and self-assembly of the positively
charged water-soluble alkynylplatinum(II)–terpyridyl com-
plexes in an aqueous medium. The driving forces for the in-
duced aggregation and self-assembly were the result of elec-
trostatic binding of the complex molecules to the polymer,
metal–metal and ligand p–p stacking interactions, which
gave rise to remarkable UV/Vis and emission spectral
changes. The spectral changes were found to be related to
the properties of the complexes as well as the polymers. The
induced complex self-assembly was also influenced by the
properties of the aqueous medium, for example, ionic
strength, buffer pH, and the percentage of organic solvent
added. The current approach could be potentially utilized to
detect and characterize various charged polymers, as dem-
onstrated by our parallel research work on single-stranded
nucleic acids.[20] Similar to pyrene, which has been utilized
to probe polymer conformational changes,[1] it is envisaged
that our complex molecules could also be used for probing
conformational changes in polymers through the observa-
tion of the 3MMLCT emission. An additional advantage lies


Figure 6. Emission spectra of 30 mm of complex 2 + 180 mm of polyacry-
late, 5 mm Tris-HCl, 10 mm NaCl, pH 7.5, with increasing concentration
of NaCl added. Inset: plot of emission intensity at 771 nm as a function
of NaCl concentration.


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4577 – 45844582


V. W.-W. Yam et al.



www.chemeurj.org





in the fact that besides the appearance of new emission
bands, the significant UV/Vis spectral changes that give rise
to visual color changes could also be utilized for the probing
of polymer conformation studies.


Experimental Section


Materials and characterization : All reagents were used as received.
Poly(acrylic acid) was synthesized as previously described with Mw of
10971.[17] Poly(vinylsulfonic acid sodium salt) with Mw of 4000–6000, poly-
(sodium 4-styrenesulfonate) with Mw of 70000, propargyl bromide, and
propargyl alcohol were obtained from Aldrich.
1H NMR spectra were recorded with a Bruker DPX-300 (300 MHz) or
Bruker AVANCE 400 (400 MHz) Fourier transform NMR spectrometer
at ambient temperature, with chemical shifts reported relative to tetra-
methylsilane. Positive FAB mass spectra were obtained by using a Finni-
gan MAT95 mass spectrometer. IR spectra were obtained as Nujol mulls
on KBr disks on a Bio-Rad FTS-7 Fourier transform infrared spectropho-
tometer (4000–400 cm�1). Elemental analyses were performed on a Carlo
Erba 1106 elemental analyzer at the Institute of Chemistry, Chinese
Academy of Sciences. UV/Vis absorption spectra were recorded on a
Cary 50 (Varian) spectrophotometer equipped with a Xenon flash lamp.
Steady-state emission spectra were recorded using a Spex Fluorolog-2
Model F111 spectrofluorometer. The emission spectra were obtained
with an excitation wavelength of 400 nm and were not corrected for
PMT (photomultiplier tube) response. Standard quartz cuvettes with
1 cm path length were used for all spectral measurements. Unless speci-
fied otherwise, a buffer solution containing 5 mm Tris-HCl and 10 mm


NaCl at pH 7.5 at ambient temperature was used throughout the current
investigation.


Synthesis of the metal complexes : [Pt ACHTUNGTRENNUNG(tpy)(C�C-C�CCH2OH)] ACHTUNGTRENNUNG[OTf] (1)
was synthesized as reported previously.[20] The compounds Me3Si-
C�CC6H4CH2Br,


[21] Me3SiC�C-C�CCH2Br,
[22] [Pt ACHTUNGTRENNUNG(tpy)Cl] ACHTUNGTRENNUNG[OTf],[23] and


[Pt ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG[OTf]2
[14,24] were synthesized according to literature


methods.


Synthesis of functionalized alkynes


[HC�CC6H4CH2NMe3-4] ACHTUNGTRENNUNG[OTf]: A mixture of Me3SiC�CC6H4CH2Br
(72 mg, 0.27 mmol) and trimethylamine (5 mL) was stirred in diethyl
ether (5 mL) for 30 min, during which precipitates of the bromide salt
were obtained. This was filtered and washed with diethyl ether, and was
then dissolved in methanol and metathesized to the trifluoromethanesul-
fonic (triflate) salt with a saturated methanolic solution of silver triflate.
During the metathesis reaction, the protecting group of the acetylene
was also removed. Removal of the AgBr precipitate gave a colorless fil-
trate and the solvent was evaporated to dryness under reduced pressure.
Extraction of the residue with chloroform, followed by solvent removal
gave the desired product as a white solid. Yield: 70 mg (80%); 1H NMR
(CD3OD): d=3.10 (s, 9H; -NMe3), 3.70 (s, 1H; -C�CH), 4.52 (s, 2H;
-CH2-), 7.55 (d, J=8.3 Hz, 2H; -C6H4-), 7.62 ppm (d, J=8.3 Hz, 2H;
-C6H4-).


[HC�CCH2NMe3] ACHTUNGTRENNUNG[OTf]: The procedure was similar to that for
[HC�CC6H4CH2NMe3-4] ACHTUNGTRENNUNG[OTf] except that propargyl bromide (80% in
toluene; 1.25 g, 8.41 mmol) was used instead of Me3SiC�CC6H4CH2Br to
give [HC�CCH2NMe3] ACHTUNGTRENNUNG[OTf] as a pale yellow solid. Yield: 1.64 g (79%);
1H NMR (CD3OD): d =3.26 (s, 9H; -NMe3), 3.55 (t, J=2.5 Hz, 1H;
-CH-), 4.39 (d, J=2.5 Hz, 2H; -CH2-).


[Me3SiC�C-C�CCH2NMe3]ACHTUNGTRENNUNG[OTf]: The procedure was similar to that for
[HC�CC6H4CH2NMe3-4] ACHTUNGTRENNUNG[OTf] except that Me3SiC�C-C�CCH2Br
(100 mg, 0.465 mmol) was used instead of Me3SiC�CC6H4CH2Br to give
[Me3SiC�C-C�CCH2NMe3] ACHTUNGTRENNUNG[OTf] as a white solid. Yield: 128 mg (86%);
1H NMR (CDCl3): d =0.23 (s, 9H; Me3Si-), 3.36 (s, 9H; -NMe3),
4.59 ppm (s, 2H; -CH2-).


The freshly prepared functionalized alkynes were immediately used for
the synthesis of the platinum(II) complexes as they were not very stable
upon prolonged storage.


Synthesis of platinum(II) complexes


[Pt ACHTUNGTRENNUNG(tpy)(C�C-C�CCH2NMe3)]ACHTUNGTRENNUNG[OTf]2 (2): The complex was synthesized
according to modification of a literature procedure.[14] A mixture of
[Me3SiC�C-C�CCH2NMe3] ACHTUNGTRENNUNG[OTf] (38 mg, 0.11 mmol) and potassium fluo-
ride (13 mg, 0.22 mmol) in methanol (30 mL) was heated to 50 8C for
30 min, after which [Pt ACHTUNGTRENNUNG(tpy) ACHTUNGTRENNUNG(CH3CN)] ACHTUNGTRENNUNG[OTf]2 (71 mg, 0.09 mmol) was
added, and the resultant orange solution was stirred at 50 8C overnight.
Solvent was then removed under reduced pressure, and the residue
washed with a small amount of methanol and was then dissolved in ace-
tonitrile. Subsequent recrystallization by diffusion of diethyl ether vapor
into an acetonitrile solution of the product gave complex 2 as an orange
red solid. Yield: 45 mg (57%); 1H NMR (CD3CN): d =3.16 (d, J=


2.4 Hz, 9H; -NMe3), 4.30 (d, J=2.4 Hz, 2H; -CH2-), 7.77–7.82 (m, 2H;
tpy), 8.25–8.49 (m, 7H; tpy), 9.03 ppm (d, J=5.6 Hz, 2H; tpy); IR
(Nujol): ñ=2217 (m; C�C), 2083 (m; C�C), 1157 cm�1 (m; S=O); posi-
tive-ion FAB-MS: m/z : 698 [M+OTf]+; elemental analysis calcd (%) for
C25H22N4F6O6PtS2·2H2O: C 34.00, H 2.96, N 6.34; found: C 33.89, H 2.68,
N 6.24.


[Pt ACHTUNGTRENNUNG(tpy)(C�CC6H4CH2NMe3–4)]ACHTUNGTRENNUNG[OTf]2 (3): Complex 3 was synthesized
by a modified procedure of the CuI-catalyzed reaction for platinum(II)–
alkynyl complexes.[25] The chloroplatinum(II) precursor complex, [Pt-
ACHTUNGTRENNUNG(tpy)Cl] ACHTUNGTRENNUNG[OTf] (160 mg, 0.26 mmol) was dissolved in degassed DMF
(10 mL) containing triethylamine (4 mL), followed by the addition of
[HC�C-C6H4CH2NMe3-4] ACHTUNGTRENNUNG[OTf] (215 mg, 0.67 mmol) and a catalytic
amount of copper(I) iodide. The reaction mixture was stirred overnight
at room temperature, after which diethyl ether (100 mL) was added and
stirred for 10 min. The product was isolated by filtration, washed with di-
ethyl ether, and dried. Subsequent recrystallization by diffusion of diethyl
ether vapor into a solution of the product in acetonitrile gave complex 3
as a red solid. Yield: 146 mg (62%); 1H NMR (CD3CN): d=3.05 (s, 9H;
-NMe3), 4.43 (s, 2H; -CH2-), 7.49 (d, J=8.2 Hz, 2H; -C6H4-), 7.60 (d, J=


8.2 Hz, 2H; -C6H4-), 7.75 (t, J=5.8 Hz, 2H; tpy), 8.22–8.41 (m, 7H; tpy),
9.09 ppm (d, J=5.8 Hz, 2H; tpy); IR (Nujol): ñ=2120 (m; C�C),
1153 cm�1 (m; S=O); positive-ion FAB-MS: m/z : 750 [M+OTf]+ ; ele-
mental analysis calcd (%) for C29H26N4F6O6PtS2·H2O: C 37.95, H 3.08, N
6.10; found: C 37.76, H 3.09, N 5.95.


[Pt ACHTUNGTRENNUNG(tpy)(C�C-CH2NMe3)] ACHTUNGTRENNUNG[OTf]2 (4): The synthetic procedure for com-
plex 4 was similar to that for complex 3, except that [HC�CCH2NMe3]-
ACHTUNGTRENNUNG[OTf] (103 mg, 0.415 mmol) was used instead of [HC�CC6H4 ACHTUNGTRENNUNG{CH2NMe3}-
4] ACHTUNGTRENNUNG[OTf] to give complex 4 as a yellow solid. Yield: 106 mg (62%);
1H NMR ([D6]DMSO): d=3.19 (s, 9H; -NMe3), 4.54 (s, 2H; -CH2-), 7.90
(t, J=5.6 Hz, 2H; tpy), 8.52 (t, J=7.8 Hz, 2H; tpy), 8.58–8.70 (m, 5H;
tpy), 9.04 ppm (d, J=5.6 Hz, 2H; tpy); IR (Nujol): ñ =2145 (m; C�C),
1160 cm�1 (m; S=O); positive-ion ESI: m/z 262.6 [M]2+ ; elemental analy-
sis calcd (%) for C23H22N4F6O6PtS2·0.5CH3CN: C 34.15, H 2.81, N 7.47;
found: C 34.33, H 3.02, N 7.49.
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An Iminoboronate Construction Set for Subcomponent Self-Assembly


Marie Hutin,[a] G(rald Bernardinelli,[b] and Jonathan R. Nitschke*[c]


Introduction


To build complex structures using self-assembly, it is neces-
sary to understand the rules governing the self-assembling
system: A deeper understanding of the rules governing a
system allows one to predict and create more complex struc-
tures, driving a conceptual shift[1] from serendipity[2] towards
rational design.[3,4]


Recently it has been demonstrated[5–7] that copper(I) may
serve as an excellent template[8] for the formation of imine


ligands,[9] allowing the creation of complex structures from
simple building blocks.[10] Amine and aldehyde subcompo-
nents are brought together in a well-defined way within the
pseudo-tetrahedral coordination environment of the cop-
per(I) ion (Scheme 1 a), creating a 908 angle between the
two imine ligands. This structure-directing bis(pyridylimine)-
copper(I) motif may be incorporated twice into the same
subcomponent if 2,9-diformyl-1,10-phenanthroline or 3,6-di-
formylpyridazine[11] is used, allowing the construction of
grids,[6,7] helicates,[7,12] macrocycles,[6,13] and a catenane.[14]


In the present work we describe the use of the iminoboro-
nate ester motif (Scheme 1 b) in subcomponent self-assem-
bly. These esters have been developed recently by James
and co-workers as an elegant means of determining the
enantiopurity of amines[15] and diols.[16] This reaction is in-
herently multicomponent[4,17,18] in nature, uniting three dis-
tinct building blocks in a well-defined fashion: a diol sub-
component is held at 908 to an amine subcomponent around
a central pseudotetrahedral boron atom.


In expanding upon the examples presented by James
et al. ,[15,16] we have investigated the scope and limitations of
this reaction, determining which diol and amine subcompo-
nents are mutually compatible. Multitopic[19] subcompo-
nents, which bear multiple binding sites, may be used, allow-
ing the construction of assemblies containing two, three,


Abstract: Recently we have demon-
strated a series of systems in which
complex structures were created from
simple amine and aldehyde subcompo-
nents by copper(I)-templated imine
bond formation. We describe herein
the extension of this “subcomponent
self-assembly” concept to the genera-
tion of structures based upon the imi-
noboronate ester motif. Equimolar
amounts of diol, amine, and 2-formyl-
phenylboronic acid reacted by reversi-
ble B�O and C=N bond formation to
generate iminoboronate esters, as has
recently been reported by James et al.


(Org. Lett. 2006, 8, 609–612). The
extent of ester formation was shown to
depend upon a number of factors. The
exploration of these factors allowed
rules and predictions to be formulated
governing the self-assembly process.
These rules allowed the construction of
more complex structures containing
multiple boron atoms, including a
trigonal cage containing six boron cen-


ters, as well as pointing the way to the
construction of yet more intricate ar-
chitectures. The lability of the B�O
and C=N bonds also allowed different
diol and amine subcomponents to be
substituted within these structures. Se-
lection rules were also determined for
these substitution reactions, allowing
the products to be predicted based
upon the electronic properties of the
diols and diamines employed. These re-
sults thus demonstrate the generality of
the subcomponent self-assembly meth-
odology through its application to a
new dynamic covalent system.
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four, or six boron atoms. The dynamic covalent[20] nature of
both B�O and C=N bonds[21] allows both diol and amine
subcomponents to be independently displaced within these
structures in well-defined ways, allowing one structure to be
transformed into another. This work thus applies the con-
cepts of subcomponent self-assembly to the rich field of
boron-based self-assembly, which includes such recent exam-
ples as chemosensors,[22] multicomponent architectures,[18] re-
versibly formed cages,[23] boroxoaromatics,[21] anionic borate


assemblies,[24] borylferrocene structures,[25] macrocycles,[26] as
well as self-repairing polymers[27] and porous networks.[28]


Results and Discussion


This study is divided into three parts. First, the rules govern-
ing the self-assembly and solution stability of a set of mono-
nuclear imino ACHTUNGTRENNUNG(boronate) esters from amine, diol, and 2-for-
mylphenylboronic acid were deciphered and explored.
Second, these rules were applied to the generation of more
complex structures, incorporating two, three, and four boron
centers, as well as a six-boron trigonal cage. The preparation
of these structures helped to illuminate the scope and limita-
tions of this reaction. Third, the rules governing the substitu-
tion of one subcomponent for another within these struc-
tures were investigated. Certain subcomponents were ob-
served to displace others cleanly; the observed selectivities
were analyzed in terms of the electronic properties of both
amine and diol subcomponents.


Rules governing iminoboronate ester formation : To investi-
gate the scope and limitations of imino ACHTUNGTRENNUNG(boronate) ester[29]


formation in the context of subcomponent self-assembly, we
first prepared a series of mononuclear structures incorporat-
ing a variety of different diol and amine subcomponents. A
modified version of the procedure described by James
et al.[15, 16] was employed: The reactions noted in Table 1
were carried out by mixing equimolar amounts of 2-formyl-
phenylboronic acid, diol, and amine in [D4]methanol. This
solvent was best able to dissolve the polyols investigated,
which showed poor solubility in nonpolar solvents. To avoid
possible competition between diol subcomponents and
methanol solvent (see below),[30] all samples were dried
under dynamic vacuum and all products were characterized
by NMR spectroscopy in CDCl3.


Five broad trends became apparent from the data pre-
sented in Table 1. First, charged amines did not form well-
defined, soluble iminoboronate esters with any of the three
diols. For positively charged 12 and negatively charged 10,
13, and 14, this appeared to be a result of the poor solubility
of the starting materials and products in chloroform and
methanol.


Second, more electron-rich amines led to more complete
iminoboronate formation. We attribute this to the greater
nucleophilicity of more electron-rich imines, as has been ex-
plored in copper-templated systems.[31]


Third, catechol A produced more stable boronate esters
than the more electron-rich aliphatic diols B and C. We sus-
pect that this is a consequence of the greater Pauling elec-
tronegativity of hydrogen (2.2) than boron (2.0) and the
greater (resonance) stabilization of the catecholate dianion
than the ethylene glycolate dianion. Since a diolate residue
bound to an electropositive boron atom will have more
anionic character than the protonated diol, factors stabiliz-
ing the anion should also stabilize boron complexes. Ligand-
to-boron charge-transfer interactions from the more polariz-


Abstract in French: Nous avons r�cemment obtenu plusieurs
structures complexes par la condensation d�amines et d�ald�-
hydes en imines, gr#ce $ l�action template de cuivre(I). Nous
d�crivons ici une extension de ce concept par la construction
de structures bas�es sur le motif iminoboronate ester. Des
quantit�s �quimolaires de diol, d�amine et d�acide 2-formyl-
phenylboronique r�agissent pour former des esters iminobo-
roniques contenant des liaisons r�versibles B�O et C=N,
comme l�a r�cemment d�montr� Tony James (Org. Lett.
2006, 8, 609–612). La formation de ces esters d�pend d�un
certain nombre de facteurs. Leur analyse a conduit $ l��labo-
ration des r1gles dirigeant cette r�action d�autoassemblage.
Ces r1gles ont permis d�obtenir des architectures plus comple-
xes incorporant plusieurs centres boroniques, par exemple
une cage trigonale $ six bores. La labilit� des liaisons B�O et
C=N permet $ diff�rents sous-composants amine et ald�hyde
d�Þtre �chang�s dans ces structures. Des r1gles de s�lection
ont �galement �t� d�termin�es pour ces r�actions de substitu-
tion, permettant de pr�dire les produits obtenus sur la base
des propri�t�s �lectroniques des diols et amines utilis�s. Ces
r�sultats d�montrent la g�n�ralit� de la m�thodologie d�au-
toassemblage de sous-composants par son application $ un
nouveau syst1me dynamique covalent.


Scheme 1. Self-assembly of a) primary amine and 2-formylpyridine sub-
components with CuI to form a bis(pyridylimine)copper(I) complex, and
b) primary amine, 2-formylphenylboronic acid, and diol subcomponents
to form an imino ACHTUNGTRENNUNG(boronate) ester.
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able p system of the catecholate anion to the boron center,
in analogy to what is observed for d0 transition-metal cate-
cholates,[32] might also lend an additional degree of stabiliza-
tion to catechol boronate esters.


Fourth, the presence of a catechol (A) residue also en-
hanced imine formation, and the presence of a more elec-
tron-rich amine residue also stabilized the boronate ester.
This mutualistic effect may be explained in terms of tem-


plate[8] stabilization: Binding to a catecholate makes the
boron center more electron-deficient, thus rendering a
dative bond between nitrogen and boron more stabilizing to
the system as a whole. This mutual stabilization of ester and
imine moieties is reflected in Table 1: A high yield of one
condensation is strongly correlated with a high yield of the
other condensation.


Fifth, among anilines and aliphatic diols, quantitative
ester formation is observed only in the case of p-toluidine 3
and ethylene glycol B. Electron-electron repulsion around
the boron center may result in destabilization in cases where
the highly electron-rich anilines 1 and 2 are present with
electron-rich diols B and C.


In a recent paper, Anslyn et al. investigated the structures
of a set of amino ACHTUNGTRENNUNG(boronate)ester compounds in solution and
in the solid state,[30] and were able to correlate 11B chemical
shifts with the coordination environments of boron centers.
Comparison of the 11B chemical shifts of selected com-
pounds from Table 1 with this prior work shed light upon
the coordination environments of the boron centers of this
series of compounds, which in turn helped to explain the ob-
served mutualism between imine and ester formation.


First, the 11B chemical shifts of 3A, 3B, and 3 ACHTUNGTRENNUNG(OMe)2
[33]


coincided at d=14.7 ppm in methanol, whereas they were
observed at d= 15.1, 22.9, and 21.6 ppm, respectively, in
chloroform. This was consistent with the conclusion that
these diols did not compete effectively with the solvent in
methanol,[30] disfavoring the formation of their boronic
esters.


Second, in CDCl3 the 11B chemical shifts of 3 ACHTUNGTRENNUNG(OMe)2 and
3B noted above were consistent with a trigonal-planar ge-
ometry at boron,[30] whereas the chemical shift of 3A sug-
gested a tetrahedral geometry in which a N!B bond was
present. Boron centers coordinated by alkoxides thus ap-
peared to be sufficiently electron-rich to gain no stabiliza-
tion by accepting a fourth, imine, ligand. Template stabiliza-
tion[8,9] would thus not be operative in these cases, which
could explain the lower yields associated with diols B and C.


More complex structures via bridging subcomponents :
Having thus clarified the rules governing imino ACHTUNGTRENNUNG(boronate)
ester formation, we investigated how greater structural com-
plexity might be created by using this methodology. We rea-
soned that the use of multitopic[19] diol or amine subcompo-
nents, capable of bridging two or more boron centers, could
provide a route to more complex structures.


The use of bis(4-aminophenyl) ether 15 as a subcompo-
nent thus allowed construction of product 15A2, as shown in
Scheme 2a. As shown in Scheme 2b, pentaerythritol (D)
provided a different geometry of ditopic linkage, joining two
imino ACHTUNGTRENNUNG(boronate) esters orthogonally by a central spiro-link-
age.[27] The initial use of methanol as a solvent, followed by
evaporation and NMR spectroscopic characterization of the
product in CDCl3, was undertaken to circumvent the very
low solubility of D in non-hydrogen-bonding solvents.


Compounds 15A2 and 112D were both synthesized quanti-
tatively; no aldehyde or free alcohol resonances were ob-


Table 1. Amines and diols investigated in the iminoboronate-forming re-
action of Scheme 1 b.[a]


A B C
Amine Yield [%] Yield [%] Yield [%]


100 92 92


1 100 92 85


100 96 91


2 100 95 88


100 99 90


3 100 98 83


100 89 88


4 100 87 82


100 84 67


5 100 80 50


100 90 80


6 100 81 72


97 77 68


7 96 75 70


93 78 57


8 93 55 50


82 X X


9 86


Insol. Insol. Insol.


10


100 100 100


11 100 100 100


Insol. Insol. Insol.


12


Insol. Insol. Insol.


13


Insol. Insol. Insol.


14


[a] Yields [%] are given as determined by 1H NMR integration for the
products of imine condensation (in boldface) and boronic ester formation
(in italics) in CDCl3. Reactions that gave multiple unidentified products
are indicated by an “X”, and reactions that produced chloroform-insolu-
ble products are noted as “Insol.” Triethylamine (1 equiv) was added to
neutralize protonated amines 10, 12, 13 and 14.


Chem. Eur. J. 2008, 14, 4585 – 4593 I 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4587


FULL PAPERDynamic Covalent Chemistry



www.chemeurj.org





served in the 1H NMR spectra (see the Supporting Informa-
tion). The rules defined previously for mononuclear com-
pounds could thus be extrapolated to dinuclear compounds:
The formation of stable dinuclear iminoboronate ester 15A2


could be predicted based upon the successful participation
of subcomponents 2 and A (Table 1) in this condensation re-
action. The successful preparation of 112D could likewise be
predicted based upon the observation of the quantitative
formation of 11C. No diastereotopic splitting of the ethylene
protons of the 11 residues of 112D was observed, which was
consistent with a lack of N!B interactions and thus free ro-
tation about the B�C bonds. This lack of N!B interactions
was in turn consistent with the electron-rich character of D,
following the rules deciphered above.


Cyclotricatechylene-type molecules similar to E have
been employed as tritopic linkers in the generation of a vari-
ety of complex self-assembled architectures.[23, 34] The reac-
tion of cyclotricatechylene E (1 equiv) with 2-formylphenyl-
boronic acid and amine 11 (3 equiv each) led to the forma-
tion of trinuclear 113E (Scheme 3). Again, the prior observa-
tion of 11A allowed us to predict that the structurally simi-
lar 113E would be stable.


When the sample was cooled, the NMR spectrum of 113E
showed features that we attributed to the presence of at
least three conformational isomers at low temperature. The
calculated[35] energetic barrier of about 60 kJ mol�1 for the
interconversion of these conformers was consistent with a
process involving rupture of the predicted N!B bond[36] fol-
lowed by free rotation about the B�Cphenyl bond. A more in-
depth discussion of the low-temperature behavior of 113E is
presented in the Supporting Information.


Carrying this methodology further, we reasoned that the
use of rigid, difunctional subcomponents might allow the


construction of macrocycles having well-defined geometries.
The product of the reaction of Scheme 4, in which 16 and D
were employed as subcomponents, was thus predicted to be
four-boron macrocycle 162D2.


Such a macrocycle was indeed observed experimentally.
When para-diaminobenzene 16, bis-diol D, and 2-formylphe-
nylboronic acid were heated in DMF at 50 8C overnight
(Scheme 4), crystals of the product 162D2 suitable for X-ray
analysis were obtained (Figure 1). Crystalline 162D2 dis-
played a very low solubility in all solvents tried, which pre-
cluded this productPs characterization by NMR spectroscopy.
NMR spectra of the crystallization supernatant showed a
complex mixture of products. The solubility of 162D2 was
sufficient, however, in a mixture of chloroform and THF to
allow its identification by APCI mass spectrometry.


To obtain more soluble macrocyclic products, several
other diamines[37] were investigated in concert with D as
subcomponents. NMR spectra in all cases indicated mixtures
of products. We suspect that the failures of these systems to
produce single macrocyclic products may be linked to the
poor ability of pentaerythritol D to form boronate esters:
Only aliphatic amine 11 quantitatively formed iminoboro-
nates with D or with its congener C. Furthermore, the fail-
ure of aliphatic diols to form boronate esters containing


Scheme 2. Preparation of di-boron structures a) 15A2 and b) 112D.


Scheme 3. Synthesis of compound 113E, of which only one possible con-
former is shown.


Scheme 4. Formation of the macrocycle 162D2.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4585 – 45934588


J. R. Nitschke et al.



www.chemeurj.org





N!B bonds, as indicated by NMR spectroscopy (see
above) and crystallography (see below), deprives these as-
semblies of an important structure-determining element.
The resulting systems may possess too many degrees of free-
dom to be able to select a unique product from the diverse
dynamic combinatorial libraries[38] formed by the starting
subcomponents.


The crystal structure of 162D2 showed a centrosymmetric
macrocycle with trigonal-planar geometries for the boron
atoms, in accordance with our expectations for aliphatic al-
cohol D. Half of the nitrogen atomsP lone pairs were direct-
ed away from the closest boron atoms, whereas the others
showed an N···B distance of 2.392(4) R. This is substantially
longer than expected for a N!B coordinative interaction
(<1.75 R).[30]


We therefore concluded that no template effect[8] was sta-
bilizing these imine bonds, in keeping with our NMR results
with aliphatic diols. We attribute thus the driving force for
the formation of this macrocycle to its lack of solubility in
the reaction mixture: the lack of imine templation would
lead to a lack of structural definition, resulting in the forma-
tion of a diverse mixture of cyclic and linear products in so-
lution, which is consistent with our NMR observations.


In contrast with aliphatic tetrol D, aromatic subcompo-
nent E might be expected to produce better-defined cage-
type[23] architectures due to the possibility of N!B coordi-
native interactions. This prediction was borne out by the
preparation of trigonal cage 173E2 (Scheme 5) upon mixing
cyclotricatechylene E with m-xylylenediamine 17 and 2-for-
mylphenylboronic acid in deuterated DMF under argon.
After one night at room temperature, 1H NMR spectroscopy
showed the clean formation of the cage 173E2. Although we
were not able to obtain X-ray quality crystals of 173E2, the


proposed structure is entirely consistent with MALDI-MS
and 2D-NMR measurements. ROESY 1H spectra were par-
ticularly instructive, showing NOE correlations (indicated
by arrows in Scheme 5) that were consistent with the indi-
cated high-symmetry cage structure. The successful prepara-
tion of 173E2 validated the use of iminoboronate subcompo-
nent self-assembly to generate well-defined, complex archi-
tectures based upon the rules detailed above, acting in con-
cert with the symmetries and numbers of linking functional
groups present in the starting subcomponents.[39]


Subcomponent substitution reactions : Within structures con-
taining copper(I)-templated imine ligands it has been shown
that an electron-rich amine may displace a more electron-
poor amine residue.[31] The same driving force may be har-
nessed for substitution within imino ACHTUNGTRENNUNG(boronate)-containing
structures (Scheme 6), allowing the clean transformation of
one structure into another.


Figure 1. Crystal structure of centrosymmetric macrocycle 162D2.


Scheme 5. Formation of the cage 173E2 ; double-headed arrows indicate
key observed NOE correlations between protons


Scheme 6. Substitution reactions of amines 1 and 11 with iminoboronate
3A in CDCl3.
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The addition of p-dimethylaminoaniline (1; 1 equiv) to a
chloroform solution of iminoboronate 3A (1 equiv) led to
the clean substitution of the p-toluidine residue of 3A,
giving 1A as the unique product. We attribute the driving
force of this reaction to the greater stabilization of the elec-
tron-poor boron center by the more electron-rich imine
ligand formed by subcomponent 1.[31]


Substitution was also observed when amine 11 (1 equiv)
was added to a chloroform solution of compound 3A
(1 equiv). The driving force of the reaction was again attrib-
uted to the formation of a more electron-donating, and thus
stabilizing, ligand in the case of aliphatic amine 11. In both
cases the substitution reaction was complete after 3 h at
room temperature, as determined by NMR monitoring.


In addition to their dynamic-covalent imine bonds, the
labile boron–oxygen bonds of iminoboronate esters may
serve as points of reassembly (Scheme 7).[21] Substitutions
carried out at these bonds may occur independently of sub-
stitutions involving the imine bonds: The two kinds of link-
ages are chemically orthogonal, allowing particularly rich
substitution chemistry.


The addition of ethylene glycol B to a chloroform solution
of iminoboronate ester 3 ACHTUNGTRENNUNG(OMe)2 led to its complete conver-
sion into 3B (Scheme 7, left). We attribute the driving force
of this reaction to the gain in entropy associated with the
chelate effect.[40] The addition of an equimolar amount of
1,3-propanediol to 3B resulted in the establishment of an
equilibrium between 3B and 3C with neither predominating
(45 % 3B and 55 % 3C at equilibrium), in similar fashion to
what Philp et al. have observed in boroxoaromatic sys-
tems.[21] The addition of catechol A to a chloroform solution
of 3B or 3C, however, resulted in the quantitative displace-
ment of the aliphatic diol subcomponent to produce 3A. We
reasoned that the driving force for this displacement was
identical to the reason that catechol esters are more stable


than aliphatic diol esters: the partial negative charge on the
oxygen atoms in these esters is better stabilized by the pres-
ence of an aromatic ring.


Conclusion


The iminoboronate motif[15,16] thus serves as an excellent
tecton[41] for the creation of new architectures by subcompo-
nent self-assembly within the confines of the rules outlined
herein. A wide variety of structures are accessible, incorpo-
rating an extensive array of diol and amine subcomponents.
These building blocks may be multitopic,[19] allowing access
to architectures such as macrocycles and cages. Selective
substitution is possible within these structures at both diols
and amines, again following logical rules. This new set of
subcomponents includes diols, which should not interact
with the subcomponents employed in our previous cop-
per(I)/diimine system,[10] and would thus not be expected to
interfere with the formation of copper complexes. Both
copper and boron systems might act together to co-direct
the formation of a more complex structure by the simultane-
ous application of two distinct sets of self-assembly rules.


Experimental Section


General : All reactions were carried out using reagents of the highest
commercially available purity. p-Toluidine (3) was sublimed prior to use.
NMR spectra were assigned with the help of COSY, NOESY, and HSQC
measurements.[35] All 11B chemical shifts were referenced to BF3·Et2O at
d=0 ppm as an external standard in a sealed capillary. Methods A and B,
described below, were used in the preparation of many of the new com-
pounds, as noted. All experiments were carried out at room temperature
(RT)= (296�2) K unless otherwise indicated.


Method A : Into a NMR tube with a Teflon screw-cap were added the in-
dicated quantities of diol, amine, and 2-formylphenylboronic acid, to
which was added deuterated methanol (0.4 mL). All starting materials
dissolved within 5 min. After four hours, NMR spectra showed the com-
plete condensation of amine with aldehyde to form imine. The solvent
was removed under dynamic vacuum and the residue was dissolved in
CDCl3. NMR spectroscopy indicated the clean formation of a single
product.


Method B : Into a NMR tube with a Teflon screw-cap were added the in-
dicated quantities of polyol, amine, and 2-formylphenylboronic acid, to
which was added deuterated methanol (0.4 mL). After one night at 50 8C,
NMR spectra showed the complete condensation of amine with aldehyde
to form imine and all polyol had dissolved. The solvent was removed
under dynamic vacuum and the residue was dissolved in CDCl3. NMR
spectroscopy indicated the clean formation of a single product.


3 ACHTUNGTRENNUNG(OMe)2 : Into a NMR tube with a Teflon screw-cap was added p-tolui-
dine (0.031 mmol, 1 equiv), 2-formylphenylboronic acid (0.031 mmol,
1 equiv), and MeOH (0.35 mL). After one hour at room temperature, the
solvent was removed and CDCl3 (0.35 mL) was added. NMR spectrosco-
py indicated the clean formation of a single product. 1H NMR (400 MHz,
298 K, CDCl3): d= 8.62 (s, 1 H, imine), 7.54 (m, 5H, 3-iminophenylboron-
ic ester + 5-iminophenylboronic ester + 6-iminophenylboronic ester +


aniline next to imine), 7.40 (dt, J=7.5 Hz, J’=1 Hz, 1H, 4-iminophenyl-
boronic ester), 7.26 (d, overlap with CHCl3, 2H, aniline next to methyl),
3.28 (s, 6H, -OCH3), 2.40 ppm (s, 3 H, -CH3); 11B NMR (641.85 MHz,
298 K) CDCl3: d =21.6; MeOD: d=14.8; 13C NMR (100.62 MHz, 298 K,


Scheme 7. Transformation of 3 ACHTUNGTRENNUNG(OMe)2 into 3B and subsequently into 3A.
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CDCl3): d=159.9, 138.2, 132.4, 130.8, 128.2, 128.1, 121.3, 121.2, 51.1, 21.3;
EI-MS: 267 [3 ACHTUNGTRENNUNG(OMe)2]


+ .


11A (Method A): Pyrocatechol A (3.16 mg, 0.029 mmol, 1 equiv), 2-me-
thoxyethylamine (11; 2.15 mg, 0.029 mmol, 1 equiv), 2-formylphenylbor-
onic acid (4.29 mg, 0.029 mmol, 1 equiv). 1H NMR (400 MHz, 298 K,
CDCl3): d= 8.34 (s, 1H, imine), 7.65 (d, J=7 Hz, 1H, 6-iminophenylbor-
onic ester), 7.54 (m, 2H, 3-iminophenylboronic ester + 5-iminophenyl-
boronic ester), 7.38 (dt, J= 7.5 Hz, J’= 1 Hz, 1 H, 4-iminophenylboronic
ester), 6.88 (m, 2H, catecholate), 6.77 (m, 2H, catecholate), 3.65 (m, 2 H,
-CH=N-CH2CH2OCH3), 3.58 (m, 2H, -CH=N-CH2CH2OCH3), 3.35 ppm
(s, 3H, -CH=N-CH2CH2OCH3); 11B NMR (641.85 MHz, 298 K) CDCl3:
d=13.3 ppm; MeOD: d=10.9 ppm; 13C NMR (100.62 MHz, 298 K,
CDCl3): d=170.1, 152.4, 137.9, 134.2, 131.1, 128.8, 26.9, 119.4, 110.3, 69.3,
59.1, 49.7 ppm; EI-MS: 281 [11A]+ , 250 [11A�CH3O]+ , 236
[11A�CH3OCH2]


+ , 222 [11A�CH3OCH2CH2]
+ , 209


[11A�CH3OCH2CH2N]+ .


11B (Method A): 1,2-Ethanediol B (1.8 mL, 0.032 mmol, 1 equiv), 2-me-
thoxyethylamine (11; 2.40 mg, 0.032 mmol, 1 equiv), 2-formylphenylbor-
onic acid (4.78 mg, 0.032 mmol, 1 equiv). 1H NMR (400 MHz, 298 K,
CDCl3): d= 8.30 (s, 1H, imine), 7.57 (d, J=7 Hz, 1H, 6-iminophenylbor-
onic ester), 7.45 (m, 2H, 3-iminophenylboronic ester + 5-iminophenyl-
boronic ester), 7.28 (t, J= 8 Hz, 1 H, 4-iminophenylboronic ester), 4.13 (s,
4H, -OCH2CH2O-), 3.80 (t, J=5 Hz, 2H, -CH=N-CH2CH2OCH3), 3.74
(t, J=5 Hz, 2H, -CH=N-CH2CH2OCH3), 3.37 ppm (s, 3 H, -CH=N-
CH2CH2OCH3); 13C NMR (100.62 MHz, 298 K, CDCl3): d=168.8, 137.9,
133.4, 130.5, 127.9, 126.2, 69.9, 65.5, 59.1, 50.4 ppm; EI-MS: 233 [11B]+ ,
203 [11B�CH3O]+ , 188 [11B�CH3OCH2]


+ , 161
[11B�CH3OCH2CH2N]+ .


11C (Method A): 1,3-Propanediol C (2.8 mL, 0.039 mmol, 1 equiv), 2-me-
thoxyethylamine 11 (2.93 mg, 0.039 mmol, 1 equiv), 2-formylphenylbor-
onic acid (5.85 mg, 0.039 mmol, 1 equiv). 1H NMR (400 MHz, 298 K,
CDCl3): d =8.50 (s, 1H, imine), 7.60 (m, 2H, 6-iminophenylboronic ester
+ 3-iminophenylboronic ester), 7.41 (dt, J= 7 Hz, J’=1 Hz, 1 H, 5-imino-
phenylboronic ester), 7.32 (dt, J=7.5 Hz, J’=1.5 Hz, 1H, 4-iminophenyl-
boronic ester), 4.14 (t, J= 5.5 Hz, 4H, -OCH2CH2CH2O-), 3.87 (t, J=


6 Hz, 2H, -CH=N-CH2CH2OCH3), 3.74 (t, J=5.5 Hz, 2H, -CH=N-
CH2CH2OCH3), 3.39 (s, 3H, -CH=N-CH2CH2OCH3), 2.04 ppm (quint. ,
J=5.5 Hz, 2H, -OCH2CH2CH2O-); 13C NMR (100.62 MHz, 298 K,
CDCl3): d=165.9, 139.0, 131.9, 131.2, 128.6, 127.4, 71.6, 62.0, 59.1, 57.1,
28.3 ppm ; EI-MS: 247 [11C]+ , 217 [11C�CH3O]+ , 202
[11C�CH3OCH2]


+, 188 [11C�CH3OCH2CH2]
+ , 175


[11C�CH3OCH2CH2N]+ .


1A (Method A): Pyrocatechol (A ; 2.84 mg, 0.026 mmol, 1 equiv), 4-
amino-N,N-dimethylaniline (1; 3.50 mg, 0.025 mmol, 1 equiv), 2-formyl-
phenylboronic acid (3.86 mg, 0.026 mmol, 1 equiv). 1H NMR (400 MHz,
298 K, CDCl3): d =8.46 (s, 1H, imine), 7.64 (d, J=7 Hz, 1 H, 6-iminophe-
nylboronic ester), 7.55 (m, 2H, 3-iminophenylboronic ester + 5-imino-
phenylboronic ester), 7.38 (dt, J=7.5 Hz, J’=1 Hz, 1H, 4-iminophenyl-
boronic ester), 7.23 (d, J=9 Hz, 2 H, aniline next to imine), 6.88 (m, 2H,
catecholate), 6.78 (m, 4 H, catecholate), 6.52 (d, J= 9 Hz, 2 H, aniline
next to NMe2), 2.93 ppm (s, 6 H, -N ACHTUNGTRENNUNG(CH3)2); 11B NMR (641.85 MHz,
298 K) CDCl3: d=15.0 ppm; MeOD: d=13.6 ppm.; 13C NMR
(100.62 MHz, 298 K, CDCl3): d =161.6, 152.3, 150.8, 137.6, 133.9, 131.0,
129.7, 128.9, 126.6, 122.9, 119.4, 112.3, 110.3, 40.3 ppm; ES-MS: 372
[1A+MeO]� .


2A (Method A): Pyrocatechol (A ; 2.65 mg, 0.024 mmol, 1 equiv), 4-me-
thoxyaniline (2 ; 3.01 mg, 0.025 mmol, 1 equiv), 2-formylphenylboronic
acid (3.61 mg, 0.024 mmol, 1 equiv). 1H NMR (400 MHz, 298 K, CDCl3):
d=8.50 (s, 1H, imine), 7.67 (d, J=7 Hz, 1H, 6-iminophenylboronic
ester), 7.60 (m, 2 H, 3-iminophenylboronic ester + 5-iminophenylboronic
ester), 7.42 (dt, J=7.5 Hz, J’= 1 Hz, 1H, 4-iminophenylboronic ester),
7.30 (d, J=9 Hz, 2 H, aniline next to imine), 6.84 (m, 2H, catecholate),
6.77 (m, 4 H, aniline next to -OMe + catecholate), 3.76 ppm (s, 3 H,
-OCH3); 13C NMR (100.62 MHz, 298 K, CDCl3): d =165.1, 160.3, 152.1,
137.3, 134.7, 134.0, 131.2, 129.1, 127.3, 123.4, 119.5, 114.9, 110.4,
55.6 ppm; EI-MS: 329 [2A]+ , 314 [2A�CH3]+ .


3A (Method A): Pyrocatechol (A ; 2.33 mg, 0.021 mmol, 1 equiv), p-tolui-
dine (3 ; 2.28 mg, 0.021 mmol, 1 equiv), 2-formylphenylboronic acid


(3.18 mg, 0.021 mmol, 1 equiv). 1H NMR (400 MHz, 298 K, CDCl3): d=


8.53 (s, 1 H, imine), 7.68 (d, J=7 Hz, 1H, 6-iminophenylboronic ester),
7.64 (d, J=7.5 Hz, 1H, 3-iminophenylboronic ester), 7.60 (dt, J=7.5 Hz,
J’= 1 Hz, 1H, 5-iminophenylboronic ester), 7.42 (dt, J=7.5 Hz, J’=1 Hz,
1H, 4-iminophenylboronic ester), 7.25 (d, J=8 Hz, 2 H, aniline next to
imine), 7.09 (d, J=8 Hz, 2 H, aniline next to -Me), 6.85 (m, 2H, catecho-
late), 6.75 (m, 2H, catecholate), 2.30 ppm (s, 3H, -CH3); 11B NMR
(641.85 MHz, 298 K) CDCl3: d=15.1 ppm; MeOD: d=14.7 ppm;
13C NMR (100.62 MHz, 298 K, CDCl3): d= 166.2, 152.2, 139.6, 138.6,
137.3, 134.9, 131.3, 130.3, 129.1, 127.5, 121.9, 119.5, 110.3, 21.2 ppm. EI-
MS: 313 [3A]+ .


3B (Method A): 1,2-Ethanediol (B ; 21.70 mg, 0.345 mmol, 1 equiv), p-tol-
uidine (3 ; 37.46 mg, 0.345 mmol, 1 equiv), 2-formylphenylboronic acid
(52.42 mg, 0.345 mmol, 1 equiv), and MeOH (4 mL). 1H NMR (400 MHz,
298 K, CDCl3): d=8.60 (s, 1H, imine), 7.71 (dd, J=8 Hz, 2H, 3-imino-
phenylboronic ester + 6-iminophenylboronic ester), 7.50 (t, J=7.5 Hz,
1H, 5-iminophenylboronic ester), 7.41 (t, J=7.5 Hz, 1 H, 4-iminophenyl-
boronic ester), 7.31 (d, J= 8 Hz, 2 H, aniline nexte to imine), 7.23 (d, J=


8 Hz, 2 H, aniline next to -Me), 4.15 (br s, 4 H, -OCH2CH2O-), 2.40 ppm
(s, 3H, -CH3); 11B NMR (641.85 MHz, 298 K) CDCl3: d= 22.9 ppm;
MeOD: d =14.7 ppm; 13C NMR (100.62 MHz, 298 K, CDCl3): d=163.1,
139.4, 137.7, 132.7, 132.4, 130.1, 129.4, 127.7, 121.8, 65.6, 21.4 ppm; EI-
MS: 265 [3B]+ .


4A (Method A): Pyrocatechol (A ; 2.80 mg, 0.025 mmol, 1 equiv), 4-
(methylmercapto)aniline (4 ; 3.54 mg, 0.025 mmol, 1 equiv), 2-formylphe-
nylboronic acid (3.81 mg, 0.025 mmol, 1 equiv). 1H NMR (400 MHz,
298 K, CDCl3): d= 8.55 (s, 1 H, imine), 7.63 (m, 3H, 3-iminophenylboron-
ic ester + 5-iminophenylboronic ester + 6-iminophenylboronic ester),
7.42 (t, J=7.5 Hz, 1H, 4-iminophenylboronic ester), 7.27 (d, overlapped
signal with CHCl3, 2 H, aniline next to imine), 7.11 (d, J=8.5 Hz, 2H,
aniline next to -SMe), 6.86 (m, 2H, catecholate), 6.77 (m, 2H, catecho-
late), 2.43 ppm (s, 3 H, -SCH3); 13C NMR (100.62 MHz, 298 K, CDCl3):
d=165.8, 152.0, 140.9, 137.8, 137.2, 134.9, 131.3, 129.2, 127.6, 126.7, 122.4,
119.6, 110.4, 15.4; EI-MS: 345 [4A]+ , 330 [4A�CH3]


+ .


5A (Method A): Pyrocatechol (A ; 2.65 mg, 0.024 mmol, 1 equiv), 4-io-
doaniline (5 ; 5.28 mg, 0.024 mmol, 1 equiv), 2-formylphenylboronic acid
(3.61 mg, 0.024 mmol, 1 equiv). 1H NMR (400 MHz, 298 K, CDCl3): d=


8.55 (s, 1 H, imine), 7.65 (m, 5H, 3-iminophenylboronic ester + 5-imino-
phenylboronic ester + 6-iminophenylboronic ester + aniline nexte to
imine), 7.43 (t, J=7 Hz, 1H, 4-iminophenylboronic ester), 7.08 (d, J=


8.5 Hz, 2H, aniline next to -I), 6.86 (m, 2 H, catecholate), 6.78 ppm (m,
2H, catecholate); 13C NMR (100.62 MHz, 298 K, CDCl3): d=167.2,
151.8, 140.7, 138.8, 137.0, 135.3, 131.4, 129.3, 128.0, 123.8, 120.8, 119.8,
110.5, 94.9 ppm; EI-MS: 425 [5A]+ .


6A (Method A): Pyrocatechol (A ; 2.65 mg, 0.024 mmol, 1 equiv), 4-
chloro ACHTUNGTRENNUNGaniline (6 ; 3.06 mg, 0.024 mmol, 1 equiv), 2-formylphenylboronic
acid (3.61 mg, 0.024 mmol, 1 equiv). 1H NMR (400 MHz, 298 K, CDCl3):
d=8.58 (s, 1 H, imine), 7.70 (m, 3 H, 3-iminophenylboronic ester + 5-imi-
nophenylboronic ester + 6-iminophenylboronic ester), 7.48 (t, J=7.5 Hz,
1H, 4-iminophenylboronic ester), 7.32, (m, 4H, aniline), 6.90 (m, 2H,
catecholate), 6.81 ppm (m, 2H, catecholate);. 13C NMR (100.62 MHz,
298 K, CDCl3): d=167.1, 151.9, 139.6, 137.1, 135.3, 131.5, 129.9, 129.3,
127.9, 123.5, 119.8, 110.5 ppm. EI-MS: 333 [6A]+ .


112D (Method B): Pentaerythritol (D ; 3.20 mg, 0.023 mmol, 1 equiv), 2-
methoxyethylamine (11; 3.54 mg, 0.047 mmol, 2 equiv), 2-formylphenyl-
boronic acid (7.06 mg, 0.047 mmol, 2 equiv). 1H NMR (400 MHz, 298 K,
CDCl3): d= 8.37 (s, 1H, imine), 7.69 (d, J=7 Hz, 1H, 6-iminophenylbor-
onic ester), 7.50 (d, J=7.5 Hz, 1H, 3-iminophenylboronic ester), 7.45 (t,
J=7.5 Hz, 1 H, 5-iminophenylboronic ester), 7.29 (t, J=7.5 Hz, 1 H, 4-
iminophenylboronic ester), 4.09 (s, 4H, -OCH2CCH2O-), 3.93 (t, J=5 Hz,
2H, -CH=N-CH2CH2OCH3), 3.77 (t, J=5 Hz, 2H, -CH=N-
CH2CH2OCH3), 3.39 ppm (s, 3 H, -CH=N-CH2CH2OCH3); 13C NMR
(100.62 MHz, 298 K, CDCl3): d =168.3, 137.8, 132.8, 130.6, 127.9, 127.0,
70.5, 66.1 (two overlapping peaks), 59.1, 53.1 ppm; EI-MS: 478 [112D]+ ,
447 [112D�OCH3]


+, 443 [112D�CH3OCH2]
+ , 419


[112D�CH3OCH2CH2]
+ .


15A2 ACHTUNGTRENNUNG(Method B): Pyrocatechol (A ; 2.30 mg, 0.021 mmol, 2 equiv), bis ACHTUNGTRENNUNG(4-
amino)diphenyl ether (15 ; 4.18 mg, 0.010 mmol, 1 equiv), 2-formylphenyl-
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boronic acid (3.13 mg, 0.021 mmol, 2 equiv). 1H NMR (400 MHz, 298 K,
CDCl3): d= 8.52 (s, 2H, imine), 7.69 (d, J=7 Hz, 2H, 6-iminophenylbor-
onic ester), 7.61 (m, 4H, 3-iminophenylboronic ester + 5-iminophenyl-
boronic ester), 7.43 (dt, J= 7.5 Hz, J’= 1 Hz, 2 H, 4-iminophenylboronic
ester), 7.30 (d, J=9 Hz, 4H, aniline next to the oxygen), 6.85 (m, 8H,
aniline next to imine + catecholate), 6.74 ppm (m, 4H, catecholate);
13C NMR (100.62 MHz, 298 K, CDCl3): d = 166.2, 157.2, 152.0, 137.2,
136.7, 135.1, 131.4, 129.2, 127.7, 123.8, 119.8, 119.7, 110.4 ppm; EI-MS:
612 [15A2]


+ .


113E: Into a NMR tube with a Teflon screw-cap were added triscatechy-
lene E (2.9 mg, 0.008 mmol), 2-methoxyethylamine (1.8 mg, 0.024 mmol),
2-formylphenylboronic acid (5.2 mg, 0.024 mmol), methanol (0.4 mL),
and [D6]DMSO (0.1 mL). After one night at room temperature, solvents
were removed under dynamic vacuum and the residue was dissolved in
CDCl3. NMR spectroscopy indicated the clean formation of a single
product. 1H NMR (500 MHz, 298 K, CDCl3): d= 8.32 (s, 3 H, imine), 7.57
(d, J=7 Hz, 3 H, 6-iminophenylboronic ester), 7.49 (m, 6H, 3-iminophe-
nylboronic ester + 5-iminophenylboronic ester), 7.32 (t, J= 7 Hz, J’=
7.5 Hz, 3H, 4-iminophenylboronic ester), 6.88 (br s, 6 H, catecholate),
4.85 (d, J=13.5 Hz, 3 H, -catecholate-CH2-catecholate-), 3.50 (m, 15 H,
-catecholate-CH2-catecholate- + -CH=N-CH2CH2OCH3 + -CH=N-
CH2CH2OCH3), 3.31 ppm (br s, 9 H, -CH=N-CH2CH2OCH3); 13C NMR
(125.77 MHz, 298 K, CDCl3): d =170.1, 150.9, 137.8, 134.0, 131.0, 130.7,
128.6, 126.7, 111.5, 69.5, 59.0, 49.3 (br), 37.2 ppm; APCI-MS (CHCl3)=


880.4 [113E]+ .


Macrocycle 162D2 : Into a NMR tube with a Teflon screw-cap were added
pentaerythrytol (5.4 mg, 0.040 mmol), 1,4-diaminobenzene (4.3 mg,
0.040 mmol), 2-formylphenylboronic acid (11.9 mg, 0.080 mmol), and
[D7]DMF (0.35 mL). All starting materials dissolved within 1 h at 50 8C.
After two days at this temperature, yellow crystals suitable for X-ray
analysis had formed within the tube. NMR spectra of the supernatant so-
lution or of the crystals suspended in THF and DMF showed mixtures of
products. APCI-MS (THF/CHCl3): 872.5 [162D


2]+ .


Crystallographic data for 162D2 (C50H44B4N4O8) ; Mr =872.2, monoclinic,
P1̄, a=9.9854(11), b=11.3648(11), c=11.7149(11) R; a =68.199(11), b=


78.892(12), g=65.704(11)8 ; V=1123.8(2) R3; Z=1, m =0.086 mm�1,
1calcd =1.289 gcm�3, MoKa radiation (l= 0.71073 R); 14 696 reflections
measured at 150 K on a STOE IPDS diffractometer, 5023 unique reflec-
tions of which 2616 with jFo j>4s(Fo). Data were corrected for Lorentz
and polarization effects and for absorption (Tmin, Tmax =0.9837, 0.9907).
The structure was solved by direct methods (SIR97).[42] All calculations
were performed with the XTAL system.[43] Full-matrix least-squares re-
finement based on F using weights of 1/ ACHTUNGTRENNUNG(s2 (Fo) + 0.0002 ACHTUNGTRENNUNG(Fo


2)) gave final
values R=0.042, wR=0.038 and S=1.33(2) for 298 variables and 2751
contributing reflections. CCDC-653019 (162D2) contains the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif


Cage 173E2 : Into a NMR tube with a Teflon screw-cap were added cyclo-
tricatechylene E (7.77 mg, 0.021 mmol), freshly distilled m-xylylenedi-
ACHTUNGTRENNUNGamine (17; 4.04 mg, 0.030 mmol), 2-formylphenylboronic acid (8.88 mg,
0.060 mmol), and [D7]DMF (0.7 mL) under argon. After one night at
room temperature, proton NMR spectrum showed the clean formation of
173E2.


1H NMR (500 MHz, 298 K, [D7]DMF): d=8.56 (s, 6H, imine),
7.63 (d, J=7 Hz, 6H, 6-iminophenylboronic ester), 7.55 (m, 9 H, 5 m-xy-
lylenediimine + 3-iminophenylboronic ester), 7.41 (m, 15 H, 4-iminophe-
nylboronic ester, 5-iminophenylboronic ester + 2 m-xylylenediimine),
7.29 (d, J=7.5 Hz, 6H, 4 m-xylylenediimine + 6 m-xylylenediimine),
7.06 (s, 12H, aromatic protons from cyclotricatechylene subcomponent),
4.97 (d, J=13 Hz, 6H, aliphatic protons from cyclotricatechylene sub-
component), 4.21 (s, 12H, aliphatic protons from m-xylylenediamine sub-
component), 3.63 ppm (d, J= 13.5 Hz, aliphatic protons from cyclotricate-
chylene subcomponent); 13C NMR (125.77 MHz, 298 K, [D7]DMF): d=


170.7, 151.9, 138.90, 134.9, 133.6, 133.5, 130.9, 130.7, 130.4, 128.8, 127.7,
111.1, 51.1, 37.1 ppm; MALDI-MS: 1716.63 [C108H78B6N6O12]


+ .


Preparation of 11A by amine substitution : Following Method A, com-
pound 3A (or compound 1A) (0.030 mmol) was prepared in an NMR
tube. Solvents were subsequently removed under dynamic vacuum; 2-me-


thoxyethylamine (11; 2.27 mg, 0.030 mmol, 1 equiv) and CDCl3 (0.35 mL)
were then added. NMR spectra indicated the complete conversion of 1A
into 11A and 1 (or 3) following three hours at room temperature. No fur-
ther evolution was observed following heating of the tube to 323 K
during three days.


Preparation of 3A by diol substitution : Following Method A, compound
3B (16.89 mg, 0.064 mmol) was prepared in an NMR tube. Solvents were
subsequently removed under dynamic vacuum; catechol (A ; 7.01 mg,
0.064 mmol, 1 equiv) and CDCl3 (0.35 mL) were then added. NMR spec-
tra indicated the complete conversion of 3B into 3A and B after one
hour at room temperature. No further evolution was observed following
heating of the tube to 323 K during three days.
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Introduction


The spectroscopic and photophysical behavior of square-
planar platinum(II) complexes has been extensively studied


in the past few decades, due to their intriguing spectroscopic
and luminescence properties.[1–9] The platinum(II) terpyridyl
complexes have attracted much attention in recent years
due to their propensity to exhibit Pt···Pt and p–p stacking


Abstract: A new class of luminescent
alkynylplatinum(II) complexes of tri-
dentate bis(N-alkylbenzimidazol-2’-yl)-
pyridines (bzimpy), [Pt(R,R’-bzimpy)-
ACHTUNGTRENNUNG(C�C�R’’)]X (X=PF6, OTf), and one
of their chloro precursor complexes,
[Pt(R,R’-bzimpy)Cl]PF6, have been
synthesized and characterized; one of
the alkynyl complexes has also been
structurally characterized by X-ray
crystallography. Electrochemical stud-
ies showed that the oxidation wave is
alkynyl ligand-based in nature with
some mixing of the metal center-based
contribution, whereas the two quasi-re-
versible reduction couples are mainly
bzimpy-based reductions. The electron-
ic absorption and luminescence proper-
ties of the complexes have also been
investigated. In solution, the high-


energy and intense absorption bands
are assigned as the p–p* intraligand
(IL) transitions of the bzimpy and al-
kynyl ligands, whereas the low-energy
and moderately intense absorptions are
assigned to an admixture of metal-to-
ligand charge-transfer (MLCT)
(dp(Pt)!p*(R,R’-bzimpy)) and ligand-
to-ligand charge-transfer (LLCT) (p-
ACHTUNGTRENNUNG(C�C�R’’)!p*(R,R’-bzimpy)) transi-
tions. Upon variation of the electronic
effects of the arylalkynyl ligands, vi-
bronic-structured or structureless emis-
sion bands, originating from triplet


metal-perturbed intraligand (IL) or an
admixture of triplet metal-to-ligand
charge-transfer (MLCT) and ligand-to-
ligand charge-transfer (LLCT) excited
states respectively, were observed in
solution. Interestingly, two of the com-
plexes showed a dual luminescence
that was sensitive to the polarity of the
solvents. Upon cooling from 298 K to
155 K, drastic color, UV/Vis, and lumi-
nescence changes were observed in a
butyronitrile solution of 1, and were as-
cribed to the formation of aggregate
species through Pt···Pt and p–p stack-
ing interactions. DFT and time-depen-
dent DFT (TD-DFT) calculations have
been performed to verify and elucidate
the results of the electrochemical and
photophysical properties.
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interactions.[3a–c,g, j, 4b–c,5a–g,6f] One particular complex, [PtCl-
ACHTUNGTRENNUNG(tpy)]+ (tpy= terpyridine) shows strong luminescence in the
solid state.[3a–c] However, it is found to be non ACHTUNGTRENNUNGemissive in
fluid solution because the emissive excited state is quenched
by efficient radiationless decay via a low-lying triplet ligand-
field (LF) state.[3a,c,d, f, 4]


Recently, our group initiated
the first synthesis and isolation
of a new class of alkynylplatinu-
m(II) terpyridyl complexes.[5a]


This class of compounds was lu-
minescent in fluid solution at
room temperature due to the
fact that the strong field alkynyl
ligand caused a larger d–d LF
splitting, thereby reducing the
nonradiative deactivation via
the d-d LF state. In addition,
this class of compounds showed
much improved solubility in so-
lution and drastic changes in
spectroscopic and luminescence
properties upon a change in the microenvironment and in
the presence of external stimuli, such as a change in the sol-
vent composition,[5b–c] counteranion,[5c,g] polymer,[5d] ion
binding,[6a–c] pH,[6c–e] and biomolecule interactions.[5f, 6g] Ex-
tension of the work to systems with molecular “sticky
ends”[5e] and metallogel formation,[5g] involving interesting
color changes through aggregation or degradation processes,
has also been made.


Despite extensive studies on complexes with terpyridine
as the tridentate ligand, a new class of tridentate N-donor
ligand, 2,6-bis(benzimidazol-2’-yl)pyridine (bzimpy), has
been investigated in transition metal complexes in the past
two decades,[8,10–13] including RuII,[10] CuI,[11] FeII[12] and
IrIII.[13] Unlike terpyridine, bzimpy can be easily functional-
ized at the nitrogen atom of the benzimidazole group in the
presence of strong bases, such as sodium hydride, to achieve
different applications. For example, Haga et al. reported the
functionalization of ruthenium(II) bzimpy complexes with
disulfide groups, which were found to self-assemble on a
gold surface for the fabrication of highly organized stable
monolayers, thereby allowing the investigation of their elec-
tron-transfer kinetics.[10b]


Recently, [Pt ACHTUNGTRENNUNG(bzimpy)Cl]+ derivatives were synthesized,
and their aggregation[8a–c] and FRET[8d] properties were in-
vestigated. In contrast to [PtCl ACHTUNGTRENNUNG(tpy)]+ , triplet intraligand
(IL) p–p* emission of the bzimpy ligand, which is lower-
lying in energy than the terpyridine counterpart, was ob-
served in solution at room temperature in
[Pt ACHTUNGTRENNUNG(bzimpy)Cl]+ .[8a] This information, together with the lack
of reports on alkynylplatinum(II) bzimpy complexes, have
prompted us to explore this class of compounds and to in-
vestigate the nature of their electrochemical and photophys-
ical properties. Moreover, the relative ease and versatility of
synthetic modifications of both the alkynyl and bzimpy li-
gands may offer new opportunities for the preparation of


new classes of alkynylplatinum(II) bzimpy complexes with
multifunctional properties.


Herein we report the first synthesis of a new class of alky-
nylplatinum(II) complexes with the use of 2,6-bis(benzimi-
dazol-2’-yl)pyridine as the tridentate N-donor ligand,
[Pt(R,R’-bzimpy) ACHTUNGTRENNUNG(C�CR’’)]X (Scheme 1), and one of their


chloro precursor complexes, [Pt(R,R’-bzimpy)Cl]PF6 (R=


C12H25, R’=H) (1). The X-ray crystal structure of 10 has
been determined. The electrochemical, electronic absorption
and luminescence behavior of complexes 1–10 have been
studied. Their aggregation properties in solution have also
been investigated by using variable-temperature and con-
centration-dependent UV/Vis and luminescence spectrosco-
py. Interesting luminescence properties of this class of alky-
nylplatinum(II) complexes in solution have been observed
at ambient temperature, in which dual luminescence attrib-
uted to triplet IL (typical of the chloroplatinum(II) species)
and an admixture of triplet metal-to-ligand charge-transfer
(MLCT) (dp(Pt)!p* ACHTUNGTRENNUNG(bzimpy)) and ligand-to-ligand charge-
transfer (LLCT) (pACHTUNGTRENNUNG(C�C)!p* ACHTUNGTRENNUNG(bzimpy)) excited states have
been observed in some cases. Simple modifications of the
electronic properties of the ligands and changes in the sol-
vent polarity were expected to perturb the relative energies
of the excited states given the sensitivity of the CT state to
the electronic properties of the alkynyl ligands and the sol-
vents as well as the closeness of the energies of the IL and
the CT states, leading to the ready tunability of the nature
of the emissive states. Such behavior, which could not be ob-
served in the related platinum(II) terpyridyl alkynyl com-
plexes, is unique to this class of compounds, in which the
bzimpy ligand p–p* energy is expected to be lower-lying.
DFT and time-dependent DFT (TD-DFT) calculations have
also been performed to elucidate the electronic structures
and provide a further insight into the spectroscopic origins
of this class of complexes.


Results and Discussion


Synthesis and characterization : Alkynylplatinum(II) com-
plexes (2–10) were synthesized by the reaction of the chlor-


Scheme 1. Structures of the alkynylplatinum(II) bzimpy complexes 2–10.
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oplatinum(II) precursors with the corresponding alkynes in
the presence of a catalytic amount of copper(I) iodide and
triethylamine in dichloromethane or dimethylformamide.
The complexes with R=C12H25 were purified by column
chromatography on silica gel by using dichloromethane/ace-
tone as the eluent and subsequent recrystallization by the
slow diffusion of diethyl ether into dichloromethane solu-
tions of the complexes. For the complexes with R=C4H9,
column chromatography was not necessary and the products
were purified simply by recrystallization by the slow diffu-
sion of diethyl ether into an acetonitrile solution. The identi-
ties of all the newly synthesized alkynylplatinum(II) com-
plexes have been confirmed by 1H NMR spectroscopy, FAB-
mass spectrometry, IR spectroscopy, and satisfactory ele-
mental analyses. Complex 10 has also been characterized
structurally by X-ray crystallography.


X-ray crystal structures : The crystal structure of the com-
plex cation of 10 is depicted in Figure 1. Similar to the case
in platinum(II) terpyridyl complexes,[3a–g,4b,5a–c,h, 6b–d, f, g,9b] the


platinum(II) metal center adopts a distorted square-planar
geometry. The N-Pt-N angles (N3-Pt1-N1 79.9o; N4-Pt1-N3
79.5o; N4-Pt1-N1 159.2o) were found to deviate from the ide-
alized values of 90 and 180o due to the steric demand of the
bzimpy ligand. The bond lengths of Pt�C and C�C are 1.94
and 1.20 P, respectively, which are comparable to those
found in the related alkynylplatinum(II) terpyridyl complex-
es.[5a–c,g,6b–d, f, g] Selected bond lengths and angles are given in
Table 1. The interplanar angle between the plane of the aryl
ring of the arylalkynyl ligand and that of the platinum-
bzimpy unit is 14.0o. The crystal packing of 10 shows a twist-
ed head-to-tail stacking between pairs of complex cations
(Figure 2a), as revealed by the individual molecules rotated
with respect to their neighbors, with a C-Pt-Pt-C torsion
angle of 147.9o. The complex also forms a dimeric structure
arranged in a zigzag fashion (Figure 2b) with alternating
“short” and “long” Pt···Pt distances of 3.38 and 5.27 P re-


spectively. The interplanar distance of the dimeric structure
is 3.43 P, calculated from the average distances of the atoms
on the two least-squares planes. These are suggestive of an
intermolecular Pt···Pt interaction between the two metal
centers within the dimeric structure.[5a–c] The two [Pt-
ACHTUNGTRENNUNG(bzimpy)] coordination planes are essentially parallel and
eclipsed, as revealed by the interplanar angle of 0.90o within
the dimeric structure.


Electrochemistry : The cyclic voltammograms of complexes
1–10 in dichloromethane or dimethylformamide solutions
(0.1m nBu4NPF6) displayed two quasi-reversible couples at
approximately �0.84 to �1.65 V and an irreversible anodic
wave at approximately +0.57 to +1.68 V versus SCE. The
electrochemical data for complexes 1–10 are summarized in
Table 2, and the cyclic voltammogram of 2 in DMF (0.1m


nBu4NPF6) is shown in Figure 3. As the reduction potentials
are found to be insensitive to the nature of the alkynyl li-


Figure 1. Perspective drawing of the complex cation of 10 with atomic
numbering. Hydrogen atoms, counter-anions, and solvent molecules are
omitted for clarity. Thermal ellipsoids were shown at the 30% probability
level.


Table 1. Selected bond lengths [P] and angles [o] for 10 with estimated
standard deviations in parentheses.


Pt1�N1 2.01(8) Pt1�C28 1.94(11)
Pt1�N3 1.99(7) C28�C29 1.20(11)
Pt1�N4 2.01(7) Pt1···Pt1 3.39(9)


N3-Pt1-N1 79.9(4) N3-Pt1-C28 178.2(3)
N4-Pt1-N3 79.5(3) N1-Pt1-C28 99.9(4)
N4-Pt1-N1 159.2(3) C29-C28-Pt1 176.2(8)


Figure 2. Crystal packing diagrams of complex cations 10 showing a) the
twisted head-to-tail configuration and b) the dimeric structure in zig-zag
fashion with alternating “short” and “long” Pt···Pt distances.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4562 – 45764564


V. W.-W. Yam et al.



www.chemeurj.org





gands with different substituents on the phenyl ring and sen-
sitive to the substituents at the 4-position of the bzimpy
ligand, it is suggested that these couples arise from the
bzimpy-based reductions that are mainly localized on the
pyridine moiety. Such assignments are in line with the obser-
vation that 8 shows a more negative reduction potential
than 2 because the electron-donating alkoxy substituent on
the bzimpy ligand would raise the p* ACHTUNGTRENNUNG(bzimpy) orbital
energy. This has also been supported by DFT calculations,
in which the LUMO is found to be mainly derived from the
p* orbital localized on the pyridine unit (vide infra).


In view of the observed change of the potentials for oxi-
dation upon varying R’’, the oxidation is attributed to alkyn-
yl-based ligand oxidation, mixed with some metal-centered
contribution.[5a,c,h,6c,h] For complexes 2–6 in dichloromethane
solution, the ease of oxidation shows a trend of 6
ACHTUNGTRENNUNG(+0.57 V)>5 (+1.14 V)>4 (+1.36 V)>2 (+1.44 V)>3
(+1.68 V), in line with the order of the electron-donating
ability of the alkynyl ligands, NMe2>OMe>CH3>H>CF3,
which would render the dp(Pt) and pACHTUNGTRENNUNG(C�C�R’’) orbitals


higher-lying in energy, thus causing a shift of the potential
to less anodic values. In addition, 7, which contains an alkyl-
ACHTUNGTRENNUNGalkynyl ligand, has been shown to display a more positive
potential for this oxidation relative to 2 in dichloromethane
solutions due to the fact that the decrease in p-donating
ability of the alkylalkynyl ligand relative to the arylalkynyl
ligand causes a lowering in the dp(Pt) and pACHTUNGTRENNUNG(C�C�R’’) orbi-
tal energies. No oxidation wave was observed in the di-
chloromethane solution of 1 within the solvent window
(from +2.0 to �2.0 versus SCE). This suggests that the
strong-field alkynyl ligand in alkynylplatinum(II) complexes
destabilizes the dp(Pt) orbital to a larger extent relative to
that of the chloro derivative in 1, which leads to the more
positive oxidation potential for 1.


Electronic absorption spectroscopy : The electronic absorp-
tion spectra of complexes 2–10 in solution at 298 K showed
intense absorption bands at 312–384 nm and moderately in-
tense bands at 434–584 nm. The photophysical data of 1–10
are summarized in Table 3. With reference to previous spec-
troscopic studies on alkynylplatinum(II) terpyridyl com-
plexes[5–7,9] and the related [Pt ACHTUNGTRENNUNG(bzimpy)Cl]+ complex,[8] the
high-energy intense absorption band is assigned to the intra-
ligand (IL) (p!p*) transitions of the alkynyl and bzimpy li-
gands, whereas the low-energy absorption band is tentatively
assigned to an admixture of metal-to-ligand charge-transfer
(MLCT) (dp(Pt)!p*(R,R’-bzimpy)) and ligand-to-ligand
charge-transfer (LLCT) (pACHTUNGTRENNUNG(C�C�R’’)!p*(R,R’-bzimpy))
transitions. Complex 1 exhibited a similar UV/Vis absorp-
tion pattern, with the exception that the MLCT shoulder
showed a blue shift in energy, attributed to the lack of the
strong field alkynyl ligand in 1. The electronic absorption
spectra of 1–3, 6, and 8 are shown in Figure 4. For com-
plexes 2–6 and 8 in dichloromethane solutions, the low-
energy absorption band shows an energy trend of 8
(440 nm)>3 (446 nm)>2 (458 nm)>4 (465 nm)>5
(488 nm)>6 (584 nm), which is in line with the charge-trans-
fer (CT) assignment since electron-donating substituents on
the phenyl ring of the alkynyl ligand would raise the energy
of the dp(Pt) and p ACHTUNGTRENNUNG(C�C�R’’) orbitals and result in a lower-
ing of the CT energy,[5a,c,h] whereas the poorer p-accepting
ability of 4-C12H25O-bzimpy relative to bzimpy would render
the p*(4-C12H25O-bzimpy) orbital higher-lying in energy,
which results in a higher CT energy.[5c] Relative to 2, the
electronic absorption spectrum of 7 showed a blue shift in
the CT energy in solution, which can be explained by the
greater extent of conjugation provided by the arylalkynyl
ligand in 2 that results in a lowering of the transition energy.


Electronic absorption studies of 2 and 4 in dichlorome-
thane, acetonitrile, and dimethylformamide solutions were
performed to investigate solvent effect. Upon increasing the
polarity of the solvents, the CT absorption band showed a
blue shift in energy. As with other PtII polypyridine com-
plexes,[6d,7a,9] negative solvatochromism was observed for the
low-energy absorption band, which is in line with the ex-
pected decrease in dipole moment on going from the
ground state to the excited state. Complexes 2 and 9 in


Table 2. Electrochemical data for 1–10.


Complex Oxidation Epa [V]
versus SCE[a]


Reduction E1/2 [V]
versus SCE[b]


1 –[c] �0.85[d] �0.97[d]
2 +1.44[d] (+1.29[e]) �0.89[d] (�0.95[e]) �1.02[d] (�1.63[e])
3 +1.68[d] �0.84[d] �0.99[d]
4 +1.36[d] �0.85[d] �1.06[d]
5 +1.14[d] �0.90[d] �1.04[d]
6 +0.57[d] �0.95[d] �1.08[d]
7 +1.65[d] �0.91[d] �1.07[d]
8 +1.43[d] �1.05[d] �1.19[d]
9 +1.27[e] �0.95[e] �1.64[e]
10 +1.17[e] �0.93[e] �1.65[e]


[a] Epa refers to the anodic peak potential for the irreversible oxidation
waves. [b] E1/2= (Epa+Epc)/2; Epa and Epc are the anodic peak and catho-
dic peak potentials, respectively. [c] No oxidation wave was observed
within the solvent window. [d] Conducted in dichloromethane solution
with nBu4NPF6 (0.1m ; TBAH) as the supporting electrolyte at room tem-
perature; scan rate 100 mVs�1. [e] Conducted in dimethylformamide so-
lution with nBu4NPF6 (0.1m ; TBAH) as the supporting electrolyte at
room temperature; scan rate=100 mVs�1


Figure 3. Cyclic voltammogram of 2 in DMF (0.1m nBu4NPF6).
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Table 3. Photophysical data for 1–10.


Complex Medium T [K] Absorption Emission
lmax [nm] (emax [dm


3mol�1 cm�1]) lem [nm] (to [ms]) fem
[a]


1 CH2Cl2 (298) 320 (23300), 360 (22700), 384 (21050), 434 (1395) 565, 612 (3.28), 690[b] (1.25) 1.7R10�2


CH3CN (298) 312 (25325), 342 (27205), 374 (24585), 434 (1430) 560, 605 (0.40), 690[b] (0.10) 1.2R10�3


solid (298) 705 (0.58)
solid (77) 720 (2.19)
glass[c] (77) 543, 585 (9.30), 640[d] (8.75)


2 CH2Cl2 (298) 334 (24180), 364 (27630), 380 (26515), 458 (3870) 580, 625[f] (0.69), 740[b] (0.14) 2.9R10�2


CH3CN (298) 325 (24025), 353 (25750), 367 (23615), 446 (3525) 565, 610 (0.35), 730[b] (0.15) 8.9R10�3


DMF (298) 329 (21210), 355 (23945), 370 (22160), 444 (4075) 565, 610 (1.51), –[e] 1.0R10�3


solid (298) 652 (0.41)
solid (77) 614 (2.27)
glass[c] (77) 543, 582 (8.22), 645[d] (4.90)


3 CH2Cl2 (298) 332 (24315), 362 (27320), 378 (25305), 446 (2850) 570, 616 (2.66), 730[b] (<0.10) 9.6R10�2


CH3CN (298) 326 (20930), 354 (23255), 372 (20100), 434 (3605) 570, 616 (0.29), 720[b] (0.21) 1.4R10�2


solid (298) 795 (1.84)
solid (77) 735 (2.19)
glass[c] (77) 540, 583 (7.60), 635[d] (5.20)


4 CH2Cl2 (298) 335 (25950), 363 (29655), 381 (29100), 465 (4280) 652 (2.30), 745[b] (0.19) 2.5R10�3


CH3CN (298) 328 (23210), 352 (25105), 372 (22315), 448 (4140) 567, 640[f] (0.29), 740[b] (0.26) 1.1R10�3


DMF (298) 326 (26570), 354 (28855), 372 (26070), 442 (5020) 567, 625[f] (3.92), –[e] 1.4R10�3


solid (298) 705 (0.71)
solid (77) 660 (2.04)
glass[c] (77) 543, 583 (9.90), 640[d] (4.75)


5 CH2Cl2 (298) 336 (26465), 362 (30760), 381 (30390), 488 (4395) 565, 610 (3.20), 740[b] (0.44) 8.9R10�4


CH3CN (298) 332 (22870), 354 (24990), 370 (23350), 460 (3990) –[g] , 740[b] (0.30)
solid (298) 655 (0.21)
solid (77) 666 (2.60)
glass[c] (77) 540, 580 (9.03), 642[d] (5.22)


6 CH2Cl2 (298) 318 (28500), 363 (21355), 382 (20065), 584 (3960) –[g]


CH3CN (298) 306 (37830), 354 (25380), 370 (23685), 546 (4330) –[g]


solid (298) –[g]


solid (77) –[g]


glass[c] (77) –[g]


7 CH2Cl2 (298) 330 (15560), 362 (16730), 378 (16310), 440 (2825) 575, 625 (3.55), 712[h] (0.43) 5.0R10�2


CH3CN (298) 323 (17905), 354 (19035), 367 (17595), 436 (3925) 560, 610 (0.26), 715[h] (0.10) 9.5R10�3


solid (298) 680 (0.58)
solid (77) 682 (3.10)
glass[c] (77) 540, 580 (9.60), 648[d] (5.64)


8 CH2Cl2 (298) 330 (36040), 348 (33545), 365 (29275), 440 (4990) 560, 605 (1.34), 670[b] (0.28) 8.3R10�2


solid (298) 640 (0.31)
solid (77) 630 (3.32)
glass[c] (77) 530, 570 (6.44), 610[d] (3.68)


9 DMF (298) 329 (17875), 355 (20210), 370 (18305), 444 (3865) 565, 610 (1.36), –[e] 1.1R10�3


solid (298) 680 (0.48)
solid (77) 675 (2.40)
glass[c] (77) 545, 586 (7.86), 635[d] (5.26)


10 DMF (298) 330 (27170), 354 (31020), 370 (29195), 450 (4660) –[g]


solid (298) 660 (0.23)
solid (77) 670 (2.20)
glass[c] (77) 540, 580 (7.73), 630[d] (6.73)


[a] The luminescence quantum yield, measured at room temperature by using [Ru ACHTUNGTRENNUNG(bpy)3]
2+ as a standard. [b] Excimeric emission band observed at a con-


centration of �10�4m. [c] In butyronitrile glass. [d] Aggregate emission in glassy matrix at 77 K. [e] No excimeric emission observed even at a concentra-
tion of 2R10�3m. [f] Dual luminescence observed in solution at concentration < 10�4m at ambient temperature. [g] Nonemissive. [h] Excimeric emission
band observed at a concentration of �2R10�3m. All solid-state emissions were recorded after grinding.
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DMF showed essentially identical UV/Vis absorption pat-
terns with similar extinction coefficients, which suggests that
no significant effect can be attributed to the chain length of
the N-alkyl chains. UV/Vis absorption spectra at various
concentrations of 2 in dichloromethane solution were pre-
pared, ranging from 8.2R10�3 to 7.1R10�6m, and the absorp-
tion tails at 550 nm were found to obey BeerSs law (Fig-
ure S1, Supporting Information). This suggests the lack of
any significant ground-state complex aggregation.[5a–b,6c]


As 1 in butyronitrile solution (c=7R10�4m) showed a
drastic color change from yellow to red upon cooling to
155 K (Figure 5), variable-temperature absorption studies
were performed between 298 and 155 K. With decreasing
temperature, new absorption bands at 530 and 565 nm were
observed. No such absorption bands appeared at concentra-
tions <10�4m, and in 2–10 no such bands appeared even at
77 K. The UV/Vis absorption spectra of 1 at different tem-
peratures are shown in Figure 5. These concentration-depen-
dent absorption bands that appeared at low temperature ori-


ginated from a metal–metal-to-ligand charge-transfer
(MMLCT) transition that results from an intermolecular as-
sociation through Pt···Pt and p–p stacking interactions. Such
MMLCT absorption bands were also observed in
[Pt(Me2bzimpy)Cl]+ and were induced by vapochromic ef-
fects.[8b]


Luminescence spectroscopy : All of the complexes, except 5,
6, and 10, which contain electron-rich OMe or NMe2 on the
arylalkynyl ligands, are strongly emissive in all states,
namely in the glass state, in the solid state, and in solution.
The large Stokes shifts and the long emission lifetimes, in
the microsecond range, are suggestive of an origin of triplet
parentage. In 77 K butyronitrile glass, all the complexes
showed well-resolved vibronic-structured emission bands at
approximately 530–543 nm and a low-energy emission band
at approximately 630–648 nm. The vibrational progressional
spacings of the high-energy band at approximately
1300 cm�1 are typical of the aromatic vibrational modes of
the tridentate N-heterocyclic ligands. Upon excitation at l�
430 nm, the low-energy emission band increased in intensity
with increasing concentrations ranging from 10�7 to 10�4m


(Figure S2, Supporting Information). The high-energy emis-
sion band is derived mainly from the triplet p–p* IL excited
state of the bzimpy ligand, whereas the low-energy band,
which is concentration-dependent, originated from emissive
aggregates formed at low temperature.


Interestingly, the solid-state emission of this class of com-
plexes is dependent on their morphologies.[4b] For example,
whereas the yellow form of 7 showed vibronic-structured
bands, the emission of the orange-red form, obtained upon
grinding, became broad and structureless and was shifted to
longer wavelengths (Figure S3, Supporting Information).
Such a low-energy structureless emission band at approxi-
mately 652–795 nm in the solid state is assigned as a triplet
MMLCT emission originating from the formation of Pt···Pt
and p–p stacking interactions upon grinding.


In solution under dilute conditions (<10�4m) and upon
excitation at l�440 nm, most complexes at room tempera-
ture displayed a vibronic-structured emission band in their
emission spectra with a band maximum at around 565 nm
that is insensitive to the nature of the alkynyl ligands and
the solvents. The vibrational progressional spacings of ap-
proximately 1300 cm�1 are characteristic of the vibrational
stretching frequencies of the aromatic CPC and CPN modes
of the tridentate N-heterocyclic ligand. This vibronic-struc-
tured emission is tentatively assigned as originating from a
metal-perturbed 3IL (p!p* ACHTUNGTRENNUNG(bzimpy)) state. The normalized
emission spectra of 7 and 8 at concentrations of 2R10�5m in
dichloromethane are shown in Figure 6.


It is interesting to note that 2 and 4 showed unique dual
luminescence behavior, which is sensitive to the nature of
the solvents and substituents. Apart from the vibronic-struc-
tured emission band, 4 showed a structureless emission band
with band maximum at 652 nm in dichloromethane solution,
whereas in acetonitrile solution, this emission band showed
a blue shift in energy (640 nm) with an additional shoulder


Figure 4. Electronic absorption spectra of 1 (c), 2 (b), 3 (g), 6
(d), and 8 (c) in CH2Cl2 at room temperature.


Figure 5. Electronic absorption spectra of 1 in butyronitrile solution (c=


7R10�4m) upon cooling from 298 to 155 K. Inset: Photographs of the bu-
tyronitrile solutions of 1 at room and low temperatures.
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at 567 nm. A further shift of this band maximum to higher
energy in dimethylformamide solution (625 nm) with a
slight increase in the intensity of the shoulder was observ-
ed.[9c] The emission spectra of 4 in various solvents are
shown in Figure 7. Similarly, whereas 2 showed a structure-
less emission band at 625 nm with a shoulder at 580 nm in
dichloromethane solution, a vibronic-structured emission
band was observed in acetonitrile and dimethylformamide
solutions.[14] The structureless emission band is unlikely to
be due to excimeric or dimeric emission because it was
found to be independent of concentration even down to
10�7m. With reference to previous work on platinum(II) ter-
pyridyl alkynyl complexes,[5–7] the low-energy structureless
emission, the energy of which is sensitive to the nature of
the substituents and solvents, originated from an admixture
of 3


MLCT and 3LLCT excited states. The high-energy band
that appeared as a shoulder in the dual luminescence of 2
and 4 is believed to be derived from a triplet metal-per-
turbed IL origin of the bzimpy ligand; the changes in the


relative energies of these two excited states would lead to
the observed findings in different solvents. It is likely that
upon increasing the polarity of the solvents, the CT excited
state in 2 is stabilized to a lesser extent than its ground
state, as expected of complexes displaying negative solvato-
chromism (vide supra), leading to a blue shift of the CT ex-
cited state energy. As a result, an increased chance of the
occurrence of 3IL emission is anticipated in more polar sol-
vents. Similarly, this accounts for the observation of only the
broad triplet CT emission band in 4 in less polar solvents, es-
pecially given the presence of the more electron-rich methyl
substituent on the phenylalkynyl unit, which leads to a fur-
ther lowering of the CT energy. A time-resolved emission
study of 2 in dichloromethane was also performed to trace
the emissions of these two origins. While emissions from
both origins were observed at a gate delay of 0.25 ms, only
the high-energy and longer-lived vibronic-structured emis-
sion, originating from a metal-perturbed 3IL state, was ob-
served at a gate delay of 2.25 ms (Figure S4, Supporting In-
formation).


At concentrations �10�4m and upon excitation at l�
480 nm, new emission bands beyond 690 nm were observed
from 1–5 in dichloromethane and acetonitrile solutions, and
in 8 in dichloromethane solutions at room temperature. In
contrast, 7 only showed such low-energy bands at concentra-
tions �2R10�3m in both solutions. This concentration-de-
pendent and structureless emission band was suggested ten-
tatively to be derived from excimeric or MMLCT emission
at high concentrations.


Butyronitrile solutions of 1 underwent room- and low-
temperature emission studies. It was found that upon excita-
tion at l=450 nm, only a vibronic-structured 3IL emission at
560 nm was observed at room temperature, similar to that
observed in dilute solutions. Upon cooling to 155 K, a new
emission band at 685 nm was observed, with a diminishment
of the 3IL emission band. The emission spectra of 1 in butyr-
onitrile are shown in Figure 8. The excitation bands moni-
tored at the low-energy emission band closely resemble the


Figure 6. Normalized emission spectra of 7 (a) and 8 (c) in de-
gassed dichloromethane at room temperature.


Figure 7. Emission spectra of 4 in degassed CH2Cl2 (g), CH3CN (a),
and DMF (c) at room temperature.


Figure 8. Emission spectra of 1 in butyronitrile solution (c=7R10�4m) at
298 (a) and 155 K (c).
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new absorption bands at 530 and 565 nm observed in the
electronic absorption spectra of 1 at 155 K, which suggests
that they are derived from the same origin. According to
the electronic absorption studies, the new emission band
probably originated from the 3


MMLCT excited state, which
results from Pt···Pt and p–p stacking interactions formed at
low temperature.


Computational studies : To gain further insight into the
structural and electrochemical properties as well as the
nature of absorption and emission origins of this series of
platinum(II) complexes, DFT calculations at the PBE1PBE
level of theory were performed to study complexes 1–8. For
the sake of reducing the computational cost, the long alkyl
chains on the nitrogen atoms of the benzimidazolyl groups
were replaced by methyl groups. In addition, the hexyl
group on the alkynyl ligand was also replaced by a methyl
group for complex 7. The model complexes are labeled as
1’–8’.


Geometry optimizations of the ground state for 1’–8’ were
performed without symmetry constraint. The optimized
structure of 2’ and the selected structural parameters of 1’–8’
are shown in Figure 9 and Table S1 (Supporting Informa-
tion), respectively. For arylalkynyl complexes 2’–6’ and 8’,
the optimizations starting from a planar structure (with the
aryl rings lying in the same plane as the [Pt ACHTUNGTRENNUNG(bzimpy)] plane)
led to a twisted structure, in which the interplanar angles be-
tween the aryl ring of the alkynyl ligand and the [Pt-
ACHTUNGTRENNUNG(bzimpy)] plane are in the range of 31.8–90.08, indicating
that the planar structure is not a minimum in the potential
energy surface. This is probably due to the steric repulsion
between the hydrogen atoms at the 6,6’-positions of the two
benzimidazolyl groups and those at the ortho positions of
the aryl ring. The calculated Pt�N, Pt�C ACHTUNGTRENNUNG(alkynyl), and C�C
bond lengths in 2’–8’ are in the range of 1.993–2.015, 1.941–
1.951, and 1.224–1.230 P, re-
spectively. Although there are
no X-ray data for 1–8 to com-
pare with the calculated struc-
tures of 1’–8’, the calculated
bond lengths and angles are
comparable to those observed
in the X-ray crystal structure of
the analogue 10.


The frontier molecular orbi-
tals of complexes 1’–8’ obtained
from TD-PBE1PBE/CPCM
(CH2Cl2 as a solvent) were ex-
amined. For arylalkynyl and
propynyl complexes 2’–8’, the
last three highest occupied mo-
lecular orbitals, HOMO,
HOMO�1, and HOMO�2, are
mainly contributed from the
two orthogonal sets of p orbi-
tals on the arylalkynyl or pro-
pynyl unit and the highest p or-


bital of the bzimpy ligand mixed with metal orbitals. The
HOMO is composed of the antibonding interaction between
the p orbitals on the C�C triple bond and the attached aryl
ring in 2’–6’ and 8’, and between the p orbital on the C�C
triple bond and the C�H s orbital from two of the three C�
H bonds on the attached methyl group in 7’. On the other
hand, the first two unoccupied molecular orbitals, LUMO
and LUMO+1, in 2’–8’ are the p* orbitals of the bzimpy
ligand with a larger contribution on the pyridine unit.
Figure 10 depicts the spatial plots of the frontier orbitals in
2’. For the chloro analogue 1’, the first two LUMOs are also
the p* orbital of the bzimpy ligand, whereas the HOMO is
the highest p orbital of the bzimpy ligand mixed with metal
orbital, which is the same as HOMO�2 in 2’.


The energy level diagram of the selected frontier orbitals
in complexes 2’–8’ is shown in Figure 11 to illustrate the
effect of the substituent R’’ attached to the alkynyl ligand


Figure 9. Optimized geometry of 2’.


Figure 10. Spatial plots (isovalue=0.03) of selected frontier molecular orbitals of 2’ obtained from TD-
PBE1PBE/CPCM (CH2Cl2).
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on the orbital energies. As depicted, the energy of the
HOMO is found to show a strong dependence on the nature


of the substituents at the para position of the phenylalkynyl
group. The HOMO energy increases in the order 3’<8’�
2’<4’<5’<6’, which is in line with the increasing p elec-
tron-donating ability of the arylalkynyl ligand. The observed
trends are consistent with the electrochemical data. The
effect of the alkyl substituents attached to the alkynyl ligand
on the HOMO energy is also shown in Figure 11. The
HOMO energy in 7’ is decreased significantly, relative to
that in 2’. The decrease in HOMO energy is probably due to
the less conjugated p system in 7’. In contrast to the more
pronounced effect of the R’’ group on the HOMO energies,
the LUMO energy changes very slightly with variation of
the R’’ group. However, the LUMO energy is increased with
the p electron-donating group OMe attached to the pyridine
unit of the bzimpy ligand. The calculated HOMO and
LUMO in 1’–8’ also confirmed the assignment of the oxida-
tion and reduction processes from the electrochemical study,
respectively.


The first fifteen singlet excited states of 1’–8’ were calcu-
lated by using the TD-PBE1PBE/CPCM method (CH2Cl2 as
a solvent) on the basis of the gas-phase optimized geome-
tries. Selected low-lying transitions of 1’–8’ are shown in
Table 4 (see Tables S2–S9 for more transitions, Supporting
Information). The character of each transition is assigned


Figure 11. Orbital energy diagram of the frontier molecular orbitals in 2’
shown in Figure 10 and the corresponding orbitals in 3’–8’.


Table 4. Selected low-lying singlet excited states (Sn) in 1’–8’ computed by TD-PBE1PBE/CPCM (CH2Cl2), with the orbitals involved in the dominant
excitations (H=HOMO and L=LUMO), transition coefficients, vertical excitation energies ([nm] and [eV]), oscillator strengths (f), and character of
the excited states.


Complex Sn Excitation Transition coefficient Vertical excitation energy f[a] Character
[nm] [eV]


1’ 1 H!L 0.68 457 2.71 (2.73)[b] 0.009 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


2’ 1 H!L 0.69 534 2.32 (2.43)[b] 0.038 LLCT (C�CR’’!R,R’-bzimpy)[c]


2 H�2!L 0.68 454 2.73 (2.75)[b] 0.006 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


3 H!L+1 0.70 442 2.81 (2.92)[b] 0.006 LLCT (C�C�R’’!R,R’-bzimpy)[c]


4 H�1!L 0.67 428 2.89 (2.96)[b] 0.066 LLCT (C�C�R’’!R,R’-bzimpy)[c]


3’ 2 H�1!L 0.68 453 2.74 (2.76)[b] 0.007 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


3 H�2!L 0.67 419 2.96 (3.02)[b] 0.077 LLCT (C�C�R’’!R,R’-bzimpy)[c]


4’ 1 H!L 0.69 551 2.25 (2.35)[b] 0.071 LLCT (C�C�R’’!R,R’-bzimpy)[c]


2 H!L+1 0.70 457 2.71 (2.83)[b] 0.007 LLCT (C�C�R’’!R,R’-bzimpy)[c]


3 H�2!L 0.68 454 2.73 (2.75)[b] 0.007 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


4 H�1!L 0.68 431 2.88 (2.95)[b] 0.060 LLCT (C�C�R’’!R,R’-bzimpy)[c]


5’ 1 H!L 0.69 595 2.09 (2.19)[b] 0.112 LLCT (C�C�R’’!R,R’-bzimpy)
2 H!L+1 0.70 492 2.52 (2.64)[b] 0.009 LLCT (C�C�R’’!R,R’-bzimpy)
3 H�2!L 0.68 454 2.73 (2.75)[b] 0.006 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


4 H�1!L 0.68 433 2.86 (2.94)[b] 0.048 LLCT (C�C�R’’!R,R’-bzimpy)[c]


6’ 1 H!L 0.68 741 1.67 (1.77)[b] 0.200 LLCT (C�C�R’’!R,R’-bzimpy)
2 H!L+1 0.70 602 2.06 (2.18)[b] 0.010 LLCT (C�C�R’’!R,R’-bzimpy)
3 H�2!L 0.68 454 2.73 (2.75)[b] 0.006 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


4 H�1!L 0.68 444 2.79 (2.87)[b] 0.032 LLCT (C�C�R’’!R,R’-bzimpy)[c]


7’ 2 H�2!L 0.68 454 2.73 (2.75)[b] 0.005 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


3 H!L 0.67 449 2.76 (2.83)[b] 0.066 LLCT (C�C�R’’!R,R’-bzimpy)[c]


8’ 1 H!L 0.70 504 2.46 (2.56)[b] 0.016 LLCT (C�C�R’’!R,R’-bzimpy)[c]


2 H!L+1 0.70 451 2.75 (2.85)[b] 0.003 LLCT (C�C�R’’!R,R’-bzimpy)[c]


3 H�2!L 0.61 424 2.92 (2.94)[b] 0.008 IL (R,R’-bzimpy!R,R’-bzimpy)[c]


4 H�1!L 0.60 415 2.99 (3.05)[b] 0.074 LLCT (C�C�R’’!R,R’-bzimpy)[c]


[a] Only the singlet excited states with f>0.001 were listed. [b] The corresponding singlet–singlet transitions computed by TD-PBE1PBE/CPCM with
CH3CN as a solvent. [c] Excited state has some MLCT character.
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according to the compositions of the occupied and virtual
MOs of the dominant excitation (see Table S10 for the per-
centage compositions of selected frontier orbitals, Support-
ing Information). The experimental electronic absorption
spectra of 1 and 2 measured in dichloromethane together
with the calculated TD-DFT/CPCM (CH2Cl2) transitions of
complexes 1’ and 2’ are shown in Figure S5 (Supporting In-
formation). The spectral assignment is based on the correla-
tion of the experimental peak maxima with the calculated
excited-state energies of the transitions with the oscillator
strength greater than 0.001. From the calculated result of
the chloro-analogue 1’ (Table S2 and Figure S5a, Supporting
Information), the moderately intense low-energy absorption
band corresponds to the excitation from the HOMO to
LUMO, which can be assigned as an IL p–p* transition of
the bzimpy ligand mixed with some MLCT (dp(Pt)!
p*(R,R’-bzimpy)) character, whereas several transitions are
computed in the region of the intense high-energy absorp-
tion band, in which the most intense transition computed at
363 nm involves excitation from the next lower-energy p or-
bital of the bzimpy ligand (HOMO�2) to LUMO and it can
be assigned as the IL p–p* transition of the bzimpy ligand.


Complex 2’ is different from complex 1’ and four transi-
tions are computed in the region of the low-energy absorp-
tion band. These transitions consist of the combination of
excitations from HOMO�2, HOMO�1 and HOMO to
LUMO and LUMO+1. The lowest-energy transition corre-
sponds to an excitation from HOMO to LUMO which can
be assigned as LLCT (pACHTUNGTRENNUNG(C�C�R’’)!p*(R,R’-bzimpy))
mixed with MLCT (dp(Pt)!p*(R,R’-bzimpy)) character.
The next higher transition involves an IL p–p* transition of
the bzimpy ligand mixed with some MLCT (dp(Pt)!
p*(R,R’-bzimpy)) character, which is similar to the lowest-
energy transition in the chloro analogue. Several transitions
are computed in the high-energy absorption region. The
most intense transition computed at 358 nm also consists of
IL p–p* character of the bzimpy ligand.


Similar to 2’, the low-energy absorption band in 3’–8’ is
composed of two types of transitions, which are LLCT/
MLCT (p ACHTUNGTRENNUNG(C�C�R’’)/dp(Pt)!p*(R,R’-bzimpy)) and IL/
MLCT (p(R,R’-bzimpy)/dp(Pt)!p*(R,R’-bzimpy)). As
shown in Table 4, the transition energy of the IL/MLCT
(p(R,R’-bzimpy)/dp(Pt)!p*(R,R’-bzimpy)) excited state
does not change at all on variation of the substituent, R’’, at-
tached to the C�C triple bond of the alkynyl ligand. Howev-
er, the transition energy of the LLCT/MLCT (p ACHTUNGTRENNUNG(C�C�R’’)/
dp(Pt)!p*(R,R’-bzimpy)) excited state that involves
HOMO!LUMO excitation is decreased with the increase
of the p electron-donating ability of the aryl group in the
order C6H5�CF3<C6H5<C6H4�Me<C6H4�OMe<C6H4�
NMe2. Both transitions are blue-shifted from 2’ to 8’. The in-
crease in LLCT/MLCT transition energy can be explained
by the p electron-donating OMe group attached to the pyri-
dine ring in the bzimpy ligand which destabilizes the p* or-
bital. However, the increased gap for the IL/MLCT transi-
tion is probably due to the fact that the p* orbital, which is
more localized on the pyridine unit, is destabilized to a


larger extent than the p orbital of the bzimpy ligand which
is more localized on the two benzimidazolyl units.


As mentioned in the previous section, negative solvato-
chromism for the low-energy absorption band was observed
for the alkynyl complexes. To study the effect of solvent po-
larity on the low-lying singlet–singlet transitions, TD-DFT/
CPCM calculations with CH3CN as a solvent have also been
performed for 1’–8’. The computed oscillator strengths (f)
for the transitions in CH3CN which are not shown here are
more or less the same as that in dichloromethane. However,
all of the low-energy transitions in Table 4 are blue-shifted
from dichloromethane to CH3CN, in which the shift is more
significant for the LLCT/MLCT (0.06–0.12 eV) than the IL/
MLCT transitions (0.02 eV). Based on the calculated results
in 2’–8’, the red shift of the lowest energy LLCT/MLCT
transitions with the increase of p-donating ability of the al-
kynyl ligand and blue shift of the transition energy with the
increase in polarity of the solvent support the admixture of
ligand-to-ligand charge-transfer and metal-to-ligand charge-
transfer transitions assignment of the low-energy absorption
band in 2–8. In addition, although less intense, the IL/
MLCT transition was found in the region of the low-energy
absorption band.


Complexes 1–4, 7, and 8 showed strong phosphorescence
in all the states. Two emissive states were observed in 2 and
4 upon variation of the solvent polarity whereas only one
was found in the other complexes. The unrestricted Kohn–
Sham approach (UPBE1PBE) was used to optimize the
low-lying triplet excited states to investigate the nature of
the emissive states. For complex 1’, geometry optimization
of the triplet state without symmetry constraints by starting
from the ground-state structure led to an excited structure
with the distortion mainly occurring in the bzimpy ligand.
The optimized structure of the triplet excited state of 1’ and
selected changes in the structural parameters relative to that
of the ground state are shown in Figure S6 (Supporting In-
formation). The distortion occurs mainly in one of the two
benzimidazolyl units and the central pyridine ring in the
bzimpy ligand, which is similar to an unsymmetric distortion
for the 3IL state of the related AuIII complexes in our previ-
ous study.[15] The lower-energy and higher-energy singly oc-
cupied molecular orbitals (SOMOs) of the triplet excited
state are mainly the p orbital of the bzimpy ligand mixed
with the metal orbital and the p* orbital of the bzimpy
ligand, respectively, which indicates that the triplet excited
state contains the IL p–p* of the bzimpy ligand with a slight
mixing of MLCT character. A plot of the spin density of the
3IL state reveals that the spin density is localized mainly on
the bzimpy ligand with some on the metal center (Figure S7,
Supporting Information). The energy of the 3IL/3MLCT ex-
cited state relative to the optimized ground state with the
solvent correction (CH2Cl2) is computed at 571 nm, which
compares well with the experimental emission lmax


(565 nm). The result further supports the metal-perturbed
3IL assignment of the vibronic-structured emission band in 1.


Geometry optimization of the triplet excited state in the
alkynyl complexes 2’–4’, 7’ and 8’ by starting from their cor-


Chem. Eur. J. 2008, 14, 4562 – 4576 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4571


FULL PAPERLuminescent Platinum(II) 2,6-Bis(N-alkylbenzimidazol-2’-yl Complexes



www.chemeurj.org





responding optimized ground-state geometry resulted in an
excited state containing a LLCT (pACHTUNGTRENNUNG(C�C�R’’)!p*(R,R’-
bzimpy)) mixed with MLCT character. The major structural
change in the triplet excited state occurs mainly in the
metal-pyridine and metal-aryl ethynyl units. The selected
changes in the structural parameters and the isocontour plot
of the spin density of the 3LLCT/3MLCT triplet excited
state of 2’ are shown in Figures S6 and S7 (Supporting Infor-
mation), respectively. In addition, based on the calculated
triplet-excited state in 1’, optimizations of the triplet state in
2’–4’, 7’, and 8’, which involve populating the lowest-energy
p* orbital of the bzimpy ligand (LUMO) from the highest
energy p orbital of the bzimpy ligand have also been per-
formed. To obtain a correct set of initial guess orbitals for
the optimization process, the starting geometries of 2’–4’, 7’,
and 8’ were modified slightly from their corresponding
ground-state structures to contain Cs symmetry, in which the
aryl rings in 2’–4’ and 8’, and one of the C�H bonds on the
methyl group in 7’, attached to the alkynyl ligands lie per-
pendicular and in the [Pt ACHTUNGTRENNUNG(bzimpy)] plane, respectively (the
mirror plane is in the [Pt ACHTUNGTRENNUNG(bzimpy)] plane). For all complexes
except 7’, unsymmetric 3IL/3MLCT excited states that were
similar to that in 1’ were found. Attempts to optimize the
3IL/3MLCT excited state of 7’ failed. Optimization starting
with an initial guess for the 3IL/3MLCT excited state led to
the 3LLCT/3MLCT excited state. Table 5 shows the relative
energies of the calculated triplet excited states in 1’–4’, 7’,


and 8’ together with the experimental emission maxima in
dichloromethane. Based on the calculated relative energies
of the triplet excited states together with the position and
shape of the emission bands for the chloro and alkynyl com-
plexes, the vibronic-structured emission in 1, 3, 7 and 8 is at-
tributed to an intraligand p–p* origin of the bzimpy ligands
mixed with MLCT character. On the other hand, the dual
emission bands observed in 2 and 4 are likely to originate
from the lower-energy 3LLCT/3MLCT and higher-energy
3IL/3MLCT excited states.


Conclusion


A new class of luminescent tridentate alkynylplatinum(II)
complexes has been synthesized and characterized. The X-


ray crystal structure of 10 has been determined and Pt···Pt
and p–p stacking interactions were found in the solid state.
Electrochemical studies reveal bzimpy-based reductions and
oxidations arising from the alkynyl ligands mixed with some
metal character. Their electronic absorption and lumines-
cence properties have also been investigated. In solution at
room temperature, the high-energy intense absorption bands
are assigned as p–p* transitions of the bzimpy and alkynyl
ligands and the low-energy moderately intense absorption
bands are assigned to an admixture of metal-to-ligand
charge-transfer (dp(Pt)!p*(R,R’-bzimpy)) and ligand-to-
ligand charge-transfer (pACHTUNGTRENNUNG(C�C�R’’)!p*(R,R’-bzimpy))
transitions. Variable-temperature UV/Vis spectra of 1 in bu-
tyronitrile solution showed new absorption bands upon cool-
ing to 155 K, which is rationalized by the formation of ag-
gregate species through Pt···Pt and p–p stacking interactions
at low temperature. At room temperature, the emissive
origin in solution is found to be affected by the solvent as
well as the para substituents on the arylalkynyl ligands. In
some cases, dual luminescence has been observed. The elec-
tronic structures of the ground and excited states of 1–8
were studied by DFT and TD-DFT calculations by using the
model complexes 1’–8’. For the alkynyl complexes 2’–8’, the
HOMO corresponds to the p orbital on the alkyl/arylalkynyl
ligands with mixing of the metal orbital, whereas the
LUMO consists mainly of the p* orbital on the R,R’-bizmpy
ligand. These results are in agreement with the electrochem-
ical study. The TD-DFT/CPCM (CH2Cl2) calculations indi-
cate that the lowest energy absorption band is dominated by
the LLCT/MLCT (pACHTUNGTRENNUNG(C�C�R’’)/dp(Pt)!p*(R,R’-bzimpy))
transition. Two triplet excited states found in 2’–4’ and 8’,
3LLCT/3MLCT (pACHTUNGTRENNUNG(C�C�R’’)/dp(Pt)!p*(R,R’-bzimpy)) and
3IL/3MLCT (p(R,R’-bzimpy)/dp(Pt)!p*(R,R’-bzimpy)), are
possibly responsible for the dual emission in 2 and 4, where-
as the latter for the single emission in 1, 3, 7, and 8. The
present work demonstrates that with the judicious choice of
a strongly donating alkynyl ligand and a R,R’-bzimpy
ligand, which has a low-lying IL p–p* state, a small pertur-
bation of the electronic properties of the ligands and the
nature of the solvents could readily lead to the tuning of the
nature of the emissive states as a result of the closeness of
the energies of the IL and the CT excited states. Such
unique behavior could not be found in the related alkynyl-
platinum(II) terpyridyl and [Pt ACHTUNGTRENNUNG(bzimpy)Cl]+ complexes.


Experimental Section


Materials : Dichloro(1,5-cyclooctadiene)platinum(II) was obtained from
Strem Chemicals. Sodium hydride, 1-bromobutane, 1-bromododecane,
phenylacetylene, and 4-ethynyl-a,a,a-trifluorotoluene were obtained
from Aldrich. (4-Methylphenyl)acetylene and (4-methoxyphenyl)acety-
lene were purchased from Maybridge. 1-Octyne was obtained from
ABCR. 2,6-Bis(benzimidazol-2’-yl)pyridine (bzimpy),[16a] 2,6-bis(benzimi-
dazol-2’-yl)-4-hydroxypyridine,[16b] 4-ethynyl-N,N-dimethylaniline,[17] 3,4,5-
(trimethoxyphenyl)acetylene,[18] and all the N-alkylated bzimpy tridentate
ligands[8a] were synthesized as described previously. The chloroplatin-
um(II) complex precursors were synthesized according to a modification


Table 5. Relative energy of the calculated triplet excited states and ex-
perimental emission maxima for selected complexes.


Relative energy of the calcu-
lated triplet excited states[a]


Experimental emission maximum
(lmax) in CH2Cl2 at 298 K


3LLCT/3MLCT 3IL/3MLCT


1’ – 571 565[b]


2’ 631 562 580, 625
3’ 582 563 570[b]


4’ 659 561 652
7’ 564 – 575[b]


8’ 595 550 560[b]


[a] Energy of the optimized triplet excited states relative to the corre-
sponding optimized ground states after a single point CPCM calculation
by using CH2Cl2 as a solvent. [b] Vibronic-structured emission band.
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of literature procedures for the synthesis of chloroplatinum(II) terpyridyl
complexes.[3a,e] All solvents were purified and distilled by using standard
procedures before use. All other reagents were of analytical grade and
were used as received.


2,6-Bis(1-dodecylbenzimidazol-2’-yl)pyridine : The compound was synthe-
sized according to a modification of a previously reported method for the
synthesis of 2,6-bis(1-octadecylbenzimidazol-2’-yl)pyridine, except that 1-
bromododecane (6.2 g, 25.0 mmol) was used. 1-Bromododecane (6 mL,
25.0 mmol) was added to a solution of 2,6-bis(benzimidazol-2’-yl)pyridine
(1.6 g, 5.0 mmol) and sodium hydride (oil dispersion, 60%, 1.0 g,
25.0 mmol) in DMF (20 mL). The resultant mixture was stirred overnight
at 100 8C under an N2 atmosphere. After removal of the solvents in
vacuo, the residue was redissolved in CHCl3, washed with water (3R
30 mL), and then dried over anhydrous Na2SO4. After the removal of the
solvent, the residue was purified by column chromatography on silica gel
(50% CHCl3 in hexane) to give the pure product as a yellow oil (1.22 g,
40%). 1H NMR (400 MHz, CDCl3, 298 K): d=0.86 (t, J=7.3 Hz, 6H;
CH3), 1.01 (m, 36H; CH2), 1.72 (m, 4H; CH2), 4.69 (t, J=7.3 Hz, 4H;
NCH2), 7.33 (m, 4H; benzimidazole), 7.46 (m, 2H; benzimidazole), 7.87
(m, 2H; benzimidazole), 8.04 (t, J=7.8 Hz, 1H; pyridine), 8.32 ppm (d,
J=7.8 Hz, 2H; pyridine); positive-ion FAB MS: m/z : 649 [M]+ .


2,6-Bis(1-butylbenzimidazol-2’-yl)pyridine : The procedure was similar to
that used to prepare 2,6-bis(1-dodecylbenzimidazol-2’-yl)pyridine, except
1-bromobutane (2.7 mL, 25.7 mmol) was used in place of 1-bromodode-
cane. Yield: 0.9 g (67%); 1H NMR (400 MHz, CDCl3, 298 K): d=0.68 (t,
J=7.3 Hz, 6H; CH3), 1.06 (m, 4H; CH2), 1.68 (m, 4H; CH2), 4.72 (t, J=


7.3 Hz, 4H; NCH2), 7.32 (m, 4H; benzimidazole), 7.46 (m, 2H; benzimi-
dazole), 7.86 (m, 2H; benzimidazole), 8.03 (t, J=7.9 Hz, 1H; pyridine),
8.32 ppm (d, J=7.9 Hz, 2H; pyridine); positive-ion FAB MS: m/z : 425
[M]+ .


2,6-Bis(1-dodecylbenzimidazol-2’-yl)-4-dodecyloxypyridine : The proce-
dure was similar to that used to prepare 2,6-bis(1-dodecylbenzimidazol-
2’-yl)pyridine, except 2,6-bis(benzimidazol-2’-yl)-4-hydroxypyridine
(0.5 g, 1.5 mmol) was used in place of 2,6-bis(benzimidazol-2’-yl)pyridine.
Yield: 1.2 g (79%); 1H NMR (400 MHz, CDCl3, 298 K): d=0.85 (m, 9H;
CH3), 1.06 (m, 54H; CH2), 1.45 (m, 6H; CH2), 4.20 (t, J=6.5 Hz, 2H;
OCH2), 4.68 (t, J=7.3 Hz, 4H; NCH2), 7.32 (m, 4H; benzimidazole),
7.43 (m, 2H; benzimidazole), 7.82 (s, 2H; pyridine), 7.85 ppm (m, 2H;
benzimidazole); positive-ion FAB MS: m/z : 833 [M]+ .


[Pt(R,R’-bzimpy)Cl]PF6 (R=C12H25, R’=H) (1): The complex was pre-
pared according to a modification of a method previously reported for
the synthesis of chloroplatinum(II) terpyridyl complexes.[3a,e] Yield: 0.8 g
(70%); 1H NMR (400 MHz, CD3CN, 333 K): d=0.85 (t, 6H; CH3), 1.26
(m, 36H; CH2), 1.76 (m, 4H; CH2), 4.26 (t, J=7.3 Hz, 4H; NCH2), 6.96
(m, 2H; benzimidazole), 7.23 (m, 4H; benzimidazole), 7.68 (d, J=


7.4 Hz, 2H; benzimidazole), 8.08 (d, J=7.8 Hz, 2H; pyridine), 8.62 ppm
(t, J=7.8 Hz, 1H; pyridine); positive-ion FAB MS: m/z : 879 [M�PF6]


+ ;
elemental analysis calcd (%) for C43H61F6N5PClPt: C 50.46, H 6.01, N
6.84; found: C 50.56, H 6.08, N 6.91.


[Pt(R,R’-bzimpy)Cl]OTf (R=C4H9, R’=H): The procedure was similar
to that used to prepare 1, except that 2,6-bis(1-butylbenzimidazol-2’-yl)-
pyridine (1.5 g, 3.5 mmol) was used in place of 2,6-bis(1-dodecylbenzimi-
dazol-2’-yl)pyridine and the product was isolated as a trifluoromethane-
sulfonate salt (1.0 g, 72%). 1H NMR (400 MHz, CD3CN, 333 K): d=1.00
(t, J=7.7 Hz, 6H; CH3), 1.49 (m, 4H; CH2), 1.85 (m, 4H; CH2), 4.41 (t,
J=7.7 Hz, 4H; NCH2), 7.34 (m, 2H; benzimidazole), 7.47 (m, 4H; benz-
imidazole), 8.05 (m, 4H; benzimidazole and pyridine), 8.49 ppm (t, J=


8.3 Hz, 1H; pyridine); positive-ion FAB MS: m/z : 655 [M�OTf]+ ; ele-
mental analysis calcd (%) for C28H29F3N5O3SClPt·H2O: C 40.95, H 3.81,
N 8.53; found: C 41.20, H 3.72, N 8.49.


[Pt(R,R’-bzimpy)Cl]PF6 (R=C12H25, R’=OC12H25): The procedure was
similar to that used to prepare 1 except that 2,6-bis(1-dodecylbenzimida-
zol-2’-yl)-4-dodecyloxypyridine (1.2 g, 1.4 mmol) was used in place of 2,6-
bis(1-dodecylbenzimidazol-2’-yl)pyridine. Yield: 0.8 g (70%); 1H NMR
(400 MHz, CD3CN, 333 K): d=0.89 (m, 9H; CH3), 1.26 (m, 54H; CH2),
1.47 (m, 6H; CH2), 4.48 (m, 6H; NCH2, OCH2), 7.46 (m, 4H; pyridine,
benzimidazole), 7.54 (m, 4H; benzimidazole), 8.38 ppm (d, J=8.3 Hz,
2H; benzimidazole); positive-ion FAB MS: m/z : 1063 [M�PF6]


+; ele-


mental analysis calcd (%) for C55H85F6N5OClPPt·0.5 ACHTUNGTRENNUNG(CH2Cl2)·CH3CN: C
53.48, H 6.95, N 6.51; found: C 53.51, H 6.74, N 6.46.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�C-C6H5)]PF6 (R=C12H25, R’=H) (2): Phenylacety-
lene (0.1 g, 0.6 mmol), a catalytic amount of CuI (2 mg, 5%) and NEt3
(1 mL) were added to a degassed solution of 1 (0.2 g, 0.2 mmol) in
CH2Cl2 (30 mL). The resultant solution was stirred at room temperature
for 5 h. After removal of solvent, the residue was purified by column
chromatography on silica gel by using dichloromethane/acetone 1:1 v/v as
the eluent. Subsequent recrystallization by diffusion of diethyl ether into
a dichloromethane solution of the product gave 2 as an orange solid
(95 mg, 60%). 1H NMR (400 MHz, CD3CN, 333 K): d=0.93 (m, 6H;
CH3), 1.30 (m, 36H; CH2), 1.73 (m, 4H; CH2), 4.27 (t, J=7.9 Hz, 4H;
NCH2), 7.25 (d, J=7.3 Hz, 2H; benzimidazole), 7.28 (m, 7H; benzimida-
zole; Ph), 7.49 (t, J=7.3 Hz, 2H; benzimidazole), 7.81 (d, J=8.2 Hz, 2H;
pyridine), 8.04 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): ñ=


2118 (w; n ACHTUNGTRENNUNG(C�C)), 745 cm�1 (s; n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 944
[M�PF6]


+ ; elemental analysis calcd (%) for C51H66F6N5PPt: C 56.24, H
6.11, N 6.43; found: C 56.21, H 6.06, N 6.43.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�CC6H4- ACHTUNGTRENNUNG(CF3)-4)]PF6 (R=C12H25, R’=H) (3): The
procedure was similar to that used to prepare complex 2, except 4-ethyn-
yl-a,a,a-trifluorotoluene (50 mg, 0.3 mmol) was used in place of phenyla-
cetylene. Yield: 132 mg (78%); 1H NMR (400 MHz, CD3CN, 333 K): d=


0.88 (m, 6H; CH3), 1.30 (m, 36H; CH2), 1.42 (m, 4H; CH2), 4.50 (t, J=


7.7 Hz, 4H; NCH2), 7.50 (m, 6H; benzimidazole), 7.61 (d, J=8.1 Hz,
2H; C6H4), 7.79 (d, J=8.1 Hz, 2H; C6H4), 8.09 (d, J=8.3 Hz, 2H; pyri-
dine), 8.32 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): ñ =2114
(w; n ACHTUNGTRENNUNG(C�C)), 753 cm�1 (s; n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 1012
[M�PF6]


+ ; elemental analysis calcd (%) for C52H65F9N5PPt·2CH2Cl2: C
52.26, H 5.55, N 5.84; found: C 52.12, H 5.94, N 5.89.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�CC6H4- ACHTUNGTRENNUNG(CH3)-4)]PF6 (R=C12H25, R’=H) (4): The
procedure was similar to that used to prepare complex 2, except (4-meth-
ylphenyl)acetylene (23 mg, 0.2 mmol) was used in place of phenylacety-
lene. Yield: 76 mg (54%); 1H NMR (400 MHz, CD3CN, 333 K): d=0.89
(m, 6H; CH3), 1.26 (m, 36H; CH2), 1.36 (m, 4H; CH2), 2.49 (s, 3H;
CH3), 4.29 (t, J=7.6 Hz, 4H; NCH2), 7.22 (m, 4H; C6H4; benzimidazole),
7.32 (m, 6H; C6H4; benzimidazole), 7.82 (d, J=8.1 Hz, 2H; pyridine),
8.13 ppm (m, 3H; pyridine; benzimidazole); IR (Nujol): ñ =2116 (w; ?n-
ACHTUNGTRENNUNG(C�C), 749 cm�1 (s; n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 958 [M�PF6]


+ ;
elemental analysis calcd (%) for C52H68F6N5PPt·2CH2Cl2: C 50.95, H
5.70, N 5.50; found: C 50.46, H 5.76, N 5.69.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�CC6H4- ACHTUNGTRENNUNG(OCH3)-4)]PF6 (R=C12H25, R’=H) (5): The
procedure was similar to that used to prepare complex 2, except (4-me-
thoxyphenyl)acetylene (60 mg, 0.5 mmol) was used in place of phenylace-
tylene. Yield: 176 mg (53%); 1H NMR (400 MHz, CD3CN, 333 K): d=


0.89 (m, 6H; CH3), 1.25 (m, 36H; CH2), 1.74 (m, 4H; CH2), 3.94 (s, 3H;
OCH3), 4.31 (t, J=7.8 Hz, 4H; NCH2), 7.06 (d, J=8.7 Hz, 2H; C6H4),
7.19 (m, 4H; C6H4, benzimidazole), 7.29 (t, J=7.2 Hz, 2H; benzimida-
zole), 7.35 (t, J=7.2 Hz, 2H; benzimidazole), 7.82 (d, J=8.2 Hz, 2H; pyr-
idine), 8.15 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): ñ =2114
(w; n ACHTUNGTRENNUNG(C�C)), 746 cm�1 (s; n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 974
[M�PF6]


+ ; elemental analysis calcd (%) for C52H68F6N5OPPt: C 55.81, H
6.12, N 6.26; found: C 55.55, H 6.14, N 6.12.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�CC6H4- ACHTUNGTRENNUNG(NMe2)-4)]PF6 (R=C12H25, R’=H) (6): The
procedure was similar to that used to prepare complex 2, except 4-ethyn-
yl-N,N-dimethylaniline (43 mg, 0.29 mmol) was used in place of phenyla-
cetylene. Yield: 163 mg (61%); 1H NMR (400 MHz, CD3CN, 333 K): d=


0.84 (m, 6H; CH3), 1.25 (m, 36H; CH2), 1.69 (m, 4H; CH2), 3.07 (s, 6H;
NMe2), 4.27 (t, J=8.0 Hz, 4H; NCH2), 6.83 (m, 4H; C6H4; benzimida-
zole), 6.98 (d, J=8.6 Hz, 2H; C6H4), 7.13 (t, J=7.5 Hz, 2H; benzimida-
zole), 7.28 (t, J=7.5 Hz, 2H; benzimidazole), 7.65 (d, J=8.2 Hz, 2H; pyr-
idine), 8.11 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): ñ =2102
(w; n ACHTUNGTRENNUNG(C�C)), 745 cm�1 (s; n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 987
[M�PF6]


+ ; elemental analysis calcd (%) for C53H71F6N6PPt·H2O: C
55.34, H 6.40, N 7.31; found: C 55.39, H 6.19, N 7.32.


[Pt(R,R’-bzimpy)(C�C-C6H13)]PF6 (R=C12H25, R’=H) (7): The proce-
dure was similar to that used to prepare complex 2, except 1-octyne
(40 mg, 0.4 mmol) was used in place of phenylacetylene. Yield: 138 mg
(79%); 1H NMR (400 MHz, CD3CN, 333 K): d=0.88 (t, 6H; CH3 of
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NC12H25), 0.95 (t, J=7.0 Hz, 3H; CH3 of C6H13), 1.38 (m, 36H; CH2 of
NC12H25), 1.45 (m, 8H; 4H from CH2 of NC12H25, 4H from CH2 of
C6H13), 1.59 (m, 2H; CH2 of C6H13), 1.73 (m, 2H; CH2 of C6H13), 2.83 (t,
J=7.0 Hz, 2H; CH2 of C6H13), 4.52 (t, J=7.6 Hz, 4H; NCH2), 7.42 (t, J=


7.5 Hz, 2H; benzimidazole), 7.49 (m, 4H; benzimidazole), 8.14 (d, J=


8.3 Hz, 2H; pyridine), 8.45 ppm (m, 3H; pyridine, benzimidazole); IR
(Nujol): ñ=2020 (w; n ACHTUNGTRENNUNG(C�C), 742 cm�1 (s; n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS:
m/z : 952 [M�PF6]


+ ; elemental analysis calcd (%) for
C51H74F6N5PPt·H2O: C 54.93, H 6.87, N 6.28; found: C 54.45, H 6.93, N
6.51.


Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�C-C6H5)]PF6 (R=C12H25, R’=OC12H25) (8): The pro-
cedure was similar to that used to prepare complex 2, except [Pt(R,R’-
bzimpy)Cl]PF6 (R=C12H25 and R’=OC12H25) (200 mg, 0.2 mmol) was
used in place of 1. Yield: 164 mg (78%); 1H NMR (400 MHz, CD3CN,
333 K): d=0.90 (m, 9H; CH3), 1.32 (m, 54H; CH2), 1.79 (m, 6H; CH2),
3.87 (t, J=6.7 Hz, 2H; OCH2), 4.28 (t, J=7.8 Hz, 4H; NCH2), 7.12 (m,
4H; pyridine, benzimidazole), 7.28 (t, J=7.9 Hz, 2H; benzimidazole),
7.39 (m, 3H; Ph), 7.53 (m, 4H; benzimidazole, Ph), 8.43 ppm (d, J=


7.9 Hz, 2H; benzimidazole); IR (Nujol): ñ =2114 (w; n ACHTUNGTRENNUNG(C�C)), 753 cm�1


(s, n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 1128 [M�PF6]
+ ; elemental analy-


sis calcd (%) for C63H90F6N5OPPt·H2O: C 58.59, H 7.18, N 5.42; found: C
58.42, H 6.92, N 5.37.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�C-C6H5)]PF6 (R=C4H9, R’=H) (9): Phenylacety-
lene (60 mg, 0.6 mmol), a catalytic amount of CuI (2 mg), and NEt3
(1 mL) were added to a degassed solution of [Pt(R,R’-bzimpy)Cl]OTf
(R=C4H9 and R’=H) (200 mg, 0.2 mmol) in DMF (15 mL),. The resul-
tant solution was stirred at room temperature for 5 h under a N2 atmos-
phere. Upon addition of diethyl ether, the resultant mixture was stirred
at room temperature for 10 min. The precipitate was filtered and washed
with diethyl ether. A saturated methanolic solution of ammonium hexa-
fluorophosphate was added to a solution of the precipitate in hot metha-
nol. After cooling, the precipitate that formed during the metathesis re-
action was filtered and washed with methanol. Subsequent recrystalliza-
tion by diffusion of diethyl ether into an acetonitrile solution of the prod-
uct gave 10 as an orange solid (127 mg, 79%). 1H NMR (400 MHz,
CD3CN, 333 K): d =0.91 (t, J=7.4 Hz, 6H; CH3), 1.37 (m, 4H; CH2),
1.72 (m, 4H; CH2), 4.24 (t, J=8.0 Hz, 4H; NCH2), 7.36 (t, J=7.2 Hz,
1H; Ph), 7.40 (m, 10H; benzimidazole, Ph), 7.83 (d, J=8.2 Hz, 2H; pyri-
dine), 8.10 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): ñ =2120
(w, n ACHTUNGTRENNUNG(C�C)), 753 cm�1 (s, n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 719
[M�PF6]


+ ; elemental analysis calcd (%) for C35H34F6N5PPt: C 48.61, H
3.96, N 8.10; found: C 48.57, H 4.04, N 8.34.


[Pt(R,R’-bzimpy)ACHTUNGTRENNUNG(C�CC6H2- ACHTUNGTRENNUNG(OCH3)3-3,4,5]OTf (R=C4H9, R’=H) (10):
The procedure was similar to that used to prepare complex 9, except that
3,4,5-(trimethoxyphenyl)acetylene (70 mg, 0.4 mmol) was used in place of
phenylacetylene. The complex was isolated as its trifluoromethanesulfo-
nate salt and red crystals were obtained (80 mg, 45%). 1H NMR
(400 MHz, CD3CN, 333 K): d =0.96 (t, J=7.3 Hz, 6H; CH3), 1.50 (m,
4H; CH2), 1.88 (m, 4H; CH2), 3.88 (s, 3H; OCH3), 4.00 (s, 6H; OCH3),
4.44 (t, J=7.5 Hz, 4H; NCH2), 6.64 (s, 2H; C6H2), 7.47 (m, 6H; benzimi-
dazole), 8.02 (d, J=8.2 Hz, 2H; pyridine), 8.34 ppm (m, 3H; pyridine,
benzimidazole); IR (Nujol): n=2109 (w, n ACHTUNGTRENNUNG(C�C)), 745 cm�1 (s,
n ACHTUNGTRENNUNG(P-F)); positive-ion FAB MS: m/z : 810 [M�OTf]+ ; elemental analysis
calcd (%) for C39H40F3N5O6SPt·H2O: C 47.95, H 4.33, N 7.17; found: C
47.73, H 4.23, N 7.19.


Physical measurements and instrumentation : 1H NMR spectra were re-
corded on a Bruker AVANCE 400 (400 MHz) Fourier-transform NMR
spectrometer with chemical shifts reported relative to tetramethylsilane.
Positive ion FAB mass spectra were recorded on a Finnigan MAT95
mass spectrometer. IR spectra were obtained as Nujol mulls on KBr
disks on a Bio-Rad FTS-7 FTIR spectrometer (4000–400 cm�1). Elemen-
tal analyses of the newly synthesized complexes were preformed on a
Flash EA 1112 elemental analyzer at the Institute of Chemistry, Chinese
Academy of Sciences.


The electronic absorption spectra were obtained by using a Hewlett–
Packard 8452 A diode array spectrophotometer. The concentrations of
solution samples for electronic absorption measurements were typically
in the range of 2R10�3 to 2R10�5 moldm�3. Steady state excitation and


emission spectra were recorded at room temperature and at 77 K on a
Spex Fluorolog-3 Model FL3–211 fluorescence spectrofluorometer
equipped with a R2658P PMT detector. Solid-state photophysical studies
were carried out with solid samples contained in a quartz tube inside a
quartz-walled Dewar flask. Measurements of the butyronitrile glass or
solid-state sample at 77 K were similarly conducted with liquid nitrogen
filled into the optical Dewar flask. The concentrations of complex solu-
tions in butyronitrile for glass emission measurements were usually in the
range of 10�6 moldm�3. All solutions for photophysical studies were de-
gassed on a high-vacuum line in a two-compartment cell consisting of a
10 mL Pyrex bulb and a 1 cm or 4 mm path length quartz cuvette and
sealed from the atmosphere by a Bibby Rotaflo HP6 Teflon stopper. The
solutions were rigorously degassed with at least four successive freeze-
pump-thaw cycles. Emission lifetime measurements were performed by
using a conventional laser system. The concentrations of the complexes
in solution for lifetime measurements were usually about 2R
10�5 moldm�3. The excitation source used was a 355 nm output (third
harmonic) of a Spectra-Physics Quanta-Ray Q-switched GCR-150–10
pulsed Nd-YAG laser. Luminescence decay signals were detected by a
Hamamatsu R928 PMT and recorded on a Tektronix Model TDS-620A
(500 MHz, 2GS/s) digital oscilloscope and analyzed by using a program
for exponential fits. Time-resolved emission spectra were recorded on an
Oriel Instruments intensified charge-coupled device (ICCD) detector
(Model DH520) and were analyzed by using the InstaSpec V software.
The excitation source is the same laser system as that used for lifetime
measurements. The emission signal was collected by an optical fiber and
dispersed onto the CCD detector with an Oriel MultiSpec 115 imaging
spectrograph (Model 77480). A Stanford Research Systems (SRS) delay
generator (Model DG 535) was used to produce the transistor–transistor
logic (TTL) pulse needed to operate the intensifier gating electronics in
the detector head. The external trigger input of the delay generator was
connected to the laserSs prepulse trigger output. The delay generator was
controlled via an IBM AT APIB (IEEE 488) card interfaced with an
IBM-compatible Pentium personal computer to allow the InstaSpec V
software to send commands to control the width and delay of the TTL
pulse. The system was operated at �15 8C by the single-stage system to
reduce the dark current signal. Luminescence quantum yields were mea-
sured by the optical dilute method reported by Demas and Crosby.[19a] A
degassed solution of [RuACHTUNGTRENNUNG(bpy)3]Cl2 in acetonitrile (F=0.062, excitation
wavelength at 436 nm) was used as the reference.[19b]


Cyclic voltammetric measurements were performed by using a CH In-
struments, Inc. model CHI 620 A electrochemical analyzer. Electrochem-
ical measurements were performed in dichloromethane or dimethylfor-
mamide solutions with 0.1 moldm�3 nBu4NPF6 (TBAH) as supporting
the electrolyte at room temperature. The reference electrode was an Ag/
AgNO3 (0.1 moldm�3 in acetonitrile) electrode and the working elec-
trode was a glassy carbon electrode (CH Instruments) with a platinum
wire as the counter electrode. The working electrode surface was first
polished with 1 mm alumina slurry (Linde) on a microcloth (Buehler) and
then with 0.3 mm alumina slurry. It was then rinsed with ultra-pure deion-
ized water and sonicated in a beaker containing ultra-pure water for five
minutes. The polishing and sonication steps were repeated twice and then
the working electrode was finally rinsed under a stream of ultra-pure de-
ionized water. The ferrocenium/ferrocene couple (FeCp2


+ /0) was used as
the internal reference. All solutions for electrochemical studies were de-
aerated with prepurified argon gas prior to measurements.


The variable-temperature electronic absorption spectra and steady-state
excitation and emission spectra were obtained by using an Oxford Instru-
ment OptistatDN cryostat to control the working temperature in the
range of 155 to 298 K.


Crystal structure determination : Single crystals of 10 suitable for X-ray
diffraction studies were grown by slow diffusion of diethyl ether vapor
into an acetonitrile solution of the complex. The X-ray diffraction data
were collected on a MAR diffractometer with a 300 mm image plate de-
tector by using graphite monochromatized MoKa radiation (l=


0.71073 P). The images were interpreted and intensities integrated by
using the DENZO program.[20] The structure was solved by direct meth-
ods employing the SHELXS-97 program.[21] Full-matrix least-squares re-
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finement on F 2 was used in the structure refinement. The positions of H
atoms were calculated based on riding mode with thermal parameters
equal to 1.2 times that of the associated C atoms and participated in the
calculation of final R indices. In the final stage of least-squares refine-
ment, all non-hydrogen atoms were refined anisotropically. Crystallo-
graphic and structural refinement data are given in Table 6.
CCDC 669783 (10) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif).


Computational details : Calculations were carried out by using the Gaus-
sian 03 software package.[22] DFT at the hybrid Perdew, Burke, and Ern-
zerhof functional level (PBE1PBE)[23] was used to optimize the ground-
state geometries of the 2,6-bis(benzimidazol-2’-yl)pyridine PtII complexes
1’–8’. Based on the ground state optimized geometries in the gas phase,
the nonequilibrium TD-DFT method[24] at the same level associated with
the conductor-like polarizable continuum model (CPCM)[25] was em-
ployed to study the nature of singlet–singlet transitions in the absorption
spectra of 1’–8’ (CH2Cl2 as the solvent). The TD-DFT/CPCM calculations
have also been performed by using CH3CN as a solvent for 1’–8’ to inves-
tigate the effect of the solvent polarity on low-lying transitions. The unre-
stricted UPBE1PBE was used to optimize the low-lying triplet states of
all the complexes to investigate the nature of the emissive states. Single-
point CPCM calculations with CH2Cl2 as a solvent were performed on
ground and triplet excited-state optimized geometries and their relative
differences were used to compare with experimental emission energies.
The Stuttgart effective core potentials (ECPs) and the associated basis
set were applied to describe Pt[26] with a f polarization function (zf(Pt)=


0.997),[27] whereas for all other atoms, the 6-31G(d) basis set[28] was used.
Vibrational frequency calculations were performed for all stationary
points to verify that each was a minimum (NIMAG=0) on the potential


energy surface. No imaginary frequency was found for all the species,
except the LLCT/MLCT triplet excited state of 4, in which a very small
imaginary frequency of 3.5i cm�1 was found. This excited state is consid-
ered as a minimum because the imaginary value is so small. All DFT and
TD-DFT calculations were performed with a larger grid size (99590).
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Introduction


A multitude of information has been published on the addi-
tion of nucleophiles to carbonyl compounds and a,b-unsatu-
rated carbonyl compounds. The frontier orbitals in these re-
actions are well known to every chemist[1] and special modes
of attack, like the Zimmerman–Traxler transition state, can
be handled by 3rd year students.[2] Even very sophisticated
stereoelectronic effects are—though possibly not commonly
known—at least understood by specialists in this field.[3]


While sulfoxides behave in some aspects similarly to carbon-


yl compounds, much less is published or commonly known
about sulfoxides and especially about vinyl-substituted sulf-
oxides.[4] During the examination of nucleophilic additions
to dithiane-derived alkylidene bis(sulfoxides),[5,6] we were
confronted with some fundamental questions which have
hardly been addressed in the literature.


Alkylidene bis(sulfoxides)[4] have repeatedly been used in
organic synthesis due to their electron-deficient double
bond.[8] Since non-symmetrically substituted sulfoxides are
chiral and configurationally stable, these reactions can be
led diastereoselectively. Aggarwal and co-workers very suc-
cessfully used dithiane- and dithiolane-derived bis(sulfox-
ides) of type 2 and 3 in epoxidations, cyclopropanations, and
cycloadditions (Figure 1).[9] The cleavage of the auxiliary, for
instance with the Pummerer reaction, releases a carbonyl
group.[4,9b,10] Fensterbank, Malacria, and co-workers reported
on nucleophilic additions to ditolyl-substituted alkylidene
bis(sulfoxides) 1 (Figure 1) and observed excellent selectivi-
ties and a high reactivity in the addition of C-, N-, and O-
nucleophiles.[11,12] They argued that a steric hindrance arising
from the p-stacked tolyl groups is responsible for these se-
lectivities. We found that dithiane-derived substrates 2 gave
somewhat poorer selectivities and are not as reactive. For
example, a nucleophilic attack of secondary amines is ach-
ieved only with a high excess (amine used as solvent), with
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Abstract: Conjugate additions of nucle-
ophiles (e.g. enolates, amines and mal-
onate anions) to bis(p-tolylsulfinyl)al-
kenes, alkylidene-1,3-dithiane-1,3-diox-
ides and alkylidene-1,3-dithiolane-1,3-
dioxides have recently been published.
Reasons for different selectivities and
reaction rates will be discussed by con-
sideration of steric and electronic ef-
fects. The preferred mode of attack can
be explained by stereoelectronic effects


(hyperconjugation) in the primarily
carbanion, which is stabilized by
n!S-O-s* interaction with an antiperi-
planar S=O group. Calculation of the
transition states [BP86/aug-TZVP] for


the addition of acetone enolate to the
dithiane-derived alkylidene bis(sulfox-
ide) revealed that 6.6–7.3 kJmol�1


more energy is needed for an attack
leading to a less-stabilized carbanion.
Two axial S=O groups in dithiolane-de-
rived alkylidene bis(sulfoxides) lead to
a higher reactivity towards nucleo-
philes.


Keywords: density functional calcu-
lations · diastereoselectivity · nucle-
ophilic addition · stereoelectronic
effects · sulfur heterocycles
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a significantly lower rate and with a poor yield. Neverthe-
less, steric hindrance should be essentially the same in 2 as
in substrates 1. In contrast, we observed a significantly
higher reactivity in additions to dithiolane-derived alkyli-
dene bis(sulfoxides) 3. Addition of piperidine as a secondary
amine proceeded fast, even at �78 8C and with only a slight
excess of the amine.[6] Though substrates 1–3 are quite simi-
lar on a first glance, they behave very differently in terms of
reactivity and selectivity.


To understand and to be able to influence the stereo-
chemical outcome in the nucleophilic addition to vinyl sulf-
oxides, it seems to be essential to know about the stereo-
electronic effects arising from the S=O double bond. These
effects compete with possible steric effects or with a puta-
tive pre-complexation as present in the Zimmerman–Traxler
transition state. Though stereoelectronic effects of sulfoxides
have occasionally been investigated,[13,14] much less is known
about orbital interactions in vinyl sulfoxides.[15] The systems
used up to now were either not in a fixed (or otherwise un-
ambiguously known) conformation and thus did not allow a
concise treatment[11,16] or were present together with inter-
fering carbonyl groups,[8a, 17] which did not allow an inde-
pendent examination of the sulfoxideMs influence. Herein we
discuss stereoelectronic effects in the reactions of vinyl sulf-
oxides.


Results and Discussion


Dithiane-derived alkylidene bis(sulfoxides): Dithiane-de-
rived alkylidene bis(sulfoxides) were prepared by slight
modification of a procedure presented by Aggarwal et al.[18]


They were obtained in two steps from 1,3-dithiane by Peter-


son olefination and subsequent enantio- and diastereoselec-
tive S-oxidation. Addition of enolates to bis(sulfoxide) 2a
proceeded with selectivities better than 85:15 and with close
to quantitative yields,[5] in which a single recrystallization
gave pure products (Scheme 1). Yields and selectivities were


similar when allylamine was added, though the resulting dia-
stereoisomers (78:22) were not separable, either by chroma-
tography or by crystallization. The attack is assumed to pro-
ceed generally from the Re side. Evidence for this comes
from X-ray crystallographic analyses.[5]


In a mechanistic investigation on diastereoselectivities,
the conformational space and its population by preferred
conformations is of special importance. In the open-chain
bis(sulfoxides) 1 several conformations should be consid-
ered, even though it has been claimed that the p-stacked
conformation 1-A is solely relevant in nucleophilic additions
(Scheme 2).[11a] Dithiane-derived bis(sulfoxide) 2 is less flexi-
ble. At least for bulky substituents (R=Ph), only conforma-
tion 2a-A is significantly populated because of allylic strain


Figure 1. Alkylidene bis(sulfoxides) and their crystal structures.[7] top;[11a]


middle;[5] bottom.[6]


Scheme 1. Nucleophilic attack to dithiane-derived substrates 2. [a] Puri-
fied major isomer. [b] Mixture of isomers. [c] Isomers could not be sepa-
rated. LDA= lithium diisopropylamide.


Scheme 2. Conformations in alkylidene bis(sulfoxides).
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(A1,3 strain)[19] and a (admittedly weak) hydrogen bond be-
tween the equatorial S=O oxygen and the vinylic hydro-
gen.[20] We calculated that the energy of conformation 2a-B
(R=Ph) is about 15.9 kJmol�1 higher than for conformation
2a-A [BP86/aug-TZVP]. The Curtin–Hammett principle
allows for energy-rich conformations in mechanistic path-
ways;[21] nevertheless, conformation 2a-B will not be consid-
ered in the further discussions when a bulky phenyl group
(R=Ph) is present in the molecule.


Several reasons might be responsible for the observed dia-
stereoselectivity in this reaction. A prerequisite for an ap-
propriate consideration of possible steric reasons is a suffi-
cient knowledge of the assumable trajectory. Nucleophilic
additions to Michael-type systems proceed very similar[22] to
additions to carbonyl double bonds in which the trajectory
angle (O=C···Nu) has been determined by B9rgi, Dunitz,
and Shefter to be about 1098.[23] Consequently, in conjugated
systems, an approaching nucleophile should be far away
from steric influences beyond the electron-deficient double
bond as present in alkylidene bis(sulfoxides) 1–3.


Besides this steric reasoning, diastereoselectivities might
be ruled by a pre-complexation of the incoming nucleophile
through the S=O oxygen. This seems not to be very likely in
the reactions discussed here, since no influence of the coun-
terion was observed by us in the addition of enolates. Even
enolates released from silyl enol ethers with tetrabutylam-
monium fluoride (TBAF) were added with virtually identi-
cal selectivities.[5] Pre-complexation in the addition of cup-
rates is widely accepted in additions to a,b-unsaturated car-
bonyl compounds.[24] Nevertheless, the addition of cuprates
to tolyl-substituted substrates 1 proceeded antiperiplanar to
the axial S=O group,[11a] making a pre-complexation of the
incoming cuprate very unlikely.[25]


The primary product in a conjugate addition of nucleo-
philes is a stabilized carbanion where the reasons for the
stabilization should already work during the reaction and
thus should have an impact on the nature of the transition
state. While in a classical Michael addition (i.e., addition to
an a,b-unsaturated carbonyl) a planar enolate is formed in
which the negative charge and the counterion are predomi-
nantly located at the oxygen, this is not necessarily valid for
vinyl sulfoxides (Scheme 3). The structure of a-sulfinyl car-
banions has occasionally been studied. While NMR spectro-
scopic investigations suggested a planar structure (compare
to the putative structure 10-C),[26] more meaningful X-ray
crystallographic analyses proved that the carbon atom is sig-
nificantly pyramidalized when no further stabilizing substitu-
ent (e.g., an a-phenyl group) is present. The counterion is
usually located in the vicinity of the carbon atom.[27] The
high kinetic acidity of a-sulfinyl alkanes gives further evi-
dence for a pyramidalized structure of the respective anions.
No re-hybridization and thus no overcoming of an intrinsic
barrier is necessary.[28,29]


The simultaneous formation of an antiperiplanar carba-
nionic lone pair by attack of a nucleophile should have far-
reaching consequences. The concomitant change in hybridi-
zation at the a-carbon and consequently the change of the


bonding angle from 1208 to about 1098 force the former al-
kylidene group towards the incoming nucleophile
(Scheme 3). This structural change should lead to a signifi-
cant increase in steric repulsion if the nucleophile ap-
proaches from the Si side (! 10-B). This effect would in
fact favor an attack from the unhindered Re side, although
it becomes operative only in an advanced state of the reac-
tion (compare the structures of the transition states in
Figure 3).


A second effect should have an even higher impact on se-
lectivities during nucleophilic attack. An evolved axial lone
pair is stabilized through antiperiplanar S=O bonds.[30] Con-
trary to a-carbonyl carbanions, which are stabilized through
interaction with the p* orbital, here, it is an S�O s* orbital
in an appropriate orientation which leads to interaction and
thus to stabilization of the n orbital by hyperconjugation
(Figure 2, top row). A comparable interaction is not possible


for an equatorial lone pair (though it should be stabilized to
some extent through an antiperiplanar C�S s* orbital[13b,31]).
A similar, though less favorable interaction should be possi-
ble with a synperiplanar S=O bond (see below), but it
should be negligible for clinal oriented S=O bonds.


Scheme 3. Carbanion formation through nucleophilic attack to alkylidene
bis(sulfoxides).


Figure 2. Stereoelectronic effects in sulfinyl carbanions.
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This reasoning is strongly supported by calculations per-
formed by us. The negatively charged disulfinyl-substituted
carbon in 10 is perspicuously pyramidalized with an angular
sum[32] of 338.48 proving that an n!S-O-s* interaction is
working to a significant extent. Calculations of the transition
states of the competing diastereotopic modes of attack
showed that this stabilizing interaction is already evident
during the reaction. The transition state emerging from Re
attack of the acetone enolate is 7.3 kJmol�1 lower than that
of a Si attack (Figure 3, Table 1). On the other hand, enolate


addition to the high-energy conformer 2a-B is preferred
from the Re side (i.e. from the bottom). The activation bar-
rier for the Si attack to 2a-B was calculated to be
4.2 kJmol�1 higher than that of the Re attack.[33] Obviously
the n!S-O-s* interaction here is exceeded by other effects.
Detailed inspection of the transition state geometries re-
vealed that in the more favored transition state 11-B, Re the
enolate is closer to the acceptor (229.6 pm) than in transi-
tion state 11-B, Si (234.1 pm). Furthermore, in 11-B, Re the
phenylMs ortho proton is closer to the equatorial oxygen
(218.7 pm) than in transition state 11-B, Si (247.4 pm), possi-
bly allowing a weak but significantly stabilizing hydrogen
bond. Nucleophilic attack to methyl-substituted alkylidene
bis(sulfoxide) 2b as a system without perturbing steric ef-
fects is discussed below.


While nucleophilic additions to sulfinylmethyl sulfides 12
are possible in open-chain substrates,[34] the cyclic, confor-
mationally constrained substrate 13 (R=Ph)[14] does not
react with enolates at all (Figure 4). NMR spectroscopic in-


vestigations revealed that the S=O bond is in a sterically
and stereoelectronically favored equatorial position.[35] Ob-
viously, the electron-withdrawing tendency of a sulfinyl
group is not sufficiently active when the S=O bond is not
co-planar with the evolving carbanionic lone pair.


If this reasoning applies, the presence of two S=O bonds
antiperiplanar to an evolving lone pair should have an even
higher impact. Reactivity of the alkylidene bis(sulfoxides)
should increase and the diastereoselectivities should be even
better. This might be a valid scenario in the reaction of bis-
(tolylsulfinyl)-substituted substrates 1. Though X-ray crystal-
lographic analysis suggests the presence of conformation 1-
A with only one S=O group axial in the crystal (Figure 1),
conformation 1-B containing two axial S=O groups should
be more reactive and thus might be susceptible towards the
addition of nucleophiles (Scheme 2). Further evidence for
the commanding influence of the axial S=O groups could
possibly be supplied through the reaction outcome with sub-
strate 14. Unfortunately, up to now, no synthesis, either of
the parent bis(sulfoxide) 14 or of its conformationally con-
strained derivative 15, is known. The sulfinyl-sulfone 16
(R=Ph) bearing two axial S=O bonds could be prepared
for comparison by oxidation of bis(sulfoxide) 2a.[14] It react-
ed much faster with enolates than the parent bis(sulfoxide)
2a, though the formation of 2:1 adducts (two equivalents of
the sulfone reacted with one equivalent of the enolate in
spite of a substantial steric hindrance for the second
attack[36]) led to non-separable mixtures, which made a de-
termination of the productMs configurations impossible.


The poor and even inverted selectivity in the addition of
the acetophenone enolate to ethylidene-1,3-dithiane-1,3-di-
oxide (2b-A) can be explained by comparison of calculated
transition-state energies (Scheme 1 and Scheme 4).[33] An
attack from the top is again favored over an attack from the
bottom (6.6 kJmol�1). Nevertheless, here we have to consid-
er a reaction of the high-energy isomer 2b-B, which is only
10.6 kJmol�1 less stable and thus significantly populated.
Reaction of this conformer leads to permuted diastereoiso-
mers, in which attack from the top again is 6.6 kJmol�1 less
expensive than attack from the bottom. The activation barri-
er for the ring-flipping between conformers 2-A and 2-B
was measured for the parent alkylidene bis(sulfoxide) 2c


Figure 3. Calculated transitions states for attack of acetone enolate to al-
kylidene bis(sulfoxide) 2a.[7]


Table 1. Energy differences between transition states and ground states
of the reactants.


Entry Transition
state


Mode of attack[a] Transition state
energy [kJmol�1][b]


1 11-A Re (top) 43.4
2 11-A Si (bottom) 50.7
3 11-B Re (bottom) 46.1
4 11-B Si (top) 50.3


[a] Orientation of acceptor 11 as depicted in Scheme 3 and Figure 3.
[b] BP86/aug-TZVP.


Figure 4. Sulfinylmethyl sulfides and axially chiral bis(sulfoxides).
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(R=H)[37] by determination of the coalescence in deuterat-
ed methanol at 500 MHz.[38,33] The coalescence temperature
was found to be �67 8C, corresponding to a free energy of
activation of 40 kJmol�1 and an activation barrier of
52 kJmol�1 at this temperature.[39,40,41] It is reasonable to
assume that this value is similar for the methyl-substituted
substrate 2b. These findings explain that none of the diaste-
reoisomers is formed preferentially with this substrate. In-
vestigations with conformationally locked substrates, for ex-
ample 5-tert-butyl-substituted 17, which should give further
evidence for this explanation, are in progress.


A generally applied tool for the quantification of hyper-
conjugative interactions is the natural bond orbital method
(NBO) developed by Weinhold and co-workers,[42,43] trans-
forming the canonical delocalized Hartree–Fock molecular
orbitals (MOs) into localized hybrid orbitals (NBOs). The
interactions between filled and antibonding orbitals quantify
the energetic contribution of a distinct hyperconjugation.
We calculated selected energy contributions of these deloc-
alizations by deletion of the corresponding off-diagonal ele-
ments of the Fock matrix in the NBO basis.[33] These calcula-
tions were performed for transition states 18. The energy
contribution for the interaction of the alkylidene p bond
(donor) with the axial S=O s* orbital (acceptor) are 41.9
(18-B, Si) and 41.5 kJmol�1 (18-A, Re), respectively, when
attack of the enolate comes from the top (as depicted in
Figure 3). They are only 25.4 (18-B, Re) and 25.9 kJmol�1


(18-A, Si), respectively, when the enolate approaches from
the lower side. Apparently, this hyperconjugation signifi-


cantly contributes to the transition states energy difference
between attack from the top and attack from the bottom,
but it has to be kept in mind that this is only one stereoelec-
tronic effect in a plethora of interactions which stabilize a
molecule. The interaction of the alkylidene p bond with the
equatorial S=O s* orbital is worth less than 4 kJmol�1 for
all considered transition states. Evidently, this is a negligible
hyperconjugation.


Dithiolane-derived Alkylidene bis(sulfoxides): In the corre-
sponding dithiolane derived alkylidene bis(sulfoxides) 3
both the S=O groups are approximately co-planar and
stretching in antipodal directions (Figure 1).[6] These com-
pounds are significantly more reactive than dithiane derived
substrates 2 which caused some problems during the workup
process. Chromatography with dichloromethane and metha-
nol on silica gel led to a distinct addition of methanol to the
electron deficient double bond. We assume that not only the
antiperiplanar S=O group but also—though possibly less ef-
fective—the synperiplanar S=O group stabilizes the carba-
nionic lone pair (Figure 5). Due to this stabilization in both


directions, a sp2 hybridization of the carbanion can no
longer be excluded. As a matter of fact, the angular sum of
the primarily formed carbanion was calculated to be 359.68,
the 2-substituent forms an angle of only 78 with the plane
spanned by S1, C2, and S3.


The addition of the acetophenone enolate to phenyl-sub-
stituted bis(sulfoxide) 3a led to only one diastereomer
(�98:2, Scheme 5, Table 2), in which a top approach is pre-


ferred (orientation of the substrate as seen in Scheme 5).
This could be proven by two X-ray crystallographic analyses
of the addition products.[6] The further tested piperidine and
the malonate anion added to the bissulfoxide 3a with high
yields and selectivities (Table 2, entries 2 and 3). This find-
ing again proved the high reactivity of the herein presented
substrates. Whereas the dithiane derived compound 2a (R=


Ph) gave only a poor 20% yield when reacted for 48 h in pi-
peridine as the solvent, bis(sulfoxide) 3a cleanly gave the
adduct 20 with only two equivalents of piperidine at �78 8C


Scheme 4. Nucleophilic attacks to substrates bearing a small methyl
group (Nu�=acetone enolate). All values were calculated (BP86/aug-
TZVP) except for the activation barrier for the conformational inter-
change between 2b-A and 2b-B which was measured by NMR spectros-
copy for the parent compound 2c.


Figure 5. Conceivable structures of carbanions formed during nucleophil-
ic attack to bis(sulfoxides) 3.


Scheme 5. Addition of nucleophiles to dithiolane-derived bis(sulfoxides)
3.
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for 30 min (Table 2, entry 2). With a smaller methyl group
present in the bis(sulfoxide), selectivity of an enolate addi-
tion virtually vanished to 55:45.


Since these substrates (3) are quasi-C2 symmetric, both
trajectories of a nucleophilic attack should be favored
through similar stereoelectronic effects. Nevertheless, with a
bulky phenyl substituent present in the substrate attack is
highly selective leading predominantly to one diastereoiso-
mer. Our preliminary rational for this observation is that a
second effect due to steric constrains becomes dominant.
With respect to the plane of the double bond, four trajecto-
ries are possible (Scheme 6): attack 1) from the top right, 2)


from the top left, 3) from the bottom right and 4) from the
bottom left. Attacks 1 and 4 are possibly hindered through
the axial oxygen atoms since these are much closer to the
assumed trajectory than in substrates 2. Attacks from the
right (1 and 3) should be less favorable because of the inter-
fering substituent R. This hindrance is negligible with a
small methyl group giving rise to a poor selectivity (55:45)
but becomes dominant with a bulky phenyl group allowing
an attack only from direction 2, which would explain the ob-
served selectivity of 98:2.


Conclusion


A sulfoxide is an electron-withdrawing functional group es-
tablishing electrophilic properties in its vicinity. From the
stereochemistry in the addition of nucleophiles to vinyl sulf-
oxides and from theoretical investigations we concluded
that a stabilizing stereoelectronic effect works favorably
when a donor orbital (e.g. a lone pair) is antiperiplanar to
an S=O group. This innovative finding should be an impor-
tant foundation for the development of stereoselective reac-
tions involving sulfoxides and related compounds.


Experimental Section


Computational methods : Quantum-chemical calculations were performed
with the program package TURBOMOLE[44] using the DFT level of
theory in combination with the RI-J approximation,[45] the BP function-
al,[46] and an aug-TZVP basis set (a TZVP basis set,[47] augmented with
diffusive s, p, d, and f functions from DunningMs aug-cc-pVTZ basis[48]).
The geometries of the starting materials, transition states and products
were optimized at the BP86/aug-TZVP level and their nature was con-
firmed by vibrational analyses. To recover the influence of the solvent we
used the COSMO module employing an infinite e and optimized radii.[49]


The NBO 3.1 program[42,43] was used as interfaced to the Gaussian 03
program package.[50]


General : The synthesis of compounds 2a,[5] 2c,[37] 3a,[6] 5–7,[5] 13,[14] 16,[14]


and 19[6] was published elsewhere. Tetrahydrofuran (THF) was distilled
over a sodium benzophenone ketyl radical and CH2Cl2 was distilled over
CaH2. All moisture-sensitive reactions were carried out in oxygen-free
argon using oven-dried glassware and a vacuum line. Flash column chro-
matography[51] was carried out using Merck silica gel 60 (230–400 mesh)
and thin layer chromatography was carried out using commercially avail-
able Merck F254 pre-coated sheets. 1H and 13C NMR spectra were record-
ed on a Bruker Cryospek WM-250, AM-400 and DRX 500. Chemical
shifts are given in ppm downfield of tetramethylsilane. 13C NMR spectra
were recorded with broad band proton decoupling and were assigned
using DEPT experiments. Melting points were measured on a B9chi ap-
paratus and were not corrected. IR spectra were recorded on a Bruker
IFS-88 spectrometer. Elemental analyses were performed on a Heraeus,
CHN-O-rapid. Electrical ionization and high resolution mass spectra
were recorded on a Finnigan MAT-90. Optical rotations were recorded
on a Perkin Elmer 241 polarimeter and specific optical rotations [a]D are
given in units of 10�1 degcm2g�1.


ACHTUNGTRENNUNG(R,R)-2-Ethylidene-1,3-dithiane-1,3-dioxide (2b): The procedure is a
slightly modified procedure from Aggarwal et al.[18] 1,3-Dithiane (2.40 g,
20.0 mmol) was suspended in THF (60 mL) under argon with stirring.
The suspension was cooled to �78 8C and nBuLi (2.5m solution in
hexane, 8.3 mL, 21 mmol) was added over 15 min. The solution was al-
lowed to warm to 0 8C over 1 h. The solution was re-cooled to �78 8C
and TMS-Cl (2.64 mL, 20.8 mmol) dissolved in THF (80 mL) was added
within 15 min. The solution was allowed to warm to room temperature
over a period of 1 h. The solution was re-cooled to �78 8C and nBuLi
(2.5m solution in hexane, 8.3 mL, 21 mmol) was added within 15 min.
The solution was allowed to warm to 0 8C within 1 h. The solution was
re-cooled to �78 8C and freshly distilled ethanal (916 mg, 20.8 mmol) dis-
solved in THF (8 mL) was added within 15 min. The solution was
warmed to room temperature overnight. The solution was poured in a sa-
turated NH4Cl solution (60 mL), extracted with ethyl acetate (3T60 mL),
dried (Na2SO4) and the solvents were removed under reduced pressure.
Purification via bulb-to-bulb distillation (bath temperature of up to
120 8C, 1.5T10�2 mbar) afforded the desired crude ketene dithioacetal as
a pale viscous oil (2.9 g).


(+)-Diethyl tartrate (4.12 g, 40 mmol, traces of water were removed by
azeotropic distillation with toluene) and freshly distilled Ti ACHTUNGTRENNUNG(OiPr)4


Scheme 6. Nucleophilic attack to dithiolane-derived alkylidene bis(sulfox-
ides). See text for details.


Table 2. Nucleophilic attack to dithiolane-derived substrates 3.


Entry Bis(sulfoxide) Nucleophile Product Yield [%] d.r.


1 3a, R=Ph 19 80 �98:2


2 3a, R=Ph 20 quant. 92:8


3 3a, R=Ph 21 92 94:6


4 3b, R=Me 22 81 55:45[a]


[a] Isomers could not be separated.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4631 – 46394636


J. Podlech, W. Klopper et al.



www.chemeurj.org





(3.0 mL, 10 mmol) were dissolved in CH2Cl2 (90 mL) at room tempera-
ture under argon and stirred for 30 min. The solution became yellow. The
crude ketene dithioacetal (prepared as described above) was dissolved in
CH2Cl2 (12 mL) and added to the reaction mixture, which was then
cooled to �45 8C and stirred for 2 h. Cumene hydroperoxide (80%;
15 mL, 80 mmol) in CH2Cl2 (8 mL) was added over a period of 1 h, while
the solution was allowed to warm to �20 8C. The mixture was stored for
24 h in a freezer (about �23 8C). Distilled water (7.2 mL, 0.4 mol) was
added and the reaction mixture was stirred vigorously for 1 h. The result-
ing gel was placed in an ultrasonic bath for 1 h to afford a filterable sus-
pension, which was suction-filtered through a large sintered glass funnel
filled with celite (1.5 cm height). The celite pad was washed with CH2Cl2
(�10T5 mL). The filtrate was then stirred for 1 h with a mixture of 2n


NaOH (60 mL) and brine (32 mL). The organic layer was separated,
dried (Na2SO4), and evaporated to leave about 18 g of an oily material.
Pure bis(sulfoxide) 2b was obtained by chromatography (SiO2, CH2Cl2/
MeOH 50:1) (2.35 g, 13.2 mmol, 66% over three steps) as a yellowish
wax: softening range about 40 8C; Rf=0.16 (CH2Cl2/acetone 2:1); [a]20D =


+4.0 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =2.16 (d, 3J=


7.3 Hz, 3H; CH3), 2.38 (ddddd, 2J=15.9 Hz, 3J=5.4 Hz, 3J=3.9 Hz, 3J=


3.1 Hz, 3J=2.7 Hz, 1H; 5-Heq), 2.67 (ddd, 2J=14.1 Hz, 3J=12.9 Hz, 3J=


3.1 Hz, 1H; 6-Hax), 2.80 (ddd, 3J=13.2 Hz, 2J=11.9 Hz, 3J=2.7 Hz, 1H;
4-Hax), 3.09 (ddddd, 2J=15.9 Hz, 3J=13.2 Hz, 3J=12.9 Hz, 3J=2.7 Hz,
3J=2.4 Hz, 1H; 5-Hax), 3.23 (dddd, 2J=14.1 Hz, 3J=3.9 Hz, 3J=2.7 Hz,
4J=1.3 Hz, 1H; 6-Heq), 3.63 (dddd, 2J=11.9 Hz, 3J=5.4 Hz, 3J=2.4 Hz,
4J=1.3 Hz, 1H; 4-Heq), 6.76 ppm (q, 3J=7.3 Hz, 1H; =CH); 13C NMR
(100 MHz, CDCl3): d=14.8 (t), 15.0 (q), 48.6 (t), 55.2 (t), 136.6 (d),
144.7 ppm (s); IR (DRIFT): ñ =2920 (s), 1740 (s), 1433 (m), 1050 (s, S=


O), 867 cm�1 (m); MS (EI, 60 8C): m/z (%): 178 (12) [M+], 130 (100)
[(M�SO)+], 106 (19), 104 (19), 90 (19), 89 (22), 72 (38), 71 (38), 57 (41),
43 (67); HRMS (EI) calcd for C6H10O2S2: 178.0122, found 178.0126.


ACHTUNGTRENNUNG(R,R)-2-Ethylidene-1,3-dithiolane-1,3-dioxide (3b): Ethane-1,2-dithiol
(4.72 g, 50.0 mmol) was added dropwise at 0 8C to propionyl chloride
(4.62 g, 50.0 mmol) and stirred for 30 min at this temperature. Perchloric
acid (70%, 5.2 mL, 60 mmol) was carefully added dropwise. An exother-
mic reaction started after 0.5–5 min. The mixture was stirred for 30 min
at room temperature, then cooled to 0 8C and freshly distilled Ac2O
(35 mL) was carefully added dropwise. The dithiolanylium salt was pre-
cipitated with anhydrous Et2O (80 mL) and filtrated under argon. The
red needles were washed with Et2O (3T30 mL) and dissolved in anhy-
drous MeCN (50 mL). Et3N was added until the red color disappeared
and the solvents were removed at reduced pressure. The resulting oil was
dissolved in saturated aqueous NH4Cl solution (70 mL) and the solution
was extracted with EtOAc (3T30 mL). The combined organic layers
were dried (Na2SO4 and K2CO3), the solvents were removed and the resi-
due was distilled by bulb-to-bulb distillation yielding 2-ethylidene-1,3-di-
thiolane (2.90 g, 22.0 mmol, 44%) as a yellowish oil. Spectroscopic data
were in full agreement with published information.[52]


(+)-Diethyl tartrate (9.1 g, 44 mmol, traces of water were removed by
azeotropic distillation with toluene) and freshly distilled Ti ACHTUNGTRENNUNG(OiPr)4
(3.13 g, 11.0 mmol) were dissolved at room temperature under argon in
anhydrous CH2Cl2 (5 mL per mmol) and stirred for 30 min. 2-Ethylidene-
1,3-dithiolane (2.90 g, 22.0 mmol) in CH2Cl2 (22 mL) was added, and the
mixture was cooled to �40 8C and stirred for 2 h. Cumene hydroperoxide
(technical grade, 80%, 16.7 g, 88.0 mmol) in CH2Cl2 (9 mL) was added
within 1 h. The solution was warmed to �20 8C and stored for 15 h in a
freezer (<�20 8C). H2O (8 mL) was added, and the mixture was stirred
vigorously for 1 h at room temperature. The slurry was kept for 1 h in an
ultrasonic bath, and the resulting suspension was filtered through a sinter
glass (G2) covered with a celite pad (1.5 cm). The filter cake was washed
repeatedly with small amounts of CH2Cl2. The solvents were removed
and chromatography on SiO2 (CH2Cl2/acetone 2:1) yielded bis(sulfoxide)
3b (1.80 g, 11.0 mmol, 50%) as a yellowish highly viscous oil, which sol-
idified upon standing. Rf=0.18 (CH2Cl2/acetone 2:1); [a]20D =�82.8 (c=


1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=2.42 (d, 3J=7.2 Hz, 3H;


CH3), 3.61–3.83 (m, 4H; 4-H2, 5-H2), 7.44 ppm (q, 3J=7.2 Hz, 3H; =CH);
13C NMR (100 MHz, CDCl3): d =18.9 (q), 50.6 (t), 50.7 (t), 151.3 (d),
157.7 ppm (s); IR (film): ñ=2980 (m), 1610 (m), 1399 (m), 1017 cm�1 (s,
S=O); MS (EI, 25 8C): m/z (%): 164 (80) [M+], 136 (74), 108 (80), 87


(71), 72 (100), 71 (84); HRMS (EI) calcd for C5H8O2S2: 163.9966, found
163.9964.


(3R,1’R,3’R)-3-(1,3-Dioxo-1,3-dithian-2-yl)-1-phenyl-1-butanone (8):
NaHMDS (2m solution in hexane, 600 mL, 1.2. mmol) was added at
�78 8C to a solution of acetophenone (168 mg, 1.4 mmol) in THF
(10 mL). After 45 min at �78 8C, this mixture was transferred via a can-
nula to a �78 8C solution of bis(sulfoxide) 2b (178 mg, 1 mmol) in THF
(15 mL). The reaction mixture was stirred for 5 h and was then quenched
by addition of MeOH (0.5 mL) at �78 8C. The solution was poured into a
saturated NH4Cl solution (25 mL), extracted with ethyl acetate (3T
15 mL), dried (Na2SO4), and the solvent was removed under reduced
pressure. A slurry of the hardly soluble residue and SiO2 (2 g) in CH2Cl2
was carefully evaporated and the remnant was filled on top of a loaded
column (SiO2). Chromatography (CH2Cl2/MeOH 20:1) yielded a mixture
of isomers (266 mg, 0.891 mmol, 89%) which were recrystallized twice
(50 mL MeOH) to give diastereomerically pure 8 as colorless prisms
(80 mg, 0.268 mmol, 27%): m.p. 224 8C (decomp); [a]20D =�23.2 (c=0.19
in CHCl3);


1H NMR (500 MHz, [D6]DMSO): d =1.28 (d, 3J=7.1 Hz, 3H;
4-H), 2.24–2.29 (m, 1H; 5’-Heq), 2.51–2.2.61 (m, 1H), 3.00–3.11 (m, 3H),
3.21–3.26 (m, 1H), 3.34–3.39 (m, 2H; 3’-H2), 3.44–3.61 (m, 1H; 4’-Heq),
3.97 (d, 3J=3.9 Hz, 1H; 2’-H), 7.53–7.77 (m, 2H; arom.), 7.65–7.68 (m,
1H; arom.), 8.99–8.01 ppm (m, 2H; arom.); 13C NMR (125 MHz,
[D6]DMSO): d=15.7 (t), 17.1 (q), 27.7 (d), 42.8 (t), 46.3 (t), 53.3 (t), 76.9
(d), 128.4 (d, 2 C), 129.3 (d, 2 C), 133.8 (d), 137.0 (s), 198.3 ppm (s); IR
(DRIFT): ñ=2979 (m), 1684 (s), 1362 (m), 1225 (m), 1030 (s, S=O), 775
(m), 695 cm�1 (m); elemental analysis calcd (%) for C14H18O3S2: C 56.35,
H 6.08; found: C 56.33, H 6.26.


(1R,3R,1’R)- and (1R,3R,1’S)-2-[Phenyl(prop-2-en-1-ylamino)methyl]-
1,3-dithiane-1,3-dioxide (9a,b): A solution of bis(sulfoxide) 2a (60 mg,
0.25 mmol) and allyl amine (100 mL, 1.33 mmol) in CH2Cl2 (1 mL) were
stirred at room temperature for 24 h. Volatile components were removed
in vacuo and the residue was purified by chromatography on SiO2


(CH2Cl2/MeOH 10:1) to yield 9 (77 mg, 0.25 mmol, 99%) as a mixture of
isomers (78:22). Major isomer 9a : 1H NMR (400 MHz, CDCl3): d =2.25–
2.33 (m, 1H; 5’-Heq), 2.51 (ddd, 2J=14.4 Hz, 3J=12.3 Hz, 3J=3.5 Hz, 1H;
6’-Hax), 2.87 (ddd, 3J=12.3 Hz, 2J=11.9 Hz, 3J=2.3 Hz, 1H; 4’-Hax), 2.93–
3.07 (m, partly covered, 4H; 5’-Hax, CH2NH), 3.27 (dddd, 2J=14.4 Hz,
3J=5.1 Hz, 3J=2.3 Hz, 4J=1.2 Hz, 1H; 6’-Heq,), 3.31 (d, 3J=4.0 Hz, 1H;
2’-H), 3.61 (dddd, 2J=11.9 Hz, 3J=5.8 Hz, 3J=2.4 Hz, 4J=1.2 Hz, 1H; 4’-
Heq), 4.84 (mbr, 1H; 1-H), 5.01 (dddd, 3J=10.2 Hz, 4J=1.4 Hz, 4J=1.4 Hz,
2J=1.4 Hz, 1H;=CHaHb), 5.07 (dddd, 3J=17.2 Hz, 4J=1.8 Hz, 4J=


1.5 Hz, 2J=1.4 Hz, 1H;=CHaHb), 5.82 (dddd, 3J=17.2 Hz, 3J=10.2 Hz,
3J=6.3 Hz, 3J=5.4 Hz, 1H; -CH=CH2), 7.26–7.46 ppm (m, 5H; arom.);
13C NMR (100 MHz, CDCl3): d=14.4 (t), 46.0 (t), 49.7 (t), 50.5 (t), 58.4
(d), 80.6 (d), 116.4 (t), 127.7 (d, 2 C), 128.2 (d), 129.0 (d, 2 C), 136.0 (d),
137.9 ppm (s). Minor isomer 9b (selected data): 1H NMR (400 MHz,
CDCl3): d=2.60 (ddd, 2J=14.6 Hz, 3J=12.2 Hz, 3J=3.5 Hz, 1H; 6’-H),
3.55 (dddd, 2J=12.9 Hz, 3J=6.3 Hz, 3J=2.9 Hz, 4J=1.1 Hz, 1H; 4’-Heq),
3.38 (d, 3J=8.4 Hz, 1H; 2’-H), 4.70 (d, 3J=8.4 Hz, 1H; 1-H), 5.76 ppm
(dddd, 3J=17.2 Hz, 3J=10.3 Hz, 3J=6.9 Hz, 3J=5.0 Hz, 1H; -CH=CH2);
13C NMR (100 MHz, CDCl3): d=14.2 (t), 45.6 (t), 49.5 (t), 50.9 (t), 62.4
(d), 79.6 (d), 116.5 (t), 128.5 (d, 2 C), 128.7 (d), 129.0 (d, 2 C), 136.0 (d),
137.9 ppm (s); IR (DRIFT): ñ =3335 (s, NH), 3069 (m), 2901 (s), 1643
(m), 1421 (m), 1027 (s, S=O), 917 (m), 871 cm�1 (m); MS (EI, 110 8C):
m/z (%): 297 (10) [M+], 280 (20), 242 (56), 206 (21), 192 (59), 175 (29),
146 (100), 134 (55), 118 (25), 102 (26), 91 (37), 77 (18), 56 (14), 41 (34);
HRMS (EI) calcd for C14H19NO2S2: 297.0857, found 297.0853.


(1’R,1’’R,3’’R)-1-[(1,3-Dioxo-1,3-dithiolan-2-yl)phenylmethyl]piperidine
(20): Freshly distilled piperidine (40 mL, 34 mg, 0.40 mmol) was added at
�78 8C to the bis(sulfoxide) 3a (45 mg, 0.20 mmol) in THF (2 mL). The
mixture was stirred for 30 min at �78 8C (monitored by TLC) and al-
lowed to warm to room temperature over 30 min. Excess piperidine was
removed by rotary evaporation using azeotropic distillation with benzene
(2T10 mL) and the residue was dissolved in CH2Cl2 (ca. 400 mL). Hexane
(10 mL) was added and the precipitate, colorless crystals (mixture of iso-
mers 20, 92:8), was collected by filtration (62 mg, 0.20 mmol, quant.):
1H NMR (500 MHz, CDCl3, major isomer): d =1.30–1.35 (m, 2H; CH2),
1.53–1.60 (m, 2H; CH2), 1.62–1.69 (m, 2H; CH2), 2.25–2.33 (m, 2H;
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CH2), 2.58–2.61 (m, 2H; CH2), 3.58 (dddd, 2J=13.7 Hz, 3J=4.1 Hz, 3J=


1.4 Hz, 5J=1.0 Hz, 1H), 3.65 (ddd, 3J=13.8 Hz, 2J=13.5 Hz, 3J=4.1 Hz,
1H), 3.75 (ddd, 2J=13.5 Hz, 3J=4.3 Hz, 3J=1.4 Hz, 1H), 3.85 (ddd, 3J=


13.8 Hz, 2J=13.7 Hz, 3J=4.3 Hz, 1H), 4.58 (d, 3J=13.6 Hz, 1H; CH),
4.11 (d, 3J=13.6 Hz, 1H; CH), 7.28–7.30, 7.40–7.48 ppm (2 m, 5H; Ph);
1H NMR (500 MHz, CDCl3, minor isomer, selected data): d =4.08 (d,
3J=13.4 Hz, 1H), 4.49 ppm (d, 3J=13.3 Hz, 1H); 13C NMR (125 MHz,
CDCl3, major isomer): d =24.3 (t), 26.3 (t), 49.6 (t), 50.3 (bt), 51.2 (t),
95.9 (d), 128.6 (d), 129.2 (d), 130.7 (d), 132.6 ppm (s); IR (DRIFT): ñ=


2935 (m), 1028 cm�1 (s, S=O); MS (FAB): m/z (%): 312 (100) [M+];
HRMS (FAB) calcd for C15H22NO2S2: 312.1092, found: 312.1098; elemen-
tal analysis calcd (%) for C15H21NO2S2: C 57.84, H 6.80, N 4.50; found: C
57.46, H 6.84, N 4.54.


Dimethyl (1’R,1’’R,3’’R)-2-[(1,3-Dioxo-1,3-dithiolan-2-yl)phenylmethyl]-
malonate (21): Dimethyl malonate (228 mL, 264 mg, 2.00 mmol) was
added at 0 8C to a slurry of NaH (suspension in mineral oil, 60%,
80.0 mg, 2.00 mmol) in THF (5 mL) and the mixture was stirred for 1 h
at 0 8C, cooled to �78 8C and transferred via a cannula to a pre-cooled
solution of 3a (113 mg, 1.00 mmol) in THF (10 mL). The reaction was
quenched after 5 min with MeOH (�0.5 mL) and the mixture was
poured into a saturated aqueous NH4Cl solution, extracted with ethyl
acetate (2T20 mL) and CH2Cl2 (2T20 mL), and dried (Na2SO4, K2CO3).
After removal of the solvents in vacuo the diastereomeric ratio was de-
termined to be 94:6 (1H NMR, integration of the signals for 2’’-H). The
residue was purified by MPLC on SiO2 (CH2Cl2/MeOH 50:1) to yield a
mixture of isomers 20 (164 mg, 0.458 mmol, 92%) as a colorless solid:
Major isomer 21a : Rf=0.26 (CH2Cl2/acetone 2:1); 1H NMR (400 MHz,
CDCl3): d=3.48–3.53 (m, 2H; 4-H2 or 5-H2), 3.65 (s, 3H; Me), 3.70 (s,
3H; Me), 3.79–3.86 (m, 2H; 4-H2 or 5-H2), 4.12 (dd, 3J=10.1 Hz, 3J=


5.8 Hz, 1H; 1’-H), 4.20 (d, 3J=5.8 Hz, 1H; 2-H), 4.68 (d, 3J=10.1 Hz,
1H; 2’’-H), 7.30–7.39, 7.42–7.45 ppm (2 m, 5H; Ph); 13C NMR (100 MHz,
CDCl3): d=40.1 (d), 50.7 (t), 52.1 (t), 52.8 (q), 52.9 (q), 55.1 (d), 94.7 (d),
128.7 (d), 128.9 (d), 129.3 (d), 136.6 (s), 167.6 (s), 167.7 ppm (s); IR
(DRIFT): ñ=1749 (s, C=O), 1438 (m), 1154 (m), 1030 cm�1 (s, S=O); MS
(EI, 160 8C): m/z (%): 358 (13) [M+], 327 (13), 326 (19), 298 (28), 234
(33), 233 (32), 232 (24), 222 (100), 218 (26), 205 (21), 202 (27), 198 (13),
190 (13), 189 (10), 175 (44), 173 (32), 163 (19), 162 (64), 135 (12), 134
(47), 131 (17), 121 (28), 116 (10), 115 (43), 108 (89), 43 (14); HRMS (EI)
calcd for C15H18O6S2: 358.0544, found: 358.0540; Elemental analysis calcd
(%) for C15H18O6S2: C 50.26, H 5.06; found: C 50.30, H 5.21. Minor
isomer 21b, selected data: 1H NMR (400 MHz, CDCl3): d=4.58 (dd, 3J=


11.9 Hz, 4J=1.4 Hz, 1H; 2“-H) ppm.


(3R,1’R,3’R)-3-(1,3-Dioxo-1,3-dithiolan-2-yl)-1-phenylbutan-1-one (22):
NaHMDS (2m in hexane, 600 mL, 1.20 mmol) was added at �78 8C to a
solution of acetophenone (168 mg, 1.40 mmol) in THF (10 mL). After
stirring for 45 min, this solution was transferred via a cannula to a pre-
cooled (�78 8C) solution of 3b (164 mg, 1 mmol) in THF (15 mL per
mmol). The reaction was quenched after 10 min with MeOH (ca. 0.5 mL)
and the mixture was added to a saturated aqueous NH4Cl solution
(20 mL per mmol), extracted with EtOAc (2T20 mL) and CH2Cl2 (2T
20 mL), and dried (Na2SO4, K2CO3). The solvents were removed in
vacuo. The diastereomeric ratio was determined by 1H NMR spectrosco-
py (d.r. 55:45, integration of the signals of the S,S-acetalic hydrogens).
The remnant was separated and purified by MPLC (SiO2, CH2Cl2/MeOH
50:1) afforded 22 (231 mg, 0.812 mmol, 81%) as a non-separable mixture
of isomers: Rf=0.26 (CH2Cl2/acetone 2:1); 1H NMR (400 MHz, CDCl3,
mixture of isomers): d=1.41 (d, 3J=6.6 Hz, 3H; 4-H3, major), 1.49 (d,
3J=6.8 Hz, 3H; 4-H3, minor), 2.99–3.17 (m, 2H; 3-H, both), 3.26 (dd,
2J=17.0 Hz, 3J=7.6 Hz, 1H; 2-CHaHb, minor), 3.29 (dd, 2J=17.4 Hz, 3J=


7.8 Hz, 1H; 2-CHaHb, major), 3.46 (dd, 2J=17.0 Hz, 3J=4.6 Hz, 1H; 2-
HaHb, minor), 3.64 (dd, 2J=17.4 Hz, 3J=4.0 Hz, 1H; 2-HaHb, major),
3.63–3.86 (m, 9H; 4’-H2, 5’-H2, both, 2’-H, major), 3.95 (dd, 3J=8.8 Hz,
4J=1.1 Hz, 1H; 2’-H, minor), 7.46–7.51, 7.57–7.61, 7.97–7.10 ppm (3 m,
5H; Ph, both); 13C NMR (100 MHz, CDCl3, mixture of isomers): d=19.3
(q), 20.4 (q), 26.7 (d), 27.5 (d), 43.5 (t), 43.7 (t), 51.3 (t), 51.45 (t), 51.54
(t), 97.6 (d), 97.9 (d), 128.1 (d), 128.2 (d), 128.7 (d), 128.7 (d), 133.5 (d),
136.5 (s), 136.6 (s), 197.4 (s) 197.6 ppm (s); IR (DRIFT): ñ=2078 (m),
1681 (s, C=O), 1447 (m), 1223 (m), 1029 cm�1 (s, S=O); MS (EI, 160 8C):
m/z (%): 284 (3) [M+], 267 (11), 159 (18), 148 (10), 145 (10), 108 (45),


105 (100) [C7H5O
+], 77 (50), 57 (14), 43 (14); HRMS (EI) calcd for


C13H16O3S2: 284.0541, found 284.0535; elemental analysis calcd (%) for
C13H16O3S2: C 54.90, H 5.67; found C 54.68, H 5.74.
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Optically Active Zwitterionic l5Si,l5Si’-Disilicates: Syntheses, Crystal
Structures, and Behavior in Aqueous Solution


Bastian Theis, Christian Burschka, and Reinhold Tacke*[a]


Introduction


The chemistry of higher-coordinate silicon compounds con-
tinues to be an area of lively interest (for reviews, see
ref. [1]; for recent reports, see ref. [2]). Several years ago, we
reported the synthesis and structural characterization of the
first zwitterionic l5Si,l5Si’-disilicate 1.[3] Surprisingly, this
pentacoordinate dinuclear silicon(IV) complex with two
SiO4C skeletons could be synthesized in water. In view of
the well-known sensitivity of the Si�O bond towards hydrol-
ysis, the existence of 1 in aqueous solution is quite remark-
able and not yet understood.


To obtain a better understanding of this phenomenon, we
performed systematic structure–reactivity studies with a
series of derivatives of 1, in which the influence of the am-
monio groups and the spacers between the silicon atom (ate
center) and the nitrogen atom (onium center) on the hydro-
lytic stability was investigated. All the compounds studied
(1–8 ; Scheme 1) contain the same (D,D,R,R,R,R)-configured
l5Si,l5Si’-disilicate skeleton, but 1–3 and 6 with CH2 spacers


differ in the ammonio groups, and 3–5 with N ACHTUNGTRENNUNG(CH3)2H
groups differ in the alkylene spacers. Compound 8 also con-


Abstract: The zwitterionic l5Si,l5Si’-
disilicates 1–8 were synthesized and
characterized by solid-state and solu-
tion NMR spectroscopy. In addition,
compounds 2·6H2O, 3·2CH3CN,
4·5/2CH3CN, 6·CH3OH, 7, and
8·CH3OH·CH3CN were studied by
single-crystal X-ray diffraction. The op-
tically active (D,D,R,R,R,R)-configured
compounds 1–8 contain two pentacoor-


dinate (formally negatively charged)
silicon atoms and two tetracoordinate
(formally positively charged) nitrogen
atoms. One (ammonio)alkyl group is
bound to each of the two silicon cen-


ters, and two tetradentate (R,R)-tartra-
to(4�) ligands bridge the silicon atoms.
Although these l5Si,l5Si’-disilicates
contain SiO4C skeletons, some of them
display a remarkable stability in aque-
ous solution as shown by NMR spec-
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tains N ACHTUNGTRENNUNG(CH3)2H groups, but the C2 spacers are part of a
phenylene skeleton.


We report herein on the syntheses of the zwitterionic
l5Si,l5Si’-disilicates 1–8 and their characterization by solid-
state and solution NMR spectroscopy. In addition, com-
pounds 2·6H2O, 3·2CH3CN, 4·5/2CH3CN, 6·CH3OH, 7, and
8·CH3OH·CH3CN were structurally characterized by single-
crystal X-ray diffraction. Furthermore, the behavior of 1–8
in aqueous solution (i.e., hydrolytic stability) was studied by
NMR spectroscopy and ESI mass spectrometry.


Results and Discussion


Syntheses : Compounds 1 and 2 were synthesized by the
treatment of (aminomethyl)trimethoxysilane (9) and trime-
thoxy[(methylamino)methyl]silane (10), respectively, with
(R,R)-tartaric acid (molar ratio 1:1) in aqueous solution at
20 8C (yields: 1, 79%; 2, 72%; Scheme 2).


Compounds 3–5 were prepared by the treatment of the
respective [(dimethylamino)alkyl]trimethoxysilanes 11–13
with (R,R)-tartaric acid (molar ratio 1:1) in acetonitrile/
methanol at 20 8C (yields: 3, 90%; 4, 79%; 5, 96%;
Scheme 3). Under the same conditions, 6 was synthesized
from trimethyl[(trimethoxysilyl)methyl]ammonium iodide
(14) and was isolated as the solvate 6·CH3OH (24% yield;
Scheme 3). Compounds 7 and 8 were synthesized from com-
pounds 15 and 16, respectively, according to Scheme 4.


The precursor 9 was synthesized by the treatment of
(chloromethyl)trimethoxysilane with ammonia in an auto-
clave (32% yield; Scheme 5). The starting materials 10,[4]


11,[5] 12,[6] and 16[7] were prepared according to previous re-
ports, and 13 was commercially available. The precursor 14
was synthesized by the reaction of 12 with iodomethane in
acetonitrile (92% yield; Scheme 3), and the treatment of
(iodomethyl)trimethoxysilane[8] with 1-methylimidazole in
cyclohexane afforded 15 (70% yield; Scheme 5).


The binuclear (D,D,R,R,R,R)-configured silicon(IV) com-
plexes 1–8 are optically active. The formation of these com-
pounds occurred stereospecifically, and they were all ob-
tained as diastereomerically and enantiomerically pure
products. The absolute configuration of the two bridging
(R,R)-tartrato(4�) ligands controls the absolute configura-
tion at the two silicon centers (both D configuration).


The title compounds 1–5, 6·CH3OH, 7, and
8·MeOH·CH3CN were isolated as colorless solids with high
melting points in the temperature range 250 8C
(8·CH3OH·CH3CN, decomp) to >400 8C (6·MeOH, 7). Due
to their zwitterionic nature, they are almost insoluble in
nonpolar organic solvents and exhibit a very poor solubility
in most polar organic solvents. The identities of 1–5,
6·MeOH, 7, and 8·MeOH·CH3CN were established by ele-
mental analyses (C, H, N) and solid-state (13C, 15N, 29Si) and
solution (1H, 13C, 29Si) NMR spectroscopic studies. In addi-
tion, compounds 2·6H2O, 3·2CH3CN, 4·5/2CH3CN,
6·MeOH, 7, and 8·MeOH·CH3CN (and the intermediate 15)


Scheme 2. Syntheses of compounds 1 and 2.


Scheme 3. Syntheses of compounds 3–6 and 14.
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were structurally characterized by single-crystal X-ray dif-
fraction.


Crystal structure analyses : The crystal data and experimen-
tal parameters used for the single-crystal X-ray diffraction
studies of 2·6H2O, 3·2CH3CN, 4·5/2CH3CN, 6·MeOH, 7,
8·MeOH·CH3CN, and 15 are given in Table 1. The molecu-
lar structures of the zwitterions 2–4 and 6–8 and of the
cation of 15 are shown in Figures 1–7; the selected bond
lengths and angles are given in the respective figure legends.


The silicon-coordination polyhedra of the zwitterionic
l5Si,l5Si’-disilicates 2–4 and 6–8 can be described as distort-
ed trigonal bipyramids, and each tetradentate (R,R)-tartra-
to(4�) ligand spans two axial (O1, O3; O7, O9) and two
equatorial sites (O2, O4; O8, O10). The Berry distortions of
the silicon-coordination polyhedra are given in Table 2.[9] In
all the zwitterions, the axial sites are occupied by the car-
boxylato oxygen atoms. The axial Si�O bond lengths in the
SiO4C skeletons of 2–4 and 6–8 (1.786(2)–1.841(2) K) are
significantly longer than the equatorial bond lengths
(1.658(1)–1.678(2) K). The Si�C bond lengths are 1.873(3)–
1.921(2) K.


As would be expected from the presence of potential NH
donor functions and oxygen acceptor atoms, intra- and/or in-
termolecular N�H···O hydrogen bonds exist in the crystals
of 2·6H2O, 3·2CH3CN, 4·5/2CH3CN, and 8·CH3OH·CH3CN.


For the solvates 2·6H2O, 6·CH3OH, and 8·CH3OH·CH3CN,
additional intermolecular O�H···O hydrogen bonds between
the solvent molecules and zwitterions were observed (for
details of the hydrogen-bonding systems, see the Supporting
Information).[10] In the case of the silicon-bound oxygen
atoms that are involved as acceptor atoms in N�H···O or
O�H···O hydrogen bonds, significantly elongated Si�O bond
lengths were observed relative to the analogous Si�O bonds,
in which the oxygen atoms are not involved in hydrogen-
bonding interactions.


There is no clear correlation between the structures of the
trigonal-bipyramidal silicon-coordination polyhedra and the
nature of the ammonio groups and the spacers between the
silicon and nitrogen atoms. It rather appears that the distor-
tion of the silicon-coordination polyhedra is mainly influ-
enced by the crystal packing, including hydrogen-bonding
interactions. This behavior is clearly illustrated by the quite
different Berry distortions observed for the four silicon-co-
ordination polyhedra of the two crystallographically inde-
pendent zwitterions in the crystal of 7 (molecule I: 23.4 and
14.3%; molecule II: 21.2 and 42.6%).


Solid-state and solution NMR studies : The zwitterionic
l5Si,l5Si’-disilicates 1–5, 6·CH3OH, 7, and 8·CH3OH·CH3CN
were characterized by solid-state VACP/MAS NMR spec-
troscopy (13C, 15N, 29Si). In addition, compounds 1–8 were
studied by solution NMR spectroscopy (1H, 13C, 29Si; sol-
vent: [D6]DMSO and D2O (except for 4, 5, and 8)). The
NMR spectra obtained (see the Experimental Section) con-
firm the identities of the compounds studied. The 29Si NMR
chemical shifts determined in solution are very similar to
the isotropic 29Si NMR chemical shifts obtained in the solid
state (Table 3), thus indicating the presence of pentacoordi-
nate silicon atoms in solution as well (see the Experimental
Section for further details).


Upon the dissolution of 1–5, 6·CH3OH, and 7 in
[D6]DMSO (concentration was approximately 5 mgmL�1) at
20 8C, the presence of only one zwitterionic species could be
detected, whereas in the case of 8·CH3OH·CH3CN an equi-
librium mixture of three zwitterionic species that were dis-


Scheme 4. Syntheses of compounds 7 and 8.


Scheme 5. Syntheses of compounds 9 and 15.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4618 – 46304620


R. Tacke et al.



www.chemeurj.org





Table 1. Crystallographic data for compounds 2·6H2O, 3·2CH3CN, 4·5/2CH3CN, 6·CH3OH, 7, 8·CH3OH·CH3CN, and 15.


2·6H2O 3·2CH3CN 4·5/2CH3CN 6·CH3OH 7 8·CH3OH·CH3CN 15


empirical formula C12H30N2O18Si2 C18H28N4O12Si2 C21H33.5N4.5O12Si2 C17H30N2O13Si2 C18H20N4O12Si2 C27H33N3O13Si2 C8H17IN2O3Si
formula mass [gmol�1] 546.56 548.62 597.20 526.61 540.56 663.74 344.23
T [K] 98(2) 100(2) 100(2) 193(2) 203(2) 173(2) 193(2)
l ACHTUNGTRENNUNG(MoKa) [K] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system orthorhombic monoclinic triclinic orthorhombic monoclinic monoclinic monoclinic
space group (no.) P212121 (19) P21 (4) P1 (1) P212121 (19) C2 (5) P21 (4) P21/n (14)
a [K] 8.6264(2) 8.8002(2) 9.1917(4) 10.9012(7) 25.0742(12) 8.4444(7) 11.6039(12)
b [K] 14.6727(4) 8.0619(2) 9.2041(3) 14.7074(9) 8.7643(4) 15.9973(18) 7.5643(12)
c [K] 17.9636(5) 17.5122(4) 18.6666(8) 14.7740(14) 20.0808(8) 11.3019(10) 16.2658(16)
a [8] 90 90 76.693(2) 90 90 90 90
b [8] 90 100.9140(10) 81.512(2) 90 91.699(3) 101.936(10) 100.064(11)
g [8] 90 90 66.333(2) 90 90 90 90
V [K3] 2273.70(10) 1219.95(5) 1404.86(10) 2368.7(3) 4411.0(3) 1493.7(2) 1405.8(3)
Z 4 2 2 4 8 2 4
1calcd [g cm�3] 1.597 1.494 1.412 1.477 1.628 1.476 1.626
m [mm�1] 0.246 0.215 0.194 0.219 0.237 0.192 2.356
F000 1152 576 630 1112 2240 696 680
crystal dimensions [mm] 0.4N0.2N0.2 0.1N0.04N0.03 0.3N0.17N0.07 0.4N0.2N0.2 0.37N0.12N0.07 0.4N0.4N0.3 0.5N0.5N0.5
2q range [8] 3.58–57.06 4.72–56.80 4.50–56.96 4.66–56.02 3.24–56.70 5.52–56.22 5.96–56.08
index ranges �11�h�11


�19�k�19
�23� l�23


�11�h�11
�10�k�10
�23� l�23


�11�h�12
�12�k�12
�24� l�24


�11�h�14
�19�k�18
�19� l�19


�33�h�33
�11� k�11
�26� l�26


�11�h�11
�21�k�21
�14� l�14


�15�h�15
�9�k�9
�19� l�19


number of collected
reflections


65654 34200 31706 15895 96139 19762 16004


number of independent
reflections


5740 5844 12976 5646 10899 7082 3093


Rint 0.0516 0.0443 0.0447 0.0561 0.0602 0.0460 0.0340
restraints 0 1 3 0 1 1 0
number of parameters 357 337 737 316 654 419 140
S[a] 1.033 1.038 1.019 1.024 1.066 1.125 1.047
weight parameters a/b[b] 0.0302/0.6256 0.0318/0.3365 0.0283/0.4551 0.0658/0.0000 0.0429/2.7787 0.0403/1.5737 0.0393/1.1760
R1[c] (I>2s(I)) 0.0246 0.0279 0.0410 0.0398 0.0347 0.0517 0.0271
wR2[d] (all data) 0.0608 0.0678 0.0870 0.1006 0.0887 0.1168 0.0724
absolute structure
parameter


0.00(7) 0.02(7) 0.00(7) 0.00(10) 0.00(9) �0.01(12) –


max./min. residual
electron density [eK�3]


+0.295/�0.226 +0.366/�0.263 +0.603/�0.503 +0.519/�0.437 +0.399/�0.251 +0.524/�0.334 +0.555/�0.573


[a] S= {�[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/ ACHTUNGTRENNUNG(n�p)}0.5 ; n=number of reflections; p=number of parameters. [b] w�1=s2
ACHTUNGTRENNUNG(Fo


2)+ (aP)2 +bP, with P= ACHTUNGTRENNUNG[max ACHTUNGTRENNUNG(Fo
2,0)+2Fc


2]/3.
[c] R1=� j jFo j� jFc j j /� jFo j . [d] wR2= {�[w ACHTUNGTRENNUNG(Fo


2�Fc
2)2]/�[w ACHTUNGTRENNUNG(Fo


2)2]}0.5.


Figure 1. Molecular structure of 2 in the crystal of 2·6H2O (probability
level of displacement ellipsoids at 50%). Selected bond lengths [K] and
angles [8]: Si1�O1 1.8058(9), Si1�O2 1.6739(10), Si1�O3 1.7945(10), Si1�
O4 1.6724(10), Si1�C1 1.8881(14), Si2�O7 1.8086(10), Si2�O8 1.6683(10),
Si2�O9 1.8062(10), Si2�O10 1.6659(9), Si2�C6 1.8845(14); O1-Si1-O2
88.71(5), O1-Si1-O3 175.10(5), O1-Si1-O4 88.53(5), O1-Si1-C1 94.55(5),
O2-Si1-O3 88.89(5), O2-Si1-O4 123.59(5), O2-Si1-C1 119.60(6), O3-Si1-
O4 89.24(5), O3-Si1-C1 90.35(5), O4-Si1-C1 116.79(6), O7-Si2-O8
89.05(5), O7-Si2-O9 175.34(5), O7-Si2-O10 88.25(5), O7-Si2-C6 94.46(5),
O8-Si2-O9 88.83(5), O8-Si2-O10 123.09(5), O8-Si2-C6 120.13(6), O9-Si2-
O10 89.43(5), O9-Si2-C6 90.20(5), O10-Si2-C6 116.76(6).


Figure 2. Molecular structure of 3 in the crystal of 3·2CH3CN (probability
level of displacement ellipsoids at 50%). Selected bond lengths [K] and
angles [8]: Si1�O1 1.8367(11), Si1�O2 1.6613(12), Si1�O3 1.7876(11),
Si1�O4 1.6737(11), Si1�C1 1.8907(17), Si2�O7 1.8092(11), Si2�O8
1.6704(11), Si2�O9 1.7982(11), Si2�O10 1.6581(11), Si2�C6 1.8963(16);
O1-Si1-O2 88.26(5), O1-Si1-O3 177.25(5), O1-Si1-O4 88.11(5), O1-Si1-C1
92.91(7), O2-Si1-O3 91.36(6), O2-Si1-O4 122.70(6), O2-Si1-C1 120.79(7),
O3-Si1-O4 89.80(5), O3-Si1-C1 89.63(7), O4-Si1-C1 116.51(7), O7-Si2-O8
88.72(5), O7-Si2-O9 178.02(6), O7-Si2-O10 89.78(5), O7-Si2-C6 91.44(6),
O8-Si2-O9 89.88(5), O8-Si2-O10 122.16(6), O8-Si2-C6 121.64(6), O9-Si2-
O10 89.78(5), O9-Si2-C6 90.49(6), O10-Si2-C6 116.20(7).
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tinguishable by NMR spectroscopy was observed (even at
temperatures up to 60 8C). This phenomenon is not yet un-
derstood, but might be explained by strong intramolecular
N�H···O hydrogen bonds that stabilize different conformers.


The influence of both the ammonio groups and the
(CH2)n spacers (n=1–3) on the 29Si NMR chemical shifts is
rather small but systematic. The elongation of the
ACHTUNGTRENNUNGSiACHTUNGTRENNUNG(CH2)nN chain (3!4!5) leads to a downfield shift (3–5 :
d=�94.2, �87.4, and �84.0 ppm, respectively), whereas the
successive exchange of NH functions by NCH3 groups (1!
2!3!6) results in a highfield shift (1–3, and 6 : d=�91.8,
�93.0, �94.2, and �95.7 ppm, respectively). However, the


29Si NMR chemical shifts of 1–8 do not clearly correlate
with the stability of these compounds in aqueous solution.


Stability studies in aqueous solution : Upon the dissolution
of the zwitterionic l5Si,l5Si’-disilicates 1–8 in water (c=


10 mmolL�1) at 20 8C, pH values of 5.5–6.4 were measured.
All the compounds underwent hydrolysis (cleavage of the
Si�O bonds) to form (R,R)-tartaric acid and the correspond-
ing organylsilanetriol. This behavior is shown exemplarily
for the hydrolysis of 2 in Scheme 6. After six months at
20 8C, the aqueous solutions of 1–8 (c=10 mmolL�1) had
pH values of 3.6–3.9.


The kinetics of the hydrolytic cleavage of 1–8 were moni-
tored by NMR spectroscopy and were dependent on the
nature of the ammonio group and the spacer between the
silicon and nitrogen atoms (see below). The identities of the
respective organylsilanetriols 17–24 (Scheme 7) were estab-
lished by ESI mass spectrometry (see below). The aqueous
solutions of the l5Si,l5Si’-disilicates 1–8 did not undergo gel
formation at room temperature over six months.


NMR studies of aqueous solutions : Upon the dissolution of
2 in D2O (10 mm solution) at 23 8C, hydrolytic cleavage of
all the Si�OC bonds was observed. The kinetics of the hy-
drolysis reaction could be monitored by 1H NMR spectros-
copy (Figure 8). For this purpose, the resonance signals of
the CH moieties of the bound (R,R)-tartrato(4�) ligands
(d=4.60 ppm) and the free tartaric acid (d=4.2–4.4 ppm;
concentration- and/or pH-dependent chemical shift) were
integrated as a function of time.


The 29Si NMR spectra measured 12 h and 31 days after
the dissolution of 2 in water (D2O; sample was kept at
23 8C) showed the existence of only one tetracoordinate sili-
con species formed by hydrolysis (Figure 9). The integration
of the 29Si NMR resonance signals of the zwitterion 2 (d=


Figure 3. Molecular structures of the two crystallographically independ-
ent zwitterions (top molecule I; bottom molecule II) of 4 in the crystal of
4·5/2CH3CN (probability level of displacement ellipsoids at 50%). Se-
lected bond lengths [K] and angles [8] of molecule I: Si1�O1 1.8090(16),
Si1�O2 1.6630(18), Si1�O3 1.8408(17), Si1�O4 1.6669(17), Si1�C1
1.875(2), Si2�O7 1.8409(18), Si2�O8 1.6639(17), Si2�O9 1.8074(19), Si2�
O10 1.6693(17), Si2�C6 1.876(2); O1-Si1-O2 89.16(8), O1-Si1-O3
174.53(8), O1-Si1-O4 89.13(8) O1-Si1-C1 95.50(9), O2-Si1-O3 88.25(8),
O2-Si1-O4 121.78(9), O2-Si1-C1 117.58(10), O3-Si1-O4 88.14(8), O3-Si1-
C1 89.97(9), O4-Si1-C1 120.51(10), O7-Si2-O8 88.44(8), O7-Si2-O9
175.25(8), O7-Si2-O10 88.57(8), O7-Si2-C6 91.73(11), O8-Si2-O9
89.53(8), O8-Si2-O10 122.25(9), O8-Si2-C6 117.88(10), O9-Si2-O10
88.89(9), O9-Si2-C6 93.01(11), O10-Si2-C6 119.85(10). Selected bond
lengths [K] and angles [8] of molecule II: Si21�O21 1.8040(17), Si21�O22
1.6670(18), Si21�O23 1.8393(16), Si21�O24 1.6679(17), Si21�C21
1.874(3), Si22�O27 1.8382(17), Si22�O28 1.6627(17), Si22�O29
1.8092(18), Si22�O30 1.6694(18), Si22�C26 1.873(3); O21-Si21-O22
89.19(8), O21-Si21-O23 173.89(8), O21-Si21-O24 88.42(8), O21-Si21-C21
95.57(9), O22-Si21-O23 88.40(8), O22-Si21-O24 122.15(9), O22-Si21-C21
117.06(10), O23-Si21-O24 88.12(8), O23-Si21-C21 90.52(9), O24-Si21-C21
120.69(11), O27-Si22-O28 88.38(8), O27-Si22-O29 175.05(9), O27-Si22-
O30 88.58(8), O27-Si22-C26 91.95(11), O28-Si22-O29 89.23(8), O28-Si22-
O30 122.43(9), O28-Si22-C26 117.68(11), O29-Si22-O30 89.04(9), O29-
Si22-C26 93.00(11), O30-Si22-C26 119.88(11).


Figure 4. Molecular structure of 6 in the crystal of 6·CH3OH (probability
level of displacement ellipsoids at 50%). Selected bond lengths [K] and
angles [8]: Si1�O1 1.8392(16), Si1�O2 1.6718(16), Si1�O3 1.8105(16),
Si1�O4 1.6646(16), Si1�C1 1.915(2), Si2�O7 1.8046(17), Si2�O8
1.6710(17), Si2�O9 1.8082(17), Si2�O10 1.6782(16), Si2�C6 1.921(2); O1-
Si1-O2 88.50(8), O1-Si1-O3 175.41(7), O1-Si1-O4 87.96(8), O1-Si1-C1
91.06(9), O2-Si1-O3 89.86(8), O2-Si1-O4 123.14(8), O2-Si1-C1 120.65(9),
O3-Si1-O4 89.34(8), O3-Si1-C1 93.46(9), O4-Si1-C1 116.14(9), O7-Si2-O8
89.20(8), O7-Si2-O9 175.86(7), O7-Si2-O10 88.17(8), O7-Si2-C6 97.79(9),
O8-Si2-O9 89.80(8), O8-Si2-O10 123.53(8), O8-Si2-C6 116.91(10), O9-
Si2-O10 89.03(8), O9-Si2-C6 86.24(9), O10-Si2-C6 119.33(9).
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�91.4 ppm) and the hydrolysis product (d=�51.3 ppm),
after baseline correction, led to the same intensity ratio as
observed for the CH resonance signals of 2 and (R,R)-tarta-
ric acid in the corresponding 1H NMR spectra. The
29Si NMR resonance signal at d=�51.3 ppm can be assigned
to the cationic [(ammonio)methyl]silanetriol (18). Quite sur-
prisingly, neither T nor Q groups could be observed in the
29Si NMR spectra, even after 31 days.


Additionally, an analogous 1H NMR experiment with an
aqueous solution of 2 and sodium 3-(trimethylsilyl)propane-
1-sulfonate (as the internal standard) in a molar ratio of 1:1
(10 mm each) was performed. The molar ratio was deter-
mined by integration of the respective resonance signals in
the 1H NMR spectrum measured 5 min after the dissolution


Figure 5. Molecular structures of the two crystallographically independ-
ent zwitterions (top molecule I; bottom molecule II) of 7 (probability
level of displacement ellipsoids at 50%). Selected bond lengths [K] and
angles [8] of molecule I: Si1�O1 1.8194(19), Si1�O2 1.667(2), Si1�O3
1.807(2), Si1�O4 1.6662(19), Si1�C1 1.905(3), Si2�O7 1.8140(19), Si2�O8
1.668(2), Si2�O9 1.8089(19), Si2�O10 1.670(2), Si2�C6 1.897(3); O1-Si1-
O2 89.26(9), O1-Si1-O3 176.74(10), O1-Si1-O4 88.15(9), O1-Si1-C1
90.68(11), O2-Si1-O3 90.83(9), O2-Si1-O4 124.27 (10), O2-Si1-C1
116.12(12), O3-Si1-O4 89.11(9), O3-Si1-C1 92.20(11), O4-Si1-C1
119.57(12), O7-Si2-O8 89.03(10), O7-Si2-O9 177.90(11), O7-Si2-O10
91.25(10), O7-Si2-C6 90.40(12), O8-Si2-O9 89.19(9), O8-Si2-O10
121.97(10), O8-Si2-C6 121.35(13), O9-Si2-O10 88.76(10), O9-Si2-C6
91.47(11), O10-Si2-C6 116.67(13). Selected bond lengths [K] and angles
[8] of molecule II: Si21�O21 1.809(2), Si21�O2 2 1.664(2), Si21�O23
1.808(2), Si21�O24 1.6691(19), Si21�C21 1.894(3), Si22�O27 1.7964(19),
Si22�O28 1.6716(19), Si22�O29 1.8061(19), Si22�O30 1.672(2), Si22�C26
1.896(3); O21-Si21-O22 89.22(9), O21-Si21-O23 176.56(10), O21-Si21-
O24 88.51(9), O21-Si21-C21 94.90(11), O22-Si21-O23 90.77(9), O22-Si21-
O24 122.39(10), O22-Si21-C21 115.52(11), O23-Si21-O24 88.59(9), O23-
Si21-C21 88.21(11), O24-Si21-C21 122.03(11), O27-Si22-O28 89.27(9),
O27-Si22-O29 174.69(11), O27-Si22-O30 88.62(9), O27-Si22-C26
93.57(11), O28-Si22-O29 88.90(9), O28-Si22-O30 127.54(10), O28-Si22-
C26 115.03(11), O29-Si22-O30 88.55(9), O29-Si22-C26 91.72(11), O30-
Si22-C26 117.42(11).


Figure 6. Molecular structure of 8 in the crystal of 8·CH3CN·CH3OH
(probability level of displacement ellipsoids at 50%). Selected bond
lengths [K] and angles [8]: Si1�O1 1.8141(19), Si1�O2 1.6593(19), Si1�
O3 1.7925(19), Si1�O4 1.663(2), Si1�C1 1.886(3), Si2�O7 1.786(2), Si2�
O8 1.670(2), Si2�O9 1.806(2), Si2�O10 1.658(2), Si2�C6 1.877(3); O1-
Si1-O2 88.43(9), O1-Si1-O3 174.30(10), O1-Si1-O4 87.71(10), O1-Si1-C1
92.45(10), O2-Si1-O3 89.57(10), O2-Si1-O4 123.68(10), O2-Si1-C1
116.88(11), O3-Si1-O4 88.96(10), O3-Si1-C1 93.22(11), O4-Si1-C1
119.42(11), O7-Si2-O8 89.49(10), O7-Si2-O9 175.43(10), O7-Si2-O10
89.77(10), O7-Si2-C6 92.04(11), O8-Si2-O9 87.79(10), O8-Si2-O10
125.55(10), O8-Si2-C6 114.86(11), O9-Si2-O10 88.83(10), O9-Si2-C6
92.43(11), O10-Si2-C6 119.57(11).


Figure 7. Molecular structure of the cation in the crystal of 15 (probabil-
ity level of displacement ellipsoids at 50%). Selected bond lengths [K]
and angles [8]: Si�O1 1.6123(19), Si�O2 1.612(2), Si�O3 1.6235(18), Si�
C1 1.878(2); O1-Si-O2 107.90(10), O1-Si-O3 107.87(10), O1-Si-C1
112.74(11), O2-Si-O3 115.08(12), O2-Si-C1 105.33(10), O3-Si-C1
108.04(10).


Table 2. Berry distortions of the silicon-coordination polyhedra of
2·6H2O, 3·2CH3CN, 4·5/2CH3CN, 6·CH3OH, 7, and 8·CH3OH·CH3CN.


Compound Si1 (C1 as the pivot
atom) [%]


Si2 (C6 as the pivot
atom) [%]


2·6H2O 26.4 24.1
3·2CH3CN 16.9 15.1
4·5/2CH3CN 21.8,[a] 24.7[b] 20.8,[a] 22.2[c]


6·CH3OH 23.8 25.3
7 23.4,[a] 21.2[b] 14.3,[a] 42.6[c]


8·CH3OH·CH3CN 28.8 32.8


[a] Molecule I (see the crystal structure). [b] Molecule II (see the crystal
structure), Si21 (C21 as the pivot atom). [c] Molecule II (see the crystal
structure), Si22 (C26 as the pivot atom).
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of 2 in D2O. The 1H NMR spectrum showed complete hy-
drolysis of 2 after nine days at 20 8C. A quantitative
29Si NMR experiment, with 512 scans and a relaxation time
of 300 s, was performed with the same solution. The inte-


grals of the 29Si NMR resonance signals of the internal stan-
dard and the hydrolysis product showed a molar ratio of 1:2
after baseline correction and Lorentzian deconvolution.
Thus, the hydrolysis of 2 only results in the formation of 18,
and no subsequent formation of the condensation products
could be detected.


Evidently, within the detection limits of the NMR spectro-
scopic methods used in these studies, the cationic organylsi-
lanetriol 18 does not undergo condensation reactions (for-
mation of Si-O-Si moieties). This finding is strongly support-
ed by the results of ESI mass spectrometric studies (see sec-
tion on the ESI-MS studies). Analogous behavior was also
observed for the zwitterions 1 and 3–8. This is in sharp con-
trast to the behavior of the zwitterionic l5Si-silicate 25,
which upon dissolution in water forms an equilibrium mix-
ture with the corresponding silsesquioxanes (Scheme 8).[2g,k]


Table 3. 29Si NMR spectroscopic data for 1–5, 6·CH3OH, 7, and
8·CH3OH·CH3CN in the solid state and solution.[a]


Compound d [ppm]
Solid state[b] Solution[c] Solution[d]


1 �91.7, �90.1 �91.8 �89.9
2 �94.8, �91.8 �93.0 �91.4
3 �97.1, �93.7 �94.2 �92.6
4 �85.5 (4Si) �87.3 [e]
5 �83.2, �82.4 �84.0 [e]
6·CH3OH �94.5, �92.3 �95.7 �94.0
7 �91.5 (1Si),


�90.1 (3Si)
�94.0 �91.8


8·CH3OH·CH3CN �97.9, �96.2 �97.1, �97.5,
�106.0


[e]


[a] Spectra recorded at 22 8C in the solid state or at 23 8C in solution.
[b] Isotropic chemical shifts obtained by 29Si VACP/MAS NMR spectro-
scopic experiments. [c] Chemical shifts obtained in [D6]DMSO.
[d] Chemical shifts obtained in D2O. [e] The 29Si NMR chemical shift
could not be determined due to the fast hydrolysis in D2O.


Scheme 6. Hydrolysis of compound 2.


Scheme 7. Structural formulas of the cationic organylsilanetriols 17–24.


Figure 8. Partial 1H NMR spectra (23 8C, 500.1 MHz) of a 10 mm solution
of 2 in water (D2O; pH 5.8�0.2), showing the resonance signals of the
CH groups of 2 and (R,R)-tartaric acid (formed by hydrolysis of 2) as a
function of time (the 1H NMR chemical shift of the CH groups of (R,R)-
tartaric acid is concentration and/or pH dependent). The pH value given
was measured directly after sample preparation.


Figure 9. 29Si NMR spectra (23 8C, 99.4 MHz; number of scans: 2048) of a
10 mm solution of 2 in water (D2O; pH 5.8�0.2) measured 12 h (bottom)
and 31 days (top), respectively, after sample preparation. The pH value
given was measured directly after sample preparation.
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To obtain more information about the influence of the
ammonium center and the length of the spacer between the
silicon and nitrogen atoms on the stability of the title com-
pounds in water, time-dependent 1H NMR spectroscopic ex-
periments with solutions in D2O (10 mm) were performed
(Figures 10 and 11). To ensure that the slightly different
starting pH values of the samples did not significantly affect
the kinetics of the hydrolysis, an additional NMR experi-
ment on a solution of 3 and 6 (5 mm each; pH 6.0�0.2) in
one NMR tube was carried out. The kinetic values mea-
sured were almost identical with those obtained from solu-
tions containing 3 (pH 6.4�0.2) or 6 (pH 5.9�0.2) separate-
ly.


The NH-containing zwitterionic l5Si,l5Si’-disilicates 1–3
(N ACHTUNGTRENNUNG(CH3)nH3�n groups, n=0–2) undergo very slow hydrolysis
(35–45% hydrolysis after 300 h), thus showing very similar
kinetic behavior (Figure 10). In contrast, derivative 6


ACHTUNGTRENNUNG(N ACHTUNGTRENNUNG(CH3)3 groups) hydrolyzes much faster (almost complete
hydrolysis after 150 h). The zwitterionic l5Si,l5Si’-disilicates
4 (Si ACHTUNGTRENNUNG(CH2)2N groups), 5 (Si ACHTUNGTRENNUNG(CH2)3N groups), and 8 (2-(dime-
thylammonio)phenyl groups) hydrolyze much faster than 1
(SiCH2N groups; Figure 11). Compound 7 (3-(1-methylimi-
dazolio)methyl groups) hydrolyzes faster than 1–3 but
slower than 6 (all these compounds contain SiCH2N
groups).


To obtain information about the influence of the concen-
tration of the l5Si,l5Si’-disilicate on the kinetics of the hy-
drolysis, an 1H NMR experiment with two different starting
concentrations of 2 (c=10 and 40 mm) was performed
(Figure 12). The degree of hydrolysis after about 300 h was


38% (c=10 mm) and 17% (c=40 mm), respectively, which
corresponds to a silanetriol concentration of 7.6 mm (10 mm


sample) and 14 mm (40 mm sample), respectively. Compared
to the saturation concentration of ortho-silicic acid at room
temperature (about 2 mm), the concentration of the silane-
triol 18 was significantly higher (by a factor of 3.8 and 7, re-
spectively).


From these studies, the following conclusions can be
drawn:


1) The presence of SiCH2N groups (1–3 and 6) favors the
hydrolytic stability of the zwitterionic l5Si,l5Si’-disili-
cates, whereas the elongation of the spacers between the
silicon and nitrogen atoms (4 and 5) leads to significant


Scheme 8. Equilibrium between the zwitterionic l5Si-silicate 25 and sil-
sesquioxanes (formed by hydrolysis/condensation reactions) in aqueous
solution.


Figure 10. Kinetics of the hydrolysis of 1–3 and 6 upon dissolution in
D2O (10 mm ; pH 6.2�0.2 (1), 5.8�0.2 (2), 6.4�0.2 (3), 5.9�0.2 (6)).
The experimental data were extracted from 1H NMR spectra (23 8C,
500.1 MHz) in which the CH resonance signals of the zwitterionic
l5Si,l5Si’-disilicates and free (R,R)-tartaric acid served as the probe. The
pH values given were measured directly after sample preparation.


Figure 11. Kinetics of the hydrolysis of 3–5 and 7–8 upon dissolution in
D2O (10 mm ; pH 6.4�0.2 (3), 5.6�0.2 (4), 5.5�0.2 (5), 6.2�0.2 (7),
5.9�0.2 (8)). The experimental data were extracted from 1H NMR spec-
tra (23 8C, 500.1 MHz) in which the CH resonance signals of the zwitter-
ionic l5Si,l5Si’-disilicates and free (R,R)-tartaric acid served as the probe.
The pH values given were measured directly after sample preparation.


Figure 12. Kinetics of the hydrolysis of 2 upon dissolution in D2O at two
different concentrations (10 mm, pH 6.4�0.2; 40 mm, pH 6.3�0.2). The
experimental data were extracted from 1H NMR spectra (23 8C,
500.1 MHz) in which the CH resonance signals of the zwitterionic
l5Si,l5Si’-disilicates and free (R,R)-tartaric acid served as the probe. The
pH values given were measured directly after sample preparation.
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destabilization. One might speculate that the positively
charged CH2N ACHTUNGTRENNUNG(CH3)nH3�n group (n=0–3) next to the sil-
icon atom stabilizes the zwitterionic l5Si,l5Si’-disilicates.


2) The presence of NH groups (SiCH2NH moieties) favors
the hydrolytic stability as well, thus suggesting that intra-
molecular N�H···O hydrogen bonds may play an impor-
tant role in stabilizing the zwitterionic l5Si,l5Si’-disili-
cates.


3) As all the zwitterionic l5Si,l5Si’-disilicates studied under-
go complete hydrolysis (with no indication of a thermo-
dynamic equilibrium), the above-mentioned stabilizing
effects have to be understood in terms of kinetic stabili-
zation.


ESI-MS studies : The stability of the zwitterionic l5Si,l5Si’-
disilicates 1–8 in aqueous solution was also investigated by
ESI mass spectrometric experiments (measuring range: ACHTUNGTRENNUNGm/z
50–1000). For this purpose, aqueous solutions were analyzed
at 20 8C. Exemplarily, the results for 2 are depicted in
Figure 13.


The mass spectrum of a freshly prepared aqueous solution
of 2 shows signals for protonated 2 (m/z 439 [2+H+]), the
ammonium adduct of 2 (m/z 456 [2+NH4


+]), and the
sodium cation adduct of 2 (m/z 461 [2+Na+]; Figure 13A).
The mass spectrum recorded 24 h after sample preparation
at 20 8C shows a new signal, which can be assigned to the
hydrolysis product [(dimethylammonio)methyl]silanetriol
(18 ; m/z 124), a signal for protonated 18 with decreased in-
tensity (m/z 439), and a signal for an adduct consisting of 2
and 18 (m/z 562; Figure 13B). The mass spectra of aqueous
solutions of the other l5Si,l5Si’-disilicates (1 and 3–8) also
showed signals of the respective protonated zwitterions,
their respective sodium cation adducts, and the respective
cationic organylsilanetriols. Additional HRMS–ESI-MS
studies of an aqueous solution of 2 and 6 confirmed the
identities of the respective hydrolysis products 18 (calcd:
m/z 124.04245; found: 124.04263) and 22 (calcd: ACHTUNGTRENNUNGm/z
152.07375; found: 152.07367).


Conclusion


With the syntheses of compounds 2–8, derivatives of (D,D)-
bis[(ammonio)methyl]bis[m-(R,R)-tartrato(4�)-O1,O2 :ACHTUNGTRENNUNGO3,O4]-
ACHTUNGTRENNUNGdiACHTUNGTRENNUNGsilicate (1; herein resynthesized by using a modified proce-
dure),[3] a series of new zwitterionic spirocyclic l5Si,l5Si’-disi-
licates with two SiO4C skeletons have been prepared. These
optically active binuclear silicon(IV) complexes contain two
bridging tetradentate (R,R)-tartrato(4�) ligands and one
(ammonio)alkyl group bound to each of the two silicon co-
ordination centers. The absolute configuration of the (R,R)-
tartrato(4�) ligands controls the absolute stereochemistry at
the two silicon atoms (each with a D configuration) of com-
pounds 1–8, which were all obtained as diastereomerically
and enantiomerically pure products. Compounds 2·6H2O,
3·2CH3CN, 4·5/2CH3CN, 6·MeOH, 7, and 8·CH3OH·CH3CN


were structurally characterized by single-crystal X-ray dif-
fraction. According to these studies, the silicon-coordination
polyhedra are best described as distorted trigonal bipyra-
mids, with Berry distortions ranging from 14.5 to 42.7%. As
shown by multinuclear NMR studies, 1–8 exist in solution as
well (solvent: dimethyl sulfoxide (DMSO)).


Upon dissolution in water, the zwitterionic l5Si,l5Si’-disili-
cates 1–8 undergo hydrolysis to give (R,R)-tartaric acid and
the respective [(ammonio)organyl]silanetriols (17–24). How-
ever, some of these pentacoordinate silicon compounds (1–
3) display remarkable stability in aqueous solution at 20 8C
and hydrolyze very slowly (35–45% hydrolysis after 300 h).
Structure–reactivity studies (kinetic NMR-spectroscopic in-
vestigations) demonstrated that the presence of both
SiCH2N moieties and NH groups favors hydrolytic stability.


Figure 13. Partial high-resolution (HR) MS–ESI-MS spectra of 2 in aque-
ous solution measured 5 min (A) and 24 h (B), respectively, after sample
preparation at 20 8C (see the Experimental Section). A) The spectrum
shows signals of protonated 2 (m/z 439.04737), the ammonium adduct of
2 (m/z 456), and the sodium cation adduct of 2 (m/z 461). B) The spec-
trum shows the signals of 18 (m/z 124.04263), protonated 2 (m/z 439),
and the adduct of 2 and 18 (m/z 562).
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Most surprisingly, the [(ammonio)organyl]silanetriols re-
sulting from the hydrolysis of 1–8, the cationic species 17–
24, display remarkable stability in aqueous solution. The for-
mation of small amounts of silsesquioxanes (formed by the
condensation of 17–24) cannot be totally ruled out, but
under the experimental conditions used no condensation
products could be detected by NMR-spectroscopic and ESI
mass spectrometric studies. Aqueous solutions of 1–8 (c=


10 mm) did not undergo gel formation at 20 8C over six
months.


The high hydrolytic stability of some of the zwitterionic
l5Si,l5Si’-disilicates is one of the most remarkable results re-
ported herein, thus demonstrating the existence of optically
active, configurationally stable pentacoordinate silicon(IV)
complexes in aqueous solution, with a large window of time
for further experiments with these solutions. The second
most remarkable finding is the high stability of the [(ammo-
nio)organyl]silanetriols 17–24 in aqueous solution at 20 8C.
Future studies are needed to evaluate the potential of these
results for practical applications.


Experimental Section


General procedures : All syntheses were carried out under dry argon. The
organic solvents were dried and purified according to standard proce-
dures and stored under nitrogen. The melting points were determined
with a B=chi Melting Point B-540 apparatus using samples in sealed ca-
pillaries. Compounds 10–12 and 16 were prepared according to proce-
dures given in refs. [4–7]. Compound 13 was purchased from ABCR. The
solution 1H, 13C, and 29Si NMR spectra were recorded at 23 8C on a
Bruker DRX-300 (1H: 300.1 MHz; 13C: 75.5 MHz; 29Si: 59.6 MHz; 5, 9,
and 15), Bruker Avance 400 (1H: 400.1 MHz; 13C: 100.6 MHz; 29Si:
79.5 MHz; 14), or Bruker Avance 500 NMR spectrometer (1H:
500.1 MHz; 13C: 125.8 MHz; 29Si: 99.4 MHz; 1–4, 6·CH3OH, 7, and
8·CH3OH·CH3CN) using C6D6, [D6]DMSO, or D2O as the solvent. Chem-
ical shifts (ppm) were determined relative to internal C6HD5 (1H: d=


7.28 ppm, C6D6), [D5]DMSO (1H: d=2.49 ppm, [D6]DMSO), HDO (1H:
d=4.70 ppm, D2O), C6D6 (13C: d =128.0 ppm, C6D6), [D6]DMSO (13C:
d=39.5 ppm, [D6]DMSO), or external tetramethylsilane (TMS) (13C: d=


0 ppm, D2O; 29Si: d =0 ppm, C6D6, [D6]DMSO, D2O). Assignment of the
13C NMR data was supported by DEPT 135, 13C,1H HMQC, and 13C,1H
HMBC experiments. Solid-state 13C, 15N, and 29Si VACP/MAS NMR
spectra were recorded at 22 8C on a Bruker DSX-400 NMR spectrometer
with bottom-layer rotors of ZrO2 (diameter: 7 mm) containing approxi-
mately 50 mg of sample (13C: 100.6 MHz; 15N: 40.6 MHz; 29Si: 79.5 MHz;
external standard TMS (13C, 29Si: d=0 ppm) or glycine (15N: d=


�342.0 ppm); contact time: 1 ms (13C), 3 ms (15N), or 5 ms (29Si); 908 1H
transmitter pulse length: 3.6 ms; repetition time: 4 s). Optical rotations
were measured at 20 8C with a JASCO polarimeter P-1030; DMSO was
the solvent.


ACHTUNGTRENNUNG(D,D)-Bis ACHTUNGTRENNUNG[(ammonio)methyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2 :O3,O4] ACHTUNGTRENNUNGdi-
ACHTUNGTRENNUNGsilicate (1): Compound 9 (151 mg, 998 mmol) was added in one single por-
tion at 20 8C to a stirred solution of (R,R)-tartaric acid (150 mg,
999 mmol) in a mixture of acetonitrile (10 mL) and methanol (10 mL).
The reaction mixture was stirred at 20 8C for 10 min and kept undistur-
bed at 20 8C for 10 days. After the addition of water (20 mL), the reaction
mixture was stirred under reflux for 1 h and kept undisturbed at 20 8C for
two days. The resulting precipitate was isolated by filtration, washed with
cold methanol (4 8C; 3N5 mL), and dried in vacuo (0.01 mbar, 80 8C, 5 h)
to give 1 in (162 mg, 395 mmol; 79% yield) as a colorless solid. M.p.
>3908C (decomp); [a]20D =++90.0 (c=0.5, DMSO); 1H NMR ([D6]DMSO):
d=2.08 and 2.13 (AB system, 2J ACHTUNGTRENNUNG(H,H)=16.0 Hz, 4H; SiCHAHBN), 4.15
(s, 4H; CH), 7.1 ppm (br s, 6H; NH); 13C NMR ([D6]DMSO): d =27.8


(SiCH2N), 75.1 (CH), 173.0 ppm (C=O); 29Si NMR ([D6]DMSO): d=


�91.8 ppm; 1H NMR (D2O): d=2.45 and 2.49 (AB system, 2J ACHTUNGTRENNUNG(H,H)=


16.6 Hz, 4H; SiCHAHBN), 4.59 ppm (s, 4H; CH); 13C NMR (D2O): d=


26.8 (SiCH2N), 75.2 (CH), 175.7 ppm (C=O); 29Si NMR (D2O): d=


�89.9 ppm; 13C VACP/MAS NMR: d =29.1 (SiCH2N), 75.9 (3C) and
76.8 (1C) (CH), 172.5, 175.8, 177.2, and 178.1 ppm (C=O); 15N VACP/
MAS NMR: d =�347.0, �345.3 ppm; 29Si VACP/MAS NMR: d=�91.7,
�90.1 ppm; elemental analysis calcd (%) for C10H14N2O12Si2 (410.40): C
29.27, H 3.44, N 6.83; found: C 29.0, H 3.6, N 6.7.


ACHTUNGTRENNUNG(D,D)-Bis[(methylammonio)methyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2 : ACHTUNGTRENNUNGO3,-
ACHTUNGTRENNUNGO4] ACHTUNGTRENNUNGdisilicate (2): Compound 10 (661 mg, 4.00 mmol) was added at 20 8C
to a stirred solution of (R,R)-tartaric acid (600 mg, 4.00 mmol) in water
(50 mL). The reaction mixture was stirred at 20 8C for 10 min and then
kept undisturbed at 20 8C for eight days (slow evaporation of the water).
The resulting precipitate was isolated by filtration, washed with cold
methanol (4 8C; 3N10 mL), and dried in vacuo (0.01 mbar, 80 8C, 5 h) to
give 2 (635 mg, 1.45 mmol; 72% yield) as a colorless solid. M.p. >350 8C
(decomp); [a]20D =++63.1 (c=0.5, DMSO); 1H NMR ([D6]DMSO): d=


2.21–2.36 (m, 4H; SiCH2N), 2.41–2.46 (m, 6H; NCH3), 4.16 (s, 4H; CH),
7.59–7.85 ppm (m, 4H; NH); 13C NMR ([D6]DMSO): d=36.0 (NCH3),
39.4 (SiCH2N), 75.1 (CH), 172.8 ppm (C=O); 29Si NMR ([D6]DMSO):
d=�93.0 ppm; 1H NMR (D2O): d =2.51 and 2.60 (AB system, 2J ACHTUNGTRENNUNG(H,H)=


16.2 Hz, 4H; SiCHAHBN), 2.56 (s, 6H; NCH3), 4.60 ppm (s, 4H; CH);
13C NMR (D2O): d=35.8 (NCH3), 38.2 (SiCH2N), 75.2 (CH), 175.5 ppm
(C=O); 29Si NMR (D2O): d=�91.4 ppm; 13C VACP/MAS NMR: d=


38.0, 39.9, 42.0, and 43.2 (NCH3, SiCH2N), 75.3 (2C), 76.3 (1C), and 77.1
(1C) (CH), 173.9, 174.2, 174.7, and 176.8 ppm (C=O); 15N VACP/MAS
NMR: d=�345.7 ppm; 29Si VACP/MAS NMR: d =�94.8, �91.8 ppm; el-
emental analysis calcd (%) for C12H18N2O12Si2 (438.45): C 32.87, H 4.14,
N 6.39; found: C 32.8, H 4.2, N 6.3.


ACHTUNGTRENNUNG(D,D)-Bis[(dimethylammonio)methyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2 :-
ACHTUNGTRENNUNGO3, ACHTUNGTRENNUNGO4] ACHTUNGTRENNUNGdisilicate (3): Compound 11 (179 mg, 998 mmol) was added at
20 8C to a stirred solution of (R,R)-tartaric acid (150 mg, 999 mmol) in a
mixture of acetonitrile (15 mL) and methanol (30 mL). The reaction mix-
ture was stirred at 20 8C for 10 min and kept undisturbed at 20 8C for six
days. The resulting precipitate was isolated by filtration, washed with
methanol (2N3 mL), and dried in vacuo (0.01 mbar, 40 8C, 8 h) to give 3
(209 mg, 448 mmol; 90% yield) as a colorless solid. M.p. >390 8C
(decomp); [a]20D =++42.1 (c=0.5, DMSO); 1H NMR ([D6]DMSO): d=


2.46–2.54 (m, 2H; SiCH2N), 2.60–2.67 (m, 8H; SiCH2N, NCH3), 2.73–
2.80 (m, 6H; NCH3), 4.19 (s, 4H; CH), 8.2 ppm (br s, 2H; NH);
13C NMR ([D6]DMSO): d =45.2 and 46.8 (NCH3), 49.8 (SiCH2N), 75.0
(CH), 172.7 ppm (C=O); 29Si NMR ([D6]DMSO): d =�94.2 ppm;
1H NMR (D2O): d=2.71 and 2.86 (AB system, 2J ACHTUNGTRENNUNG(H,H)=16.1 Hz, 4H;
SiCHAHBN), 2.75 (s, 6H; NCH3), 2.84 (s, 6H; NCH3), 4.63 ppm (s, 4H;
CH); 13C NMR (D2O): d =45.7 (NCH3), 47.2 (NCH3), 49.0 (SiCH2N),
75.2 (CH), 175.4 ppm (C=O); 29Si NMR (D2O): d=�92.6 ppm; 13C
VACP/MAS NMR: d=47.4 (2C), 48.2 (1C), 50.0 (1C), 52.0 (1C), and
54.8 (1C) (NCH3, SiCH2N), 74.4, 75.6, 76.2, and 77.5 (CH), 171.3, 172.3,
172.8, and 173.4 ppm (C=O); 15N VACP/MAS NMR: d =�340.0 ppm;
29Si VACP/MAS NMR: d=�97.1, �93.7 ppm; elemental analysis calcd
(%) for C14H22N2O12Si2 (466.51): C 36.05, H 4.75, N 6.00; found: C 35.8,
H 4.5, N 6.0.


ACHTUNGTRENNUNG(D,D)-Bis[2-(dimethylammonio)ethyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2 :-
ACHTUNGTRENNUNGO3, ACHTUNGTRENNUNGO4] ACHTUNGTRENNUNGdisilicate (4): Compound 12 (193 mg, 998 mmol) was added at
20 8C to a stirred solution of (R,R)-tartaric acid (150 mg, 999 mmol) in a
mixture of acetonitrile (40 mL) and methanol (40 mL). The reaction mix-
ture was stirred at 20 8C for 10 min and kept undisturbed at 20 8C for
three days. The resulting precipitate was isolated by filtration, washed
with methanol (2N5 mL), and dried in vacuo (0.01 mbar, 20 8C, 6 h) to
give 4 (195 mg, 394 mmol; 79% yield) as a colorless solid. M.p. >360 8C
(decomp); [a]20D =++7.7 (c=0.5, DMSO); 1H NMR ([D6]DMSO): d=


0.83–0.95 (m, 4H; SiCH2C), 2.68 (s, 12H; NCH3), 2.89–2.98 (m, 4H;
CCH2N), 4.08 (s, 4H; CH), 8.7 ppm (br s, 2H; NH); 13C NMR
([D6]DMSO): d=14.1 (SiCH2C), 41.2 (NCH3), 55.5 (CCH2N), 75.0 (CH),
172.9 ppm (C=O); 29Si NMR ([D6]DMSO): d =�87.3 ppm; 13C VACP/
MAS NMR (data for two crystallographically independent zwitterions):
d=12.3–17.6 (SiCH2C), 39.4–48.7 (NCH3), 53.5–59.3 (CCH2N), 75.9 (4C)
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and 76.3 (4C) (CH), 171.7–179.8 ppm (C=O); 15N VACP/MAS NMR
(data for two crystallographically independent zwitterions): d=�333.3,
�332.6, �331.3, and �329.1 ppm; 29Si VACP/MAS NMR (data for two
crystallographically independent zwitterions): d =�85.5 ppm; elemental
analysis calcd (%) for C16H26N2O12Si2 (494.56): C 38.86, H 5.30, N 5.66;
found: C 38.8, H 5.4, N 5.7.


ACHTUNGTRENNUNG(D,D)-Bis[3-(dimethylammonio)propyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2 :-
ACHTUNGTRENNUNGO3, ACHTUNGTRENNUNGO4] ACHTUNGTRENNUNGdisilicate (5): Compound 13 (622 mg, 3.00 mmol) was added at
20 8C to a stirred solution of (R,R)-tartaric acid (450 mg, 3.00 mmol) in a
mixture of acetonitrile (40 mL) and methanol (40 mL). The reaction mix-
ture was stirred at 20 8C for 10 min and kept undisturbed at 20 8C for
12 days. The resulting precipitate was isolated by filtration, washed with
methanol (5 mL), and dried in vacuo (0.01 mbar, 20 8C, 6 h) to give 5
(751 mg, 1.44 mmol; 96% yield) as a colorless solid. M.p. >330 8C
(decomp); 1H NMR ([D6]DMSO): d =0.39–0.48 (m, 4H; SiCH2C), 1.45–
1.60 (m, 4H; CCH2C), 2.69 (s, 12H; NCH3), 2.84–2.99 (m, 4H; CCH2N),
4.05 (s, 4H; CH), 9.1 ppm (br s, 2H; NH); 13C NMR ([D6]DMSO): d=


14.7 (SiCH2C), 19.8 (CCH2C), 42.3 (NCH3), 59.6 (CCH2N), 75.1 (CH),
173.4 ppm (C=O); 29Si NMR ([D6]DMSO): d =�84.0 ppm; 13C and 15N
VACP/MAS NMR: only poorly resolved spectra were obtained due to
the amorphous nature of the sample material; 29Si VACP/MAS NMR:
d=�83.2, �82.4 ppm; elemental analysis calcd (%) for C18H30N2O12Si2
(522.61): C 41.37, H 5.79, N 5.36; found: C 40.1, H 5.8, N 5.3.


ACHTUNGTRENNUNG(D,D)-Bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2:O3,O4]bis[(trimethyl ACHTUNGTRENNUNGam ACHTUNGTRENNUNGmonio) ACHTUNGTRENNUNGme-
ACHTUNGTRENNUNGthyl] ACHTUNGTRENNUNGdi ACHTUNGTRENNUNGsilicate·methanol (6·CH3OH): A solution of 14 (402 mg,
1.25 mmol) in acetonitrile (20 mL) was added at 20 8C under the exclu-
sion of light to a stirred solution of (R,R)-tartaric acid (188 mg,
1.25 mmol) in a mixture of acetonitrile (5 mL) and methanol (15 mL).
The reaction mixture was stirred at 20 8C for 30 min and kept undistur-
bed at 20 8C for 10 days under the exclusion of light. The resulting precip-
itate was isolated by filtration, washed with cold methanol (4 8C; 1 mL),
and dried in a stream of argon gas (20 8C, 2 h) to give 6·CH3OH
(78.0 mg, 148 mmol; 24% yield) as a colorless solid. M.p. >400 8C; [a]20D =


+76.3 (c=0.5, DMSO); 1H NMR ([D6]DMSO): d=2.94 (s, 4H;
SiCH2N), 3.04 (s, 18H; NCH3), 3.16 (d, 3J ACHTUNGTRENNUNG(H,H)=5.3 Hz, 3H; CH3OH),
4.08 (q, 3J ACHTUNGTRENNUNG(H,H)=5.3 Hz, 1H; CH3OH), 4.25 ppm (s, 4H; CH); 13C NMR
([D6]DMSO): d=48.6 (CH3OH), 55.3 (NCH3), 60.0 (SiCH2N), 74.7
(CH), 172.2 ppm (C=O); 29Si NMR ([D6]DMSO): d =�95.7 ppm;
1H NMR (D2O): d=3.05 and 3.06 (AB system, 2J ACHTUNGTRENNUNG(H,H)=15.4 Hz, 4H;
SiCHAHBN), 3.07 (s, 18H; NCH3), 3.25 (s, 3H; CH3OH), 4.65 ppm (s,
4H; CH); 13C NMR (D2O): d=48.8 (CH3OH), 56.4 (t, 1J ACHTUNGTRENNUNG(C,N)=3.7 Hz;
NCH3), 59.7 (t, 1J ACHTUNGTRENNUNG(C,N)=2.3 Hz; SiCH2N), 74.9 (CH), 174.9 ppm (C=O);
29Si NMR (D2O): d=�94.0 ppm; 13C VACP/MAS NMR: d=50.1
(CH3OH), 57.0 (NCH3), 59.5 and 62.9 (SiCH2N), 75.7 (2C) and 76.2 (2C)
(CH), 174.4 (2C) and 175.0 (2C) ppm (C=O); 15N VACP/MAS NMR:
d=�329.1, �328.4 ppm; 29Si VACP/MAS NMR: d=�94.5, �92.3 ppm;
elemental analysis calcd (%) for C17H30N2O13Si2 (526.60): C 38.77, H
5.74, N 5.32; found: C 38.6, H 5.7, N 5.4.


ACHTUNGTRENNUNG(D,D)-Bis[3-(1-methylimidazolio)methyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,-
ACHTUNGTRENNUNGO2 : ACHTUNGTRENNUNGO3, ACHTUNGTRENNUNGO4] ACHTUNGTRENNUNGdisilicate (7): A solution of 15 (344 mg, 999 mmol) in acetoni-
trile (10 mL) was added at 20 8C under the exclusion of light to a stirred
solution of (R,R)-tartaric acid (150 mg, 999 mmol) in a mixture of acetoni-
trile (10 mL) and methanol (10 mL). The reaction mixture was stirred at
20 8C for 5 min and kept undisturbed at 20 8C for four days under the ex-
clusion of light. The resulting precipitate was isolated by filtration and
dissolved in hot water (60 8C; 20 mL), and the solution was cooled slowly
to 4 8C and kept undisturbed at this temperature for four days. The re-
sulting precipitate was isolated by filtration, washed with cold water
(4 8C; 5 mL), and dried in vacuo (0.01 mbar, 40 8C, 3 h) to give 7 (256 mg,
474 mmol; 95% yield) as a colorless solid. M.p. >400 8C; [a]20D =++13.4
(c=0.5, DMSO); 1H NMR ([D6]DMSO): d=3.69 and 3.71 (AB system,
2J ACHTUNGTRENNUNG(H,H)=16.0 Hz, 4H; SiCHAHBN), 3.77 (s, 6H; NCHCHNCH3), 4.17 (s,
4H; CH), 7.41–7.43 (m, 2H; NCHCHNCH3), 7.53–7.54 (m, 2H;
NCHCHNCH3), 8.80–8.82 ppm (m, 2H; NCHN); 13C NMR
([D6]DMSO): d=35.3 (NCHCHNCH3), 40.7 (SiCH2N), 74.9 (CH), 122.6
(NCHCHNCH3), 123.7 (NCHCHNCH3), 135.9 (NCHN), 172.5 ppm (C=


O); 29Si NMR ([D6]DMSO): d=�94.0 ppm; 1H NMR (D2O): d=3.75 (s,
6H; NCHCHNCH3), 3.83 and 3.90 (AB system, 2J ACHTUNGTRENNUNG(H,H)=16.4 Hz, 4H;


SiCHAHBN), 4.53 (s, 4H; CH), 7.18–7.20 (m, 2H; NCHCHNCH3), 7.25–
7.27 (m, 2H; NCHCHNCH3), 8.42–8.44 ppm (m, 2H; NCHN); 13C NMR
(D2O): d=35.5 (NCHCHNCH3), 39.6 (SiCH2N), 75.0 (CH), 123.2 and
123.3 (NCHCHNCH3, NCHCHNCH3), 135.9 (NCHN), 175.2 ppm (C=


O); 29Si NMR (D2O): d=�91.8 ppm; 13C VACP/MAS NMR (data for
two crystallographically independent zwitterions): d=35.1 (1C), 36.8
(3C), 38.9 (2C), and 40.4 (2C) (NCHCHNCH3, SiCH2N), 75.4 (1C) and
76.3 (7C) (CH), 121.6–127.8 (NCHCHNCH3, NCHCHNCH3), 134.5
(1C), 136.0 (2C), and 136.9 (1C) (NCHN), 172.1 (2C), 174.4 (2C), 176.0
(1C), 176.5 (1C), 177.3 (1C), and 178.8 (1C) ppm (C=O); 15N VACP/
MAS NMR (data for two crystallographically independent zwitterions):
d=�205.9 (3N), �204.8 (1N), �200.2 (1N), �197.4 (1N), �196.0 (1N),
and �192.7 (1N) ppm (NCHCHNCH3, NCHCHNCH3);


29Si VACP/MAS
NMR (data for two crystallographically independent zwitterions): d=


�91.5 (1Si), �90.1 (3Si) ppm; elemental analysis calcd (%) for
C18H20N4O12Si2 (540.55): C 40.00, H 3.73, N 10.36; found: C 40.0, H 3.8,
N 10.4.


ACHTUNGTRENNUNG(D,D)-Bis[2-(dimethylammonio)phenyl]bis[m- ACHTUNGTRENNUNG(R,R)-tartrato(4�)-O1,O2:-
ACHTUNGTRENNUNGO3,O4] ACHTUNGTRENNUNGdisilicate·acetonitrile·methanol (8·CH3OH·CH3CN): Compound 16
(241 mg, 998 mmol) was added at 20 8C to a stirred solution of (R,R)-tar-
taric acid (150 mg, 999 mmol) in a mixture of acetonitrile (5 mL) and
methanol (15 mL). The reaction mixture was stirred at 20 8C for 5 min
and kept undisturbed at 20 8C for eight days. The resulting precipitate
was isolated by filtration, washed with methanol (2N5 mL), and dried in
a stream of argon gas (20 8C, 1 h) to give 8·CH3OH·CH3CN (290 mg,
437 mmol; 88% yield) as a colorless solid. M.p. >250 8C (decomp);
[a]20D =�11.4 (c=0.5, DMSO); 13C VACP/MAS NMR: d=1.4 (CH3CN),
44.3 (CH3OH), 49.8 (NCH3), 75.6 (2C) and 76.5 (2C) (CH), 120.8 (2C),
130.9 (2C), 133.2 (2C), 137.8 (2C), 146.1 (2C), and 147.8 (2C) (C6H4),
169.1, 170.0, 173.2, and 174.6 ppm (C=O); 15N VACP/MAS NMR: d=


�324.6, �321.4 ppm (CH3CN not detected); 29Si VACP/MAS NMR: d=


�97.9, �96.2 ppm. Upon dissolution of 8·CH3OH·CH3CN in [D6]DMSO
(35 mgmL�1), the existence of three species (8a–c) was observed, with a
molar equilibrium ratio 8a/8b/8c=0.84:0.08:0.08; 1H NMR
([D6]DMSO): 8a : d=2.06 (s, 3H; CH3CN), 3.16 (s, 3H; CH3OH), 3.34
(br s, 12H; NCH3), 4.39 (s, 4H; CH), 7.42–7.49, 7.53–7.58, 7.69–7.75, and
7.77–7.84 (m, 8H; SiC6H4N), 9.2 ppm (br s, 2H, NH); 13C NMR
([D6]DMSO): 8a : d=1.14 (CH3CN), 46.3 and 47.7 (NCH3), 48.6
(CH3OH), 75.2 (CH), 119.6, 128.6, and 130.4 (C6H4), 134.5 (C1, C6H4),
136.0 (C6H4), 146.4 (C2, C6H4), 171.3 ppm (C=O); 29Si NMR
([D6]DMSO): 8a : d=�97.1 ppm; 8b : d=�97.5 ppm; 8c : d=


�106.0 ppm; elemental analysis calcd (%) for C27H33N3O13Si2 (663.74): C
48.86, H 5.01, N 6.33; found: C 48.6, H 4.8, N 6.4.


(Aminomethyl)trimethoxysilane (9): A mixture of (chloromethyl)trime-
thoxysilane (17.4 g, 102 mmol) and ammonia (86.8 g, 5.10 mol) was
heated in an autoclave at 100 8C/65 bar for 6 h. The reaction mixture was
allowed to cool to 20 8C and then stirred at this temperature for a further
13 h in the autoclave. The excess of ammonia was evaporated, and n-pen-
tane (300 mL) was added to the residue. The resulting precipitate was fil-
tered off, washed with n-pentane (3N100 mL), and then discarded. The
solvent was removed from the filtrate under reduced pressure, and the
residue was distilled in vacuo (Vigreux column) to give 9 (4.88 g,
32.3 mmol; 32% yield) as a colorless liquid. B.p. 83 8C/19 mbar; 1H NMR
(C6D6): d=0.7 (br s, 2H; NH2), 2.34 (s, 2H; SiCH2N), 3.60 ppm (s, 9H;
OCH3);


13C NMR (C6D6): d=25.2 (SiCH2N), 50.5 ppm (OCH3);
29Si


NMR (C6D6): d=�46.9 ppm; elemental analysis calcd (%) for
C4H13NO3Si (151.24): C 31.77, H 8.66, N 9.26; found: C 31.6, H 8.6, N
8.9.


Trimethyl[(trimethoxysilyl)methyl]ammonium iodide (14): (Compound
14 has already been reported as an intermediate,[11] but has not been
characterized.) Iodomethane (19.3 g, 136 mmol) was added at 20 8C
within 30 min to a stirred solution of 11 (4.07 g, 22.7 mmol) in acetonitrile
(100 mL) under the exclusion of light, and the resulting mixture was
stirred under reflux for 2 h (exclusion of light). The reaction mixture was
allowed to cool to 20 8C and stirred at this temperature for a further 18 h.
The solvent and excess iodomethane were removed under reduced pres-
sure, and the residue was washed successively with cold acetonitrile
(4 8C; 5 mL) and diethyl ether (40 mL) and dried in vacuo (0.01 mbar,
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40 8C, 4 h) to give 14 (6.69 g, 20.8 mmol; 92% yield) as a pale yellow
solid. M.p. 125 8C; 1H NMR ([D6]DMSO): d=3.14 (s, 9H; NCH3), 3.23
(s, 2H; SiCH2N), 3.59 ppm (s, 9H; OCH3);


13C NMR ([D6]DMSO): d=


50.9 (OCH3), 51.7 (SiCH2N), 55.9 ppm (NCH3);
29Si NMR ([D6]DMSO):


d=�56.1 ppm; elemental analysis calcd (%) for C7H20INO3Si (321.23): C
26.17, H 6.28, N 4.36; found: C 25.8, H 6.0, N 4.3.


1-Methyl-3-[(trimethoxysilyl)methyl]imidazolium iodide (15): (Iodome-
thyl)trimethoxysilane[6] (7.86 g, 30.0 mmol) was added at 20 8C to a stirred
solution of 1-methylimidazole (2.46 g, 30.0 mmol) in cyclohexane
(30 mL). The resulting mixture was stirred at 80 8C for 21 h under the ex-
clusion of light and then cooled to 20 8C. The lower layer of the resulting
two-phase system was separated with a syringe, washed with cyclohexane
(5N20 mL) and dried in vacuo (0.01 mbar, 50 8C, 8 h) to give 15 (7.26 g,
21.1 mmol; 70% yield) as a pale yellow solid. M.p. 57 8C; 1H NMR
([D6]DMSO): d=3.53 (s, 9H; OCH3), 3.86 (s, 3H; NCHCHNCH3), 4.03
(s, 2H; SiCH2N), 7.53–7.58 and 7.68–7.72 (m, 2H; NCHCHNCH3), 8.93–
8.96 ppm (m, 1H; NCHN); 13C NMR ([D6]DMSO): d=33.7 (SiCH2N),
35.8 (NCHCHNNCH3), 50.8 (OCH3), 123.5 and 123.7 (NCHCHNCH3),
136.3 ppm (NCHN); 29Si NMR ([D6]DMSO): d=�54.8 ppm; elemental
analysis calcd (%) for C8H17IN2O3Si (344.22): C 27.91, H 4.98, N 8.14;
found: C 27.5, H 4.7, N 8.4.


ESI-MS studies : Aqueous solutions of 1–8 were prepared by dissolving
the test compounds (2 mg) in water (2 mL; HPLC gradient grade
(Acros)). The ESI-MS measurements were performed with a Finnigan
MAT triple-stage quadrupole TSQ 7000 mass spectrometer with an ESI
interface, using Finnigan Xcalibur 1.2 software. Nitrogen served as the
sheath gas. The electrospray ionization parameters were as follows: tem-
perature of the heated capillary: 220 8C; electrospray capillary voltage:
4.0 kV; sheath gas: 70 psi (1 psi=6894.74 Pa). For the measurements, the
sample solutions were continuously delivered at a flow rate of
20 mLmin�1 with a syringe-pump system (Harvard apparatus, No. 22,
South Natick, MA). Positive ions were detected by scanning from 100 to
700 u with a total scan duration of 1.0 s; 60 scans were collected within
1 min. The multiplier voltage was set to 1.6 kV.


HRMS–ESI-MS studies : Aqueous solutions of 2 and 6 were prepared by
dissolving the test compounds (2 mg) in water (2 mL; HPLC gradient
grade (Acros)). The samples were stored for 20 h at 20 8C and then dilut-
ed with water to a concentration of 2 mm. The ESI-MS measurements
were performed with a Bruker Daltonics micrOTOF focus spectrometer
equipped with an ESI ion source (Apollo).


Crystal structure analyses : Suitable single crystals of 2·6H2O, 3·2CH3CN,
4·5/2CH3CN, 6·MeOH, 7, and 8·CH3OH·CH3CN were isolated directly
from the respective reaction mixtures. Single crystals of 15 were obtained
from a solution of 15 (344 mg) in methanol/diethyl ether (1:2, v/v; 9 mL)
by crystallization at �20 8C over 10 days. The crystals were mounted in
an inert oil (perfluoroalkyl ether (ABCR)) on a glass fiber and then
transferred to the stream of cold nitrogen gas in the diffractometer
(Bruker Nonius KAPPA APEX II (2·6H2O, 3·2CH3CN, 4·5/2CH3CN, 7;
Goebel mirror, MoKa radiation, l =0.71073 K); Stoe IPDS (6·MeOH,
8·MeOH·CH3CN, 15 ; graphite-monochromated MoKa radiation, l=


0.71073 K)). All the structures were solved by direct methods (SHELXS-
97) and refined by full-matrix least-squares methods on F2 for all unique
reflections (SHELXL-97). For the CH hydrogen atoms, a riding model
was employed. CCDC-675290 (2·6H2O), CCDC-675291 (3·2CH3CN),
CCDC-675292 (4·5/2CH3CN), CCDC-675293 (6·MeOH), CCDC-675294
(7), CCDC-675295 (8·CH3OH·CH3CN), and CCDC-675296 (15) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.[12]
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Introduction


Since the discovery of TiO2 properties through irradiation,[1]


which resulted in the chemical mediation of redox processes,
heterogeneous photocatalysis has been mainly employed to
degrade organic and inorganic pollutants in water or air; it
has also been coupled with other technologies.[2] Rutile is


the most stable among TiO2 phases even in strongly acidic
or basic conditions and it is applied in optical devices,
energy resources, high-quality paints and cosmetics. For pho-
tocatalytic reactions, however, the most-used crystalline
phase has been anatase or anatase–rutile mixtures, whereas
pure rutile has been typically considered less (or even not)
active. Nevertheless, many preparations of active rutile have
been reported during the last two decades.[3] Preparation of
rutile has been performed in most cases by calcining anatase
or amorphous samples at approximately 1000 K, but even
some rutile syntheses at low temperature have been report-
ed with better results in terms of activity.[4]


Photocatalytic-selective reactions for synthetic purposes
are not as common as degradations but have been carried
out,[5] although they have been mainly performed either in
organic solvents or in the gas phase.[6] However, hydrocar-
bon oxidation,[7] aromatic hydroxylation,[8] naphthalene oxy-
genation,[9] heterocycle functionalisation[10] and cyclisation
of amino acids[11] are some of the few studies related to the
selectivity of photocatalytic reactions in water.


The need to work on sustainable green chemical routes is
today of primary importance, and photocatalysis, especially
when carried out in organic-free solvents, offers a number of
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cial TiO2 samples (Sigma-Aldrich,
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only byproduct being CO2. This cata-
lyst was found to be the most selective
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were detected besides the aldehyde
and the acid. This finding points to a
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home-prepared samples were also dia-
lysed to check the influence of the
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advantages, the most relevant of which is the use of the sun
as a green and free energy source, even if one considers the
small portion of the solar spectrum that falls into the UV
region. Moreover, heterogeneous photocatalysis requires
neither unhealthy, dangerous heavy-metal catalysts nor
strong chemical oxidant/reducing species to carry out chemi-
cal processes at measurable rates.


Selective oxidation of hydroxyl groups can be considered
a key step in many organic syntheses. Hence, one of the
main goals of current chemistry has been to eliminate the
environmentally harmful conditions in which this process
has usually been carried out,[12] a process that generally in-
volves organic solvents at high temperature and pressure as
well as stoichiometric oxygen donors (such as chromate and
permanganate) that are not only expensive and toxic, but
also produce large amounts of dangerous waste.


Photocatalytic alcohol oxidation has been carried out
either in acetonitrile[13] or in air,[14] but partial oxidation of
aromatic alcohol has only recently been carried out in sus-
pensions of water and home-prepared anatase TiO2,


[15]


which was obtained by boiling a solution of TiCl4. 4-Meth-
ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGbenzyl alcohol (MBA) was partially oxidised to 4-meth-
ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGbenzaldehyde with a selectivity of approximately 41 %
for an alcohol conversion of 65 %. This paper reports a new
method of TiO2 preparation from aqueous solutions of TiCl4


kept at low temperature (333 K) to yield a rutile phase,
which allowed a selectivity of approximately 60 % to be ob-
tained under the same experimental conditions as those pre-
viously reported.[15] It also shows how the partial oxidation
to aldehyde can be carried out with a good selectivity (ca.
38 %) in the case of benzyl alcohol (BA). The obtained re-
sults have been compared with those of three commercial
samples: Sigma-Aldrich (rutile), Degussa P25 (rutile 20 %,
anatase 80 %) and Merck (anatase), each of which showed a
much lower selectivity, even if used in optimised amounts.
Both commercial and home-prepared samples were charac-
terised by using XRD, BET specific surface area determina-
tion and SEM. Moreover, the TiO2 home-prepared sample
was dialysed or calcined (at 673 or 973 K) to investigate the
effect of residual Cl� ions and heating temperature on crys-
tallinity, and hence reaction rate and selectivity.


The concentrations of aromatic alcohols and their oxida-
tion products were monitored during irradiation, and the
amount of mineralisation was recorded by means of a total
organic carbon (TOC) analyser. The aromatic molecules ob-
tained from the oxidation were identified by using HPLC
and GC–MS analyses. The different BA and MBA reaction
rates and selectivities towards aldehyde are discussed and
an explanation is provided on the basis of our results.


Results and Discussion


Catalysts : In the present study the oxidation of BA and of
MBA was performed in a batch photoreactor that contained
aqueous suspensions of home-prepared rutile. Commercial
samples, consisting of rutile (Sigma-Aldrich), anatase


(Merck) or mixtures of the two phases (Degussa P25) were
employed for comparative purposes.


The home-prepared samples were synthesised from solu-
tions of TiCl4. They were prepared by hydrolysing TiCl4 at
room temperature and by treating the resulting solids at dif-
ferent temperatures (up to 973 K) to attain the various sam-
ples. The catalysts are hereafter referred to as “HP” fol-
lowed by a number, which indicates the treatment tempera-
ture in kelvin.


Figure 1 shows the XRD patterns of all of the catalysts.
The pattern of HP298, which was prepared at room temper-


ature, does not show any peaks to indicate crystallinity,
probably due to the very small size of particles and to the
substantial amorphousness of this sample. HP333, prepared
by simply keeping the solution of TiCl4 at 333 K for two
days, is made of a badly crystallised rutile phase. Upon cal-
cining HP333, crystallinity increased with the temperature
treatment; the HP973 diffractogram seems quite similar to
that of the Sigma-Aldrich rutile.


Crystallite and particle agglomeration size along with spe-
cific surface area (SSA) strongly change with treatment tem-
perature (see Table 1). Primary crystallite size, determined
by using the Scherrer equation, shifts from 7 to 41 nm for
home-prepared catalysts, whereas commercial samples show
sizes ranging from 30 to 60 nm. The highest values were ob-
served for HP973 and for commercial TiO2, that is, the most
crystalline catalysts. Particle agglomeration, measured by
using SEM images (not shown for the sake of brevity),
varies from approximately 50 to 215 nm, increasing with
preparation temperature. Specific surface area, along with
crystallite size, depends on the temperature used during the
preparation process. These qualities drastically decrease and
increase, respectively, by raising the temperature. SSA
values between 4 and 215 m2 g�1 were obtained for home-


Figure 1. XRD patterns of home-prepared and commercial TiO2:
A) HP298; B) HP333; C) HP673; D) HP973; E) Sigma-Aldrich; F) De-
gussa P25; G) Merck.
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prepared samples, with the lowest ones being very close to
that of the Sigma-Aldrich sample.


Photoreactivity experiments : Preliminary runs indicated
that no conversion of either alcohol was observed when the
experiment was carried out in a dark environment, both in
the absence and in the presence of catalyst, even when con-
tinuously bubbling oxygen through the sample. Moreover,
oxidation of BA and MBA was carried out in irradiated
aqueous solutions, but in the absence of a catalyst under ex-
perimental conditions similar to those used during the het-
ACHTUNGTRENNUNGero ACHTUNGTRENNUNGgeneous experiments. BA and MBA conversion of 50 %
required reaction times of 176 and 21 h, respectively. As this
conversion was reached in much shorter times in photocata-
lytic runs, it may be assumed that the homogeneous oxida-
tion process plays a negligible role in our heterogeneous sys-
tems.


Photocatalytic oxidation runs were carried out with
amounts of HP333 in the range of 0.2 to 0.6 g L�1 to deter-
mine the amount of catalyst capable of maximising the se-
lectivity towards aldehyde (calculated as the ratio between
the formed aldehyde and the converted alcohol). This study
showed that the selectivities are indeed very close to each
other, regardless of the amount of catalyst. Reaction rate
values are quite different; they increase when using a cata-
lyst amount from 0.2 to 0.4 g L�1 and remain constant for
higher amounts of catalyst, thus indicating that for those
amounts all of the emitted photons are absorbed by the sus-
pension. Consequently, the catalyst amount used in all of
the BA and MBA oxidation runs was 0.4 g L�1. Based on the
above data, this quantity also determined the lowest irradia-
tion time needed to reach 50 % alcohol conversion. All of
the other runs were performed with this amount of TiO2 to
compare the results obtained with HP333 with those of
other catalysts. It should be emphasised that the irradiated
surface of the samples used was very different in some
cases. Selectivity, however, was not significantly influenced
in any case by the amount of solid present in the reacting
medium. The catalyst amounts were decreased to 0.02 g L�1,


thus highlighting that even in this case selectivity does not
change considerably for all of the catalysts.


From the start of irradiation two parallel reaction path-
ways take place: direct mineralisation to CO2 (occurring
through a series of reactions occurring over the catalyst sur-
face and producing intermediates not desorbing to the bulk
of the solution) and partial oxidation to aldehyde. The im-
portance of each of these pathways depends on the physico-
chemical and structural properties of the catalyst, and also
on the features of the reacting alcohols and produced alde-
hydes.


During the BA and MBA photocatalytic oxidation, CO2


was detected and the main products formed were deter-
mined by using TOC and HPLC analyses, respectively. Only
when commercial or calcined (HP673 and HP973) catalysts
were used did we detect CO2 and the corresponding aromat-
ic aldehydes together with many other products, such as
mono- and dihydroxylated aldehydes. On the contrary, for
HP333 the predominant products were the corresponding al-
dehydes and CO2, the other products were present only as
traces. During BA oxidation, traces of benzoic acid were
also found no matter which catalyst was used.


Figures 2 and 3 show the trends of the reagent and main
products (aldehyde and CO2) during the photocatalytic oxi-
dation of BA and MBA carried out with the Sigma-Aldrich


Table 1. Preparation temperature, BET specific surface area, and crystal-
lite size of the catalysts and their photocatalytic performance for the oxi-
dation of aromatic alcohols to aldehydes (catalyst amount: 0.4 gL�1).


Catalyst SSA


ACHTUNGTRENNUNG[m2 g]


Crystallite
size
[nm]


tirr.
[a]


BA
[h]


Selectivity[a]


BA
ACHTUNGTRENNUNG[% mol]


tirr.
[a]


MBA
[h]


Selectivity[a]


MBA
ACHTUNGTRENNUNG[% mol]


HP298 215 – 22.0 12.1 – –
HP333 107 7 8.4 38.2 2.36 60.0
HP333D 107 7 5.3 33.5 2.18 56.2
HP673 35 13 6.0 12.2 2.20 50.1
HP973 4 41 9.4 9.9 3.81 40.0
Sigma-
Aldrich


2.5 52 3.8 9.2 2.15 20.9


Merck 10 60 2.0 7.9 1.50 15.9
Degussa
P25


50 30 1.0 7.8 0.72 8.3


[a] tirr. (irradiation time) and selectivity (to aldehyde) refer to an alcohol
conversion of 50%. Selectivity = (formed aldehyde)/(converted alcohol).


Figure 2. Experimental results of a representative oxidation run of BA
(A) and MBA (B) with rutile TiO2 from Sigma-Aldrich. Conversion (*)
and selectivity (*) are scaled on the right side. The CO2 (~) concentra-
tion values were divided by 7 (A) or 8 (B) for normalisation purposes. &:
[alcohol], ^: [aldehyde] and ~: [other species].
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rutile and with the best-performing home-prepared rutile
(HP333).


The global amount of the organic carbon belonging to
identified (but not quantified separately) and unidentified
(mainly open-ring products) compounds is also reported.
The values reported in Figures 2 and 3 were evaluated from
the difference between initial TOC and the sum of residual
alcohol, produced aldehyde and CO2 (quantified from the
extent of mineralisation, measured by TOC analysis). The
figures also show conversion and selectivity values versus ir-
radiation time. This highlights how selectivity slowly de-
creases during reaction time.


The commercial Sigma-Aldrich, Merck and Degussa P25
samples produced a significant number of species different
from aldehyde and carbon dioxide (Figure 2), whereas
HP333 did not support the production of other species
(Figure 3). This different behaviour can be ascribed to the
considerable presence of hydroxylated aromatic compounds
and open-ring products, which were visible in HPLC chro-
matograms at very low retention times only when commer-
cial and calcined samples were used.


The activity of the home-prepared rutile samples was
always much lower than that of commercial catalysts. HP333
needed 8.4 h to reach 50 % BA conversion, against 3.8, 2.0
and 1.0 h for Sigma-Aldrich, Merck and Degussa P25 sam-


ples, respectively. Interestingly, an increase in crystallinity
by means of thermal treatment resulted in selectivities even
lower than that of HP333.


The most selective rutile sample was HP333 (Table 1),
and the selectivity values drastically decreased from 38.2 to
9.9 % mol (for BA) by increasing the treatment temperature
at which this catalyst was subjected. The selectivity of com-
mercial TiO2 catalysts was four to five times lower than that
of HP333, of which the least selective sample was Degussa
P25. As far as MBA is concerned, the selectivity decreased
from 60 % mol for HP333 to 8.3 % mol for Degussa P25.


The reported selectivity clearly shows an opposing trend
with respect to catalyst activity if comparing HP333 with
commercial samples. The most active catalysts (commer-
cials) are the least selective in the formation of aldehyde.
Furthermore, by comparing home-prepared samples, one
can understand how increasing the treatment temperature
results in decreasing selectivity; this phenomenon can be as-
cribed to a drastic depletion of the surface hydroxylation of
HP673 and HP973.


HP333 powder was subjected to a dialysis treatment to
study the influence of chloride ions on selectivity, as the
samples obtained from TiCl4 can contain not negligible re-
siduals of Cl�. The results attained with HP333D (the dia-
lysed sample) highlighted only a small decrease in selectivity
(from 38.2 to 33.5 % for BA), whereas a significant increase
in activity was evidenced: irradiation time needed to convert
50 % of the initial alcohol decreased from 8.4 to 5.3 h. This
finding, which points to a higher mineralisation when using
the dialysed sample, can be explained by the well-known
detrimental effect of Cl� ions owing to their good properties
as hole traps.[16]


Finally, the run carried out with the catalyst synthesised at
298 K, by simply adding an aqueous solution of NaOH to a
clear solution of TiCl4, gave worse results than that using
HP333 in terms of both activity and selectivity. The former
can be attributed to the absence of crystallinity highlighted
by XRD analysis (Figure 1). The reaction time needed to
reach 50 % conversion was, however, 22 h, a much lower
figure than that found during the homogeneous reaction
(176 h). In any case, the catalyst was found to be active, and
this insight could be explained by two different hypotheses:
1) the presence of small amounts of crystallites, not detecta-
ble through XRD analysis; 2) the occurrence of a photore-
action in the adsorbed phase. On the other hand, selectivity
was considerably lower than that of HP333, highlighting
that lower activity does not always result in higher selectivi-
ty.


Mechanistic aspects : The obtained results clearly indicate
that, whereas home-prepared rutile (HP333) made at low
temperature gave rise only to aldehyde and CO2 for oxida-
tion of both aromatic alcohols, the commercial catalysts and
the calcined home-prepared ones yielded a very unselective
reaction, with the formation of hydroxylated aldehydes and
open-ring products detected during BA oxidation, besides
aldehyde and CO2.


Figure 3. Experimental results of a representative oxidation run of BA
(A) and MBA (B) with rutile TiO2 HP333. Conversion (*) and selectivity
(*) are scaled on the right side. The CO2 (~) concentration values were
divided by 7 (A) or 8 (B) for normalisation purposes. &: [alcohol], ^: [al-
dehyde] and ~: [other species].
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The selectivity results of the oxidation of alcohol to alde-
hyde are surprisingly high (up to 60 % for MBA; the highest
value previously reported for MBA was 41 %), and they
were found by using a home-prepared anatase catalyst.[15] It
should be considered that the reaction takes place in water
without any organic co-solvent. Under these conditions, the
solvent represents a highly unselective medium, in which
the behaviour of hydroxyl radicals is equally unselective. In-
stead the features of the synthesised catalysts allow high se-
lectivity even in this environment.


Table 1 shows how an increase in crystallinity causes a sig-
nificant decrease in selectivity, if we do not consider the
amorphous HP298. This could be ascribed not only to the
different crystallinity, but also to a drastic reduction of sur-
face hydroxyl groups, and hence hydrophilicity of samples,
occurring upon calcination. A current FTIR investigation
we are carrying out is showing how this could determine a
greater difficulty for the produced aldehyde to desorb from
the catalyst surface to the bulk of solution, thus undergoing
further oxidation.


Upon using highly crystalline samples, results of GC–MS
analyses have highlighted the presence of the three isomers
of hydroxybenzaldehyde, but no presence of hydroxybenzyl
alcohol was observed. This could be caused by the much
higher ease of transformation of an aromatic alcohol into an
aldehyde rather than into hydroxybenzyl alcohol isomers.
Moreover, 2,5-dihydroxybenzaldehyde was also detected,
but the presence of other isomers obtained from the en-
trance of a hydroxyl radical at the ring position activated by
the first hydroxyl radical can also be hypothesised, following
a previously reported general behaviour.[8] These recent re-
sults showed that the attack of an OH radical on an aromat-


ic ring takes place in ortho and para positions when an elec-
tron-donor group is present; to the contrary, in its absence
all three of the isomers are formed.


Previously reported results for anatase[15] showed that the
primary oxidation step of MBA involves in any case either
direct mineralisation to CO2 or formation of an aldehyde.
However, no hydroxylated 4-methoxybenzaldehyde isomers
were detected. These species were detected in our investiga-
tion in trace amounts even when using commercial and
highly crystalline (home-prepared) samples.


Scheme 1 shows the hypothesised mechanism for the two
alcohols. Both BA and MBA can either undergo direct min-
eralisation to CO2 (not shown) through adsorbed intermedi-
ates,[15] or be partially oxidised to other aromatic and even-
tually aliphatic compounds.


The first step (Scheme 1A) of BA and MBA partial oxida-
tion to an aldehyde is the abstraction of an electron in the
OH group by a hole (h+ ; abstraction from an aromatic ring
is indeed much more difficult). Once this rate-determining
step has taken place, the subsequent transformations involve
the formation of a �CHO group by means of either an elec-
tron hole or an OH radical.


In addition, it is worth noting that O2
� could play a role


in producing oxidant species (for instance HO2 radicals) by
reacting with H2O.


Benzaldehyde, once formed, can be subjected to a further
attack of OH radicals on the aromatic ring (Scheme 1, step
B). This is the rate-determining step for the production of
hydroxylated aromatic compounds through the elimination
of a hydrogen atom by means of either an electron hole or
an OH radical. All of the monohydroxylated isomers are ob-
tained because an electron-withdrawing group (�CHO) is


Scheme 1. Proposed reaction schemes (it should be considered that all the aromatic compounds reported in the scheme can undergo direct mineralisation
to CO2). R =H, OCH3.
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present (general behaviour previously observed).[8] Analo-
gously, the second hydroxylation can take place in the posi-
tion activated by the first�OH group.


A different fate for benzaldehyde can be oxidation to
benzoic acid by means of hydrogen-atom abstraction from
the aldehydic carbon atom, with formation of an acyl radical
(Scheme 1, step B). Two possibilities of how this occurs
could be 1) an electron transfer to an acyl cation followed
by the attack of a water molecule as depicted in Scheme 1,
or 2) a cross-dimerisation with an OH radical. Considering
that the concentration of these two different radicals should
be rather low, we prefer the first hypothesis.


4-Methoxybenzaldehyde, on the other hand, is only sub-
jected to direct mineralisation, because neither hydroxylated
species nor acid were formed in detectable amounts when
using catalysts prepared at low temperature.


The presence of hydroxylated aldehydes (step B), detect-
ed only from BA and with the most crystalline catalysts, sug-
gests that the higher oxidising power of these samples can
allow the hydroxylation reaction, which decreases the selec-
tivity towards aldehyde. So the mild oxidising power of
HP333 gives rise to a high selectivity, due to the greater dif-
ficulty of hydroxylating the obtained aldehyde or directly
breaking the aromatic ring.


Selectivity towards aldehyde, reaction rate and intermedi-
ates were found to be very different for BA and MBA. This
could be ascribed to the presence of an electron-donor group,
such as methoxy, in the para position of MBA. The signifi-
cantly higher reaction rate of MBA can be ascribed to a
much easier abstraction of a hydrogen atom by a hole ACHTUNGTRENNUNG(h+)ACHTUNGTRENNUNG
due to the presence of a methoxy group because it increases
the delocalisation on the ring. This donor group could be ef-
fective as a hole trap because it contains an oxygen atom and
can stabilise the aromatic ring, thus increasing the selectivity
towards aldehyde. Regarding this transformation, it was
found in the literature that electron transfers in the gas phase
and in solution occur from the oxygen atom of the benzylic
alcohol and this transfer is easier for MBA than BA.[17]


The presence of some amounts of benzoic acid on the one
hand, and the absence of p-methoxybenzoic acid (for con-
version <80 %) on the other suggest that electron-donor
groups inhibit the formation of aromatic acid, as previously
reported.[18]


The different amount of CO2 produced from BA and
MBA could also be attributed to the very different solubility
of benzaldehyde and 4-methoxybenzaldehyde in water (100
vs. 4290 mg L�1 at 293 K, respectively). Desorption of ben-
zaldehyde from the catalyst surface after its formation can
therefore be prevented by its hydrophobic character, so that
either a subsequent hydroxylation or mineralisation to CO2


would be favoured.


Conclusion


In conclusion, the oxidation of two aromatic alcohols in
water has been reported, and selectivity towards aldehyde


was shown to be significantly higher for home-prepared
rutile TiO2 made at low temperature (HP333) relative to
other home-prepared and commercial highly crystalline cat-
alysts. The obtained selectivity was three- to sevenfold
higher for both alcohols, and no byproducts were found
when working with HP333, with the exception of CO2.
Highly crystalline samples displayed, conversely, a low selec-
tivity and in the case of BA gave hydroxylated byproducts
and aromatic acid. The very different selectivities (60 and
38 % for MBA and BA, respectively) were justified by con-
sidering the presence of an electron-donor group in the
former case and the hydrophobic nature of benzaldehyde.


The mild experimental conditions used, consisting of
aqueous suspensions free of any organic co-solvents, and the
absence of heavy metals, high temperatures or pressures,
allow us to propose this process as a green route for partial
oxidation of alcohols.


Experimental Section


Preparation of home-prepared TiO2 catalysts : The precursor solution was
obtained by slowly adding TiCl4 (20 mL, >97%, Fluka) dropwise into a
2 L beaker containing water (1 L) under agitation because the hydrolysis
of TiCl4 is a highly exothermic reaction producing significant amounts of
HCl vapour. The addition had a total duration of 5 min. After magnetic
mixing (450 rpm) for 10 min, the resulting solution was kept in a closed
oven for 2 d at 333 K. Then a white suspension was obtained. Drying was
carried out at 333 K by means of a rotary evaporator (BKchi Rotavapor
M) working at 50 rpm to eventually obtain the powdered catalyst
(HP333). To check the influence of the degree of crystallinity, HP333 was
calcined at 673 and 973 K for 6 h. The obtained samples were named
HP673 and HP973, respectively. Another sample (HP333D) was pre-
pared by dialysing HP333 by using a dialysis tubing cellulose membrane
(average flat width =76 mm, 12400 MW cut-off pores, Aldrich) for ap-
proximately 3 d, changing the distilled water every 8 h (5 L) until the
conductivity value of water was found to be negligible. An amorphous
TiO2 powder (HP298) was also prepared by following the hereafter de-
scribed procedure. TiCl4 (2.5 mL) was added dropwise into a 100 mL
beaker containing water (25 mL). During the addition, which lasted
5 min, the solution was magnetically stirred at 450 rpm. Upon closing the
beaker and mixing the solution for 12 h at room temperature, a clear so-
lution was eventually obtained. Afterwards the prepared solution was
added to 1 m NaOH (90 mL) under magnetic agitation. The resulting sus-
pension was filtered and washed until the washing water was found to
have a neutral pH and a negligible conductivity.


Photocatalytic experimental procedure : A cylindrical Pyrex batch photo-
reactor with immersed lamp, containing the aqueous suspension (0.5 L),
was used to perform the reactivity experiments. The initial alcohol con-
centration was approximately 1 mm. The photoreactor was provided with
ports in its upper section for the oxygen inlet and outlet and for sam-
pling. A magnetic stirrer guaranteed a satisfactory suspension of the pho-
tocatalyst and the homogeneity of the reacting mixture. A scheme of the
reactor can be seen in ref. [8b]. A medium-pressure Hg lamp (125 W,
Helios Italquartz, Italy) axially positioned within the photoreactor was
cooled by water circulating through a Pyrex thimble; the temperature of
the suspension was about 300 K. The radiation energy impinging on the
suspension had an average value of 10 mW cm�2. It was measured by
using a UVX digital radiometer at l =360 nm. Before switching on the
lamp, oxygen was bubbled into the suspension for 30 min at room tem-
perature to reach the thermodynamic equilibrium. Adsorption of the al-
cohols in the dark was always quite low, less than 3%. Liquid samples
(containing suspended catalyst powder) were taken at fixed time intervals
and filtered through a 0.45 mm hydrophilic membrane (HA, Millipore)
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before being analysed. An aqueous solution of 1m NaOH was used to
adjust the initial pH to seven for the performed runs. All of the chemicals
used were purchased from Sigma-Aldrich with a purity of >98%.


Analytical techniques : The quantitative determination and identification
of the species present in the reacting suspension was performed by
means of a Beckman Coulter HPLC instrument (System Gold 126 sol-
vent module and 168 diode array detector) equipped with a Luna 5 mm
phenyl–hexyl column (250 mm long S 2 mm i.d.) and using Sigma-Aldrich
standards. The retention times and UV spectra of the compounds were
compared with those of an authentic sample. The eluent consisted of
17.5 % acetonitrile, 17.5 % methanol and 65% 40 mm KH2PO4 aqueous
solution. TOC analyses were carried out by using a 5000 A Shimadzu
TOC analyser. GC–MS analyses were performed by means of a GC–MS
Perkin–Elmer Turbomass and an Autosystem XL chromatograph; a SGE
BPX5 capillary column (25 mS 0.22 mm i.d.) was used. The injected solu-
tion was prepared by following the subsequent procedure: the reaction
suspension (100 mL) was filtered and extraction was carried out by using
diethyl ether (20 mL); afterwards the organic phase was concentrated 20
times. XRD patterns of the powders were recorded by using a Philips dif-
fractometer using the CuKa radiation and a 2q scan rate of 1.288min�1.
SEM images were obtained by using a microscope (Philips XL30 ESEM)
operating at 25 kV on samples sprayed on the stab and dried at room
temperature, upon which a thin layer of gold had been evaporated. BET
specific surface areas were measured by using the single-point BET
method using a Micromeritics Flow Sorb 2300 apparatus.
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Introduction


The discovery of highly productive and selective catalysts
and the expansion of synthetic techniques and methods in
chemistry is of substantial interest for both science and in-
dustry. For the directed design of catalysts, comprehensive
kinetic and thermodynamic data of existing catalytic systems
are necessary to understand how the catalytic mechanism
might be controlled by structural parameters.[1,2] This re-
quires the measurement of large sets of kinetic data for a
broad variety of substrates. From these data, models can be
developed and refined to identify rate-controlling elementa-
ry steps to gain insight into the reaction mechanism on a


molecular level. Nowadays, various high-throughput screen-
ing techniques are available, for example, (time-resolved)
IR thermography,[3] resonance-enhanced multiphoton ioniza-
tion (REMPI),[4] scanning mass spectrometry,[5] visual detec-
tion with reactive dyes,[6] UV/Vis spectroscopy,[7] fluores-
cence-based assays,[8] nondispersive IR (NDIR) analysis,[9]


circular dichroism (CD) for screening of enantioselective
catalysts, and acoustic-wave sensor systems,[10] which allow
the investigation of comprehensive catalyst libraries. Chro-
matographic techniques[11] have the advantage that even
complex reaction mixtures can be separated and quantified
without any tagging with marker molecules to make ana-
lytes detectable by a specific detector. Consistent enhance-
ments in the field of parallelized kinetic measurements of
catalysts with minute material consumption[12] are achieved
with microfluidic devices, which combine chemical synthesis
and analysis on the same chip.[13] However, a major draw-
back of commonly used batch reactors is the limitation of
studying only one reaction per run. The reaction, separation,
and quantification of the educts and products to determine


Abstract: The hydrogenation of 1-ace-
tylcyclohexene, cyclohex-2-enone, ni-
trobenzene, and trans-methylpent-3-
enoate catalyzed by highly active palla-
dium nanoparticles was studied by
high-throughput on-column reaction
gas chromatography. In these experi-
ments, catalysis and separation of
educts and products is integrated by
the use of a catalytically active gas
chromatographic stationary phase,
which allows reaction rate measure-
ments to be efficiently performed by
employing reactant libraries. Palladium
nanoparticles embedded in a stabilizing
polysiloxane matrix serve as catalyst
and selective chromatographic station-
ary phase for these multiphase reac-


tions (gas–liquid–solid) and are coated
in fused-silica capillaries (inner diame-
ter 250 mm) as a thin film of thickness
250 nm. The palladium nanoparticles
were prepared by reduction of palladi-
um acetate with hydridomethylsilox-
ane–dimethylsiloxane copolymer and
self-catalyzed hydrosilylation with
methylvinylsiloxane–dimethylsiloxane
copolymer to obtain a stabilizing
matrix. Diphenylsiloxane–dimethylsi-
loxane copolymer (GE SE 52) was
added to improve film stability over a


wide range of compositions. Herein, we
show by systematic TEM investigations
that the size and morphology (crystal-
line or amorphous) of the nanoparti-
cles strongly depends on the ratio of
the stabilizing polysiloxanes, the condi-
tions to immobilize the stationary
phase on the surface of the fused-silica
capillary, and the loading of the palla-
dium precursor. Furthermore, hydroge-
nations were performed with these cat-
alytically active stationary phases be-
tween 60 and 100 8C at various contact
times to determine the temperature-de-
pendent reaction rate constants and to
obtain activation parameters and diffu-
sion coefficients.
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conversions have to be performed consecutively because
competing reactions lead to indefinable reaction kinetics.
Recently, we reported a strategy that allows the synchronous
combination of catalysis and separation in capillaries to per-
form high-throughput reaction rate measurements (on aver-
age 147 reactionsh�1) of reactant libraries for hydrogenation
over highly active palladium nanoparticles.[14]


We focused on hydrogenation reactions as this chemical
transformation is one of the most important and widely
used catalytic reactions in synthetic chemistry.[15] Hydroge-
nations can be catalyzed by stabilized Pd and Pt nanoparti-
cles,[16] which have become the focus of increasing interest
in catalysis in recent years due to their high activity under
mild reaction conditions.[17] However, multiphase catalytic
systems (gas–liquid–solid), which are typically used in indus-
trial applications, are difficult to investigate as the interac-
tion of the reactant with the catalyst is controlled by the
mass transfer between the different phases, and therefore
the apparent reaction rate is composed of the inherent reac-
tion rate and diffusion rates. To reduce this effect, the inter-
facial area has to be increased. Microstructured reaction sys-
tems intrinsically have a high specific interfacial area per
volume (ainter=2/r), which is only dependent on the radius
of circular reaction channels, that is, for microcapillaries
with inner diameters (i.d.) between 250 and 100 mm the spe-
cific interfacial area per volume ranges from 16000 to
40000 m2m�3.


Furthermore, nanoparticles show extraordinary catalytic
activity because of high surface-to-volume ratios. The parti-
cle size and the morphology of Pd nanoparticles, as well as
the nature of the stabilizing matrix to prevent agglomera-
tion, correlate with their catalytic activity.


There are numerous exam-
ples describing hydrogena-
tions[17] and C-C coupling reac-
tions[18] catalyzed by Pd nano-
particles or formation of Pd
nanoparticles from Pd com-
plexes in the course of the reac-
tion. Despite the large number
of publications, further insights
into the dependency of these
quasi-homogeneous reactions
on the size and morphology of the nanoparticles are neces-
sary to understand how their structure controls the reaction
mechanism.[19]


Herein, we show by systematic TEM investigations that
the size and morphology (crystalline or amorphous) of the
nanoparticles strongly depends on the ratio of the stabilizing
polysiloxanes, the activation temperature to immobilize the
stationary phase on the surface of the capillary, and the
loading of the Pd precursor. Hydrogenations were per-
formed with these catalytically active stationary phases be-
tween 60 and 100 8C at various contact times by on-column
reaction gas chromatography to determine temperature-de-
pendent reaction rate constants and to obtain activation pa-
rameters (DG�, DH�, DS�) with a kinetic model based on


the Langmuir–Hinshelwood mechanism. From these experi-
ments, the diffusion coefficients of the substrates in the
polysiloxane matrix were also obtained.


Results and Discussion


Preparation of Pd nanoparticles embedded in a polysiloxane
matrix : To control the growth of Pd nanoparticles and to
prevent them from agglomeration, surfactants are typically
used, for example, quaternary ammonium salts, which form
a monolayer on the surface of the nanoparticles and stabi-
lize them by steric and electrostatic effects.[16d] The protect-
ing shell also controls the interaction of the substrate with
the active site on the nanoparticles and consequently the
catalytic activity. Taking this into consideration and making
the protecting shell compatible with a chromatographic sta-
tionary phase, so that the catalytic system can be investigat-
ed by on-column reaction gas chromatography, the following
strategy was developed. Pd nanoparticles were embedded in
a polysiloxane matrix by using vinylpolysiloxane and hydri-
dopolysiloxane, which acts as reducing agent[20] and cross-
linked by hydrosilylation at the same time. Therefore, we
prepared a methylvinylsiloxane–dimethylsiloxane copolymer
(MVPS, 4.5% Si(O) ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG(CH=CH2) groups) to coordinate
Pd ACHTUNGTRENNUNG(OAc)2 to the vinyl groups in diethyl ether. To reduce
Pd2+ to Pd0 and to obtain an inert protecting matrix for the
Pd nanoparticles, a hydridomethylsiloxane–dimethylsiloxane
copolymer[21] (HMPS, 25.7% Si(O) ACHTUNGTRENNUNG(CH3)H groups) was
added to this mixture. Cross-linking with the MVPS was
achieved by hydrosilylation, catalyzed in the presence of Pd-
ACHTUNGTRENNUNG(OAc)2 and the Pd nanoparticles (Scheme 1). By 1H NMR


spectroscopic measurements, we could confirm that the per-
centage of Si(O) ACHTUNGTRENNUNG(CH3)H groups starting from 16.1%, exem-
plified for a mixture of Pd ACHTUNGTRENNUNG(OAc)2 (0.1 mg), HMPS (10 mg,
25.7% Si(O) ACHTUNGTRENNUNG(CH3)H groups), and MVPS (6 mg, 4.5%
Si(O) ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG(CH=CH2) groups), decreased to 2.6%.


We observed by TEM measurements that the size and
morphology of the Pd nanoparticles depends on the ratio of
the stabilizing polymers, the activation conditions (under a
hydrogen atmosphere, temperature), and the concentration
of the Pd precursor. The obtained Pd nanoparticles stabi-
lized by a 3:1 ratio of the two polysiloxanes (HMPS/MVPS)
are spherical and crystalline with a narrow size distribution
of (3.2�0.7) nm[14] determined by TEM (Figure 1a). After
treatment with hydrogen at an elevated temperature


Scheme 1. Preparation of highly active Pd nanoparticles embedded in a polysiloxane matrix.
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(200 8C), we also found amor-
phous nanoparticles[22] (Fig-
ure 1b) with an increased size
of (3.6�1.6) nm, which can be
attributed to the formation of
Pd hydride and also agglomera-
tion processes at these elevated
temperatures. Surprisingly, the
size is also controlled by the
ratio of the two polysiloxanes.
To study this effect systemati-
cally, we prepared 40 Pd nano-
particle samples by variation of
both the mixture of the two
polysiloxanes and the Pd loadings (Table 1). It is important
to note that for these experiments we added the slightly
polar stationary phase GE SE 52 to the polysiloxane mixture
to improve the stability of coatings on the inner surface of
fused-silica capillaries. The addition of the GE SE 52 has the
effect of making the particle sizes larger because of the dilu-
tion effect of the two cross-linking polysiloxanes.


As described above, the MVPS coordinates the Pd ACHTUNGTRENNUNG(OAc)2
through vinyl groups while the HMPS is needed for the re-
duction of Pd2+ to Pd0 and the cross-linking of the polymer
matrix. Taking into account that the content of Si(O) ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH=CH2) groups in the MVPS is 4.5% and the content of
Si(O) ACHTUNGTRENNUNG(CH3)H groups in the HMPS is 25.7%, a 1:6 ratio of
the two polymers (HMPS/MVPS) should lead to complete
cross-linking. However, HMPS is also needed to reduce


Figure 1. a) Overview TEM image of Pd nanoparticles showing the homogeneous size distribution; b) TEM image of amorphous nanoparticles; c) size
distribution of Pd nanoparticles with a ratio of HMPS/MVPS 1:2 and mean diameter (3.0�1.0) nm; and d) size distribution of Pd nanoparticles depend-
ing on the ratio of the stabilizing polysiloxanes before heat treatment under a hydrogen atmosphere.


Table 1. Particle sizes and distributions and their dependency on the polysiloxane ratio before and after heat
treatment under a hydrogen atmosphere.[a] The conversions C, rate constants k, and Gibbs activation energies
DG� are given for the hydrogenation of cyclohex-2-enone.


Ratio Particle size Particle size C k DG�


HMPS/MPVS after preparation [nm] 200 8C/H2 [nm] [%] ACHTUNGTRENNUNG[s�1] ACHTUNGTRENNUNG[kJmol�1]


1:11 5.5�2.8 11.0�6.2 66.4 2.27 79.6
1:2 3.0�1.0 3.6�1.6 88.2 4.85 77.5
1:1 3.4�1.1 3.4�1.5 49.4 1.56 80.7
2:1 5.4�2.0 5.5�1.8 37.1 1.07 81.7
11:1 5.4�2.0 5.9�2.5 82.5 3.87 78.2


[a] Samples were prepared from the mixture of HMPS and MPVS (24 mg), GE SE 52 (24 mg), and PdACHTUNGTRENNUNG(OAc)2
(0.3 mg). The Pd concentration was 1.1L10�10 molcm�1 fused-silica capillary for the catalytic testing at 60 8C
and 100 kPa H2, by using a 3 cm capillary.
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Pd2+ to Pd0, and therefore to achieve completion of the re-
action an HMPS/MVPS ratio ranging from at least 1:1 to
3:1 is required. The size distribution of the nanoparticles
measured by TEM for five selected ratios of the two stabi-
lizing polysiloxanes (HMPS/MVPS 1:11, 1:2, 1:1, 2:1, 11:1)
indicates that a 1:2 mixture leads to smaller Pd nanoparti-
cles with a narrow size distribution (Figure 1c and Table 1).


Pd nanoparticles prepared with a polysiloxane ratio of
HMPS/MVPS 1:11 show an increased particle size and a
broader size distribution. To study the effect of hydrogen on
the size and morphology of the Pd nanoparticles, Cu grids
for TEM analysis were coated with the viscous brownish-
gray polysiloxanes and then treated with hydrogen at 200 8C.
It was found that high HMPS and low MVPS concentrations
and vice versa, as well as high Pd precursor concentrations,
lead to pronounced agglomeration of the particles with a
broad size distribution ((11.0�6.2) nm; see Table 1).


The dependency of nanoparticle formation on the particle
size and distribution of the two polysiloxanes can be ex-
plained by kinetic effects. The reduction of Pd2+ to Pd0 is
compared to the hydrosilylation leading to cross-linking and
stabilization of the nanoparticles in a fast process. It can be
assumed that in a first step, seeds of small Pd nanoparticles
are formed which agglomerate to form the resulting nano-
particles. This process is con-
trolled by diffusion. The MVPS
used here is less viscous than
HMPS, which should allow
easier diffusion of the nanopar-
ticles resulting in the observed
agglomeration to larger parti-
cles. Samples prepared with a
high HMPS concentration form
Pd nanoparticles quickly, which
can be observed by a darkening
of the solution. The agglomera-
tion itself is controlled by diffu-
sion and by the rate of the
cross-linking of the two polysi-
loxanes, which dynamically in-
creases the viscosity and de-
creases diffusion of the parti-
cles.


Catalytic studies by on-column
reaction chromatography : To perform kinetic investigations
of hydrogenation over the prepared Pd nanoparticles, solu-
tions of the polysiloxanes with the embedded Pd nanoparti-
cles were used to coat fused-silica capillaries (i.d. 250 mm,
film thickness 250 nm) by the static method described by
Grob.[23] For the activation of the Pd nanoparticles and to
permanently bond the polysiloxanes to the fused-silica capil-
lary by reaction of surface silanol groups with the remaining
hydridosiloxane groups, the fused-silica capillaries were
heated to 200 8C at a rate of 0.5 Kmin�1 under slow hydro-
gen flow. It was found that polymers prepared with an
excess of HMPS gave more stable films not leading to drop-


let formation, which indicates destruction of the polymer
film. However, to compare the catalytic properties of the Pd
nanoparticles with the varying polysiloxane compositions,
the slightly polar stationary phase GE SE 52 (polysiloxane
containing 5% phenyl groups) was added to the mixture.
On-column catalysis experiments were performed by cou-
pling the Pd nanoparticle microcapillaries (length=2.02,
2.90, 3.84, 5.10, 6.15 cm) between a preseparation capillary
(1 m) and a separation column (25 m), which were installed
in a gas chromatograph. The purpose of the preseparation
column was to thermally equilibrate the reactants and to
spatially separate the educts of the injected compound li-
brary, which enabled high-throughput kinetic investigations
due to the absence of competing reactions. Hydrogen was
used as a reactive carrier gas. Reaction educts and products
were detected by flame ionization detection (FID) for quan-
tification and identified by quadrupole ion-trap mass spec-
trometry. The educt library consisting of four unsaturated
and functionalized compounds (1-acetylcyclohexene, cyclo-
hex-2-enone, nitrobenzene, and trans-methylpent-3-enoate)
was simultaneously injected onto this column configuration
at different temperatures (60–100 8C) and inlet pressures
(60–100 kPa) to vary the reaction time and to obtain tem-
perature-dependent kinetic data (Figure 2).


By the use of educt libraries and measurement of reaction
rate constants of the spatially separated compounds, an ex-
traordinarily high throughput can be realized. Recently, we
demonstrated that for a library consisting of 22 compounds
a throughput of 5880 reactions in 40 h could be achieved.
Here, we screened systematically varied sets of fused-silica
capillaries coated with Pd nanoparticles embedded in a
polysiloxane matrix, by changing the ratio of stabilizing pol-
ysiloxanes (see Table 1) and the Pd loading, under different
reaction conditions (temperature, contact time) and with
variation of the column length.


Figure 2. Expanded image (2–9 min) of the gas chromatographic separation and mass traces of the on-column
hydrogenation of the four substrates at 70 8C and 100 kPa.
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The conversions and rate constants for the hydrogenation
of cyclohex-2-enone varied in a broad range for the individ-
ual polysiloxane ratios (see Table 1). These data (in total
370 experiments were performed) can be interpreted by
taking the particle sizes and the degree of cross-linking of
the polysiloxanes into consideration. Higher conversions are
observed for small particles than for larger particles. Howev-
er, the reaction rate constant is also influenced by the
degree of cross-linking, which controls the accessibility of
the nanoparticles by the substrates. For nanoparticles only
stabilized by the viscosity of the linear polysiloxane chains,
higher conversions, even for larger nanoparticles, are ob-
served (1:11 and 11:1 for HMPS/MVPS). To make a com-
promise between particle size, stabilization, and activity, a
polysiloxane ratio of 3:1 for HMPS/MVPS was chosen for
further experiments, because under these conditions the Pd
nanoparticles do not agglomerate when heated.


The dependency of the conversion on the column length
is the prerequisite for on-column reaction chromatography
to determine kinetic data.[24] The contact time should corre-
late with the length of the capillary and the catalytic activity
must not change. It is improtant to note that this correlation
is only given for diluted samples, because overloading of the
stationary phase leads commonly to nonlinear effects.[25]


To prove that the contact time correlates with the length
of the capillary, the hydrogenation reactions of the sub-
strates were performed at 80 8C by using different capillary
lengths (2.02, 2.90, 3.84, 5.10, 6.15 cm) at a constant Pd load-
ing of 7.28L10�11 molcm�1 (see Table 2; medium concentra-


tion of the three Pd concentrations investigated, HMPS/
MVPS 3:1), which resulted in different reaction times in the
range of 76 to 1690 ms (Figure 3). For longer capillaries
(>6 cm) or higher Pd concentrations, we observed complete
conversion for some of the substrates, for example, 99.9%
conversion for trans-methylpent-3-enoate on a 6.15 cm capil-
lary.


Additionally, we systematically varied the Pd nanoparticle
loading in the fused-silica capillaries (see Table 2) and per-
formed catalytic tests with the four hydrogenation educts.
We found that in this concentration range, the conversion of
the educts and hence the catalytic activity of the Pd nano-
particles linearly correlates with the Pd concentration of the
Pd precursor. We can conclude that the hydrogenation pro-
ceeds according to a first-order reaction with regard to Pd.
Figure 4 shows the conversion as a function of the Pd load-
ing on the capillary for the different substrates. However, it
has to be pointed out that for increasing Pd concentrations,


which lead to larger particles because of agglomeration, the
relative surface area is decreased compared to small nano-
particles and therefore a nonlinear decrease of the catalytic
activity is expected.


To investigate this dependency in greater detail, we per-
formed temperature- and flow-dependent conversion meas-
urements to obtain three-dimensional datasets (temperature,
reaction time, conversion) for each compound. All measure-
ments were repeated three times at 60, 70, 80, 90, and
100 8C and hydrogen inlet pressures of 60, 70, 80, 90, and
100 kPa. Note that the resulting conversion surface functions
are not flat planes, which can be attributed to the fact that
the residence time strongly depends on the separation effi-
ciency of the reactor column. The separation efficiency is a
function of the temperature and the flow rate and is de-
scribed by the van Deemter equation (see below). The eval-
uation of these datasets gives the activation parameters,
which can be correlated with the Pd loading of the capilla-
ries and also the composition of the polysiloxanes
(Figure 5).


Determination of reaction rate constants and activation pa-
rameters : The hydrogenation of unsaturated compounds


Table 2. Variation of the Pd concentration (50% GE SE 52, HMPS/
MVPS 3:1).


Capillary length Pd Pd loading
[cm] [mg] [10�11 molcm�1]


5.10 0.05 3.64
2.90 0.10 7.28
2.02 0.20 14.56


Figure 3. Educt conversion at 80 8C and 80 kPa versus the column length
for trans-methylpent-3-enoate (^), cyclohex-2-enone (&), nitrobenzene
(~), and 1-acetylcyclohexene (L).


Figure 4. Educt conversion versus the Pd loading for trans-methylpent-3-
enoate (^), cyclohex-2-enone (&), nitrobenzene (~), and 1-acetylcyclo-
hexene (L).
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over Pd surfaces is typically described by a Langmuir–Hin-
shelwood mechanism.[26] To use this model for the evalua-
tion of the experimental data, the following concept has
been elaborated to adapt it to the on-column reaction chro-
matographic experiment. The Langmuir–Hinshelwood
mechanism is depicted in Scheme 2a, in which the substrates
are represented as a double bond and the catalytically active
sites by an asterisk in the following mechanistic description,
considering, in particular, the diffusion-limited steps (ad-
sorption and desorption of educts and products).


Considering our experimental
conditions in on-column reac-
tion chromatography, the fol-
lowing assumptions can be
made. 1) H2 is used as a reac-
tive carrier gas at a high flow
rate in the range of mLmin�1,
and thus there is an excess of
H2 compared to the substrates
(typically H2/substrate
99.99999:0.00001). 2) The ad-
sorption of H2 on the Pd sur-
face is fast because the activa-
tion energy for this process is
very low and H2 easily passes
the polysiloxane matrix. This
means that there is a steady
state of hydrogen adsorbed on
the Pd nanoparticles, which
does not influence the intrinsic
hydrogenation rate of the sub-
strate. 3) Compared to the sub-
strate there is an excess of Pd
nanoparticles, so that there are
enough reactive sites available
for the adsorption of the reac-
tion educt. 4) The hydrogena-
tion of the substrates can be
considered as an irreversible


process to the hydrogenated product. Dehydrogenation in
the presence of Pd is only expected at higher temperatures,
typically higher than at least 150 8C, because here the limit-
ing step is the desorption of hydrogen from the metal.[27]


Consideration of these points simplifies the model in the on-
column reaction chromatographic setup to the key steps de-
picted in Scheme 2b. The advantage of this chromatographic
experiment is that the transport by diffusion of the substrate
to the catalytically active site can be considered orthogonal
to the hydrogenation process itself. The distribution equili-
bria of the educts and products are obtained by the reten-
tion parameters, and diffusion coefficients can be deter-
mined by temperature- and flow-dependent measurements
of the separation efficiency by using the retention times and
peak width of the individual substrates. Therefore, the
model depicted in Scheme 2b can be applied to every chro-
matographic theoretical plate, which can be considered as a
catalytic chromatographic reactor (Scheme 2c). This means
that with the known retention parameters given the resi-
dence time of the substrate, the reaction time is defined and
reaction rate constants can be calculated from the conver-
sion data by using a first-order reaction rate law according
to Equation (1):


�dðsubstrateÞ
dt


¼ k2½substrate� ð1Þ


This expression is independent of the absolute concentra-


Figure 5. 3D plots of the conversion of the hydrogenations of nitrobenzene (a), cyclohex-2-enone (b), 1-acetyl-
cyclohexene (c), and trans-methylpent-3-enoate (d) at different temperatures (60–100 8C) and inlet pressures
(60–100 kPa).


Scheme 2. Hydrogenation of the substrates described by a Langmuir–
Hinshelwood mechanism. Substrates are represented as a double bond
(=) and the catalytically active sites by an asterisk (*).
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tions of the substrates. Notably, the conversions were deter-
mined from the data for gas chromatography with FID,
which gives signal intensities that can be correlated to the
ionizable carbon atoms in a specific molecule. This means
that the signal intensities of the hydrogenated product and
educt are the same and therefore no correction factor has to
be applied.


Residence times of the hydrogenation educts were deter-
mined with a reference column by using the same composi-
tion of the stationary phase as for the catalytically active ca-
pillary columns. Reaction rate constants, k, of hydrogenation
were determined by application of Equation (1) to the con-
version data. The Gibbs free activation energies DG�(T)
were calculated according to the Eyring equation [Eq. (2)]
with kB as the Boltzmann constant (kB=1.380662L
10�23 JK�1), T as the reaction temperature (K), h as PlanckNs
constant (h=6.62617L10�34 J s,) and R as the gas constant
(R=8.31441 JK�1mol�1). The statistical factor k was set to
1.0.


DG�ðTÞ ¼ �RT ln
�


k1h
kkBT


�
ð2Þ


Activation parameters were calculated from temperature-
dependent measurements. The activation enthalpy DH� of
the reaction was obtained from the slope and the activation
entropy DS� from the intercept of the Eyring plot (ln ACHTUNGTRENNUNG(k1/T)
as a function of T�1). Deviations of the activation parame-
ters DH� and DS� were calculated by error-band analysis of
the linear regression with a level of confidence of 95%.


Table 3 summarizes the conversions, reaction rate con-
stants k, and activation parameters (DG�, DH�, DS�) of the
hydrogenation reactions of the four substrates for different
Pd loadings. By applying pseudo-first-order reaction kinet-
ics, a very good agreement with respect to the substrates


was achieved according to the Langmuir–Hinshelwood
mechanism.


The high activity of the Pd nanoparticles is corroborated
by the activation parameters, which show low activation en-
thalpies DH� and negative activation entropies DS� that cor-
respond to a restrained transition state. Comparison of the
activation parameters between 1-acetylcyclohexene, cyclo-
hex-2-enone, and trans-methylpent-3-enoate shows that the
less-hindered alkene (trans-methylpent-3-enoate) has the
lowest activation enthalpies DH� and activation entropies
DS� compared to the more hindered alkenes, for example,
1-acetylcyclohexene. For cyclohex-2-enone, the reaction
rates are mainly dominated by the activation entropy DS�,
which results in high productivities.


As already pointed out, the reaction rate constants k in-
crease with higher Pd loadings, which can be attributed to a
linear dependency on the rate law of the active sites of the
catalysts. This can be correlated to the Pd concentration
under the described diluted conditions. We also found that
the reaction rate constants were lower for the stabilizing
matrix with GE SE 52 as the additive compared to the Pd
nanoparticles, which are only stabilized by HMPS and
MVPS.[14] This finding suggests that the phenyl groups of the
stationary phase GE SE 52 have an inhibiting effect on the
hydrogenation reaction, probably caused by stabilization of
the nanoparticles. Such stabilization effects for Pd nanopar-
ticles have been also observed and used by Kobayashi
et al.[17a]


Determination of diffusion constants : In microfluidic sys-
tems, the control of mixing is often challenging, because dif-
fusion rates contribute to the apparent reaction rates. In the
present setup, diffusion processes can be quantified and ex-
perimentally controlled by the polysiloxane used. The van
Deemter equation[28] [Eq. (3)] was employed to determine
diffusion coefficients:


Table 3. Selected results of the on-column hydrogenations over highly active Pd nanoparticles for three different palladium loadings.


Substrate Product Pd loading C[a] k[b] DG�[c] DH� DS� r[d]


[10�11 molcm�1] [%] ACHTUNGTRENNUNG[s�1] ACHTUNGTRENNUNG[kJmol�1] ACHTUNGTRENNUNG[kJmol�1] [JK�1mol�1] ACHTUNGTRENNUNG(s.d.)


3.64 1.2 0.03 91.3 68.3�0.6 �77�1 0.999 (0.028)
7.29 17.2 0.29 84.1 69.4�0.3 �49�1 0.999 (0.034)
14.6 65.0 1.05 82.1 76.5�2.8 �19�1 0.993 (0.102)


3.64 10.8 0.94 79.9 39.3�0.9 �136�5 0.997 (0.045)
7.29 49.7 3.83 75.8 53.5�0.7 �75�1 0.995 (0.073)
14.6 100.0 –[e] –[e] –[e] –[e] –[e]


3.64 3.6 0.07 86.1 37.4�0.5 �163�6 0.999 (0.023)
7.29 11.7 0.14 83.6 47.4�0.2 �121�1 0.991 (0.098)
14.6 58.0 0.65 80.4 57.2�1.7 �78�3 0.996 (0.065)


3.64 16.4 3.35 76.7 28.5�0.4 �162�6 0.999 (0.010)
7.29 32.4 4.00 77.3 64.5�0.8 �43�1 0.996 (0.077)
14.6 88.0 13.9 75.2 39.8�2.5 �44�1 0.999 (0.015)


[a] Conversion C at 60 8C on a 2 cm fused-silica column. [b] Reaction rate constant at 60 8C. [c]Gibbs activation energy at 25 8C. [d]Correlation factor
and residual standard deviation (s.d.) of the linear regression of the Eyring plot. [e]Conversion is 100% for most data points under these conditions.
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H ¼ Aþ B
u
þ Cu ð3Þ


in which H is the height equivalent to a theoretical plate, u,
the mean velocity of the mobile phase, A, the eddy diffu-
sion, B, the coefficient of longitudinal diffusion, and C, the
coefficient for the mass transfer. Interestingly, van Deemter
originally studied the heat and mass transport in fixed cata-
lyst beds and later transferred these derivations to chroma-
tography, which are well-known to optimize and character-
ize the efficiency of a chromatographic system. Therefore,
the effective plate height H= l/N, obtained from the capilla-
ry length l (24 m) divided by the effective plate number N,
was plotted as a function of the velocity u of the carrier gas
at 60 8C for the four substrates (see Figure 6). The effective


plate numbers, N=5.545
�


tR�t0
wh


�
,


were calculated from the retention times tR, peak width at
half height, wh, of the individual substrates, and the hold-up
time, t0, determined from methane injections.


These curves were fitted with the van Deemter equation
to obtain the constants B and C for the individual substrates.
For coated capillaries, the eddy diffusion (A term) can be
neglected because no additional migration paths caused by
different particle sizes, shapes, and porosity such as in in
packed columns have to be considered [Eq. (3)]. The
B term, representing the longitudinal diffusion, directly
yields the diffusion coefficients for the substrates in the
mobile phase at the given temperature [Eq. (4)].


H ¼ B
u
þðCM þ CSÞu with


B ¼ 2DM,


CM ¼
1þ 6k0 þ 11k02


96ð1þ k0Þ2 
 dc
2


DM
, CS ¼


2k0


3ð1þ k0Þ2 

df


2


DS


ð4Þ


The coefficient C for the mass transfer consists of the mass
transfer coefficient in the mobile (CM) and stationary phases


(CS). DM and DS are coefficients of molecular diffusion in
the mobile and stationary phases, respectively, dc, the inner
diameter of the capillary, and df, the film thickness of the
stationary phase. The retention factor k’= (tR�tM)/tM is cal-
culated from the retention time tR of the substrate and the
hold-up time tM, determined by co-injection of methane.
From the coefficients of the van Deemter plots, the diffusion
coefficients of the substrates in the mobile phase (DM) and
in the stationary phase (DS) were calculated. These diffusion
coefficients are summarized in Table 4.


Considering these diffusion coefficients and the small
paths for the substrates to migrate into the catalytically
active stationary phase (film thickness 250 nm), it can be
concluded that the reactions are not limited by diffusion.
This means that the reaction rate constants determined in
this on-column reaction chromatographic setup are directly
accessible and depend only on the probability of the sub-
strates to adsorb on Pd nanoparticles, which correlates with
the concentration of the active sites in the reaction volume.


Conclusion


We have investigated hydrogenation reactions over highly
active Pd nanoparticles by a synchronous combination of
catalysis and separation in microcapillaries for different
ratios of the stabilizing polysiloxanes, different activation
temperatures, and different Pd loadings. We obtained com-
prehensive kinetic data from on-column chromatographic
experiments by high-throughput reaction rate measurements
of reactant libraries. With these data, we gained further in-
sights into the influence of reaction parameters, for example,
the particle size and stabilizing matrix. This helped us to un-
derstand the parameters controlling the mechanism and the
kinetics of the investigated hydrogenation reactions over Pd
nanoparticles, for example, the steric hindrance of 1-acetyl-
cyclohexene compared to cyclohex-2-enone and trans-meth-


Figure 6. Determination of diffusion coefficients from van Deemter plots
of the four substrates at 60 8C (precisely 2400 cm fused-silica column (in-
jector outlet to detector inlet, i.d. 250 mm)).


Table 4. Diffusion coefficients of the substrates in the mobile phase (DM)
and in the stationary phase (DS) at 60 8C.


Substrate Product DM [cm2s�1] DS [10
�10 cm2 s�1]


0.14 1.82


1.91 2.79


0.20 0.55


0.81 31.1
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ylpent-3-enoate results in a more negative activation entro-
py DS�, which can be explained by a more restrained transi-
tion state. Furthermore, the influence of the nature of the
stabilizing matrix of the Pd nanoparticles on the catalytic ac-
tivity was investigated. The employed concept of on-column
reaction chromatography integrating catalyzed reactions and
separation efficiency can be generally applied to other cata-
lytic processes to characterize catalysts and materials in
comprehensive kinetic studies.


Experimental Section


General methods and materials : Unless otherwise indicated, all reactions
were performed under an argon atmosphere by using standard Schlenk
techniques. All chemicals were obtained from Fluka (Buchs, Switzerland)
or Sigma–Aldrich (Steinheim, Germany) and used as received. GE SE 52
was purchased from Macherey–Nagel (DBren, Germany). All solvents
were dried by using standard techniques. Fused-silica capillaries (i.d.
250 mm, o.d. 365 mm) were purchased from Microquartz (Munich, Germa-
ny).


Analytical techniques : Nuclear magnetic resonance (1H NMR and
13C NMR) spectra were recorded in CDCl3 on a Bruker DPX 300 spec-
trometer (Rheinstetten, Germany) either at 300 and 75 MHz, respective-
ly, or on a Bruker AV 400 spectrometer (Rheinstetten, Germany) at 400
and 100 MHz, respectively. On-column reaction gas chromatographic
measurements were performed on a Thermo Trace PolarisQ GC–MS ap-
paratus equipped with a split injector (250 8C) and a flame ionization de-
tector (250 8C). Hydrogen (5.0) was used as reactive carrier gas. The
measurements were repeated three times at each temperature in steps of
10 K. Transmission electron micrographs were obtained on a Hitachi 7500
microscope operating with an acceleration voltage of 100 kV. High-reso-
lution transmission electron microscopy (HRTEM) images were obtained
on a Hitachi HF 2000 microscope with a cold field-emission source oper-
ating at 200 keV.


Hydridomethylsiloxane–dimethylsiloxane copolymer : A mixture of hexa-
methyldisiloxane (8.1 g, 50.0 mmol), polyhydridomethylsiloxane (6.0 g,
100.0 mmol), octamethylcyclotetrasiloxane (66.7 g, 225.0 mmol), china
clay (2 g), and sulfuric acid (1 mL) was stirred at 100 8C under gentle
reflux for 5 d. During this time, the reaction mixture became increasingly
more viscous. After cooling the mixture to room temperature, the cata-
lyst (china clay+ sulfuric acid) was removed by extraction with water and
filtration. Water and other volatile constituents of the filtrate were re-
moved by evaporation at 120 8C under an oil-pump vacuum to give
HMPS (62.6 g, 78.3%). 1H NMR (300 MHz, CDCl3, 25 8C): d=�0.02–
0.25 (m; Si ACHTUNGTRENNUNG(CH3)n (n=1–3)], 4.61 ppm (s; SiH); 13C NMR (100 MHz,
CDCl3, 25 8C): d =�2.3, 1.3, 1.6 ppm; by integration of the signals of the
1H NMR spectrum, the total content of Si(O) ACHTUNGTRENNUNG(CH3)H groups was deter-
mined to be 25.7%.


Methylvinylsiloxane–dimethylsiloxane copolymer : Diethoxymethylvinyl-
silane (4.3 g, 26.9 mmol) and diethoxydimethylsilane (35.9 g, 242.0 mmol)
were mixed and sodium hydroxide (0.5 g) dissolved in a mixture of water
(50 mL) and ethanol (50 mL) was added dropwise at 0 8C. The mixture
was stirred for 1 h, then heated to 60 8C for 5 h. Chlorotrimethylsilane
(0.9 g, 8.1 mmol) was added slowly for end-capping and the mixture was
stirred for 24 h. The product was extracted with n-pentane and washed
with water. The organic phase was separated and the solvent was re-
moved by rotary evaporation. The product was dried under high vacuum
at 60 8C to give MVPS (14.8 g, 69.2%). 1H NMR (300 MHz, CDCl3,
25 8C): d=�0.03–0.09 (m; Si ACHTUNGTRENNUNG(CH3)n (n=1–3)), 5.69–5.99 ppm (m; Si�
CH=CH2);


13C NMR (100 MHz, CDCl3, 25 8C): d=136.1, 132.0, 131.7,
56.7, 17.3, 0.0 ppm; by integration of the signals of the 1H NMR spec-
trum, the total content of Si(O) ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG(CH=CH2) groups was determined
to be 4.5%.


Preparation of Pd nanoparticles in a polysiloxane matrix and coating of
microcapillaries : Palladium acetate, HMPS, MVPS, and GE SE 52 (Ma-
cherey-Nagel, containing 5% phenyl groups) were mixed in absolute di-
ethyl ether in the ratios given in Tables 1 and 2. Fused-silica capillaries
(length 5 m, thermally deactivated at 220 8C for 24 h) were coated with
these solutions. The reaction course was followed by 1H NMR spectros-
copy for the SiH group. 1H NMR (300 MHz, CDCl3, 25 8C): d=�0.20–
0.19 (m; Si ACHTUNGTRENNUNG(CH3)n (n=1–3)), 4.61 ppm (s, SiH); by integration of the sig-
nals of the 1H NMR spectrum, the total content of Si(O) ACHTUNGTRENNUNG(CH3)H groups
was determined.


Capillaries were coated by the static method described by Grob[23] to
obtain a uniform film with a thickness of 250 nm. Therefore, fused-silica
capillaries (i.d. 250 mm) were filled with the respective polymer solution
in diethyl ether and the solvent was removed by high vacuum after clos-
ing one end of the capillary. Then the capillaries were flushed with argon
and the polymer film was immobilized in a slow hydrogen stream while
heating the capillary from 25 to 200 8C at a rate of 0.5 Kmin�1. The tem-
perature was maintained for 8 h.


On-column hydrogenation : On-column hydrogenation experiments were
performed on a Thermo Trace PolarisQ GC–MS apparatus equipped
with a split injector (250 8C), a flame ionization detector (250 8C), and a
quadrupole ion-trap mass spectrometer. For the hydrogenation of differ-
ent substrates, fused-silica capillaries coated with Pd nanoparticles em-
bedded in a polysiloxane matrix (2.02–6.15 cmL250 mm i.d., 0.25 mm film
thickness) were employed. These capillaries were coupled between a pre-
separation column (HP-5, 1 mL250 mm i.d.) and a separation column
(HP-5, 25 mL250 mm i.d.) to quantify the reaction mixture. Hydrogen
was used as a carrier gas. All measurements were repeated three times at
each temperature (60, 70, 80, 90, and 100 8C) and pressure (60, 70, 80, 90,
and 100 kPa). A total of 375 measurements were considered for the stat-
istical analysis of the reaction rate constants to obtain activation parame-
ters.
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Introduction


Ever since [2.2]paracyclophane (1) was first prepared by
Brown and Farthing nearly 60 years ago[1] this prototypical
layered organic molecule (and as such the sister molecule of
layered metal organic compounds: ferrocene) has attracted
the interest of numerous chemists. Whereas during the first
part of the history of this remarkable three-dimensional aro-
matic compound preparative, structural and spectroscopic
questions stood in the foreground of research, in more
recent times a shift of interest towards application of 1 and
its derivatives—often in areas far apart from synthetic
chemistry—is discernible. For example[2] the use of cyclo-
phanes in materials chemistry and asymmetric catalysis are
present-day central topics in the field. The bonding of two


Abstract: The possible number of
chiral and achiral tetrasubstituted
[2.2]paracyclophanes possessing differ-
ent types of symmetry (C2, Ci, Cs, C2v,
C2h) is evaluated and a unified inde-
pendent trivial naming descriptor
system is introduced. The reactivity
and regioselectivity of the electrophilic
substitution of the chiral pseudo-meta-
and achiral pseudo-para-disubstituted
[2.2]paracyclophanes are investigated
in an approach suggested to be general
for the synthesis of bis-bifunctional
[2.2]paracyclophanes. The mono- and
diacylation of chiral pseudo-meta-
dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane 14 with
acetylchloride occur ortho-regioselec-
tively to produce tri- 22, 23 and sym-
metrically 21 tetrasubstituted acyl de-


rivatives. The same reaction with ben-
zoylchloride is neither regio-, nor che-
moselective, and gives rise to a mixture
of ortho-/para-, mono-/diacylated com-
pounds 27–31. The double acylation of
pseudo-meta-dimethoxy ACHTUNGTRENNUNG[2.2]paracyclo-
ACHTUNGTRENNUNGphane 18 is completely para-regioselec-
tive. Electrophilic substitution of
pseudo-meta-bis(methoxycarbonyl)-
ACHTUNGTRENNUNG[2.2]paracyclo ACHTUNGTRENNUNGphane 20 regioselectively
generates the pseudo-gem-substitution
pattern. Formylation of this substrate
produces the monocarbonyl derivatives
35 only, whereas the Fe-catalyzed bro-


mination may be directed towards
mono- 36 or disubstitution 37 products
chemoselectively by varying the reac-
tions conditions. The diacylation and
dibromination reactions of the respec-
tive achiral diphenol 12 and bis(me-
thoxycarbonyl) 40 derivatives of the
pseudo-para-structure retain regiose-
lectivities which are characteristic for
their pseudo-meta-regioisomers. Imino
ligands 26, 25, and 39, which were ob-
tained from monoacyl- 22 and
diacyldihydroxy ACHTUNGTRENNUNG[2.2]paracyclophanes
21, 38, are tested as chiral ligands in
stereoselective Et2Zn addition to ben-
zaldehyde producing 1-phenylpropanol
with ee values up to 76%.


Keywords: asymmetric catalysis ·
cyclophanes · electrophilic substitu-
tion · regioselectivity · resolution
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parallel benzene rings in close proximity provides three-di-
mensional (3D) structures with unique electronic properties,
extremely useful for the design of new materials fulfilling
the requirements of nonlinear optics, optoelectronics, chemi-
cal sensing materials,[3] liquid crystallinity,[4] and photolumi-
nescent conjugated polymers.[5] Substituted [2.2]paracy-
clophanes treated under chemical vapor deposition (CVD)
conditions furnish poly-para-xylylene films which impart
useful properties to the coated surface.[6] At the same time
the planar chirality of cyclophanes, connected with high
thermal (up to 200 8C) and chemical stability (towards the
action of acids and bases), has proven useful for the con-
struction of a variety of efficient chiral ligands.[7]


Up to now the majority of the investigations in all these
areas were carried out with mono- and disubstituted paracy-
clophanes whereas the share of tri-, tetra- and polysubstitut-
ed derivatives was meagre. One of the possible reasons is
the absence of convenient techniques to prepare the respec-
tive compounds. Tetrasubstituted [2.2]paracyclophanes are
commonly approached in two general ways based on the for-
mation of the cyclophane scaffold: i) by the well-elaborated
dithiacyclophane route, that is, the initial synthesis of 2,11-
dithia ACHTUNGTRENNUNG[3.3]paracyclophanes already bearing the substituents
in appropriate positions of the aromatic rings,[8] followed by
sulfur extrusion via pyrolysis[9a] or photolysis[9b] or, ii) by the
Diels–Alder cycloaddition of 1,2,4,5-hexatetraenes with
symmetrically or unsymmetrically substituted acetylenes[10]


producing, as a rule, mixtures of regioisomers. Another ap-
proach is based on polysubstitution of [2.2]paracyclophane
(1) itself, such as, for example, direct tetrabromination with
Br2 (cat. Fe),


[11a] in liquid Br2 (cat. I2),
[11b] or a sonication-as-


sisted tetrabromomethylation,[3c] producing in each case
mixtures of chiral and achiral derivatives (see below), re-
spectively. Further stepwise substitution of these brominated
homo-tetrasubstituted paracyclophanes gave rise to a
number of regioisomeric two-donor/two-acceptor deriva-
tives.[3c] It is clear that all these approaches suffer from poor
regioselectivity. Only very recently has the improved Hof-
mann 1,6-elimination technique been suggested as a regiose-
lective route to synthesize several symmetrical di-, tetra-,
and octasubstituted [2.2]paracyclophane derivatives, as well
as the parent hydrocarbon itself.[12]


In our line of research, polysubstituted [2.2]paracy-
clophane derivatives would be a further contribution to a
study of [2.2]paracyclophanes of variable structure applica-
ble as planar chiral ligands in asymmetric catalysis,[13] as
monomers for poly-para-xylylene film synthesis[14] or for the
investigation of liquid crystalline properties.[4] As the first
example of multichiral C2-symmetric bis-bifunctional
[2.2]paracyclophanes, diastereomerically and enantiomeri-
cally pure cyclohexadienones (Rp,4Rc,7Rc,4,23Ra,7,17Ra)-cis-
4,7-diarylsubstituted-4,7-dihydroxy-4,7-dihydroACHTUNGTRENNUNG[2.2]paracyclo-
ACHTUNGTRENNUNGphanes (2), which possess elements of planar, central and
axial chirality, Figure 1) were recently synthesized by us via
a stereospecific reaction of ortho-substituted aryllithium re-
agents with [2.2]paracyclophane-4,7-quinone.[15]


In such ligands the hydroxy groups, bound to the
[2.2]para ACHTUNGTRENNUNGcyclophane scaffold and arranged pairwise with
functional groups of the aryl fragments, form two independ-
ent systems, both of which are capable of coordination with
a metal or metal containing fragment. These compounds
function as chiral inductors in the enantioselective addition
of diethylzinc to benzaldehyde (up to 93.5% ee).[15b]


Among other synthetic techniques applied for the synthe-
sis of tetrasubstituted [2.2]paracyclophanes, little attention
has so far been paid to an approach that is very attractive
from the synthetic point of view: the double electrophilic
substitution of suitably disubstituted [2.2]paracyclophanes
(possessing two identical functional groups), allowing the
one-step introduction of a pair of two other identical func-
tional groups and thus the synthesis of symmetrical tetrasub-
stituted compounds. This approach is illustrated in the litera-
ture by isolated examples only so far, for example para-re-
gioselective dibromination of pseudo-ortho-dibromo-
ACHTUNGTRENNUNG[2.2]paracyclophane and ortho-regioselective dibromination
of pseudo-para-dibromoACHTUNGTRENNUNG[2.2]paracyclophane,[11a] pseudo-
gem-regioselective double chloromethylation of para-
bis(methoxycarbonyl) ACHTUNGTRENNUNG[2.2]paracyclophane,[16] ortho-regiose-
lective double acylation of pseudo-ortho-dihydroxy-
ACHTUNGTRENNUNG[2.2]paracyclophane (PHANOL), and para-regioselective
chlorosulfonation of its diacetate.[17] Dinitration of pseudo-
ortho-dibromo ACHTUNGTRENNUNG[2.2]paracyclophane is also para-regioselec-
tive,[17] whereas acylation, oxaloylation, and formylation of
this substrate para-regioselectively produce the monocar-
bonyl compounds only.[18] A single example of pseudo-gem-
regioselective bromination of unsymmetric 4-bromo-5-
diethylcarbamoyl ACHTUNGTRENNUNG[2.2]paracyclophane is also known.[19]


Here we present the first direct electrophilic substitution
of C2-symmetrical chiral pseudo-meta-[20] and Ci-symmetrical
achiral pseudo-para-disubstituted [2.2]paracyclophanes as an
approach to the chemo- and regioselective synthesis of tetra-
substituted [2.2]paracyclophanes. We also have evaluated
the number of all possible symmetrical tetrasubstituted
[2.2]paracyclophanes containing substituents in their aro-
matic rings, describe their symmetry properties, and intro-
duce a convenient descriptor system for naming them. First
results of the usage of some polysubstituted [2.2]paracy-
clophanes as chiral inductors in asymmetric catalysis are
also reported.


Figure 1. Bis-bifunctional cyclohexadienols 2.
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Results and Discussion


Statement of the problem : The rapid progress in preparative
[2.2]paracyclophane chemistry has brought forth a large
number of differently polysubstituted [2.2]paracyclophanes,
among which those with four aromatic substituents in a sym-
metrical substitution pattern have attracted the interest of
chemists because of their possible use in various areas of
modern chemistry (see below: Prospects). Such symmetrical
compounds could possess very diverse substitution patterns,
either chiral or achiral, homo- or heterosubstituted, and
comprise in their structures two chemically and, in the case
of chiral compounds stereochemically identical functional
units. We suggest to designate them as bis-bifunctional
[2.2]paracyclophanes (Figure 2). In our opinion, one of the
more important questions is the proper description of the
array of substituents in these derivatives.


Such an extension is necessary since at least three differ-
ent nomenclature systems are used in the present chemical
literature for the naming of [2.2]paracyclophane derivatives.
In all these systems the numbering of the bridge carbon
atoms and of the aromatic carbons of the first ring are the
same and accepted as originally proposed by Cram[21]


(Figure 3). These systems differ, however, as to how the
carbon atoms should be numbered in the second ring. Thus,
in the first numbering scheme the front-side (facing) carbon
atoms of each aromatic ring of the [2.2]paracyclophane mol-
ecule have lower numbers than their respective back-side
atoms (Figure 3, left structure 3).[13,19,22, 23] Working on the
numbering of multibridged [2n]cyclophanes, Boekelheide


[24a]


suggested to number all carbons in aromatic rings in a clock-
wise manner, starting each time from the nearest bridgehead
(Figure 3, right structure 3). In the case of [2.2]paracy-
clophane this leads to a situation, in which the back-side


carbon atoms of the upper ring now carry the lower num-
bers.[24b] These two nomenclature systems hence give dissim-
ilar names to compound of type 3 (which is either a 4,16- or
a 4,12-disubstituted [2.2]paracyclophane). The other com-
monly used system[8,9,25, 26] numbers carbon atoms in the
second ring by ascribing the lower number to the substitu-
ent-carrying carbon atoms. However, this system does not
allow one to distinguish between the front and back sides of
the molecule and, consequently, to describe properly the re-
spective regioisomers (for example, both 3 and 4 would be
4,12-disubstituted in this case (Figure 3, right).
The recently recommended IUPAC Phane Nomencla-


ACHTUNGTRENNUNGture[27a,b] which demands the use of the lowest locants
rule[27c] in numbering of the respective substituents attached
to the simplified skeleton also does not discern the regioiso-
mers.[27d] For disubstituted [2.2]paracyclophanes, the proper
description could be done by using the “pseudo”-prefixes
suggested by Cram,[28] which unequivocally define the
mutual arrangement of two substituents (for example, disub-
stituted [2.2]paracyclophanes 3 and 4 would be pseudo-para-
and pseudo-ortho-, respectively, Figure 3).
For tetrasubstituted chiral and achiral derivatives the am-


biguities in their description prompted chemists to add dif-
ferent prefixes or epithets to designate the mutual arrange-
ment of the substituents, that we would like to illustrate by
selected examples. Thus, structures of both pairs of chiral
bis-bifunctional regioisomeric compounds 5 and 6 (4,7-dime-
thoxy-12,15-dinitro-[9] and 4,7-dicyano-12,15-dimethoxy-,[25]


Figure 4, left), were described as pseudo-ortho- or “stag-
gered” for 5 and pseudo-geminal or “eclipsed” for 6. On the
other hand, homo-tetrasubstituted compounds (achiral 7
and chiral 8, Figure 4, right) were discerned as either ortho–
ortho- and para–para (R=CH2Br


[3c] or OMe[8,9]) or pseudo-
para and pseudo-ortho- (R=Br).[12] Nevertheless, the usage
of such prefixes does not only make the nomenclature
system more cumbersome but it also often does not provide
an unambiguous representation of the structure.


We have hence decided to develop a unified, comprehen-
sive, and self-consistent descriptor system for the naming of
symmetrical tetrasubstituted [2.2]paracyclophane derivatives
with substituents in their aromatic rings. As the first step we
calculated the possible number of such compounds by a
combinatorial approach[29] and found that there could be 28
items: 7 structural isomers with four equal substituents X


Figure 2. Examples of bis-bifunctional [2.2]paracyclophanes.


Figure 3. Different nomenclature systems commonly used for numbering
of [2.2]paracyclophane derivatives.


Figure 4. Selected examples of distinguishing between regioisomeric tet-
rasubstituted [2.2]paracyclophanes.
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(homosubstituted) and 21 isomers with two pairs of different
substituents X and Y (heterosubstituted). The second step
involves the systematization of these compounds by substi-
tution patterns and types of symmetry. With this aim we ap-
proached the tetrasubstituted symmetrical [2.2]paracy-
clophanes as derivatives of the respective disubstituted
[2.2]paracyclophanes of seven possible substitution patterns
(three chiral and four achiral).[30] The rule proposed by us
for an accurate estimation of the novel patterns (so-called
“homonymous substitution” rule) is presented below in
detail for chiral compounds and then expanded to respective
achiral compounds. The third step consist of the construc-
tion of the descriptors for each novel pattern, and for this
purpose we have decided to chose the combination of the
usual prefixes (ortho-, meta-, and para-) with CramNs
“pseudo”-prefixes (pseudo-ortho-, pseudo-meta-, pseudo-
para-, and pseudo-gem-) which have been accepted and
used for a long time in [2.2]paracyclophane chemistry.


Symmetrically tetrasubstituted [2.2]paracyclophane deriva-
tives : symmetry properties and unified descriptor system for
their denotation


C2-Symmetrical chiral tetrasub-
stituted [2.2]paracyclophanes :
The first generation of chiral
C2-symmetrical [2.2]paracy-
clophanes is presented by deriv-
atives which are X,X-disubsti-
tuted in their aromatic rings
and belong to three patterns
(para- (A), pseudo-ortho- (B),
and pseudo-meta- (C), differing
in the orientation of the C2-
axis[30] (Figure 5). The next gen-
eration of C2-symmetrical
[2.2]paracyclophanes (namely,
tetrasubstituted derivatives)
arises by heterosubstitution of
the parent patterns A–C (chiral
origins) by the pair of substitu-
ents Y–Y of the same substitu-
tion pattern (“homonymous
substitution”, namely para- (A)
by para-, pseudo-ortho- (B) by
pseudo-ortho-, and pseudo-
meta-substituted pattern (C) by
pseudo-meta- pair Y–Y), and
each chiral origin structure A–
C can bind the Y–Y pair in
three possible ways. Thus the
combination of three disubsti-
tuted origins (A–C) with three
possible incoming substitutions
leads to the formation of nine
tetrasubstituted chiral patterns:
A1–A3, B1–B3, C1–C3 ; within


each type the C2 axis of the parent origin is retained
(Figure 5).
Homosubstitution (i.e. , by a pair X–X) of each origin, A–


C, produces several additional patterns; however, only one
of these, D (a superposition of A2, B2, and C2), is chiral
and describes the single chiral homo-tetrasubstituted
[2.2]paracyclophane of D3 symmetry


[30] (Figure 5).


Symmetrical achiral tetrasubstituted [2.2]paracyclophanes :
Apart from ten chiral C2-symmetrical tetrasubstituted deriv-
atives one can consider 18 additional achiral bis-bifunctional
regioisomers. Thus the application of the “homonymous
substitution” rule to four achiral origins (ortho- (E), meta-
(F), pseudo-gem- (G) of Cs symmetry, and pseudo-para- (H)
of Ci symmetry) produces twelve novel patterns (E1–E3 to
H1–H3) as a result of Y–Y heterosubstitution (Figure 6).
Again within each four types the symmetry of the parent
origin is retained.
The homonymous X–X homosubstitution of four achiral


disubstituted origins E–H finally gives rise to the next six re-
gioisomers I–N of C2v and C2h symmetry (Figure 7).
Thus, we have specified all possible patterns of tetrasub-


stituted symmetrical [2.2]paracyclophanes as 7 homo- and


Figure 5. C2-Symmetrical planar chiral [2.2]paracyclophanes: three disubstituted origins A–C and ten tetrasub-
stituted patterns (A1–A3, B1–B3, C1–C3, and D) for bis-bifunctional derivatives. In this Figure we will use the
prefix “ps-” instead of “pseudo-” for brevity.
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21 heterosubstituted variants, among which 10 are chiral and
18 are achiral.


Construction of the descriptors : In accordance with our pro-
posal, the descriptor for every symmetrical tetrasubstituted
[2.2]paracyclophane derivative may be constructed by suc-
cessive specification of three prefixes chosen from seven
possible patterns which describe the relationship between
substituents in the molecule of [2.2]paracyclophane (ortho-,
meta-, para-, pseudo-ortho-, pseudo-meta-, pseudo-para-,
and pseudo-gem-). Thus, the descriptor may be constructed
by successive specification of three prefixes as follows:


* The first prefix bis- is multiplicative and indicates the
presence of two identical pairs of functional groups;


* the last prefix in the sequence denotes the mutual ar-
rangement of these pairs and refers to the positioning of
the identical substituents (X vs X and Y vs Y); for C2-
symmetric compounds it always describes a chiral ar-
rangement;


* the middle prefix (in brackets) denotes the relative posi-
tions of different substituents in these pairs (X vs Y, the
so-called in pair descriptor).


There is a choice to be made between two in pair descrip-
tors possible for each of the structures (for example, para-
or pseudo-ortho- for C2, Figure 3). In principle, one may
arrive at the drawing of the same structure regardless of
which of the two prefixes is used. For the preference we sug-
gest a simple criterion, namely, the shorter path (i.e., smaller
number of chemical bonds) from X to Y along the paracy-
clophane scaffold (which is para- in the present example).
This preference is related with the lowest locant rule[27c] of
IUPAC nomenclature according to which the pair of sub-
stituents X and Y of one functional unit would be numbered
as 4- and 7- (rather than 4- and 12-). So, the model structure
C2 would be called bis-(para)-pseudo-meta. However, for
the chemists working, for example, in asymmetric synthesis,
the other descriptor, namely bis-(pseudo-ortho)-pseudo-
meta, would be more informative, for it displays the location
of the functional groups X and Y on the same side of the
plane passing through the four bridge carbon atoms and re-
flects the ability of these groups for coordination. The de-
scriptors for all other chiral and achiral structures are pre-
sented in Figures 5 and 6. In two cases only (F2 and F3),
when both pairs of prefixes are accountable for equal
amounts of chemical bonds, the preference would be made
for those, which describe the location of the functional
groups X and Y on the same side of the plane passing
through the four bridge carbon atoms (pseudo-ortho- rather
than pseudo-para- for F2 and pseudo-gem- rather than
pseudo-meta- for F3).
Homo-tetrasubstituted [2.2]paracyclophanes may be


named by choosing the last and the middle prefixes fulfilling
the criterion of the shorter X–X path drawn along the para-
cyclophane scaffold. In this case, the last prefix would
always describe the arrangement of two X substituents in


Figure 6. Cs- and Ci-Symmetrical achiral [2.2]paracyclophanes: four achi-
ral disubstituted origins E–H and twelve novel patterns (E1–E3, F1–F3,
G1–G3 and H1–H3) for tetrasubstituted bis-bifunctional derivatives.


Figure 7. Six patterns of C2v- and C2h-symmetrical achiral homo-tetrasub-
stituted [2.2]paracyclophanes.
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the same aromatic ring and would have preference over the
middle prefix in resolving the ambiguous cases. For example,
to name structure I (with all substituents in the same aro-
matic ring, Figure 5), one would choose ortho- rather than
meta- or para- for the last prefix, and then meta- rather than
para- for the middle prefix. The K and N regioisomers, with
substitution patterns resembled by F3 and F2, respectively,
would have their preferable middle prefixes as pseudo-gem-
and pseudo-ortho- in a similar way. The single chiral homo-
substituted structure D (which resembles A2, B2, and C2 at
a time) in accordance with the preference criteria could be
named as bis-(pseudo-meta)-para (Figure 5). For the full set
of these descriptors see Figures 5–7.
The proposed descriptor system is unified and independ-


ent, and so could be used for the naming of all symmetrical
tetrasubstituted [2.2]paracyclophanes in addition to any no-
menclature. For example, compounds from Figure 4 could
be named now as bis-(pseudo-meta)-para 5, bis-(pseudo-
gem)-para-6, bis-(pseudo-meta)-ortho 7 and bis-(pseudo-
meta)-para 8, and as is clear from the Figure, both hetero-
and homo-tetrasubstituted paracyclophanes 5 and 8 of the
similar substituted pattern have identical descriptors.
It should be noted that the same naming principle may


also be applied to a similar classification of bis-trifunctional
and bis-tetrafunctional [2.2]paracyclophanes.


Regioselective electrophilic substitution reactions


Synthesis of starting materials : As starting materials for the
synthesis of pseudo-para- and pseudo-meta-disubstituted
[2.2]paracyclophanes, the respective dibromides were select-
ed. Several years ago we have worked out a non-catalytic di-
bromination of [2.2]paracyclophane 1 with Br2 and a separa-
tion technique which allowed us to isolate pseudo-para-
dibromo ACHTUNGTRENNUNG[2.2]paracyclophane (10, 40%) and its pseudo-meta
isomer (9, 10%, Scheme 1).[31] This is in contrast to CramNs
Fe-catalyzed dibromination where the respective dibromides
10 (26%) and 11 (pseudo-ortho, 16%) were isolated as the
main products.[11a] In the present work the pseudo-meta-di-
bromide 9 has been isolated in higher yield (43%) by means


of an improved separation procedure (see Experimental
Section). Similar bromination and an alternative separation
technique, recently described by one of us,[32] yielded the di-
bromides 9 and 10 in 38 and 31% yield, respectively.
These simple bromination and separation techniques[31,32]


allow to carry out the reaction on a larger scale (up to 25 g
per single run), thus making dibromides 9 and 10 readily
available for further transformations. Dibromide 10 could
also be used for the synthesis of the pseudo-ortho-dibromide
11,[33] a precursor for the paracyclophane derived diphos-
phine ligand PHANEPHOS, its analogues,[34] and for a
number of promising unsymmetrical N,N-, N,P-,[35] N,O-,
and O,O-ligands.[36]


Starting from dibromides 9 and 10 we have carried out
the synthesis of several novel as well as already described
disubstituted [2.2]paracyclophanes. The choice of functional
substituents, attached to the [2.2]paracyclophane scaffold
(OH, OMe, and COOMe), was based on known regularities
of ortho-, para-[13d,o] and pseudo-gem-regioselective[13k,37]


electrophilic substitution, revealed earlier for the monosub-
stituted [2.2]paracyclophanes. Achiral pseudo-para-diphenol
12 was obtained from dibromide 10 in accordance with the
described procedure (Scheme 1).[11] For the synthesis of
pseudo-meta-dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane 14 several differ-
ent transformations were employed (Scheme 2). First, by
analogy to the synthesis of the respective pseudo-para-dihy-
droxy- (12)[11a] and pseudo-ortho-dihydroxy ACHTUNGTRENNUNG[2.2]para-
ACHTUNGTRENNUNGcyclophanes (13)[38] we have carried out the double lithiation
of dibromide 9 followed by oxidation of the intermediate di-
lithio derivative with nitrobenzene. This reaction produced
the target diphenol 14, however in low yield (30%), attrib-
utable to formation of brownish sticky side products which
prevent easy isolation of 14. The “classical” Li/B exchange
with trimethylborate followed by oxidation of the respective
boronic esters with H2O2/NaOH


[39] failed to produce 14, and


Scheme 1. Non-catalyzed dibromination of [2.2]paracyclophane 1. a) Br2,
Fe, CCl4, 98%; b) benzene, 200 8C, autoclave 24 h;


[13a] c) nBuLi, THF,
PhNO2.


[11a, 37]


Scheme 2. Synthesis of the starting pseudo-meta-[2.2]paracyclophanes.
a) 2.4 equiv nBuLi, Et2O, RT, then PhNO2, �78 8C; 30%; b) 1.2 equiv
nBuLi, Et2O, RT; then B ACHTUNGTRENNUNG(OMe)3, then H2O2/NaOH; 86%; c) 1.2 equiv
nBuLi, Et2O, RT; then B ACHTUNGTRENNUNG(OMe)3, then H2O2/NaOH; 87%; d) 1.2 equiv
nBuLi, THF, �78 8C; then B ACHTUNGTRENNUNG(OMe)3, then H2O2/NaOH; 18%; e) NaH/
DMF, then MeI, 87%; f) NaH/DMF, then MeI, 80%; g) 2.4 equiv nBuLi,
Et2O, RT; then CO2, then HCl; 74%; h) SOCl2, CHCl3/DMF; then
MeOH, 78%.
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nothing but parent [2.2]paracyclophane (1) and 4-hydroxy-
ACHTUNGTRENNUNG[2.2]paracyclophane (15) were isolated from the reaction
mixture.
This prompted us to elaborate a stepwise synthetic proto-


col. Monolithiation of the bromide 9 with nBuLi in Et2O at
room temperature, Li/B exchange and oxidation gave rise to
4-bromo-15-hydroxy ACHTUNGTRENNUNG[2.2]paracyclophane (16) in high chemi-
cal yield (Scheme 2). Due to difficulties in purification, a
portion of the phenol 16 was converted into the respective
methyl ether 17, which was then fully characterized. Crude
16 was again used in the lithiation/electrophilic substitution
reaction to produce the target diphenol 14. Room tempera-
ture lithiation in Et2O has been found more efficient than
that at low temperature (�78 8C) in THF (87 vs 18% yield).
Diphenol 14 was next transformed into the respective di-
methyl ether 18[23] by a standard methylation procedure. It
should be noted that the intermediate brominated mono-
phenol 16 looks very attractive as a starting material for fur-
ther unsymmetrically disubstituted [2.2]paracyclophanes of
the pseudo-meta type, as reported earlier for the respective
brominated monophenol of pseudo-ortho-structure.[34,35]


In contrast to the lack of reactivity of the intermediate di-
lithio derivative with trimethylborate, its reaction with solid
CO2 (similar to the synthesis of the respective regioisomeric
dicarboxylic acids with pseudo-para-[40a] and pseudo-ortho-
arrangement[33b]) occurred smoothly and produced, after
acidification of the reaction mixture, pseudo-meta-
dicarboxy ACHTUNGTRENNUNG[2.2]paracyclophane (19)[41] in high chemical yield
(72%, Scheme 2). Dimethyl
ester 20 was easily obtained
from the diacid 19 through the
methoxylation of its respective
bis(acidchloride).


ortho-Regioselective diacyla-
tion of pseudo-meta-dihydroxy-
ACHTUNGTRENNUNG[2.2]paracyclophane (14): Re-
cently we have found that the
TiCl4-catalyzed Friedel–Crafts
acylation of 4-hydroxy-
ACHTUNGTRENNUNG[2.2]paracyclophane (15) with
AcCl and BzCl in dichlorome-
thane, and Fries rearrangement
of O-acyl-4-hydroxy ACHTUNGTRENNUNG[2.2]para-
ACHTUNGTRENNUNGcyclophane occur ortho-regiose-
lectively.[13d] Later Braddock
et al. have applied this ap-
proach to the acylation of
pseudo-ortho-diphenol 13
(PHANOL).[17] Various reac-
tion conditions were studied,
and it was demonstrated that
the double ortho-regioselective
acylation by valeroyl chloride
may be achieved in 1,2-di-
chloroethane under reflux.


First we examined the acylation of the pseudo-meta-di-
phenol 14 under our standard conditions[13d] with twofold
excess of the reagents (3 equiv of AcCl, 3 equiv of TiCl4,
CH2Cl2, room temperature) and found that three products
(ortho-structure exclusively) were found in almost equal
amounts here, namely, the desired diacylation product: 1,1’-
[5,16-dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-diyl]diethanone
(21, bis-(ortho)-pseudo-meta, type C1), monoacylated diphe-
nol 1-[5,16-dihydroxy-[2.2]paracyclophan-4-yl]ethanone (22),
and its O-acyl-derivative 16-acetyl-15-hydroxy-
ACHTUNGTRENNUNG[2.2]paracyclophan-4-yl acetate (23) (Scheme 3, Table 1,
entry 1). Their ratio was determined by 1H NMR analysis.
We have found that larger amounts of the reagents (Table 1,
entry 2) and longer reaction times (Table 1, entry 3) affect
the product ratio only slightly. Treatment of the reaction
mixture with a further portion of the reagents at reflux al-
lowed us to convert 22 into 21, still producing some of the
unfavorable O-acylation product 23 (Table 1, entry 4).
Finally the chemoselective synthesis of 21 (93% isolated


yield, together with 22 and 23 in trace amounts only) was
achieved as follows: a solution of 14 was stirred with TiCl4
for 1 h (to avoid the formation of any O-acylation products),
then AcCl was added, and the reaction mixture was kept
under reflux followed by further addition of the reagents in
excess (Table 1, entry 5 and Experimental Section). From
the combined reaction mixtures of the unselective reactions
(Table 2, entries 1–4) 21, 22 and 23 have been isolated by
preparative chromatography and fully characterized. Addi-


Scheme 3. ortho-Regioselective acylation of 14 and synthesis of diastereomeric imino-ligands 25 and 26.
a) 6 equiv AcCl, TiCl4, CH2Cl2; b) 1.2 equiv (R)-(a)-PEAM, Et2SnCl2; c) 2.5 equiv (R)-(a)-PEAM, Et2SnCl2;
d) chromatographic separation.
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tionally for 21 an X-ray investigation was carried out
(Figure 8). The presence of only the half set of signals in the
1H and 13C spectra of 21 reveals the symmetry of the com-
pound. This characteristic spectral feature could be used for
identification of all bis-bifunctional [2.2]paracyclophanes.
As is obvious from Figure 8 and Scheme 3, C2-symmetri-


cal diacylated diphenol 21 comprises two chemically and ste-
reochemically identical units with mutual pseudo-meta ori-
entation, both of which mimic the functional part of the 5-
acetyl-4-hydroxy ACHTUNGTRENNUNG[2.2]paracyclophane (AHPC),[13d] a well
known precursor for a series of efficient imino-type ligands
like 24.[42] This structural simi-
larity prompted us to obtain
bis-bifunctional analogues of
the imino-ligands 24.
Thus the diastereomeric


Schiff bases 25 were obtained
(85% chemical yield,
Scheme 2) from racemic bis-
(ortho)-pseudo-meta 21 and
(R)-(a)-phenylethylamine ((R)-
(a)-PEAM). (R,Rp,R)- And
(R,Sp,R)-25 were separated by
preparative chromatography
(de >99% by 1H NMR analy-
sis). For the latter diastereomer
(which is less soluble and pos-
sesses higher chromatographic
mobility in toluene/EtOH) an
X-ray diffraction study was car-


ried out (Figure 9); it allowed us to establish the absolute
configurations of this diastereomers as (R,Sp,R)-25.
Furthermore, we obtained the diastereomeric Schiff bases


26 from racemic, trisubstituted 22 and (R)-(a)-PEAM to get
AHPC-based imino ligands with modified electronic proper-
ties (Scheme 3). Both (Rp,R)- and (Sp,R)-26 were isolated in
practically quantitative chemical yields after chromato-
graphic separation (de > 99% by 1H NMR analysis). As for
25 (as well as for the respective AHPC derivatives 24[13d]),
the less soluble diastereomer of 26 has the higher chromato-
graphic mobility. The X-ray investigation of this diastereo-
mer allowed us to assign its configuration as (Sp,R)
(Figure 10).
It should be noted that in contrast to (R,Sp,R)-25 in which


O-H···O intramolecular H bonds are formed, in the crystal
structure of (Sp,R)-26 the N-H···O H bond is observed. Thus


Table 1. ortho-Regioselective mono- and diacylation of diphenol 14
(0.1m solution in CH2Cl2).


Entry 14/TiCl4/
AcCl ra-
tio, equiv


t1
[h]


Excess por-
tion of TiCl4/
AcCl


t2
[h]


Ratio of the products 21/
22/23[d] (chemical yield of
21)


1[a] 1:3:3 10 – – 30:35:35
2[a] 1:6:6 10 – – 40:30:30
3[a] 1:6:6 20 – – 45:35:20
4[b] 1:6:6 10 6:6 10 60:35:5
5[c] 1:6:6 10 6:6 10 95:3:2 (93%)


[a] Room temperature. [b] T=40 8C. [c] TiCl4 was added to a solution of
14 at RT, the mixture was stirred for 1 h, then AcCl was added and the
mixture was kept under reflux (T=40 8C). [d] By 1H NMR analysis.


Table 2. Asymmetric diethylzinc (2 equiv) addition to benzaldehyde with
imino ligands (L, 10 mol%), toluene, 0 8C.


Entry L Configuration
of 1-phenylpropanol


ee [%]


1 ACHTUNGTRENNUNG(R,Rp,R)-25 (S) 36
2 ACHTUNGTRENNUNG(R,Sp,R)-25 (R) 76
3 ACHTUNGTRENNUNG(Rp,S)-24 (S) 82[41]


4 ACHTUNGTRENNUNG(Sp,R)-26 (S) 71
5 (S, ACHTUNGTRENNUNG{Rp,Sp},S)-39 (S) 7


Figure 8. X-ray crystal structure of 21. Parameters of hydrogen bonds:
O(1)-H(10)···O(2) 1.76 S, O(1)···O(2) 2.522 (2) S, a : O(1)H(10)O(2)
1488 ; O(3)-H(30)···O(4) 1.73 S, O(3)···O(4) 2.491 (3) S, a :
O(3)H(30)O(4) 1478.


Figure 9. X-ray crystal structure of bis-imine (R,Sp,R)-25. Selected bond lengths [S] in H-bonded rings: O(1)�
C(4) 1.356(4), O(2)�C(15) 1.350(4), N(1)�C(17) 1.290(5), N(2)�C(27) 1.278(4), C(5)�C(17) 1.484(4), C(16)�
C(27) 1.492(4), C(4)�C(5) 1.412(5), C(15)�C(16) 1.418(5). Parameters of hydrogen bonds: O(1)-H(10)···N(1)
1.73 S, O(1)H(10)N(1) 1498, O(1)···N(1) 2.539(4) S; O(2)-H(20)···N(2) 1.63 S, O(2)H(20)N(2) 1538,
O(2)···N(2) 2.488(4) S.
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in the latter crystal the equilibrium between two possible
tautomers is shifted towards the enamine form. In addition
to the position of hydrogen which was located in the vicinity
of N(1) atom, the pronounced variation of the N(1)�C(17),
C(17)�C(5), C(4)�C(5), C(4)�O(1) bonds (Figures 9–10),
respectively, can serve as an unequivocal support of the
presence of such tautomer in 26. The stabilization of the en-
amine tautomer in 26 may be caused by the fact that an ad-
ditional intermolecular H bond is established: O(2)�
H(2O)···O(1) (y, 2�x, z+ 1=4) (O(2)···O(1) 2.754(7) S,
H(2O)···O(1) 1.82 S, O(2)H(2O)O(1) 1648), making the
molecules assemble into a chiral helix.
The bis-acylation technique elaborated above was next


applied to the reaction of diphenol 14 with benzoylchloride,
but the reaction was carried out at room temperature. In
contrast to the reaction with AcCl and to the results ob-
tained for the acylation of the monophenol 15 (leading to
the single ortho-substituted product, namely, 5-benzoyl-4-
hydroxy ACHTUNGTRENNUNG[2.2]paracyclophane (BHPC)),[13d] this one was nei-
ther chemo- nor regioselective, and gave rise to a number of
C/O-acylated products of both ortho- and para-structure
(Scheme 4). Preparative chromatography provided five frac-
tions: the expected ortho-C-diacylated diphenol (5,16-
dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-diyl)bis(phenylmetha-
none (27, bis-(ortho)-pseudo-meta, type C1), ortho-para-di-
acylated 5,16-dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4,13-diyl)bi-
s(phenyl-methanone (28) together with a small amount of
its mono-O-benzoyl derivative 7,16-dibenzoyl-15-hydroxy-
ACHTUNGTRENNUNG[2.2]paracyclophan-4-yl benzoate (31), and two mono-O/
mono-C-acylation products namely, the respective 16-benzo-
yl-15-hydroxy ACHTUNGTRENNUNG[2.2]paracyclophan-4-yl benzoate (29, ortho-C)
and 12-benzoyl-15-hydroxy-[2.2]paracyclophan-4-yl benzoate
(30, para-C). The substitution pattern of 28 was confirmed
by the presence of two singlets at d=5.93 and 6.87 ppm
(para-substituted aromatic ring) and two doublets (3J=


7.8 Hz) at 6.39 and 7.10 ppm (ortho-substituted aromatic
ring). The structures of the more complex O-/C-acylated
compounds 29 and 30 were established by a series of 1H-


NOESY, 1H-13C HMQC and HMBC correlation experi-
ments.
In compounds 28 and 31 two benzoyl groups are placed


opposite the pseudo-gem-position to each other, thus giving
rise to the closure of the etheno bridge with formation of a
rigid “orthogonal cyclophane”, as it was carried out for the
respective diketone pseudo-gem-dibenzoyl ACHTUNGTRENNUNG[2.2]paracyclo-
ACHTUNGTRENNUNGphane under McMurry conditions followed by stilbene–
phenanthrene photocyclization.[26]


The different chemo- and regioselectivity of the diacyla-
tion reactions of diphenol 14 towards acetyl- and benzoyl-
chloride (in contrast to the exclusive ortho-regioselectivity
of the monoacylation of monophenol 15 under the action of
aromatic and aliphatic acylchlorides[13d]) reveals that in the
case of more complicated bifunctional compounds, no gener-
al prediction of any clear-cut regioselectivity can be made at
this time, and the reaction conditions should be adjusted
properly, by applying a certain reagent if necessary, in order
to achieve the selectivity desired.


para-Regioselective diacylation of pseudo-meta-dimethoxy-
ACHTUNGTRENNUNG[2.2]paracyclophane (18): In pursuing our investigations fur-
ther, we have also carried out the acylation of the pseudo-
meta-dimethoxyACHTUNGTRENNUNG[2.2]paracyclophane 18 with AcCl at a 1:6:6
reagent ratio for 20 h. As expected, the reaction was para-
regioselective (as found by us for the acylation of 4-
methoxy ACHTUNGTRENNUNG[2.2]paracyclophane[13d]) and it produced 1,1’-[7,12-
dimethoxyACHTUNGTRENNUNG[2.2]paracyclophane-4,15-diyl]diethanone (32, bis- ACHTUNG-
TRENNUNG(para)-pseudo-meta, type C2) as the sole product
(Scheme 5). The substitution pattern of both functional
units in this compound mimics that of the recently obtained
12-hydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4-carbaldehyde (34, pseudo-
FHPC, of the pseudo-ortho-structure), a novel origin for
planar chiral diol[13o] and iminophenol ligands.[36b] The syn-
thesis of the bis-bifunctional compound 33 is also envisaged
by deprotection of the hydroxy-groups of 32.


Pseudo-gem-regioselective electrophilic substitution of
pseudo-meta-bis(methoxycarbonyl ACHTUNGTRENNUNG[2.2]paracyclophane (20):


Figure 10. X-ray crystal structure of Schiff base (Sp,R)-26. Selected bond
lengths [S]: O(1)�C(4) 1.305(5), O(2) �C(15) 1.368(5), N(1) �C(17)
1.308(7), C(5) �C(17) 1.448 (6), C(4) �C(5) 1.449(7). Parameters of hy-
drogen bond: O(1)-H(10)···N(1) 1.56 S, O(1)H(10)N(1) 1608, O(1)···N(1)
2.478(9).


Scheme 4. Acylation of diphenol 14 with benzoylchloride. a) 6 equiv
BzCl, TiCl4, CH2Cl2, RT.
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The regioselective pseudo-gem bromination of 4-carboxy-
ACHTUNGTRENNUNG[2.2]paracyclopane and its methyl ester was described by
Cram and Reich already,[37a] and this approach was further
used for the regioselective substitution of amide and oxazo-
line derivatives of this acid[19,43] or of 4-tosyl-
ACHTUNGTRENNUNG[2.2]paracyclophane.[44] Recently the formylation of 4-
methoxycarbonyl ACHTUNGTRENNUNG[2.2]paracyclophane was found to be effi-
cient for the generation of the pseudo-gem substitution pat-
tern.[37b] To the best of our knowledge, the only example of
a double pseudo-gem-regioselective substitution, namely, the
chloromethylation of para-bis(methoxycarbonyl)-
ACHTUNGTRENNUNG[2.2]paracyclophane was reported to produce the respective
tetrasubstituted derivative.[16] We have undertaken the inves-
tigation of the reactivity and regioselectivity of pseudo-
meta-bis(methoxycarbonyl) ACHTUNGTRENNUNG[2.2]paracyclophane (20) in
double pseudo-geminal substitution reactions.
The formylation of 20 with Cl2CHOCH3 (2.4 equiv) in the


presence of TiCl4 (4 equiv) in dichloromethane at room tem-
perature was extremely slow and in 13 days went halfway to
completion only. Under these conditions only monoformyla-
tion was achieved (1H NMR control), even with the set of
the reagents being added three times. However, the process
was highly pseudo-gem-regioselective, and dimethyl 8-
formyl ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (35) was iso-
lated from the reaction mixture in 49% chemical yield
(Scheme 6); unreacted 20 was recovered in 40% yield.
Next, the Fe-catalyzed, room temperature bromination of


the diester 20 was investigated (Scheme 6). In contrast to


the formylation, in the bromination reaction with 2.4 mol
equiv of Br2 at room temperature the starting compound
was consumed by 80% (1H NMR control) already in three
days. This reaction also gave the product of the pseudo-gem-
regioselective monosubstitution, dimethyl 8-bromo-
ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (36), which was com-
pletely separated from starting material 20 by chromatogra-
phy. The next bromination experiment was carried out in a
similar manner, but after three days a huge excess of the re-
agents (up to 10 mol equiv of Br2 in total) was added and
the mixture was stirred for a further 10 day-period. 1H NMR
spectra showed full consumption of 20 and pseudo-geminal
regioselective formation of the target dimethyl 8,13-
dibromo ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (37, bis-
(meta)-pseudo-meta, type C3). The dibromination was accel-
erated by refluxing 20 with 20 mol equiv of Br2 in a 2:1
CH2Cl2/CCl4 solvent system. The reaction was complete in
10 h, and the dibromide 37 was isolated by preparative chro-
matography in 88% yield. We believe this compound to be
a promising precursor of a wide range of novel [2.2]paracy-
clophane derivatives obtainable by further chemical trans-
formations of its bromine atoms and/or of its ester groups.


ortho- and pseudo-gem-Regioselective double electrophilic
substitution of achiral pseudo-para-disubstituted [2.2]para-
cyclophanes 12 and 40 : To expand the scope of the double
electrophilic substitution onto the synthesis of achiral bis-bi-
functional compounds, we have applied the above diacyla-
tion and dibromination techniques to the achiral 4,16-
dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane (12) and to 4,16-
bis(methoxycarbonyl) ACHTUNGTRENNUNG[2.2]paracyclophane (40)[10a] (of the
pseudo-para-structure). As expected, both reactions retained
the regioselectivities which are characteristic for their
pseudo-meta regioisomers and produced the respective 1,1’-
[5,15-dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4,16-diyl]diethanone
(38, bis-(ortho)-pseudo-para, type H1) and dimethyl 7,13-
dibromo ACHTUNGTRENNUNG[2.2]paracyclophane-4,16-dicarboxylate (41, bis-
(para)-pseudo-para, type H2, Scheme 7).
Here, we would like to touch upon some points of a spe-


cifically stereochemical interest. Ernst and Wittkowski have
proposed to consider disubstituted [2.2]paracyclophane de-
rivatives with identical groups in both aromatic rings not
only as regio- but also as stereoisomers.[45] In such com-
pounds there are two constitutionally equal planes of chirali-
ty, passing through the planes of both aromatic rings, and
optical activity depends on the sense of chirality of these
two elements. That is the reason why, for example, biphenols
13 and 14 (with R stereochemical descriptors for both aro-
matic rings, {Rp,Rp}


[46]) may be regarded as internal (intra-
molecular) “chiral diastereomers”, whereas biphenol 12 is
described as {Rp,Sp}, and so is an internal achiral “meso-com-
pound” (Scheme 7). The same statements are true for all
compounds of chiral (A–C) and achiral patterns (E–H) as
well as for the respective symmetrical tetrasubstituted
[2.2]paracyclophanes derived from them.
However, the reaction of achiral 38 with two equivalents


of (S)-(a)-PEAM furnishes an interesting Schiff base


Scheme 5. para-Regioselective diacylation of 18. a) 6 equiv AcCl, TiCl4,
CH2Cl2, 40 8C, 71%.


Scheme 6. Pseudo-gem-regioselective electrophilic mono- and disubstitu-
tion of 20. a) 6 equiv Cl2CH2OCH3, TiCl4, 49%; b) 2 equiv Br2, Fe, RT,
3 d, 80%; c) 10 equiv Br2, Fe, RT, 10d, 93%; d) 20 equiv Br2, Fe, T=


42 8C, 10 h, 88%.
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(S, ACHTUNGTRENNUNG{Rp,Sp},S)-39 (or (Sc,Sc)-39) which formally has four chiral
elements and is, in this case, chiral due to the chirality of its
asymmetric centers (Scheme 7). If one considers independ-
ently both functional units of this compound ((Rp,S)-, top
ring, and (Sp,S)-, bottom ring), then their similarity to the
functional fragments of diastereomers of the imino-type li-
gands derived from AHPC and (S)-(a)-PEAM, namely
(Rp,S)- and (Sp,S)-24 becomes clear. So (S, ACHTUNGTRENNUNG{Rp,Sp},S)-39 could
be regarded as “internal diastereomer”. Both 1H and
13C NMR spectra are an excellent illustration of this phe-
nomenon. The spectra, containing two characteristic sets of
signals of equivalent intensity, appear to be those of the
equimolar diastereomeric mixture. Obviously, the individual
diastereomeric fragments could not have been separated
chemically in this case.
The other stereochemical analogy of this phenomenon


may be found among [2.2]paracyclophane derived salen li-
gands 42, described and classified (in accordance with their
structural and configurational symmetry) by us recently.[13j, 47]


These ligands also have four chiral elements (two independ-
ent planar chiral paracyclophane moieties and two chiral
centers), and in the case when they are structurally symmet-
rical, but two paracyclophanyl fragments have opposite con-
figurations (R and S), they also became chiral due to the
chirality of the diamine fragment only ((Sp,R,R,Rp)-42,
Figure 11, left). At the same time, diastereomeric bis-bifunc-
tional iminoligands (R,Sp,R)- and (R,Rp,R)-25 (Scheme 3,
which formally may be considered as (R, ACHTUNGTRENNUNG{Sp,Sp},R)- and


(R, ACHTUNGTRENNUNG{Rp,Rp},R)-25), may be compared with structurally and
stereochemically symmetrical salens such as ((Sp,R,R,Sp)-42
or (Rp,R,R,Rp)-42, Figure 11, right).


Enantioselective diethylzinc addition to benzaldehyde


To estimate the ability of the newly synthesized imino li-
gands to function as chiral inductors in asymmetric catalysis,
we have carried out the model reaction of diethylzinc addi-
tion to benzaldehyde (Table 2).
Thus, for the diastereomeric ligands 25 a matched-mis-


matched effect was observed (Table 2, entries 1, 2), and
(R,Sp,R)-25 showed a catalytic activity very close to that
shown by the respective structurally similar (Rp,S)-AHPC
analog (cf. 76% (R) against 82% (S),[42] Table 2, entry 3).
The ligand (Sp,R)-26 (with additional hydroxy group), in
contrast, influenced the reaction in the opposite direction
providing (S)-1-phenylpropanol with good selectivity
(Table 2, entry 4). The “internal diastereomer” 39 showed
some (though very negligible) catalytic activity with the
result lying between that obtained for the two diastereomers
of the respective imino-ligands 25 (Table 2, entry 5).


Prospects


Synthesis : Our experience[20] and the literature data[16–19]


reveal that ortho-, para-, and pseudo-gem-regioselective
double electrophilic substitution of symmetrical chiral and
achiral disubstituted [2.2]paracyclophanes constitute a gen-
eral and useful approach to the synthesis of the different
types of tetrasubstituted derivatives. The combination of
symmetrical disubstituted origins with different substitution
patterns, certain substituents (chosen in accordance with the
known regularities of the regioselective electrophilic substi-
tution of cyclophanes), and appropriate reactions (bromina-
tion, acylation, formylation, oxaloylation, nitration, sulfona-
tion etc.) are a good way to synthesize the majority of the
28 possible symmetrical regioisomeric tetrasubstituted
[2.2]paracyclophanes. Moreover, the direct lithiation/electro-
philic exchange—a useful method for the regioselective
functionalization of either aromatic rings or ethano
bridges[48–50] of [2.2]paracyclophanes bearing DMG substitu-
ents (DMG=direct metallation groups: phenols- and car-


Scheme 7.


Figure 11. Intramolecular stereochemical analogues for bis-iminoligands
25 and 38.
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boxylic acids derivatives, sulfoxides etc.[51])—looks promising
to be extended to the functionalization of disubstituted par-
acyclophanes, which, to the best of our knowledge, has
never been investigated.
The possibility to carry out mono-electrophilic substitu-


tion makes trisubstituted [2.2]paracyclophanes available for
further conversions, as modifiers for well known ligands[18]


or bidentate ligands whose extra substituent may be used
for fixation on a solid support.[17]


Further development may also include an unsymmetric
double electrophilic substitution of disubstituted [2.2]paracy-
clophanes and/or a stepwise condensation of carbonyl com-
ponents with configurationally opposite amines, which could
lead to a variety of structurally and configurationally unsym-
metric bis-bifunctional ligands.
The synthesis of Schiff bases of bis-carbonyl compounds


with various diamines (for example, bis-(ortho)-pseudo-meta
21 with ethylendiamine) is in progress now.


Applications : For a long period of time the investigation of
the chemistry of tetrasubstituted cyclophanes has been re-
stricted to theoretical studies of “through space” donor–ac-
ceptor p–p interactions.[8,9] Only recently charge transfer ef-
fects were successfully applied by Bazan et al. in materials
chemistry for the construction of nonlinearoptic and opto-
electric materials from several especially designed tetrasub-
stituted compounds.[3]


A more detailed insight into the structures of the bis-bi-
functional [2.2]paracyclophanes reveals priorities of their
potential usefulness. It is clear from Figure 5, that all chiral
C2-symmetric structures look attractive as prospective chiral
ligands for asymmetric catalysis. Thus the functional groups
in the regioisomers A1–A3, B1 and C1–C3 form two identi-
cal (chemically and stereochemically) systems {X–Y} both of
which mimic one of the typical disubstituted chiral ligand
patterns based on [2.2]paracyclophane[7] (ortho-, pseudo-
ortho-, and pseudo-gem-) and may independently work as
chiral promoters. The structures B2 and B3, in contrast,
have two different {X–X} and {Y–Y} functional systems of
pseudo-ortho-architecture, whereas structure D consists of
two pseudo-ortho-systems with identical substituents {X–X}.
Note also that the second pair of substituents may affect the
electronic properties of the ligand. Furthermore, all symmet-
rical tetrasubstituted compounds have a great potential to
be used not only as chiral ligands for asymmetric catalysis,
but also as a useful platform for the composition of liquid
crystalline or NLO materials, monomers for polymer synthe-
sis, objects for biological research etc. We hope that the
elaboration of useful and versatile methods for their synthe-
sis will promote the development in the titled areas.


Conclusion


We have for the first time investigated the reactivity and the
regioselectivity of electrophilic substitution of chiral pseudo-
meta- and achiral pseudo-para-disubstituted [2.2]paracy-


clophanes. We have developed conditions for chemoselec-
tive disubstitution and established that these reactions can
occur ortho-, para- or pseudo-gem-regioselectively, providing
for an efficient synthesis of chiral and achiral bis-bifunction-
al tetrasubstituted [2.2]paracyclophanes. The approach
worked out here may be considered as a powerful tool for
the preparation of the title compounds with diverse substitu-
tion patterns and 3D-structures. We have determined the
possible number of chiral and achiral patterns (10 and 18,
respectively), described their symmetry properties, and in-
troduced a straightforward descriptor system (based on cus-
tomary ortho-, meta-, para-, and “pseudo”-prefixes accepted
in [2.2]paracyclophane chemistry), allowing an unambiguous
designation of all these patterns. Preliminary results of the
application of several bis-bifunctional imino-type ligands in
asymmetric catalysis have also been presented. Further in-
vestigations in this area are underway, including:


1) Application of the regioselective double electrophilic
substitution outlined above to novel pseudo-meta- and
pseudo-para-disubstituted substrates (dicarboxylic acid
derivatives, sulfoxides, etc.), and to chiral para-disubsti-
tuted [2.2]paracyclophanes;


2) extension of the range of electrophilic reactions (formy-
lation, oxaloylation, nitration, etc.);


3) examination of the reactivity (mono-/disubstitution) and
regioselectivity (ortho-/lateral) of the lithiation/electro-
phile exchange of symmetrical DMG-disubstituted
[2.2]paracyclophanes.


Experimental Section


General remarks : 1H and 13C NMR: Bruker AMX-400 at 400.13 and
100.61 MHz, respectively, in CDCl3 and [D6]DMSO. Residual signals of
the solvent protons with the chemical shifts d =7.27 (CDCl3) and 2.5 ppm
([D6]DMSO) were used as internal standards. MS: Kratos MS 90 mass
spectrometer (70 eV) at 200 or 250 8C. TLC: Sorbfil UV-254 plates
(CTX-1 A); chromatographic purification and separation of isomers were
carried out using Kieselgel 60 silica gel (Merck). Optical rotations: EPO-
1 and Perkin Elmer in thermostated cell (25 8C). Et2Zn (1.1m solution in
toluene) was purchased from Aldrich and used without purification. All
asymmetric additions of diethylzinc to aldehydes were carried out in dry
glassware under argon in accordance with the standard procedure.[12j]


Uncatalyzed bromination of [2.2]paracyclophane (1): To a suspension of
1 (21.55 g, 0.104 mmol) in CCl4 (300 mL) with vigorous stirring and heat-
ing (55 8C) was added dropwise a solution of Br2 (99.45 g, 0.62 mmol) in
CCl4 (30 mL), and the resulting mixture was stirred for 2 h (TLC con-
trol). Excess bromine and solvent were evaporated under reduced pres-
sure, and the residue was washed with warm hexane (45–55 8C, 75 mL)
and Et2O (75 mL) to remove possible polybrominated byproducts. The
mixture of dibromides 9 and 10 was washed with CHCl3 (2U135 mL) and
the remaining solid was recrystallized twice from dioxan to afford
pseudo-para-dibromide 10 (12.88 g, 34%). M.p. 250–251 8C; lit. m.p.
248.5–250 8C.[11a] The chloroform solution was evaporated and analytically
pure pseudo-meta-dibromide 9 (16.29 g, 43%) was isolated as a result of
fractional recrystallization of the solid from ethanol; m.p. 125–125.5 8C;
lit. m.p. 123.5–125.5 8C.[11a]


4-Bromo ACHTUNGTRENNUNG[2.2]paracyclophane-15-ol (16): To a solution of 9 (1.00 g,
2.73 mmol) in Et2O (20 mL) nBuLi (1 mL of 3.27n solution in hexane,


Chem. Eur. J. 2008, 14, 4600 – 4617 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4611


FULL PAPERSymmetrically Tetrasubstituted [2.2]Paracyclophanes



www.chemeurj.org





3.27 mmol) was added dropwise at room temperature, and the resulting
suspension was stirred for 3 h. Then B ACHTUNGTRENNUNG(OMe)3 (0.7 mL, 5.90 mmol) was
added and the mixture was stirred overnight at room temperature. A so-
lution of NaOH (2 g in 10 mL of H2O, 50 mmol) and 30% H2O2 (6.5 mL)
were added, and the reaction mixture was stirred for 1 h. The organic
phase was separated and the aqueous phase was extracted with Et2O (3U
100 mL). The combined organic phases were dried with Na2SO4. The sol-
vent was evaporated under reduced pressure, and the residue was sepa-
rated by preparative chromatography on silica gel with CH2Cl2 to afford
16 (0.71 g, 86%). 1H NMR (400 MHz, CDCl3): d =2.79–3.07 (m, 6H,
bridge-CH2-), 3.08–3.26 (m, 1H, bridge-CH2-), 3.27–3.43 (m, 1H, bridge-
CH2-), 4.45 (s, 1H, OH), 5.64 (s, 1H, 5-H), 6.22, 6.47 (brd,


3J=7.8 Hz,
2H, 7-, 12-H or 8-, 13-H), 6.57 (s, 1H, 16-H), 7.01, 7.10 ppm (2d, 3J=


7.8 Hz, 2H, 8-, 13-H or 7-, 12-H); 13C NMR (75 MHz, CDCl3): d =24.77,
30.05, 30.37, 30.63 (C-1, -2, -9, -10), 117.70, 120.51, 125.59, 126.68, 126.79,
132.48 (C-5, -7, -8, -12, -13, -16), 120.94, 123.56, 135.28, 136.73 (C-6, -3,
-11, -14), 137.49, 150.28 ppm (C-4, -15); MS (70 eV): m/z (%): 304 [M]+


(67), 302 (68) [M]+ , 224 [M�Br]+ (13), 223 (20), 200 (11), 184 (36), 120
(100).


4-Bromo ACHTUNGTRENNUNG[2.2]paracyclophan-15-yl methyl ether (17): To a solution of 16
(0.50 g, 1.65 mmol) in DMF (2 mL) NaH (60% in oil, 0.072 g, 1.79 mmol)
was added, the resulting brown solution was stirred at room temperature
for 1 h and then MeI (0.5 mL, 8.03 mmol) was added. The reaction mix-
ture was stirred for additional 2 h, diluted with H2O (10 mL), extracted
with Et2O (5U20 mL), and dried with Na2SO4. The solvent was evaporat-
ed at reduced pressure and the solid residue was purified by preparative
chromatography on silica gel with CH2Cl2 to furnish 17. Recrystallization
from hexane yielded analytically pure 17 (0.46 g, 87%). M.p. 113.5–
114.5 8C; 1H NMR (400 MHz, CDCl3): d =2.82–3.05 (m, 6H, bridge-CH2-
), 3.20–3.36 (m, 2H, bridge-CH2-), 3.71 (s, 3H, CH3), 5.75 (d,


4J=1.8 Hz,
1H, 16-H), 6.23 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 12-H), 6.46 (dd, 3J=7.8,
4J=1.8 Hz, 1H, 7-H), 6.53 (d, 4J=1.8 Hz, 1H, 5-H), 6.75 (d, 3J=7.8 Hz,
1H, 8-H), 7.12 ppm (d, 3J=7.8 Hz, 1H, 13-H); 13C NMR (75 MHz,
CDCl3): d=29.16, 34.25, 34.40, 35.10 (C-1, -2, -9, -10), 54.22 (CH3),
115.88 (C-16), 123.84 (C-12), 126.71, 127.48, 129.81, 130.26 (C-7, -13),
136.68 (C-5), 139.86, 140.57, 141.42, 158.11 ppm (C-3, -6, -11, -14); MS
(70 eV): m/z (%): 318 (30) [M]+ , 316 (32) [M]+ , 189 (11), 184 (23), 182
(25), 135 (52), 134 (100), 115 (19), 105 (41), 104 (92), 103 (90), 102 (34);
elemental analysis calcd (%) for C17H17BrO: C 64.37, H 5.40, Br 25.19;
found: C 64.18, H 5.36, Br 25.13.


ACHTUNGTRENNUNG[2.2]Paracyclophane-4,15-diol (pseudo-meta, 14): From 4,15-dibromo-
ACHTUNGTRENNUNG[2.2]paracyclophane (pseudo-meta, 9): To a solution of 9 (1.00 g,
2.73 mmol) in Et2O (100 mL), nBuLi (2 mL of 3.27n solution in hexane,
6.54 mmol) was added dropwise at room temperature; the resulting sus-
pension was stirred for 3 h at room temperature and cooled to �78 8C. A
solution of PhNO2 (0.8 mL, 7.84 mmol) in Et2O (20 mL) was added, and
the reaction mixture was stirred for 5 h at �78 8C. Methanol (10 mL) and
2m HCl (40 mL) were added, the mixture was stirred for 1 h and left
overnight to warm up. The organic phase was separated and washed with
H2O (3U100 mL); the aqueous phase was extracted with Et2O (3U
100 mL), and the combined organic phase was dried with Na2SO4. The
solvent was evaporated under reduced pressure and the residue was puri-
fied by preparative chromatography on silica gel (CH2Cl2) to afford 14
(0.20 g, 30%).


From 4-bromo ACHTUNGTRENNUNG[2.2]paracyclophane-15-ol (16): To a solution of 16 (0.50 g,
1.65 mmol) in Et2O (100 mL), nBuLi (1.1 mL, 3.27n solution in hexane,
3.63 mmol) was added dropwise at room temperature, and the resulting
suspension was stirred for 3 h. The reaction mixture was treated with B-
ACHTUNGTRENNUNG(OMe)3 (0.92 mL, 9.08 mol) and stirred overnight. Then NaOH solution
(1 g in 5 mL of H2O, 0.03 mol) and 30% H2O2 (3.5 mL) were added, and
the mixture was stirred for 1 h. The organic phase was separated, the
aqueous phase was extracted with Et2O (3U100 mL) and the combined
organic phases were dried with Na2SO4. The solvent was evaporated in
vacuo, and the residue was purified on a silica gel column (CH2Cl2) to
afford 14 (0.35 g, 87%). Analytically pure 14 was obtained by recrystalli-
zation from hexane/toluene 1:1. Decomp. temp. 200–230 8C; 1H NMR
(400 MHz, CDCl3): d=2.77–2.96 (m, 6H, bridge-CH2-), 3.13–2.26 (m,
2H, bridge-CH2-), 4.42 (s, 2H, 2 OH), 5.57 (s, 2H, 5-, 8-H), 6.21 (brd,


3J=7.8 Hz, 2H, 7-, 12-H), 6.91 ppm (d, 3J=7.8 Hz, 2H, 8-, 13-H); 13C
NMR (75 MHz, CDCl3): d=25.45, 30.45 (C-1, -2, -9, -10), 117.07, 120.31,
126.10 (C-5, -7, -8, -12, -13, -16), 121.52, 137.22 (C-6, -3, -11, -14),
150.02 ppm (C-4, -15); MS (70 eV): m/z (%): 241 (26) [M]+ , 240 (60)
[M]+ , 239 (13), 121 [M�119]+ (52), 91 (100); elemental analysis calcd
(%) for C16H16O2: C 79.97, H, 6.71; found: C 79.97, H 6.71.


ortho-Regioselective diacylation of [2.2]paracyclophane-4,15-diol
(pseudo-meta-, 14) with acetyl chloride : To a solution of 14 (0.20 g,
0.84 mmol) in CH2Cl2 (30 mL) TiCl4 (0.55 mL, 5.04 mmol) was added at
0 8C, and the reaction mixture was allowed to warm to RT. The resulting
brownish-red solution was stirred for 1 h, then acetyl chloride (0.36 mL,
5.04 mmol) was added and the mixture was stirred at 40 8C for 10 h. The
reaction mixture was cooled to RT, the second portions of TiCl4
(0.55 mL, 5.04 mmol) and acetyl chloride (0.36 mL, 5.04 mmol) were
added successively, and the mixture was stirred at 40 8C for an additional
10 h. The reaction mixture was diluted with H2O (10 mL) and vigorously
stirred for 15 min. The organic layer was separated, washed with H2O
(2U10 mL) and dried with Na2SO4. The crude product was obtained after
removal of the solvent in vacuo and purified by preparative chromatogra-
phy on silica gel (CH2Cl2) to yield 21 (0.35 g, 93%).


1,1’-[5,16-DihydroxyACHTUNGTRENNUNG[2.2]paracyclophane-4,15-diyl]diethanone (bis-(ortho)-
pseudo-meta-, 21): M.p. 166.5–168 8C; 1H NMR (400 MHz, CDCl3): d=


2.59 (s, 6H, 2 CH3), 2.61–2.66 (m, 2H, bridge-CH2-), 2.72–2.83 (m, 2H,
bridge-CH2-), 3.22–3.33 (m, 2H, bridge-CH2-), 3.66–3.78 (m, 2H, bridge-
CH2-), 6.09 (d,


3J=7.8 Hz, 2H, 7-, 12-H or 8-, 13-H), 7.02 (d, 3J=7.8 Hz,
2H, 7-, 12-H or 8-, 13-H), 12.72 ppm (s, 2H, 2 OH); 13C NMR (75 MHz,
CDCl3): d=24.64, 26.64, 34.00, 117.45, 121.95, 125.93, 129.90, 135.95,
158.60, 200.45 ppm; MS (70 eV): m/z (%): 324 (81) [M]+ , 306 (6), 288
(11), 164 (13), 163 (53), 162 (100), 161 (100); elemental analysis calcd
(%) for C20H20O4: C 74.06, H 6.21; found: C 74.03, H 6.18.


Acylation of 14 under the conditions described in Table 2 (entries 1–4)
leads to mixtures of 21, 22 and 23. Combined reaction mixtures from
these experiments were separated by preparative chromatography on
silica gel (CH2Cl2/Et2O 10:1) to produce the individual derivatives 21, 22
and 23.


1-[5,16-Dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophan-4-yl]ethanone (22): M.p. 131.5–
132 8C; 1H NMR (400 MHz, CDCl3): d=2.59 (s, 3H, CH3), 2.60–2.77 (m,
2H, bridge-CH2-), 2.82–2.94 (m, 2H, bridge-CH2-), 3.06–3.22 (m, 2H,
bridge-CH2-), 3.24–3.34 (m, 1H, bridge-CH2-), 3.61–3.72 (m, 1H, bridge-
CH2-), 4.63 (s, 1H, C-15(OH)), 5.64 (d,


4J=1.8 Hz, 1H, 16-H), 6.05 (dd,
3J=7.8, 4J=1.8 Hz, 1H, 12–12), 6.27 (d, 3J=7.8 Hz, 1H, 7- or 8-H), 6.87
(d, 3J=7.8 Hz, 1H, 7- or 8-H), 7.07 (d, 3J=7.8 Hz, 1H, 13-H), 12.82 ppm
(s, 1H, C-4(OH)); 13C NMR (75 MHz, CDCl3): d=24.89, 24.99, 26.85,
30.49, 33.22, 115.49, 118.08, 120.02, 122.00, 122.71, 125.11, 125.51, 130.39,
135.78, 137.85, 150.04, 158.67, 200.62 ppm; MS (70 eV): m/z (%): 283
(21) [M]+ , 282 (79) [M]+ , 163 (27), 162 (92), 147 (19), 134 (20), 121 (41),
120 (100), 115 (13); elemental analysis calcd (%) for C18H18O3: C 76.57,
H 6.43; found: C 76.41, H 6.42.


16-Acetyl-15-hydroxyACHTUNGTRENNUNG[2.2]paracyclophan-4-yl acetate (23): M.p. 143–
143.5 8C; 1H NMR (400 MHz, CDCl3): d=2.33 (s, 3H, CH3), 2.59 (s, 3H,
CH3), 2.60–2.74 (m, 2H, bridge-CH2-), 2.85–3.06 (m, 3H, bridge-CH2-),
3.11–3.21 (m, 1H, bridge-CH2-), 3.26–3.35 (m, 1H, bridge-CH2-), 3.61–
3.71 (m, 1H, bridge-CH2-), 6.11 (d,


4J=1.8 Hz, 1H, 5-H), 6.25–6.33 (m,
2H, 7-, 15- or 16-H), 6.70, 6.97 (2d, 3J=7.8 Hz, 2H, 8-, 15- or 16-H),
12.78 ppm (s, 1H, OH); 13C NMR (75 MHz, CDCl3): d=17.18, 25.29,
25.81, 26.91, 30.55, 33.04, 118.36, 121.56, 122.80, 124.87, 125.03, 125.49,
127.78, 131.85, 135.50, 138.05, 145.38, 158.65, 164.50, 200.44 ppm; MS
(70 eV): m/z (%): 324 (38) [M]+ , 282 (15), 264 (10), 163 (21), 161 (94),
147 (16), 134 (18), 133 (17), 115 (16), 120 (100); elemental analysis calcd
(%) for C20H20O4: C 74.06, H 6.21; found: C 74.20, H 6.24.


Acylation of [2.2]paracyclophane-4,15-diol (pseudo-meta-, 14) with ben-
zoyl chloride : The reaction was carried out as described for acetyl chlo-
ride by double successive addition of the respective reactants, TiCl4
(1.24 mL, 11.25 mmol) and benzoyl chloride (1.31 mL, 11.25 mmol) to 14
(0.045 g, 1.88 mmol); the reaction mixture was, however, stirred for 10 h
at room temperature rather than refluxed in CH2Cl2. The reaction mix-
ture was diluted with H2O (50 mL) and vigorously stirred for 15 min. The
organic layer was separated, washed with H2O (2U60 mL), dried with
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Na2SO4 and the solvent was evaporated in vacuo to produce a mixture of
27–31. The products were separated by preparative chromatography on
silica gel (CHCl3 (28, 30), CH2Cl2/Et2O 10:1 (27) and cyclohexane/Et2O
10:1 (29, 31)).


(5,16-Dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-diyl)bis(phenylmethanone)
(bis-(ortho)-pseudo-meta-, 27): Isolated yield: 0.256 g (30%); m.p. 188–
189 8C; H NMR (600 MHz, CDCl3): d =1.77–1.99 (m, 2H, bridge-CH2-),


2.14–2.31 (m, 2H, bridge-CH2-), 2.80–
2.96 (m, 2H, bridge-CH2-), 3.29–3.44
(m, 2H, bridge-CH2-), 6.27 (d,


3J=


7.8 Hz, 2H, 7- and 12-H or 8- and 13-
H), 7.23 (d, 3J=7.8 Hz, 2H, 8- and 13-
H or 7- and 12-H), 7.38 (t, 3J=7.8 HZ,
4H, 4 meta-arom.), 7.50 (dt, 3J=


7.8 Hz, 2H, 2 para-arom.), 7.65 ppm
(dd, 3J=7.8, 4J=1.8 Hz, 4H, 4 ortho-


arom.), 11.90 ppm (s, 2H, C-5(OH), C-16(OH)); 13C NMR (151 MHz,
CDCl3): d=28.61, 37.24, 119.78, 125.22, 128.36, 128.95, 129.19, 132.44,
134.62, 140.16, 142.05, 162.44, 200.62 ppm; MS (70 eV): m/z (%): 449
(13) [M]+ , 448 (45) [M]+, 447 (52) [M]+ , 430 (23), 412 (18), 238 (20), 237
(46), 226 (15), 225 (62), 224 (82), 223 (100), 222 (17), 212 (25), 211 (22),
210 (16), 209 (54), 208 (19), 207 (16), 206 (13), 182 (12), 181 (56), 179
(18), 178 (40), 177 (24), 176 (25), 167 (29), 166 (22), 165 (51), 147 (27),
146 (11), 128 (12), 120 (50), 119 (15), 115 (14), 105 (67), 104 (35), 103
(10); elemental analysis calcd (%) for C30H24O4: C 80.34, H 5.39; found:
C 80.47, H 5.34.


(5,16-Dihydroxy ACHTUNGTRENNUNG[2.2]paracyclophane-4,13-diyl)bis(phenylmethanone)
(28): Isolated yield: 0.177 g (21%); decomp. temp. < 300 8C; 1H NMR
(600 MHz, DMSO): d=2.56–2.82 (m, 4H, bridge-CH2-), 2.83–2.97 (m,


1H, bridge-CH2-), 2.99–3.12 (m, 1H,
bridge-CH2-), 3.27–3.43 (m, 2H,
bridge-CH2-), 5.93 (s, 1H, 16-H), 6.39
(d, 3J=7.8 Hz, 1H, 7- or 8-H), 6.87 (s,
1H, 13-H), 7.10 (d, 3J=7.8 Hz, 1H, 8-
or 7-H), 7.41–7.80 (m, 10H, 2 Ph),
9.92 (s, 1H, C-16(OH)), 11.68 ppm (s,
1H, C-5(OH)); 13C NMR (151 MHz,
DMSO): d=29.55, 30.07, 35.94, 36.45,


120.72, 124.91, 125.64, 126.66, 127.70, 128.62, 129.14, 129.47, 130.51,
130.61, 132.54, 133.43, 135.78, 136.78, 141.32, 141.98, 145.32, 145.61,
161.28, 162.27, 195.95, 200.54 ppm; MS (70 eV): m/z (%): 449 (12) [M]+ ,
448 (40) [M]+ , 447 (47) [M]+ , 430 (18), 419 (13), 237 (12), 226 (13), 224
(92), 223 (100), 211 (15), 209 (21), 207 (10), 196 (14), 195 (41), 181 (36),
178 (16), 177 (10), 167 (14), 166 (12), 165 (27), 153 (12), 152 (24), 147
(10), 105 (66); elemental analysis calcd (%) for C30H24O4: C 80.34, H
5.39; found: C 80.08, H 5.30.


16-Benzoyl-15-hydroxyACHTUNGTRENNUNG[2.2]paracyclophan-4-yl benzoate (29): Isolated
yield: 0.130 g (15%); m.p. 152 8C; 1H NMR (600 MHz, CDCl3): d =2.37
(m, 1H, 10a-H), 2.41 (m, 1H, 9b-H), 2.58 (m, 1H, 10b-H), 2.76 (m, 1H,


2a-H), 2.85 (m, 1H, 9a-H), 3.00 (m,
1H, 1b-H), 3.19 (m, 1H, 1a-H), 3.41
(m, 1H, 2b-H), 6.27 (d, 4J=1.8 Hz,
1H, 5-H), 6.40 (d, 3J=7.8 Hz, 1H, 13-
H), 6.48 (dd, 3J=7.8, 4J=1.8 Hz, 1H,
7-H), 7.17 (d, 3J=7.8 Hz, 1H, 12-H),
7.19 (d, 3J=7.8 Hz, 1H, 8-H), 7.77 (d,
3J=7.5 Hz, 2H, 2 ortho-H, PhC(O)-),
7.51 (br t, 3J=7.5 Hz, 2H, 2 meta-


PhC(O)-), 7.62 (m, 3H, para-PhC(O)-, 2 meta-PhOC(O)-), 7.72 (t, 3J=


7.5 Hz, 1H, para-PhOC(O)-), 8.28 (d, 3J=7.5 Hz, 2H, ortho- PhOC(O)-),
11.86 ppm (s, 1H, OH); 13C NMR (151 MHz, DMSO): d=25.80, 26.04,
30.44, 32.51, 121.92, 122.35, 124.51, 124.59, 124.60, 124.78, 125.30, 125.62,
125.95, 127.60, 128.57, 128.60, 129.64, 132.52, 135.88, 136.39, 139.84,
145.38, 158.14, 160.26, 196.13, 196.32 ppm; MS (70 eV): m/z (%): 449
(22) [M]+ , 448 (53) [M]+ , 430 (16), 325 (11), 225 (18), 224 (69), 223 (87),
222 (13), 209 (15), 195 (14), 181 (14), 165 (17), 152 (14), 120 (10), 106
(43), 105 (100); elemental analysis calcd (%) for C30H24O4: C 80.34, H
5.39; found: C 80.48, H 5.26.


12-Benzoyl-15-hydroxyACHTUNGTRENNUNG[2.2]paracyclophan-4-yl benzoate (30): Isolated
yield: 0.172 g (20%); decomp. temp. 225–230 8C; 1H NMR (600 MHz,
DMSO): d =2.36–2.72 (m, 2H, bridge-CH2-), 2.73–2.87 (m, 2H, bridge-
CH2-), 2.98–3.10 (m, 1H, bridge-CH2-),
3.11–3.21 (m, 1H, bridge-CH2-), 3.42–
3.54 (m, 2H, bridge-CH2-), 5.82 (s,
1H, 16-H), 6.20 (d, 4J=1.8 Hz, 1H, 5-
H), 6.56 (dd, 3J=7.8, 4J=1.8 Hz, 1H,
7-H), 7.02 (d, 3J=7.8 Hz, 1H, 8-H),
7.03 (s, 1H, 13-H), 7.40–7.52 (m, 4H,
meta-Ph), 7.58 (brd, 3J=7.5 Hz, 2H, 2
ortho-H, Ph), 7.61 (t, 3J=7.5 Hz, 1H,
para-Ph), 7.71 (t, 3J=7.5 Hz, 1H, para-Ph), 7.89 (d, 3J=7.5 Hz, 2H,
ortho-Ph), 10.07 ppm (s, 1H, OH); 13C NMR (151 MHz, DMSO): d=


30.62, 30.68, 34.74, 35.31, 124.74, 124.84, 125.29, 125.34, 125.75, 129.42,
130.06, 130.17, 130.58, 131.67, 132.37, 132.79, 135.17, 137.22, 141.13,
142.61, 145.86, 150.16, 161.17, 164.54, 196.86, 215.18 ppm; MS (70 eV):
m/z (%): 449 (39) [M]+ , 448 (66) [M]+ , 343 (11), 328 (13), 225 (25), 224
(74), 223 (46), 195 (16), 181 (20), 165 (18), 152 (15), 120 (10), 106 (35),
105 (100); elemental analysis calcd (%) for C30H24O4: C 80.34, H 5.39;
found: C 80.08, H 5.26.


7,16-Dibenzoyl-15-hydroxy ACHTUNGTRENNUNG[2.2]paracyclophan-4-yl benzoate (31): Isolat-
ed yield: 0.066 g (6%); m.p. 238.5–239 8C; 1H NMR (600 MHz, DMSO):
d=2.65–3.35 (m, 8H, bridge-CH2-), 6.61 (d,


3J=7.8 Hz, 1H, 12- or 13-H),
6.69 (s, 1H, 5- or 8-H), 7.17 (s, 1H, 8-
or 5-H), 7.33 (d, 3J=7.8 Hz, 1H, 13-
or 12-H), 7.55–7.95 (m, 13H, 3 Ph),
8.35 (d, 3J=7.5 Hz, 2H, ortho-Ph),
11.72 ppm (s, 1H, OH); 13C NMR
(151 MHz, DMSO): d=29.75, 29.84,
35.00, 35.70, 119.98, 126.11, 127.43,
128.82, 128.90, 129.01, 129.79, 129.83,
130.10, 130.41, 130.52, 131.45, 132.13,
132.80, 133.01, 133.71, 134.88, 137.49, 139.19, 140.95, 143.96, 145.24,
152.52, 160.72, 161.04, 163.96, 195.29, 199.69 ppm; MS (70 eV): m/z (%):
552 (12) [M]+ , 224 (16), 223 (31), 106 (13), 105 (100); elemental analysis
calcd (%) for C37H28O5: C 80.42, H, 5.11; found: C 80.32, H 5.19.


4,15-DimethoxyACHTUNGTRENNUNG[2.2]paracyclophane (pseudo-meta, 18): To a solution of
14 (0.240 g, 1.00 mmol) in DMF (4 mL) NaH (0.088 g, 2.2 mmol, 60% in
mineral oil) was added; the resulting brown solution was stirred at room
temperature for 2 h and MeI (0.3 mL, 0.710 g, 5 mmol) was added. The
reaction mixture was stirred for additional 2 h, diluted with H2O
(30 mL), extracted with Et2O (5U30 mL), dried with Na2SO4. After evap-
oration of the solvent, the solid residue was purified by preparative chro-
matography on silica gel (CH2Cl2) to furnish 18 (0.215 g, 80%). M.p.
175 8C (lit.[23] m.p. 175–177 8C).


para-Regioselective diacylation of 4,16-dimethoxyACHTUNGTRENNUNG[2.2]paracyclophane
(18) with acetyl chloride : To a solution of 18 (0.11 g, 0.41 mmol) in
CH2Cl2 (10 mL) TiCl4 (0.27 mL, 2.46 mmol) and acetyl chloride (0.18 mL,
2.6 mmol) were added successively at 0 8C, and the resulting solution was
stirred at room temperature for 10 h. Then TiCl4 (0.27 mL, 2.46 mmol)
and acetyl chloride (0.18 mL, 2.6 mmol) were added and the reaction
mixture was stirred for further 10 h. The mixture was diluted with water
(20 mL) and vigorously stirred for 45 min. The organic layer was washed
with H2O (2U10 mL) and dried with Na2SO4. The removal of the solvent
in vacuo followed by purification of the crude product by preparative
chromatography on silica gel (C6H6) yielded 32 (0.10 g, 71%); analytical-
ly pure 32 was obtained by recrystallization from toluene.


1,1’-[7,12-Dimethoxy[2.2]paracyclophane-4,15-diyl]diethanone (bis-(para)-
pseudo-meta, 32): M.p. 139–141 8C; 1H NMR (600 MHz, CDCl3): d =2.45
(s, 6H, 2CH3), 2.66–2.78 (m, 2H, bridge-CH2), 2.94–3.05 (m, 2H, bridge-
CH2-), 3.17–3.29 (m, 2H, bridge-CH2-), 3.66 (s, 6H, 2 OCH3), 3.76–3.88
(m, 2H, bridge-CH2-), 5.77 (s, 2H, 5-, 16-H or 8-, 13-H), 7.11 ppm (s, 2H,
8-, 13-H or 5-, 16-H); 13C NMR (151 MHz, CDCl3): d=24.86, 25.23,
31.27, 50.72, 112.40, 123.07, 127.19, 127.58, 141.12, 156.56, 195.80 ppm;
MS (70 eV): m/z (%): 353 (56) [M]+ , 352 (81) [M]+ , 351 (31), 337 (15),
334 (15), 191 (13), 189 (20), 178 (31), 177 (77), 176 (95), 175 (100), 174
(16), 169 (10), 165 (11), 163 (13), 162 (11), 161 (52), 148 (30), 147 (86),
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146 (70), 145 (35), 135 (10), 133 (25), 132 (15), 131 (55), 128 (10), 119
(28), 118 (26), 117 (46), 116 (12), 115 (32), 105 (37), 104 (22), 103 (50); el-
emental analysis calcd (%) for C22H24O4: C 74.98, H 6.86; found: C
74.99, H 6.97.


ACHTUNGTRENNUNG[2.2]Paracyclophane-4,15-dicarboxylic acid (pseudo-meta, 19): To a solu-
tion of 9 (5.00 g, 13.66 mmol) in Et2O (250 mL), nBuLi (10 mL, 3.27n so-
lution in hexane, 32.76 mmol) was added at 20 8C. After stirring the reac-
tion mixture for 3 h a considerable excess of solid CO2 was added, the re-
sulting mixture was allowed to warm up to room temperature and diluted
with H2O (150 mL). The aqueous phase was separated, the organic phase
was washed with H2O (100 mL), aq. NaOH (3 g in 100 mL of H2O), H2O
(100 mL) and acidified with 2n HCl up to pH 1. The precipitate was fil-
tered off, dissolved in 1n aq. NaOH, the solution was filtered and acidi-
fied with 2n HCl. The precipitate formed was filtered off, thoroughly
washed with H2O (1 L) and dried in vacuo to afford diacid 19 (3.00 g,
74%). M.p. 283 8C (lit.[41] m.p. 283–283.5 8C).


Dimethyl ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (pseudo-meta, 20): To a
suspension of 19 (1.00 g, 3.38 mmol) in CHCl3 (30 mL), SO2Cl2 (1 mL,
13.5 mmol) was added and the mixture was refluxed for 0.5 h; then DMF
(three drops) was added and the mixture was refluxed for additional
1.5 h. The cooled mixture was concentrated, diluted with CHCl3 (10 mL),
and MeOH (10 mL) was added. The reaction mixture was stirred under
reflux for 1.5 h. After removal of the solvent in vacuo, the residue was
purified by preparative chromatography (silica gel, CH2Cl2) to yield 20
(0.85 g, 78%). M.p. 115.5 8C (lit.[10a] m.p. 115 8C).


pseudo-gem-Regioselective monoformylation of dimethyl [2.2]paracy-
clophane-4,15-dicarboxylate (pseudo-meta, 20): To a solution of 20
(0.090 g, 0.28 mmol) in CH2Cl2 (3 mL), TiCl4 (0.12 mL, 1.11 mmol) and
CH3OCHCl2 (0.06 mL, 0.67 mmol) were added successively at 0 8C. The
resulting solution was stirred at room temperature for 13 d with the alky-
lating reagent and TiCl4 being added three more times. The reaction mix-
ture was diluted with CH2Cl2 (5 mL), cooled to 0 8C, and H2O (5 mL)
and 2n HCl (5 mL) were successively added. The organic layer was
washed with H2O (2U10 mL), NaHCO3 solution, and dried with Na2SO4.
After removal of the solvent in vacuo the mixture was separated by prep-
arative chromatography on silica gel (CH2Cl2/MeOH 30:1) to yield 35
(0.048 g, 49%) and recovered 20 (0.036 g, 40%). An analytically pure
sample of 35 was obtained by recrystallization from hexane.


Dimethyl 8-formyl ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (35): M.p.
116.5–117 8C; 1H NMR (600 MHz, CDCl3): d =2.98–3.27 (m, 6H, bridge-
CH2-), 3.82 (s, 3H, -CH3), 3.96 (s, 3H, -CH3), 4.01–4.16 (m, 2H, bridge-
CH2-), 6.67 (d,


3J=7.8 Hz, 1H, 15-H), 6.71 (dd, 3J=7.8, 4J=1.8 Hz, 1H,
16-H), 7.11, 7.29, 7.31 ppm (3d, 4J=1.8 Hz, 3H, 5-, 7-, 12-H); 13C NMR
(151 MHz, CDCl3): d =24.88, 30.16, 30.46, 31.49, 47.97, 48.27, 126.75,
129.35, 130.32, 130.79, 131.54, 131.63, 134.51, 135.83, 135.89, 135.92,
138.30, 142.85, 162.60, 162.83, 185.12 ppm; MS (70 eV): m/z (%): 353
(21) [M]+ , 352 (68) [M]+ , 205 (12), 203 (13), 202 (23), 201 (11), 191(24),
190 (87), 177 (11), 176 (14), 175 (11), 165 (11), 164 (11), 163 (52), 162
(100), 161 (14), 159 (15), 148 (19), 147 (95), 146 (11), 145 (15), 132 (44),
131 (87), 130 (24), 129 (16), 119 (71), 118 (18), 117 (10), 115(23), 104
(77), 103 (75), 102 (43); elemental analysis calcd (%) for C21H20O5: C
71.58, H 5.72; found: C 71.73, H 5.85.


pseudo-gem-Regioselective monobromination of dimethyl [2.2]paracy-
clophane-4,15-dicarboxylate (pseudo-meta, 20): The reaction was carried
out in a light-protected reaction vessel. A solution of Br2 (0.05 mL,
0.9 mmol) in CCl4 (2 mL) was prepared, and 0.3 mL of this solution was
stirred with suspended iron powder (0.03 g, 0.54 mmol) in CH2Cl2 (5 mL)
for 1 h. Then 20 (0.12 g, 0.37 mmol) in CH2Cl2 (15 mL) was added in one
portion and the remaining Br2/CH2Cl2 solution was added dropwise. The
resulting mixture was stirred at room temperature for 3 d. The reaction
mixture was washed with H2O, aq. Na2CO3 and dried with Na2SO4. The
solvent was removed in vacuo and the solid residue was purified by pre-
ACHTUNGTRENNUNGparative chromatography on silica gel (CH2Cl2) to yield 36 (0.12 g, 80%).


Dimethyl 8-bromo ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (36): M.p.
149.5–151 8C; 1H NMR (600 MHz, CDCl3): d=2.96–3.34 (m, 5H, bridge-
CH2-), 3.64–3.77 (m, 1H, bridge-CH2-), 3.87–3.94 (m, 1H, bridge-CH2-),
3.96 (s, 3H, CH3), 3.99 (s, 3H, CH3), 4.33–4.45 (m, 1H, bridge-CH2-),
6.67 (d, 3J=7.8 Hz, 1H, 15-H), 6.74 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 16-H),


6.87 (d, 4J=1.8 Hz, 1H, 7-H), 7.20 (d, 4J=1.8 Hz, 1H, 12-H), 7.45 ppm
(d, 3J=1.8 Hz, 1H, 5-H); 13C NMR (151 MHz, CDCl3): d =29.66, 30.05,
30.61, 30.72, 47.65, 48.28, 124.52, 125.15, 129.25, 129.91, 130.51, 130.76,
131.84, 135.06, 135.55, 136.70, 137.60, 139.16, 162.73, 163.07 ppm; HRMS:
calcd for C20H19O4Br: m/z : 402.0467 [M]


+ ; found: 402.0452.


pseudo-gem-Regioselective dibromination of dimethyl [2.2]paracy-
clophane-4,15-dicarboxylate (pseudo-meta, 20): The reaction was carried
out as described above for the monobromination of 20. After 3 d an
excess of Br2 (0.15 mL, 2.7 mmol) was added and the reaction mixture
was stirred at room temperature for further 10 d. The reaction mixture
was washed with H2O, aq. Na2CO3 and dried with Na2SO4. The solvent
was removed in vacuo and the solid residue was purified by preparative
chromatography on silica gel with CH2Cl2 to produce 37 (0.17 g, 93%).
An analytically pure sample of 37 was obtained by recrystallization from
hexane.


An improved synthesis of 37: A solution of Br2 (0.56 mL, 1.1 mmol) in
CCl4 (1 mL) was stirred with suspended iron powder (0.030 g, 0.54 mmol)
in a light-protected reaction vessel for 1 h. Then 20 (0.035 g, 0.11 mmol)
in CH2Cl2 (4 mL) and a solution of Br2 (0.56 mL, 1.1 mmol) in CCl4
(1 mL) were added in one portion. The resulting mixture was refluxed
for 10 h, washed with H2O, aq. Na2CO3 and dried with Na2SO4. The sol-
vent was removed in vacuo and the solid residue was purified by prepara-
tive chromatography on silica gel (CH2Cl2) to yield 37 (0.046 g, 88%).


Dimethyl 8,13-dibromo ACHTUNGTRENNUNG[2.2]paracyclophane-4,15-dicarboxylate (bis-
(pseudo-gem)-pseudo-meta-, 37): M.p. 170.5–171 8C; 1H NMR (600 MHz,
CDCl3): d=2.94–3.14 (m, 4H, bridge-CH2-), 3.40–3.52 (m, 2H, bridge-
CH2-), 3.91 (s, 6H, 2-CH3), 4.27–4.39 (m, 2H, bridge-CH2-), 6.78 (d,


4J=


1.8 Hz, 2H, 5- and 16-H), 7.41 ppm (d, 4J=1.8 Hz, 2H, 7- and 12-H);
13C NMR (151 MHz, CDCl3): d =27.70, 28.81, 48.07, 125.82, 127.30,
128.63, 135.16, 135.82, 137.95, 162.46 ppm; MS (70 eV): m/z (%): 483
(32) [M]+ , 482 (15) [M]+, 481 (59) [M]+ , 479 (31), 466 (13), 243 (29), 242
(100), 240 (100), 239 (11), 227 (36), 226 (12), 225 (50), 223 (15), 211 (45),
210 (14), 209 (27), 203 (10), 202 (22), 201 (13), 200 (18), 199 (43), 198
(12), 197 (46), 189 (16), 184 (32), 183 (13), 182 (33), 162 (12), 129 (14),
115 (12), 104 (10), 103 (38), 102 (87); elemental analysis calcd (%) for
C20H18Br2O4: C 49.82, H 3.76, Br 33.14; found: C 49.64, H 3.64, Br 33.28.


Dimethyl 7,13-dibromo ACHTUNGTRENNUNG[2.2]paracyclophane-4,16-dicarboxylate (bis-
(pseudo-gem)-pseudo-para-, 41): Compound 41 was obtained by the
same method as that described above from dimethyl ACHTUNGTRENNUNG[2.2]paracyclophane-
4,16-dicarboxylate 40 (0.200 g, 0.617 mmol) in 97% chemical yield
(0.288 g). An analytically pure sample was obtained by recrystallization
from heptane/toluene (0.214 g, 72%). M.p. 235–236 8C; 1H NMR
(600 MHz, CDCl3): d=2.86–3.07 (m, 4H, bridge-CH2), 3.48–3.67 (m, 2H,
bridge-CH2), 3.90 (s, 6H, 2 CH3), 4.29–4.43 (m, 2H, bridge-CH2), 6.72 (s,
2H, 5-, 15-H or 8-, 12-H), 7.37 ppm (s, 2H, 8-, 12-H or 5-, 15-H); NMR
13C (151 MHz, CDCl3): d =32.53(2C, bridge), 34.71 (2C, 2 CH3, 2 C-
bridge), 128.32, 130.99, 153.71, 138.87 (4C), 143.89, 166.55 ppm (2COO);
MS (70 eV): m/z (%): 484 (40) [M]+ , 483 (19) [M]+ , 482 (75) [M]+ , 481
(10) [M]+ , 480 (37) [M]+ , 469 (11), 467 (16), 371 (37) [M�CH3]+ , 370
(10) [M�CH3]+ , 369 (36) [M�CH3]+, 243 (11) [M/2]+ , 242 (97), 241 (37),
240 (100), 239 (26), 227 (21), 225 (28), 212 (24), 211 (12), 210 (31), 202
(11), 199 (15), 197 (19), 184 (19), 182 (17),103 (10), 102 (20), 101 (10); el-
emental analysis calcd (%) for C20H18Br2O4: C 49.82, H 3.76, Br 33.14;
found: C 50.26, H 3.92, Br 33.35.


ortho-Regioselective diacylation of [2.2]paracyclophane-4,16-diol
(pseudo-para-, 12) with acetyl chloride : Compound 38 was obtained
from 0.20 g (0.83 mmol) of 12 in an isolated yield of 0.24 g (89%) using
the method as described for the acylation of 14.


1,1’-[5,15-DihydroxyACHTUNGTRENNUNG[2.2]paracyclophane-4,16-diyl]diethanone (bis-
(ortho)-pseudo-para, 38): Decomp. temp. 210–212 8C; 1H NMR
(600 MHz, CDCl3): d=2.32–2.45 (m, 2H, bridge-CH2-), 2.60 (s, 6H, 2
-CH3), 3.17–3.31 (m, 2H, bridge-CH2-), 3.39–3.49 (m, 2H, bridge-CH2-),
3.50–3.61 (m, 2H, bridge-CH2-), 6.39 (d,


3J=7.8 Hz, 2H, 7-, 13-H or 8-,
12-H), 6.62 (d, 3J=7.8 Hz, 2H, 8-, 12-H or 7-, 13-H), 12.80 ppm (s, 2H,
2OH); 13C NMR (151 MHz, CDCl3): d=26.97, 27.38, 30.90, 118.47,
120.44, 123.27, 133.69, 139.14, 158.52, 200.66 ppm; MS (70 eV): m/z (%):
324 (64) [M]+ , 306 (37), 291 (14), 281 (12), 189 (12), 161 (100), 153 (12),
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147 (61), 133 (66), 119 (65), 115 (51), 105 (36); elemental analysis calcd
(%) for C20H20O4: C 74.06, H 6.21; found: C 74.13, H 6.33.


General procedure for the synthesis of the Schiff bases of bis-
acetylhydroxyACHTUNGTRENNUNG[2.2]paracyclophanes (21 or 38): To a solution of bis-
acetylhydroxy ACHTUNGTRENNUNG[2.2]paracyclophane (21 or 38, 0.72 mmol) in toluene
(30 mL) enantiomerically pure a-PEAM (0.22 mL, 1.8 mmol) and a cata-
lytic amount of Et2SnCl2 were added. The reaction mixture was refluxed
for 40 h in a flask equipped with a Dean-Stark trap filled with MgSO4.
The solvent was evaporated under reduced pressure and the residue was
subjected to preparative chromatography on silica gel.


Separation of the diastereomeric Schiff bases of 21 with (R)-a-PEAM :
The equimolar mixture of diastereomeric (R,Rp,R)- and (R,Sp,R)-25 was
separated by preparative chromatography on silica gel (toluene/EtOH
20:1) to produce 0.18 g (92%) of diastereomerically pure (R,Sp,R)-25
(Rf=0.60) and 0.16 g (84%) of diastereomerically pure (R,Rp,R)-25 (Rf=
0.45).


ACHTUNGTRENNUNG(R,Sp,R)-4,15-Dihydroxy-5,16-[di-1-(1-phenylethylimino)ethyl] ACHTUNGTRENNUNG[2.2]para-
cyclophane (bis-(ortho)-pseudo-meta, (R,Sp,R)-25): Decomp. temp. 230–
235 8C; [a]25D =++914.78 (c=0.23 in toluene); 1H NMR (600 MHz, CDCl3):
d=1.75 (d, 6H, 2 CH3,


3J=6.5 Hz), 2.29 (2 s, 6H, 2 CH3), 2.38–2.51 (m,
2H, bridge-CH2-), 2.71–2.84 (m, 2H, bridge-CH2-), 3.22–3.34 (m, 2H,
bridge-CH2-), 3.38–3.51 (m, 2H, bridge-CH2-), 4.89 (q, 2H, 2 CH,


3J=


6.5 Hz), 6.06 (d, 3J=7.8 Hz, 2H, 7-, 12-H or 8-, 13-H), 6.95 (d, 3J=


7.8 Hz, 2H, 8-, 13-H or 7-, 12-H), 7.21–7.29 (m, 2H, Ph), 7.31–7.40 (m,
8H, Ph), 15.89 ppm (s, 2H, 2 OH); 13C NMR (151 MHz, CDCl3): d=


15.92, 21.36, 24.97, 33.89, 54.28, 116.97, 120.05, 122.25, 123.13, 124.82,
125.58, 126.87, 134.30, 139.80, 158.96, 166.37 ppm; MS (70 eV): m/z (%):
530 (2) [M]+ , 409 (17), 304 (8), 265 (16), 161 (41), 160 (56), 132 (11), 105
(100), 104 (20); elemental analysis calcd (%) for C36H38N2O2: C 81.48, H
7.22, N 5.28; found: C 81.63, H 7.35, N 5.22.


ACHTUNGTRENNUNG(R,Rp,R)-4,15-Dihydroxy-5,16-[di-1-(1-phenylethylimino)ethyl][2.2]para-
cyclophane (bis-(ortho)-pseudo-meta, (R,Rp,R)-25): M.p. 74–75 8C;
[a]25D =++238.88 (c=0.17 in toluene); 1H NMR (600 MHz, CDCl3): d=


1.67 (d, 6H, 2CH3,
3J=6.5 Hz), 1.98–2.11 (m, 2H, bridge-CH2-), 2.22 (s,


6H, 2CH3), 2.69–2.87 (m, 2H, bridge-CH2-), 3.06–3.20 (m, 2H, bridge-
CH2-), 3.22–3.36 (m, 2H, bridge-CH2-), 4.85 (q,


3J=6.5 Hz, 2H, 2 CH),
5.65 (d, 3J=7.8 Hz, 2H, 7-, 12-H or 8-, 13-H), 6.88 (d, 3J=7.8 Hz, 2H, 8-,
12-H or 7-, 13-H), 7.27–7.36 (m, 2H, Ph), 7.40–7.48 (m, 4H, Ph), 7.55 (d,
3J=7.5 Hz, 4H, 4 ortho-Ph), 15.91 ppm (s, 2H, 2 OH); 13C NMR
(151 MHz, CDCl3): d=19.72, 24.82, 28.93, 37.70, 58.22, 120.90, 124.28,
126.57, 127.31, 128.81, 129.34, 130.66, 138.41, 144.49, 162.97, 169.97 ppm;
MS (70 eV): m/z (%): 530 (24) [M]+ , 425 (17), 409 (48), 304 (46), 288
(36), 265 (65), 160 (82), 146 (20), 132 (24), 105 (100); elemental analysis
calcd (%) for C36H38N2O2: C 81.48, H 7.22, N 5.28; found: C 81.43, H
7.20, N 5.20.


((S, ACHTUNGTRENNUNG{Rp,Sp},S)-5,15-[Bis-N-(1-phenylethyl)ethanimidoyl]ACHTUNGTRENNUNG[2.2]paracyclo-
ACHTUNGTRENNUNGphane-4,16-diol (internal diastereomer, (S, ACHTUNGTRENNUNG{Rp,Sp},S)-39) was obtained by
purification of the reaction mixture on silica gel (CH2Cl2/Et2O 10:1) with
a chemical yield of 0.33 g (86%); m.p. 79–80 8C; [a]25D =�130.78 (c=0.28
in toluene); 1H NMR (600 MHz, CDCl3): d=1.74 (d, 3J=6.5 Hz, 3H,
CH3), 1.79 (d,


3J=6.5 Hz, 3H, CH3), 1.97–2.13 (m, 1H, bridge-CH2-),
2.26–2.48 (m, 1H, bridge-CH2-), 2.39 (s, 6H, 2 -CH3), 3.08–3.57 (m, 6H,
bridge-CH2-), 4.87–5.04 (m, 2H, 2 -CH-), 6.08 (d,


3J=7.8 Hz, 1H, 7- or
13- or 8- or 12-H,), 6.45 (d, 3J=7.8 Hz, 1H, 7- or 13- or 8- or 12-H), 6.56
(d, 3J=7.8 Hz, 7- or 13- or 8- or 12-H), 6.60 (d, 3J=7.8 Hz, 1H, 7- or 13-
or 8- or 12-H), 7.25–7.63 (m, 10H, 2 Ph), 15.82 (br s, 1H, OH), 16.02 ppm
(br s, 1H, OH); 13C NMR (151 MHz, CDCl3): d =16.32, 16.47, 20.93,
21.43, 27.44, 27.64, 30.94, 30.98, 54.14, 54.26, 117.95, 118.05, 119.05,
119.12, 122.28, 122.46, 123.14, 123.32, 124.84 (2C), 129.09, 129.54, 137.24,
137.50, 139.85, 140.56, 158.74, 159.03, 166.60, 166.81 ppm; MS (70 eV):
m/z (%): 530 (17) [M]+ , 425 (37), 409 (31), 304 (12), 265 (45), 160 (82),
146 (21), 132 (33), 105 (100); HRMS: calcd for C36H38O2N2: m/z :
530.2933 [M]+ ; found: 530.2687.


Synthesis and separation of the diastereomeric Schiff bases of 22 : To a
solution of 22 (0.09 g, 0.32 mmol) in toluene (6 mL) enantiomerically
pure (R)-a-PEAM (0.05 mL, 0.38 mmol) and a catalytic amount of
Et2SnCl2 were added. The reaction mixture was refluxed for 3 h in a flask
equipped with a Dean-Stark trap filled with MgSO4. The solvent was


evaporated under reduced pressure and the residue was subjected to
preparative chromatography on silica gel. MS (70 eV): m/z (%): 386 (46)
[M]+ , 385 (71) [M]+ , 280 (19), 266 (45), 265 (79), 264 (61), 263 (17), 250
(22), 249 (12), 174 (12), 162 (50), 161 (91), 160 (96), 159 (17), 133 (23),
132 (44), 131 (13), 130 (14), 122 (45), 121 (10), 120 (42), 118 (20), 117
(21), 116 (11), 115 (28), 107 (11), 106 (49), 105 (100), 104 (41), 103 (50).
The equimolar mixture of diastereomeric (Rp,R)- and (Sp,Rc)-26 was sep-
arated by preparative chromatography on silica gel (CH2Cl2/Et2O 10:1)
to produce 0.052 g (85%) of diastereomerically pure (Sp,R)-26 (Rf=0.32,
CH2Cl2/Et2O/Et3N 10:1:0.1) and 0.056 g (91%) of diastereo-merically
pure (Rp,R)-26 (Rf=0.23, CH2Cl2/Et2O/Et3N 10:1:0.1).


(Sp,R)-4,15-Dihydroxy-5[1-(1-phenylethylimino)-ethyl]ACHTUNGTRENNUNG[2.2]paracyclophane
26 ((Sp,R)-26): An analytically pure sample was obtained by recrystalliza-
tion from a toluene/hexane mixture. M.p. 154.0–154.5 8C; [a]25D =�453.48
(c=0.31 in toluene); 1H NMR (600 MHz, CDCl3): d=1.75 (d, 3J=6.5 Hz,
3H, CH3), 2.29 (s, 3H, CH3), 2.46–2.58 (m, 1H, bridge-CH2-), 2.61–2.72
(m, 1H, bridge-CH2-), 2.75–2.86 (m, 1H, bridge-CH2-), 2.87–3.07 (m, 2H,
bridge-CH2-), 3.11–3.21 (m, 1H, bridge-CH2-), 3.24–3.36 (m, 1H, bridge-
CH2-), 3.38–3.49 (m, 1H, bridge-CH2-), 4.43 (br s, 1H, C-15(OH)), 4.89
(q, 3J=6.5 Hz, H,=N-CH), 5.70 (d, 4J=1.8 Hz, 1H, 16-H), 6.11 (dd, 3J=


7.8, 4J=1.8 Hz, 1H, 12-H), 6.17, 6.89, 6.95 (3d, 4J=7.8 Hz, 3H, 13-, -7, 8-
H), 7.13–7.40 (m, 5H, Ph), 15.91 ppm (s, 1H, C(4)-OH); elemental analy-
sis calcd (%) for C26H27NO2: C 81.01, H 7.06, N 3.63; found: C 81.10, H
7.23, N 3.37.


(Rp,R)-4,15-Dihydroxy-5[1-(1-phenylethylimino)ethyl]ACHTUNGTRENNUNG[2.2]paracyclophane
26 ((Rp,R)-26): An analytically pure sample was obtained by recrystalli-
zation from heptane; m.p. 178 8C; [a]25D =++103.78 (c=0.19 in toluene);
1H NMR (600 MHz, CDCl3): d=1.75 (d, 3J=6.5 Hz, 3H, CH3), 2.29 (s,
3H, CH3), 2.46–2.58 (m, 1H, bridge-CH2-), 2.61–2.72 (m, 1H, bridge-
CH2-), 2.75–2.86 (m, 1H, bridge-CH2-), 2.87–3.07 (m, 2H, bridge-CH2-),
3.11–3.21 (m, 1H, bridge-CH2-), 3.24–3.36 (m, 1H, bridge-CH2-), 3.38–
3.49 (m, 1H, bridge-CH2-), 4.43 (br s, 1H, C-15(OH)), 4.89 (q,


3J=6.5 Hz,
H,=N-CH), 5.70 (d, 4J=1.8 Hz, 1H, 16-H), 6.11 (dd, 3J=7.8, 4J=1.8 Hz,
1H, 12-H), 6.17, 6.89, 6.95 (3d, 3J=7.8 Hz, 3H, 13-, 7-, 8-H), 7.13–7.40
(m, 5H, Ph), 15.91 ppm (s, 1H, C-4(OH)); elemental analysis calcd (%)
for C26H27NO2: C 81.01, H 7.06, N 3.63; found: C 81.10, H 7.23, N 3.37.


Enantioselective diethylzinc addition to benzaldehyde catalyzed by
(R,Rp,R)-25, (R,Sp,R)-25, (Sp,R)-26, (S, ACHTUNGTRENNUNG{Rp,Sp},S)-39; typical procedure :
To a solution of a Schiff base (0.01 mmol) in toluene (0.28 mL), Et2Zn
(0.2 mL of 1.1m solution in toluene, 0.22 mmol) was added in one portion
at 0 8C. Subsequently benzaldehyde (0.1 mmol) was added dropwise and
the reaction mixture was stirred for 15 h at room temperature. The mix-
ture was quenched with 1n HCl (0.45 mL), diluted with Et2O (2 mL) and
H2O (1 mL). The organic layer was separated, the aqueous layer was ex-
tracted with Et2O (3U2 mL) or CH2Cl2 (3U2 mL) and the combined or-
ganic fractions were washed with aq. NaHCO3 (3 mL) and dried over
Na2SO4. The oily residue obtained after solvent removal was subjected
without further purification to chiral HPLC. Enantiomeric analysis of 1-
phenylpropanol was performed by HPLC (Varian 5000 LC) on Chiralcel
OD (250 mmU4.6 mm) with hexane/isopropanol 100:4, flow rate
1 mLmin�1, temperature 20 8C, detector UV 254 nm: the retention times
were 9.4 (S) and 11.1 min (R), respectively.


X-ray crystallographic study of 21, (R,Sp,R)-25 and (Sp,R)-26 : The struc-
tures were solved by direct methods and refined by the full-matrix least-
squares against F2 in anisotropic (for non-hydrogen atoms) and isotropic
(for H atoms) approximation. All hydrogen atoms (with the exception of
the H atoms of OH-and N-H groups) were placed in geometrically calcu-
lated positions and included in the final refinement using the riding
model with the Uiso(H) parameters equal to 1.2Ueq(Ci) or 1.5UeqACHTUNGTRENNUNG(Cii),
where
U(Ci) and U ACHTUNGTRENNUNG(Cii) are, respectively, the equivalent thermal parameters of
the sp2 and sp3 carbon atoms to which the respective H atoms are
bonded. The H atoms of OH and NH- groups were located from the dif-
ference Fourier synthesis and included in the final refinement using the
riding model with the Uiso(H) parameters equal to 1.2Ueq(Oi), where
U(Oii) are the equivalent thermal parameters of the oxygen atoms to
which respective H atoms are bonded. The analysis of the Fourier elec-
tron density synthesis has revealed that toluene solvate molecules are dis-
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ordered by two positions. The disordered toluene molecules were refined
as rigid groups in isotropic approximation. Crystal data and structure re-
finement parameters for 21, (R,Sp,R)-25 and (Sp,R)-26 are given in
Table 3. All calculations were performed using the SHELXTL software
[G. M. Sheldrick, SHELXTL-97, Version 5.10, Bruker AXS Inc., Madi-
son, WI-53719, USA].


CCDC 614214 (21), 614215 [(Rc,Sp,Rc)-25] and 626319 [(Sp,R)-26] contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Syntex P21 Smart Apex II
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Introduction


Aldolases are an interesting class of lyases that have re-
ceived much attention due to their ability to catalyze asym-
metric carbon–carbon coupling reactions, and their chiral-in-
duction capacity leads to stereochemically pure products.[1]


Among them, the glycine-dependent family[2] are interesting
catalysts for b-hydroxy-a-amino acid synthesis and for the
chemical resolution of b-hydroxy-a-amino acid race-
mates.[3–5] b-Hydroxy-a-amino acids are an important class
of natural products with biological activity on their own and
also as constituents of many naturally occurring complex
compounds, such as antibiotics and immunosupressants.[2,3,6]


They also constitute excellent intermediates for the synthe-
sis of biologically relevant compounds, such as idulonic acid
mimetics,[7] the immunosuppressive lipid mycestericin D,[8]


acyclic sugar analogues,[9] 3,4-dihydroxyprolines,[10] and anti-
biotics,[5,11] among others. Furthermore, these polyfunctional
compounds might be useful building blocks for peptidomi-
metics and other nonproteinogenic peptide-like structures of
biological interest. Threonine aldolases reversibly catalyze


Abstract: A novel serine hydroxy-
ACHTUNGTRENNUNGmethyl transferase from Streptococcus
thermophilus (SHMT) and a l-threo-
nine aldolase from Escherichia coli
(lTA) were used as stereocomplemen-
tary biocatalysts for the aldol addition
of glycine to N-Cbz amino aldehydes
and benzyloxyacetaldehyde (Cbz=


benzyloxyACHTUNGTRENNUNGcarbonyl). Both threonine al-
dolases were classified as low-specific
l-allo-threonine aldolases, and by ma-
nipulating reaction parameters, such as
temperature, glycine concentration,
and reaction media, SHMT yielded ex-
clusively l-erythro diastereomers in 34–


60% conversion, whereas lTA gave l-
threo diastereomers in 30:70 to 16:84
diastereomeric ratios and with 40–68%
conversion to product. SHMT is among
the most stereoselective l-threonine al-
dolases described. This is due, among
other things, to its activity–temperature
dependence: at 4 8C SHMT has high
synthetic activity but negligible retro-
ACHTUNGTRENNUNGaldol activity on l-threonine. Thus, the


kinetic l-erythro isomer was largely fa-
vored and the reactions were virtually
irreversible, highly stereoselective, and
in turn, gave excellent conversion. It
was also found that treatment of the
prepared N-Cbz-g-amino-b-hydroxy-a-
amino acid derivatives with potassium
hydroxide (1m) resulted in the sponta-
neous formation of 2-oxazolidinone de-
rivatives of the b-hydroxyl and g-amino
groups in quantitative yield. This reac-
tion might be useful for further chemi-
cal manipulations of the products.
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the aldol addition of glycine to a variety of acceptor alde-
hydes with complete control of the a-carbon stereochemis-
try, but with low stereoselectivity at the b-carbon atom.[12]


Our ongoing project on the synthesis of new polyfunc-
tional derivatives of 4-aminobutyric acid (i.e. , 2,4-diamino-
3-hydroxyacid derivatives)[13] has led us to investigate a ste-
reoselective chemoenzymatic approach. The key step of this
approach consisted of the aldol addition of glycine to N-pro-
tected amino aldehydes, which is catalyzed by threonine al-
dolases. We have recently cloned and characterized a novel
serine hydroxymethyltransferase (SHMT; EC 2.1.2.1), with
threonine aldolase activity, from S. thermophilus.[14] This al-
dolase and the l-threonine aldolase from E. coli,[3] were
overexpressed in E. coli M15 as recombinant His6-tagged
proteins. In previous preliminary work,[14] SHMT was as-
sayed as a catalyst in aldol additions of glycine to N-Cbz-3-
aminopropanal, N-(R)-Cbz-alaninal, and benzyloxyacetalde-
hyde (Cbz=benzyloxycarbonyl). These aldehydes were ac-
cepted as substrates with 24–27% conversions to product
and 60–40% diasteromeric excesses, which were rather un-
practical for synthetic purposes.[14] This low stereoselectivity
at the b-carbon atom is commonly found in most of threo-
nine aldolases that have been investigated.[3,6,15]


In pursuit of a better enzymatic reaction performance and
to further exploit the synthetic utility of these enzymes, we
investigated the effect of reaction variables, such as temper-
ature, reaction media, and glycine concentration on the re-
action conversion and diasteromeric ratio. Aldehydes, such
as N-(R)-, N-(S)-Cbz-alaninal, N-Cbz-3-aminopropanal, N-
Cbz-2-aminoethanal (N-Cbz-glycinal), and benzyloxyacetal-
dehyde were assayed as acceptor substrates. The products
that were obtained have four functionalities of utmost inter-
est, and which could be applied towards the synthesis of in-
termediates of statine derivatives,[13, 16] protease inhibitors,[17]


antivirals (i.e. , HIV),[18] and peptide mimetics,[19] among
other bioactive compounds. For instance, the aldol addition
of glycine to N-Cbz-3-aminopropanal furnishes a stereoiso-
meric precursor of b-hydroxyornithine, which is a relevant
building block for the b-lactamase inhibitor clavulanic acid
and the antibiotic and anticancer agent acivicin.[20]


Results and Discussion


Influence of reaction conditions on the SHMT- and lTA-
catalyzed aldol additions : We selected the aldol addition of
glycine to N-(R)-Cbz-alaninal (Scheme 1) in emulsion,[21,22,23]


which is catalyzed by SHMT and lTA aldolases at 35 and
25 8C, respectively, as a model for our initial investigation.
The reaction temperatures were selected according to the
activity–temperature profiles that were obtained in previous
studies for both aldolases (see the Supporting
ACHTUNGTRENNUNGInformation).[14,24]


Analysis of the crude reaction mixtures by HPLC re-
vealed the presence of two new peaks with close retention
times; these were assigned unambiguously to the l-threo or
l-erythro diastereomers by NMR spectroscopy (see herein
and the supporting information). Inspection of the reaction
progress curves revealed that in both SHMT and lTA catal-
ysis, the l-erythro diastereomer was kinetically preferred.
Then, after a prolonged reaction time, it was converted to
the more stable l-threo diastereomer, which is an equilibri-
um product (Figure 1). For lTA catalysis, the reaction under
the selected conditions was too fast to detect the intercon-
version point and a quasi-equilibrium situation was already
attained after short reaction times (Figure 1b). It is worth
noting that the diastereoselectivity for lTA was good (l-
threo/l-erythro, 86:14), although in both cases the reaction
conversion was rather low (ca. 20 and 40%, respectively).
As Figure 1 shows after 20–24 h, no significant changes were
observed in the yield and stereoselectivity; this indicates an
equilibrium state.


It has been reported that lowering the reaction tempera-
ture might favor the kinetic product and improve the diaste-
reoselectivity.[3,12] Moreover, this also might affect the equi-
librium position of the reaction, and, therefore, the final
conversions to aldol adducts. Hence, the model aldol addi-
tion that is catalyzed by SHMT and lTA was studied at 4,
10, and 25 8C in both emulsions and a conventional DMF/
water 1:4 cosolvent mixture.


In the case of SHMT, by reducing the reaction tempera-
ture from 35 to 4 8C, the kinetic product, the l-erythro dia-
stereomer, was strongly favored, whereas the l-threo diaste-
reomer was extremely minimized; one single diastereomer
was detected (Figure 2). Moreover, the conversion rose re-
markably from 20 to 70–75% probably because of the alter-
ation in the equilibrium position in favor of the aldol
adduct. Thus, for the aldol addition of glycine to N-(R)-Cbz-
alaninal, SHMT at either 4 8C in emulsion or at 10 8C in
DMF/H2O 1:4 provides complete stereocontrol and good
product conversions. These observations are in a good
agreement with the biochemical characterization data of
SHMT.[14] The activity–temperature profile revealed that the
retroaldol activity of SHMT is undetectable at 4 8C and neg-


ligible at 20 8C, whereas at 4 8C
significant synthetic activity to-
wards the l-erythro isomer was
achieved (Figure 2). Moreover,
the retroaldol activity of SHMT
for l-allo-threonine is two
orders of magnitude higher
than that for l-threonine
(Vmax/Km=7.8 vs.
0.061 Umg�1mM


�1).[14] Hence aScheme 1. SHMT- and lTA-catalyzed aldol additions of glycine to (R)-N-Cbz-alaninal.
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plausible explanation for the high stereoselectivity of SHMT
at 4 8C lies in both the reduced retroaldol activities at low
temperatures and a clear kinetic preference for the l-erythro
configuration. Upon increasing the temperature, the retro-
ACHTUNGTRENNUNGaldol activity increased and, consequently, a decrease in the
diasteromeric ratio in favor of the equilibrium product,
which was cleaved at a lower rate, was observed. The results
that were obtained for SHMT were in good agreement with
those that were found in the aldol addition of glycine to
benzaldehyde catalyzed by dTA from Alcaligenes
ACHTUNGTRENNUNGxylosoxidans.[12]


For the lTA catalyst, the kinetic product was rapidly con-
sumed at any temperature that was assayed, and always
yielded l-threo as the major diastereomer (l-threo/l-erythro
86:14; Figure 3). The reaction conversion to product im-
proved to 60% in DMF/H2O 1:4 at either 10 or 4 8C, which


were the best reaction conditions for this particular example
(Figure 3). Reactions that were conducted at 0 8C resulted in
impractical synthetic rates, and time profiles that were simi-
lar to those at 4 8C. The activity–temperature profile of lTA
revealed significant retroaldol activity at 20 8C (2.0 vs.
0.1 mmmin�1 for SHMT; see the Supporting Information)
and detectable activity at 4 8C (0.5 mmmin�1). The retroaldol
activity of lTA for l-allo-threonine is also two orders of
magnitude higher than that for l-threonine (Vmax/Km=248
vs. 1.5 Umg�1mm


�1; Supporting Information); this reflects
the preference for the l-erythro aldol adduct as the kinetic
product.[24] Hence, it is likely that the temperature profile
can help us to understand the different behavior of both al-
dolases, and that the reaction temperature could play a criti-
cal role in controlling their stereoselectivities. Most interest-
ingly, SHMT and LTA turned out to be stereocomplemen-
tary biocatalysts for the aldol addition of glycine to N-(R)-
Cbz-alaninal with good product conversions.


Synthetic applications of the SHMT and lTA catalysts : The
results that were obtained thus far prompted us to establish


Figure 1. Time-course profiles for the aldol addition of glycine to 1 cata-
lyzed by SHMT at 35 8C (a) and lTA at 25 8C (b) in emulsions. ^: l-eryth-
ro isomer, &: l-threo isomer, ~: the reaction conversion to both products.
The data that is shown corresponds to the mean values that were ob-
tained with three emulsion formulations: H2O/C14E4/tetradecane, H2O/
C14E4/hexadecane, and H2O/C14E4/squalane always in a ratio of 90:4:6 (w/
w/w), in which C14E4 is a technical grade tetra(ethyleneglycol)tetradecyl
ether surfactant (C14H29ACHTUNGTRENNUNG(OCH2CH2)4OH), with an average of 4 moles of
ethylene oxide per surfactant molecule.[22,23] Experiments were performed
in triplicate and the estimated standard error for each point is represent-
ed by the corresponding error bars. For the rest of the reaction condi-
tions, see the Experimental Section.


Figure 2. Time-course profiles for the aldol addition of glycine to 1 cata-
lyzed by SHMT at 25 (a) and 4 8C (b) in emulsion systems. Similar pro-
files to those shown in (b) were obtained in DMF/buffer at 10 and 4 8C.
For the reaction conditions, see the Experimental Section. ^: l-erythro
isomer, &: l-threo isomer, ~: the reaction conversion to both products.
Experiments were performed in triplicate and the estimated standard
error for each point is represented by the corresponding error bars.
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whether the reaction conditions could have a similar effect
on a range of selected acceptor aldehydes, such as N-(S)-
Cbz-alaninal (2), N-Cbz-glycinal (3), N-Cbz-3-aminopropa-
nal (4), and benzyloxyacetaldehyde (5 ; Scheme 2). In this
case, the concentration of glycine was also included in the
study in addition to the reaction media and temperature. It
has been reported that an excess of glycine helps in shifting
the equilibrium to the aldol adducts,[3] but might complicate
purification ACHTUNGTRENNUNGprocedures. Thus, the stereoselectivities and
conversions of the SHMT- and lTA-catalyzed aldol addi-


tions of glycine to each selected aldehyde were studied as a
function of the reaction temperature (4 and 25 8C), reaction
media (emulsion and DMF/H2O 1:4) and aldehyde/glycine
ratio (1:1.2, 1:2, and 1:5).


Thus, experiments under 12 defined conditions were con-
ducted for each aldehyde by using either SHMT or lTA cat-
alysts (24 experiments per aldehyde) and the conversions to
products and diastereoselectivities of each reaction were
monitored by HPLC (representations of both the conversion
to product and diasteromeric ratio versus reaction time that
were obtained for aldehydes 2, 3, and 5 are reported in the
Supporting Information). The stereochemistry of the
l-erythro and l-threo isomers was unequivocally assigned by
NMR spectroscopy on the isolated products upon transfor-
mation to their 2-oxazolidone derivatives (see further dis-
cussions in the text and the Supporting Information).


Aldehydes 2–5 were found to be acceptable as substrates
and produced the corresponding N-Cbz-w-amino- and N-
Cbz-w-hydroxybenzyl-b-hydroxy-a-amino acid derivatives.
Table 1 shows the conversions and diasteromeric ratios ob-
tained after each change in reaction conditions for alde-
hydes 2 and 5 as significant examples. The outcome of this
study revealed that some general trends can be drawn on
the stereoselectivity and conversion as a function of the re-
action parameters, but the best synthetic conditions depend-
ed on each acceptor aldehyde.


Stereoselectivity : Time-course profiles for the acceptor alde-
hydes that were studied were rather similar to those ob-
tained with the model aldehyde (R)-N-Cbz-alaninal (1). In
all cases, the kinetic product of the enzymatic aldol addition
was the l-erythro isomer, whereas the thermodynamic prod-
uct was the l-threo isomer. Overall, reactions that were con-
ducted in emulsion favored the formation of the l-threo
isomer. This might be explained by the fact that reactions
were faster in emulsion than in DMF/H2O 1:4, which is
probably due to the inactivation of the biocatalyst by DMF,
which enables rapid l-erythro to l-threo interconversion
(Figure 3). Furthermore, the solvation effect, that is, the sub-
strate and product partition in the different phases of the
emulsion media, might be considered to influence both reac-
tion rate and diasteromeric distribution.


Temperature was also a useful variable for controlling the
stereochemical outcome of the reactions with other alde-
hydes. As expected, stereoselectivity towards the kinetic
isomer (i.e., l-erythro) increased at 4 8C, whereas the contra-
ry was true at room temperature. Overall, at 4 8C, SHMT
provides the l-erythro isomer with high diasteromeric ratios
(91:9, 100:0), whereas at 25 8C, lTA gave the l-threo isomer
with moderate diastereoselection (18:82, 40:60). Raising the
temperatures above 25 8C to force the formation of l-threo
isomer with either lTA and SHMT leads to a strong de-
crease in the reaction conversion; this hampers their syn-
thetic applicability at a preparative level (results not
shown).[14]


Glycine concentration also influenced the stereochemical
outcome of the reactions because it is involved in shifting


Scheme 2. SHMT- and lTA-catalyzed aldol additions of glycine to N-
Cbz-aminoaldehydes and benzyloxyacetaldehyde.


Figure 3. Time-course profiles for the aldol addition of glycine to 1 cata-
lyzed by lTA in emulsion (a) and DMF/H2O 4:1 (b) at 4 8C. Similar pro-
files were monitored at 10 8C. For the reaction conditions see the Experi-
mental Section. ^: l-erythro isomer, &: l-threo isomer, ~: the reaction
conversion to both products. Experiments were performed in triplicate
and the estimated standard error for each point is represented by the cor-
responding error bars.
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the equilibrium towards the condensation products.[12,25] The
best stereoselectivity was obtained at high glycine concen-
trations. An excess of glycine appears to inhibit the forma-
tion of the l-threo isomer, and shifts the diasteromeric inter-
conversion point towards
higher reaction times
(Figure 4).


Comparing the performance
of both aldolases for the reac-
tions studied, SHMT from
S. thermophilus was by far more
stereoselective than lTA from
E. coli, and thus constitutes a
promising and robust biocata-
lyst for aldol additions of gly-
cine.


Substrate conversion to product :
Overall, the best conversions to
aldol adducts were achieved at
4 8C and/or at high glycine con-
centration (Figure 4), but they
depended mostly on the alde-
hyde acceptor. Importantly, the
conditions for increasing the
substrate conversion were fully
compatible with the ones that
achieved high stereoselectivity.


Concerning the reaction media, the best conversions with
SHMT were achieved in DMF/H2O 1:4, whereas emulsion
was the best medium for the lTA-catalyzed reactions.


Table 1. Aldol addition of glycine to 2 and 5 catalyzed by SHMT and lTA. Substrate conversion to product and diasteromeric ratio after 20 h as a func-
tion of the reaction conditions tested.[a]


T [8C] Conditions[b] Medium Aldehyde SHMT lTA
concn of
glycine [mm]


Conv. [%][c] dr erythro/threo Conv. [%][c] dr erythro/threo


25 70 cosol. 2 19 21:79 20 12:88
25 70 emul. 2 18 20:80 20 9:91
25 140 cosol. 2 54 20:80 26 43:57
25 140 emul. 2 41 16:84 41 10:90
25 280 cosol. 2 63 23:74 21 27:73
25 280 emul. 2 41 17:83 50 13:87
4 70 cosol. 2 18 80:20 33 40:60
4 70 emul. 2 17 85:15 24 20:80
4 140 cosol. 2 35 97:3 25 50:50
4 140 emul. 2 30 76:24 26 24:76
4 280 cosol. 2 32 99:1 29 55:45
4 280 emul. 2 36 84:16 38 28:72


25 70 cosol. 5 80 66:33 84 56:44
25 70 emul. 5 90 50:50 80 37:63
25 140 cosol. 5 45 43:57 35 53:47
25 140 emul. 5 68 41:59 55 40:60
25 280 cosol. 5 50 46:54 44 60:40
25 280 emul. 5 65 40:60 40 40:60
4 70 cosol. 5 55 97:3 33 82:18
4 70 emul. 5 63 91:9 33 60:40
4 140 cosol. 5 45 95:5 20 75:25
4 140 emul. 5 44 87:13 20 45:55
4 280 cosol. 5 50 96:4 22 76:24
4 280 emul. 5 57 88:12 33 54:46


[a] Time-course plots of the conversion to product and the erythro/threo ratio for the aldol addition to aldehydes 2, 3, and 5 are included in the Support-
ing Information. [b] Cosol. : DMF/buffer 1:4; emul. : H2O/C14E4/hexadecane 90/4/6 (wt%). [c] Molar percentage conversions to the aldol adducts with re-
spect to the starting aldehyde concentration were determined by HPLC from the crude reaction mixtures by using purified standards.


Table 2. Synthesis of N-Cbz-w-amino- and w-benzyloxy-b-hydroxy-a-amino acid derivatives by aldol additions
of glycine to N-Cbz-aminoaldehydes and benzyloxyacetaldehyde catalyzed by SHMT and lTA.


Acceptor
aldehyde


Aldolase
ACHTUNGTRENNUNG(UmL�1)


Product Conv. [%]
(t [h])


T [8C] Gly [mm][c]


([mL])[d]
Isolated
yield [%][e]


dr l-erythro/
l-threo


1 SHMT (8) 6a 60 (30)[a] 4 70 (34) 30 100:0
1 lTA (12) 6a/6b 40 (20)[a] 4 70 (37) 20 16:84
2 SHMT (8) 7a 48 (20)[a] 4 280 (58) 30 100:0
2 lTA (12) 7a/7b 54 (20)[b] 25 140 (42) 27 18:82
3 SHMT (8) 8a/8b 35 (20)[a] 4 70 (39) 13 86:14
3 lTA (12) 8a/8b 60 (20)[b] 25 140 (54) 18 30:70
4 SHMT (6) 9a 20 (8)[a] 4 70 (25) 3 100:0
4 SHMT (8) 9a/9b 34 (25)[a] 25 70 (36) 10 50:50
4 lTA (12) 9a/9b 49 (25)[b] 25 70 (42) 11 50:50
5 SHMT (8) 10a 68 (20)[a] 4 70 (37) 40 97:3
5 lTA (12) 10a/10b 45 (20)[b] 25 140 (30) 30 40:60


[a] DMF/H2O 1:4 (v/v). [b] High H2O content emulsions: H2O/hexadecane/C14E4 90/6/4 (wt%). [c] [Al-
dehyde]=60 mm [d] Reaction volume. [e] Purification procedures were not optimized.
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Scale-up : Syntheses of the b-hydroxyamino acid derivatives
were scaled up to 100–300 mg of aldol adduct. The reaction
conditions for each aldehyde were selected to obtain high
product yields of both the l-threo and l-erythro isomers,
and, therefore, to generate the
maximum configuration diversi-
ty of the aldol products
(Table 2). Moderate to excel-
lent conversions (30–70%) and
diasteromeric ratios (60:40–
100:0) were achieved. Interest-
ingly, lTA and SHMT were
nonselective towards the (R)-N-
Cbz- and (S)-N-Cbz-alaninal,
with both aldehydes yielding
good conversions and stereose-
lectivity (Table 1). However,
(S)-N-Cbz-alaninal, needed
four times the glycine concen-
tration than (R)-N-Cbz-alaninal
to achieve similar results. When
both aldehydes were tested
with 70 mm glycine at 4 8C, the
reaction conversion ratios (R/S)


were 80:18 and 62:33, respectively; the equilibrium conver-
sion to product was clearly in favor of the R enantiomer. N-
Cbz-3-aminopropanal gave an l-erythro/l-threo ratio of 1:1
with either SHMT or lTA at conversions of around 34 and
50%, respectively. Excellent diasteromeric excess for the
l-erythro isomer was obtained, but only under kinetic condi-
tions with conversions of around 20%. It is noteworthy that
both SHMT and lTA from Candida humicola gave the same
l-erythro stereochemical preference for the aldol addition of
glycine to benzyloxyacetaldehyde.[15]


Assignment of the stereochemistry of the l-threo/l-erythro
products. Formation of 2-oxazolidinone derivatives: Abso-
lute configurations were obtained based on the premise that
l- and d-threonine aldolases are highly selective for the ste-
reochemistry at the C-a carbon atom.[2,6, 12] Moreover, it has
been reported that SHMT did not hydrolyze either d-threo-
nine or d-allo-threonine.[14] The assignment of the relative
stereochemistry of both isomers was performed by NMR
spectroscopy. It has been shown that the coupling constant
(3JHH) between H1 and H2 for the l-threo isomer is slightly
larger than for the l-erythro isomer. However, according to
Futagawa et al.[26] the contrary might be true. Hence, neither
the 3JH2H3 coupling constant nor the H1 chemical shift from
the aldol adducts of this study allowed us to unequivocally
assign the signals to the l-threo and l-erythro isomers. This
was because the experimental 3JH2H3 coupling constant dif-
ferences can be attributed to the presence of variable and
alternatively weighted conformations that arise from rela-
tively fast C�C bond rotations.[26,27] Hence, the aldol adducts
that were obtained by both threonine aldolases were con-
verted to the 2-oxazolidone derivatives (Table 3), which
eliminates the free C2�C3 rotation. Then, the assignment
that was based upon both the 3JH2H3 coupling constants and
their chemical shifts was unequivocal.[6,26] As expected, the
3JH2H3 coupling constant for the l-erythro isomer was larger
than for the l-threo isomer, and very characteristic down-


Figure 4. lTA-catalyzed aldol addition of glycine to N-Cbz-glycinal (3) at
70 (a) and 280 mm (b) glycine concentration at 25 8C in emulsion. &: l-
threo isomer, ^: l-erythro isomer, ~: the reaction conversion to both
products.


Table 3. The most relevant 1H and 13C NMR spectroscopic chemical shifts [ppm] and H,H-coupling constants
[Hz] in [D6]DMSO of stereoisomeric 2-oxazolidone derivatives from compounds 6a–10b.


l-Threo l-Erythro
n R1 R2 d(H2) d(H3)


3JH2H3 d(C4) d ACHTUNGTRENNUNG(CO2H) d(H2) d(H3)
3JH2H3 d(C4) d ACHTUNGTRENNUNG(CO2H)


0 Cbz-NH CH3 (R) 4.14 4.38 3.8 48.7 172.4 4.25 4.49 7.7 46.6 171.2
0 Cbz-NH CH3 (S) 4.11 4.45 4.3 49.1 172.4 4.35 4.60 8.7 46.6 171.4
0 Cbz-NH H 4.09 4.50 4.4 43.6 172.1 4.38 4.72 8.8 41.3 171.0
1 Cbz-NH H 4.01 4.50 4.5 35.8 172.0 4.28 4.70 8.4 31.3 171.4
0 BnO H 4.14 4.67 5.0 70.3 172.1 4.39 4.91 9.2 68.0 171.1
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field shift effects were observed for the H2 and H3 protons,
whereas upfield effects for C4 and the COOH chemical
shifts were also evident due to the gamma-gauche effect
(Table 3).


The reaction of aldol adducts with phosgene for the prep-
aration of 2-oxazolidinone derivatives requires a base. It
was found that sodium bicarbonate was the best suited for
this purpose. By treating the N-Cbz-g-amino-b-hydroxy-a-
amino acid derivatives with potassium hydroxide (1m),
2-oxazolidinone derivatives were formed in quantitative
yield (Scheme 3). This is probably explained by the attack


of the b-hydroxylate on the carbonyl function of the ure-
thane group with elimination of benzyl alcohol. The reaction
was exemplified at the analytical level by using the diaste-
reomers of 2-amino-4-(benzyloxycarbonylamino)-3-hydroxy-
pentanoate aldol adducts. The concerted analysis of 1H and
13C chemical shifts, the observed gamma effects, mainly on
d(H3) (i.e., about d=4.8 for the cis and 4.5 ppm for the anti
configuration) and d ACHTUNGTRENNUNG(CH3) (around d=21 for the cis and
16 ppm for the anti configuration), and NOE enhancements
(see the Supporting Information) confirmed the assignment
of the relative configurations of compounds (11a–11d ;
Scheme 3).


Conclusion


Glycine-dependent aldolases are emerging as useful tools
for the synthesis of polyfunctional molecules, such as b-hy-
droxy-a-amino acid derivatives. However, in many instances,
the narrow substrate tolerance, low yield, and sometimes
poor steroselectivity are important issues that must be
ACHTUNGTRENNUNGaddressed.


From the synthetic data that was obtained in this work, it
may be concluded that medium engineering is a useful way
to improve the yield and stereoselectivity of SHMT and
lTA aldolases, and, therefore, it might be possible to ach-
ieve the synthesis of both the l-threo and l-erythro diaste-
reomers of each aldehyde. Temperature, glycine excess, and
reaction media (i.e. , emulsion or DMF/H2O cosolvent sys-


tems) are important parameters for controlling both conver-
sions to product and stereoselectivities. In particular, tem-
perature was an important parameter when working with
SHMT. Thus, for glycine-dependent aldolases with similar
temperature profiles, it might be synthetically useful to
work at low temperatures because the retroaldol activity is
strongly inhibited, whereas a high synthetic capacity is main-
tained; this makes the reaction virtually irreversible. This
strategy might be extended to thermophillic aldolases, and
work is currently underway in our lab in this direction.
Overall, at low temperatures, both yield and reaction con-
version improved; a similar effect was also observed upon
increasing the excess of glycine. Reactions were normally
faster in emulsion than in DMF/H2O 1:4. Therefore, the
latter was the best for the SHMT catalyst, whereas emul-
sions at 25 8C were the conditions of choice for lTA in
which high reaction rates were needed to accumulate the l-
threo isomer in the reaction medium. Under the selected re-
action conditions, the aldol additions furnished the desired
products in yields that are useful on a preparative scale.
However, similar to other syntheses with these aldolases,[3,6]


the isolated yields are still low from the perspective of a po-
tential industrial application. Therefore, there remain chal-
lenges in regards to improving both the conversion to prod-
uct of the enzymatic aldol reaction and the purification
procedures.


By considering the aldol and retroaldol activities[14,24] of
the SHMT and lTA catalysts that are used in this work, it
can be concluded that both aldolases are low-specific l-allo-
threonine aldolases.


Both medium and enzyme-engineering methods might be
an excellent complement to alter the stereochemical out-
come of aldolases.[28] Modification of the existing aldolases
and related enzymes is also of paramount importance to
alter substrate tolerance, and in turn, the enzymes catalytic
properties.[29] Work is currently in progress in our lab to elu-
cidate the three-dimensional structure of SHMT with the
aim of modifying it to improve its tolerance towards the
widest structural diversity of aldehyde acceptors.


From the synthetic point of view, we have found that
treatment of N-Cbz-g-amino-b-hydroxy-a-amino acid deriv-
atives with potassium hydroxide (1m) caused the spontane-
ous formation of 2-oxazolidinone derivatives between the g-
amino and b-hydroxy groups in quantitative yield. This reac-
tion might be useful for further chemical manipulations of
the products.


Experimental Section


Materials : l-Threonine, l-allo-threonine, and yeast alcohol dehydrogen-
ase (ADH) were purchased from Sigma. Pyridoxal-5-phophate, glycine,
and benzyloxyacetaldehyde (1) were purchased from Aldrich. N-Benzyl-
ACHTUNGTRENNUNGoxycarbonyl-3-amino propanal (N-Cbz-3-aminopropanal), N-benzyl-
ACHTUNGTRENNUNGoxycarbonyl-2-aminoethanal (N-Cbz-glycinal), and (R)- and (S)-N-
benzyl ACHTUNGTRENNUNGoxycarbonyl-alaninal (3) were synthesized in our lab by previously
described procedures.[22,30] Serine hydroxymethyl transferase from S. ther-
mophilus (SHMT) and l-threonine aldolase from E. coli (lTA) were pro-


Scheme 3. 2-Oxazolidone derivatives (11a–11d); formation from com-
pounds 6a–7b.
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duced and purified in our lab and in a fermentation plant facility by fol-
lowing previously described methodologies.[14] All other chemicals and
reagents that were used in this work were of analytical grade.


Enzyme activity : Threonine aldolase activity was measured spectrophoto-
metrically as described in a previous work.[14] One unit of TA activity was
defined as the amount of enzyme that catalyzed the formation of 1 mmol
of acetaldehyde (1 mmol of NADH oxidized) per minute at 37 8C.


Aldol additions catalyzed by SHMT and lTA


Enzymatic aldol additions in emulsions : Aldol additions of glycine to al-
dehydes in emulsion systems were conducted in 10 mL screw-caped test
tubes as follows:[22] The aldehyde (0.15 mmol), oil (0.3 g), and surfactant
(0.2 g) were mixed with a vortex mixer for 15 s (2400 rpm). Then, a gly-
cine solution (2 mL; 0.175, 0.350, or 0.700 mmol, depending on the ex-
periment) at pH 6.5 for SHMT or pH 8 for LTA was added dropwise
while stirring at 4, 10, or 25 8C with a vortex mixer. This was followed by
the addition of a solution of pyridoxal-5-phosphate (190 mL, 0.3 mmol).
Finally, the reaction was started by adding the enzyme (20 U SHMT or
30 U lTA). The final reaction volume was 2.5 mL. The test tubes were
placed on a horizontal shaking bath (100 rpm) at constant temperature.
The reactions were followed by HPLC until the peak of the product
reached a maximum.


Enzymatic aldol additions in DMF/H2O 1:4 : The aldehyde (0.15 mmol)
was dissolved in DMF (0.5 mL). Then, the glycine solution (2 mL; 0.175,
0.350, or 0.700 mmol, depending on the experiment) at pH 6.5 for SHMT
or pH 8 for lTA was added while stirring at 4, 10, or 25 8C with a vortex
mixer. This was followed by the addition of a solution of pyridoxal-5-
phosphate (190 mL, 0.3 mmol). The rest of the experimental procedure
was the same as above.


HPLC analyses : HPLC analyses were performed on a Lichrograph
HPLC system (Merck, Germany) fitted with XBridge C18 5 mm
(Waters). Samples (50 mg, for reactions in emulsions or 50 mL for reac-
tions in DMF/H2O 1:4) were withdrawn from the reaction medium, dis-
solved in methanol (1 mL), which contained HOAc (2.5% v/v) to stop
any enzymatic reaction, and then subsequently analyzed by HPLC. The
solvent system was as follows: solvent A: 0.1% (v/v) trifluoroacetic acid
(TFA) in H2O, solvent B: 0.095% (v/v) TFA in H2O/CH3CN 1:4. HPLC
conditions for reaction monitoring with underivatized adducts were: gra-
dient elution from 0 to 70% solvent B in 30 min was used; flow rate:
1 mLmin�1; detection at 215 nm. Retention factors for each compound
are provided.


The l-erythro/l-threo aldol adducts from N-Cbz-glycinal (3) and N-Cbz-
3-aminopropanal (4) could not be separated by HPLC under the condi-
tions described above. Baseline separation of both diasteroisomers was
accomplished after derivatization of the free a-amino function with a
tert-butyloxycarbonyl group. Samples (50 mg) were withdrawn from the
reaction medium and dissolved in di-tert-butyl dicarbonate solution
(0.6m ; 200 mL). Then Et3N (6m ; 50 mL) was added to this solution and
the mixture was incubated for 1 h at 25 8C in a horizontal shaker. After
this time, the total volume was transferred to an HPLC vial with MeOH/
HOAc (250 mL, 1:0.025) and analyzed subsequently by HPLC. HPLC
conditions were as follows: gradient elution from 10 to 80% solvent B in
35 min, the eluents and other conditions were as described above. Reten-
tion factors for each derivatized compound are provided.


Scale-up : Enzymatic reactions on the 100 mg scale were conducted in
screw-capped flasks (250 mL), which were placed in a reciprocal shaker
(50 rpm) and thermostated at the required temperature (25 or 4 8C). The
procedure was similar to that described for the analytical reactions and
substrate concentrations, temperature, enzyme units, and incubation
times were selected based upon the acceptor aldehyde and are summar-
ized in Table 1.


The enzymatic reactions were stopped by the addition of MeOH/HOAc
39:1 (v/v) and the crude was purified and filtrated through Celite/activat-
ed charcoal (95:5); the filtration cake was cleaned with MeOH. The fil-
trate was evaporated under vacuum to eliminate the MeOH. The residue
that was obtained was dissolved in H2O and the unreacted aldehyde and
other hydrophobic impurities were extracted with EtOAc (3S150 mL).
The aqueous layer that contained the product was freeze dried and then


purified by semipreparative RP-HPLC on a Perkin–Elmer 250S25 mm
column, filled with C18, 5 mm-type stationary phase, by using the following
procedure. First, the column was equilibrated with 0.1% (v/v) TFA in
H2O. Then, the sample was adjusted to pH 2–3 with TFA and loaded
onto the column. The salts were eliminated by washing with of 0.1% (v/
v) TFA in H2O (100 mL). Then, the product was eluted with a gradient
of 0.1% (v/v) TFA in CH3CN (8 to 48% v/v in 30 min). The flow rate
was 10 mLmin�1, and the products were detected at 215 nm. The pure
fractions were pooled and lyophilized for further characterization by
NMR spectroscopy.


NMR spectroscopy : 1H (500.13 MHz) and 13C (125.76 MHz) NMR spec-
tra were recorded on an AVANCE 500 Bruker spectrometer equipped
with a high-sensitivity cryogenically cooled triple-resonance TCI probe-
head for samples that were dissolved in [D6]DMSO and CD3OD solu-
tions. Full structural and stereochemical characterization of all com-
pounds was carried out with the aid of 2D COSY, NOESY, HSQC, and
HMBC experiments and from NOE data that was obtained from selec-
tive 1D NOESY experiments that were recorded with a mixing time of
500 ms. The 13C NMR spectroscopic peaks were assigned by HSQC and
HMBC experiments. For complete signal assignments, see the Supporting
Information.


ACHTUNGTRENNUNG(2S,3R,4R)-2-Amino-4-(benzyloxycarbonylamino)-3-hydroxypentanoic
acid ammonium salt (6a): The title compound was obtained according to
the general procedure. Yield: 170 mg (30%), 99% pure, as determined
by HPLC; retention factor, k=6.91; [a]20D =�14.8 (c=0.49 in DMSO);
1H NMR (500.13 MHz, [D6]DMSO): d=7.34 (s, 1H), 7.25 (d, J=8.3 Hz,
1H), 5.03 (s, 1H), 3.73 (s, 1H), 3.54 (dd, J=8.5 Hz, 1H), 3.02 (d, J=


8.5 Hz, 1H), 1.12 ppm (d, J=6.8 Hz, 1H); 13C NMR (125.76 MHz,
[D6]DMSO): d =169.4 (C1), 156.8 (C6), 136.9 (C ipso), 128.3 (C arom),
127.7 (C arom), 72.1 (C3), 65.5 (C7), 53.1 (C2), 47.6 (C4), 17.4 ppm (C5)


ACHTUNGTRENNUNG(2S,3S,4R)-2-Amino-4-(benzyloxycarbonylamino)-3-hydroxypentanoic
acid ammonium salt (6b): The title compound was obtained according to
the general procedure. Yield: 163 mg (20%); 99% pure and a mixture of
diastereomers, as determined by HPLC; retention factor, k=7.19; [a]20D =


�18.0 (c=0.47 in DMSO); 1H NMR (500.13 MHz, [D6]DMSO): d=7.42
(d, J=8.5 Hz, 1H), 7.36 (m, 5H), 5.01 (s, 2H), 3.8 (dd, J=7.5 Hz, 1H),
3.62 (m, 1H), 3.18 (d, J=4.0 Hz, 1H), 1.10 (d, J=6.6 Hz, 1H), minor sig-
nals that corresponded to the l-erythro diastereomer: 3.56 (dd, J=


8.2 Hz, 1H), 3.05 (d, J=8.1 Hz, 1H), 1.12 ppm (d, J=6.8 Hz, 1H);
13C NMR (125.76 MHz, [D6]DMSO): d=168.9 (C1), 155.9 (C6), 137.0 (C
ipso), 128.0 (C arom), 127.7 (C arom), 72.0 (C3), 65.3 (C7), 55.6 (C2),
48.7 (C4), 16.6 (C5), minor signals that corresponded to the l-erythro dia-
stereomer: 169.4 (C1), 156.8 (C6), 53.1 (C2), 47.6 (C4), 17.4 ppm (C5).


ACHTUNGTRENNUNG(2S,3R,4S)-2-Amino-4-(benzyloxycarbonylamino)-3-hydroxypentanoic
acid ammonium salt (7a): The title compound was obtained according to
the general procedure. Yield: 406 mg (29%), 99% pure, as determined
by HPLC. Retention factor, k=4.25, [a]20D =++14.3 (c=0.56 in DMSO);
1H NMR (500.13 MHz, [D6]DMSO): d=7.88 (d, J=7.8 Hz, 1H), 7.33 (s,
5H), 5.01 (s, 2H), 3.75 (s, 1H), 3.68 (t, J=4.8 Hz, 1H), 3.29 (d, J=


4.6 Hz, 1H), 1.07 ppm (d, J=4.6 Hz, 3H); 13C NMR (125.76 MHz,
[D6]DMSO): d =168.6 (C1), 155.6 (C6), 137.2 (C ipso), 128.2 (C arom),
127.6 (C arom), 71.9 (C3), 65.0 (C7), 54.2 (C2), 48.7 (C4), 16.1 ppm (C5).


ACHTUNGTRENNUNG(2S,3S,4S)-2-Amino-4-(benzyloxycarbonylamino)-3-hydroxypentanoic
acid amonium salt (7b): The title compound was obtained according to
the general procedure; yield: 266 mg (27%), 99% pure and a mixture of
diastereomers, as determined by HPLC; retention factor, k=4.39; [a]20D =


+5.4 (c=0.48 in DMSO); 1H NMR (500.13 MHz, [D6]DMSO): d=7.90
(d, J=7.61 Hz, 5H), 7.34 (m, 1H), 7.23 (d, J=8.4 Hz, 1H), 5.01 (s, 2H),
3.81 (t, J=5.2 Hz, 1H), 3.76 (m, 1H), 3.22 (d, J=5.1 Hz, 1H), 1.08 (d,
J=6.7 Hz, 3H), minor signals that corresponded to the l-erythro diaste-
reomer: 7.90 (d, J=7.61 Hz, 1H), 3.68 (t, J=4.9 Hz, 1H), 3.27 (d, J=


5.0 Hz, 1H), 1.06 ppm (d, J=6.8 Hz, 3H); 13C NMR (125.76 MHz,
[D6]DMSO): d=168.9 (C1), 155.6 (C6), 137.1 (C quat), 128.3 (C arom),
127.6 (C arom), 71.0 (C3), 65.1 (C7), 54.8 (C2), 49.6 (C4), 16.6 (C5),
minor signals that corresponded to the l-erythro diastereomer: 168.6
(C1), 137.2 (C ipso), 71.8 (C3), 65.0 (C7), 54.2 (C2), 48.7 (C4), 16.1 ppm
(C5).
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ACHTUNGTRENNUNG(2S,3S)-2-Amino-4-(benzyloxycarbonylamino)-3-hydroxybutanoic acid
(8a): The title compound was obtained according to the general proce-
dure. Yield: 117 mg (12%), 99% pure and a mixture of diastereomers, as
determined by HPLC. Retention factor, k (tert-Boc derivative)=7.92;
[a]20D =++11.8 (c=0.43 in DMSO); 1H NMR (500.13 MHz, [D6]DMSO):
d=7.35 (s, 5H), 5.01 (s, 1H), 3.83 (dd, J=5.1, 11.1 Hz, 1H), 3.21 (d, J=


5.2 Hz, 1H), 3.18 (m, 2H), minor signals that correspond to the l-threo
diastereomer: 3.93 (s, 1H) 3.08 ppm (s, 1H); 13C NMR (125.76 MHz,
[D6]DMSO): d =168.1 (C1), 156.4 (C5), 137.1 (C ipso), 128.3 (C arom),
127.7 (C arom), 68.5 (C3), 65.2 (C6), 55.8 (C2), 43.2 ppm (C4).


ACHTUNGTRENNUNG(2S,3R)-2-Amino-4-(benzyloxycarbonylamino)-3-hydroxybutanoic acid
(8b): The title compound was obtained according to the general proce-
dure. Yield: 232 mg (17%), 99% pure and a mixture of diastereomers, as
determined by HPLC; retention factor, k (tert-Boc derivative)=8.44;
[a]20D =++13.5 (c=0.57 in DMSO); 1H NMR (500.13 MHz, [D6]DMSO):
d=7.35 (s, 5H), 5.01 (s, 1H), 3.95 (dd, J=6.6, 10.7 Hz, 1H), 3.25 (d, J=


4.93 Hz, 1H), 3.09 ppm (s, 1H), other signals that corresponded to the l-
erythro diastereomer: 3.85 (dd, J=5.2, 11.2 Hz, 1H), 3.19 ppm (m, 3H);
13C NMR (125.76 MHz, [D6]DMSO): d=168. 8 (C1), 156.3 (C5), 137.1 (C
quat), 128.3 (C arom), 127.7 (C arom), 68.6 (C3), 66.3 (C6), 56.1 (C2),
44.2 ppm (C4), other signals that corresponded to the l-erythro diastereo-
mer: 168.3 (C1), 156.5 (C5), 137.2 (C ipso), 128.3 (C arom), 127.7 (C
arom), 68.6 (C3), 65.2 (C6), 56.0 (C2), 43.1 ppm (C4).


ACHTUNGTRENNUNG(2S,3S)-2-Amino-5-(benzyloxycarbonylamino)-3-hydroxypentanoic acid
(9a) and (2S,3R)-2-Amino-5-(benzyloxycarbonylamino)-3-hydroxypenta-
noic acid (9b): The title compound was obtained according to the general
procedure. Yield: 30 mg (as the pure l-erythro isomer, 3%), 83 mg (as a
1:1 l-erythro/l-threo mixture when using SHMT, 10%), and 109 mg (as a
1:1 l-erythro/l-threo mixture when using lTA, 11%), 99% pure and a
mixture of diasteroisomers or a single isomer, as determined by HPLC;
retention factor, k (tert-Boc derivative l-erythro)=6.33, k (tert-Boc deriv-
ative l-threo)=6.53; [a]20D =++0.8 (c=0.17 in DMSO; l-erythro isomer);
1H NMR (500.13 MHz, [D6]DMSO): l-erythro diastereomer: d =7.35 (m,
1H), 5.00 (s, 1H), 3.81 (m, 1H), 3.14 (d, J=5.6 Hz, 1H), 3.01 (m, 1H),
1.55 (m, 1H), 1.48 ppm (m, 1H); 13C NMR (125.76 MHz, [D6]DMSO): l-
erythro diastereomer: d =168.3 (C1), 156.0 (C6), 137.2 (C ipso), 128.3 (C
arom), 127.7 (C arom), 67.3 (C7), 65.0 (C3), 58.2 (C2), 37.6 (C5),
32.1 ppm (C4); 1H NMR (500.13 MHz, [D6]DMSO): l-threo diastereo-
mer: d=7.35 (m, 1H), 5.00 (s, 1H), 3.81 (m, 1H), 3.17 (m, 1H), 3.08 (d,
J=4.8 Hz, 1H), 1.67 (m, 1H), 1.48 ppm (m, 1H); 13C NMR (125.76 MHz,
[D6]DMSO): l-threo diastereomer: d =168.6 (C1), 156.1 (C6), 137.3 (C
ipso), 128.3 (C arom), 127.7 ( Carom), 67.0 (C7), 65.1 (C3), 57.9 (C2),
37.1 (C5), 33.7 ppm (C4).


ACHTUNGTRENNUNG(2S,3R)-2-amino-4-(benzyloxy)-3-hydroxybutanoic acid (10a): The title
compound was obtained according to the general procedure. Yield:
296 mg (38%), 99% pure and a mixture of diastereomers, as determined
by HPLC; retention factor, k=3.32, [a]20D =++13.4 (c=0.50 in DMSO);
1H NMR (500.13 MHz, [D6]DMSO): d=7.34 (m, 5H), 7.29 (m, 1H), 4.49
(s, 1H), 3.99 (dd, J=4.9, 10.3 Hz, 1H), 3.56 (A of an AB system, J=4.3,
10.1 Hz, 1H), 3.50 (B of an AB system, J=6.2, 10.1 Hz, 1H), 3.41 ppm
(d, J=4.7 Hz, 1H); 13C NMR (125.76 MHz, [D6]DMSO): d=168.3
(TFAC), 168.2 (C1), 138.4 (C ipso), 128.1 (C arom), 127.4 (C arom), 72.3
(C5), 71.3 (C4), 68.6 (C3), 55.5 ppm (C2).


ACHTUNGTRENNUNG(2S,3S)-2-Amino-4-(benzyloxy)-3-hydroxybutanoic acid (10b): The title
compound was obtained according to the general procedure. Yield:
254 mg (37%), 99% pure and a mixture of diastereomers, as determined
by HPLC; retention factor, k=3.50, [a]20D =++15.0 (c=0.60 in DMSO);
1H NMR (500.13 MHz, [D6]DMSO): d=7.34 (m, 1H), 7.28 (m, 1H), 4.49
(s, 1H), 4.13 (dd, J=6.1, 9.8 Hz, 1H),) 3.47 (m, 2H), 3.24 ppm (d, J=


3.6 Hz, 1H), other signals that correspond to the l-erythro diastereomer:
4.50 (s, 1H) 3.96 (dd, J=5.7, 9.8 Hz, 1H), 3.53 (m, 2H), 3.28 ppm (d, J=


5.5 Hz, 1H); 13C NMR (125.76 MHz, [D6]DMSO): d=168.7 (C1), 138.5
(C quat), 128.2 (C arom), 127.4 (C arom), 72.2 (C5), 71.8 (C4), 67.7 (C3),
55.25 ppm (C2), other signals that correspond to the l-erythro diastereo-
mer: 168.3 (C1), 138.4 (C ipso), 72.4 (C5), 71.6 (C4), 67.7 (C3), 55.3 ppm
(C2).


2-Oxazolidinone derivatives : The corresponding pure aldol adduct
(10 mg) was dissolved in distilled H2O (5 mL). Then, NaHCO3 (500 mg)


was added. After 15 min, a 20% solution of phosgene in toluene
(1.5 mL) was added dropwise while stirring. The reaction was monitored
by HPLC. When the starting material was no longer detected, the reac-
tion was stopped by the addition of 5% (v/v) HCl until pH 2–3 was
reached. The mixture was successively extracted with EtOAc (3 mL), and
then the organic layers were combined and washed with brine (3 mL),
dried over anhydrous Na2SO4, and evaporated under reduced pressure.
NMR spectra of the residue were recorded without any further purifica-
tion. For NMR data and spectra see the text and Supporting
ACHTUNGTRENNUNGInformation.


2-Oxazolidinone derivatives (11a–11d): The aldol adduct (10 mg) was
dissolved in a solution of 1m KOH solution (500 mL) and the reaction
was followed by HPLC until the peak of the starting material was no
longer detected and the benzyl alcohol peak had reached a maximum
area. Then, 5% HCl was added to the mixture until pH 2 was reached.
The aqueous phase was extracted with EtOAc and lyophilized. The solid
that was obtained was suspended in DMSO, the insoluble material was
filtered off, and the filtrate was lyophilized. NMR spectra of the residue
were recorded without any further purification. For NMR data and spec-
tra see the text and Supporting Information.
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Introduction


Porphyrins and phthalocyanines have been extensively stud-
ied over the past century owing to their wide range of bio-
logical relevance and industrial applications.[1] In particular,
sandwich porphyrinato and phthalocyaninato metal com-


plexes have attracted great attention as advanced materials
due to their special optical, electrochemical, and magnetic
properties associated with their unique molecular structure
and strong p–p interactions between tetrapyrrole ligands.[2]


Over the past few decades, optically active porphyrin and
phthalocyanine derivatives have also been intensively stud-
ied,[3] however, chiral sandwich porphyrinato and phthalo-
cyaninato metal complexes remain extremely rare to date.
Through the sandwich staggered molecular structure of bis-
ACHTUNGTRENNUNG(tetrapyrrole)–metal compounds, Aida et al. have recently
synthesized and optically resolved chiral homoleptic bis(por-
phyrinato)zirconium and cerium compounds with unusual
D2 symmetry.[4] Hydrogen bonding between chiral dicarbox-
ylic acids or saccharides and the pyridyl nitrogen atoms of
bis ACHTUNGTRENNUNG[tetrakis(4-pyridyl)porphyrinato]cerium through positive
homotropic allosterism also induced optical activity into the
sandwich double-decker compounds.[5] Very recently, the
groups of Simon and Jiang have worked towards the synthe-
sis of chiral bis(phthalocyaninato)–rare-earth complexes,
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Abstract: Reaction between the opti-
cally active metal-free phthalocyanine
with a p system with noncentrosym-
metrical C2v symmetry ((S)- and (R)-
H2{Pc ACHTUNGTRENNUNG(OBNP)2}; OBNP=binaphthyl-
ACHTUNGTRENNUNGphtha ACHTUNGTRENNUNGloACHTUNGTRENNUNGcyanine) and half-sandwich
complexes [MIII


ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(TClPP)] (M=Y,
Eu; TClPP=meso-tetrakis(4-chloro-
ACHTUNGTRENNUNGphe ACHTUNGTRENNUNGnyl)por ACHTUNGTRENNUNGphy ACHTUNGTRENNUNGrinate; acac=acetylacet-
onate), which were generated in situ
from [M ACHTUNGTRENNUNG(acac)3]·nH2O and H2ACHTUNGTRENNUNG(TClPP)
in n-octanol at reflux, provided the
first optically active protonated mixed
phthalocyaninato–porphyrinato rare-
earth double-decker complexes
[MIIIH{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] (M=Y,


Eu) in good yield. In addition to elec-
tronic absorption spectroscopy and
magnetic circular dichroism results, cir-
cular dichroism shows different spec-
troscopic features of these mixed-ring
rare-earth double-decker compounds
in different solvents, such as DMF and
CHCl3, which was well-reproduced on
the basis of time-dependent density
functional theory calculation results for


the yttrium species (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� (Por=porphyrinate,
which is obtained by removing the four
chlorophenyl groups from the TClPP
ligand) in terms of the change in the
rotation angle between the two macro-
cyclic ligands in the double-decker
molecules. These results revealed the
solvent-dependent nature of the molec-
ular conformation of mixed-ring rare-
earth double-decker complexes, which
suggests a new way of tuning the opti-
cal and the electrochemical properties
of sandwich-type bis(tetrapyrrole)–
metal double-decker complexes in so-
lution by changing the solvent.


Keywords: chirality · density func-
tional calculations · phthalocya-
nines · porphyrinoids · rare-earth
metals


Chem. Eur. J. 2008, 14, 4667 – 4674 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4667


FULL PAPER







however, optical resolution of the two enantiomers for both
[LuIII(Pc) ACHTUNGTRENNUNG(Nc*)] (Nc*= the Cs isomer of 1,2-naphthalocyani-
nate) and [M(Pc){Pc ACHTUNGTRENNUNG(a-OC5H11)4}] (PcACHTUNGTRENNUNG(a-OC5H11)4=


1,8,15,22-tetrakis(3-pentyloxy)phthalocyaninate) has not yet
been successful.[6,7] Herein, we report the preparation and
characterization of the first optically active mixed phthalo-
cyaninato–porphyrinato rare-earth complexes [MIIIH{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] (M=Y (1), Eu (2); OBNP=binaph-
thylphthalocyanine, TClPP=meso-tetrakis(4-chlorophenyl)-
porphyrinate; Scheme 1). To enhance the asymmetric per-
turbation to the tetrapyrrole chromophores in the sandwich-
type mixed phthalocyaninato–porphyrinato rare-earth
double-decker molecules through dipole–dipole interactions,
aromatic chiral binaphthyl units were introduced onto the
nonperipheral positions of the phthalocyanine ring. In addi-
tion to electronic absorption and magnetic circular dichro-
ism (MCD) spectroscopy results, circular dichroism (CD) re-
veals different spectroscopic features of these mixed-ring
rare-earth double-decker compounds in different solvents.
On the basis of time-dependent density functional theory
(TD-DFT) results on the yttrium species (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� in terms of different rotation angles be-
tween the two macrocyclic ligands in the double-decker
molecules, different electronic absorption and CD spectro-
scopic features of (S)-[YIIIH{Pc ACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(TClPP)] in DMF
and CHCl3 were well reproduced, which revealed the sol-
vent-dependent nature of the mixed-ring rare-earth double-
decker complexes on the molecular conformation.


The fact that the electronic absorption spectra of mixed
phthalocyaninato–porphyrinato rare-earth complexes, and
other bis(tetrapyrrole)–rare-earth compounds, changes de-
pending on the solvent has puzzled chemists in this field for
a long time (Figures S1 and S2 in the Supporting Informa-
tion).[8] Cofacial dimerization of the tetrapyrrole–metal
double-decker compounds in solution, in a similar manner
to planar, flat monomeric phthalocyanine compounds, was
proposed to explain the spectroscopic change with solvent;
however, this has never been verified. The present work re-
veals that the change in the optical spectroscopic spectra of
mixed phthalocyaninato–porphyrinato rare-earth complexes
with solvent (DMF and CHCl3) is due to the change in the
double-decker molecular conformation associated with dif-
ferent interactions between the double-decker and solvent


molecules. This, to the best of our knowledge, represents the
first effort to understand the change in the optical spectro-
scopic of bis(tetrapyrrole)–metal complexes with solvent.


Results and Discussion


Synthesis and characterization of [MIIIH{Pc ACHTUNGTRENNUNG(OBNP)2}-
ACHTUNGTRENNUNG(TClPP)] (M=Y (1) or Eu (2)): As mentioned above, to en-
hance the asymmetric perturbation of the phthalocyanine or
porphyrin chromophores in the sandwich double-decker
molecules,[9] phthalocyanine with aromatic chiral binaphthyl
units at the nonperipheral positions (H2{Pc ACHTUNGTRENNUNG(OBNP)2}) were
chosen to synthesize the target sandwich rare-earth com-
plexes. However, efforts using H2{Pc ACHTUNGTRENNUNG(OBNP)2} to synthesize
both homoleptic and heteroleptic bis(phthalocyaninato)–
rare-earth complexes failed. Surprisingly, reaction of H2{Pc-
ACHTUNGTRENNUNG(OBNP)2} with the half-sandwich porphyrinato rare-earth
complexes [MIII


ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(TClPP)] (M=Y, Eu; acac=acetyl-
ACHTUNGTRENNUNGacetonate), generated in situ from M ACHTUNGTRENNUNG(acac)3·nH2O and H2-
ACHTUNGTRENNUNG(TClPP) in n-octanol at reflux led to the isolation of optical-
ly active protonated mixed phthalocyaninato–porphyrinato
rare-earth double-deckers (S)- and (R)-[MIIIH{Pc ACHTUNGTRENNUNG(OBNP)2}-
ACHTUNGTRENNUNG(TClPP)] (M=Y (1) or Eu (2)) in good yields. The isolation
of protonated mixed-ring double-decker species is in accord-
ance with previous results for 1,8,15,22-tetra- or
1,4,8,11,15,18,22,25-octakis-substituted phthalocyanine li-
gands with alkoxy groups at nonperipheral positions.[10] Ra-
ACHTUNGTRENNUNGce ACHTUNGTRENNUNGmization of the phthalocyanine did not occur at tempera-
tures over 1808 under the present reaction conditions.[11]


Satisfactory elemental analysis results were obtained for
both the newly prepared protonated mixed-ring double-
deckers 1 and 2. These two compounds were further charac-
terized by MALDI-TOF mass spectrometry and 1H NMR
spectroscopy. The MALDI-TOF mass spectra of these com-
pounds clearly showed intense signals for the protonated
molecular ion [M+H]+ . The isotopic pattern closely resem-
bled that of the simulated one as exemplified by the spec-
trum of 2 given in Figure S3 in the Supporting Information.
Yttrium compound 1 was EPR silent, which showed its dia-
magnetic property and revealed the protonated nature of
these double-decker complexes. However, satisfactory NMR
spectra could not be obtained for 1 and 2 probably due to


Scheme 1. Schematic molecular structures of 1 and 2.
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the tautomerization of the acidic proton on the porphyrin
ligand (note that the acid proton in the protonated mixed-
ring double-decker should be on the porphyrin side accord-
ing to our recent work).[12] Upon addition of approximately
1% hydrazine hydrate, a well-resolved spectrum with virtu-
ally all of the expected signals was observed (Figure S4 in
the Supporting Information). The IR spectra of 1 and 2 had
an intense band at around ñ=1322 cm�1, which is a charac-
teristic signal for dianionic phthalocyaninato ligands.[2d] This
result confirms the protonated nature of these two mixed-
ring double-decker complexes.


Electronic absorption, MCD, and CD spectra of 1 and 2 re-
corded in DMF and CHCl3 : The electronic absorption,
MCD, and CD spectra of 1 and 2 were recorded in DMF
(Figure 1 and Figure S5 in the Supporting Information).
Similar to those of [MIIIH{Pc ACHTUNGTRENNUNG(a-OC5H11)4}ACHTUNGTRENNUNG(TClPP)] (M=Y,
Sm, Eu; Pc ACHTUNGTRENNUNG(a-OC5H11)4=1,8,15,22-tetrakis(3-pentyloxy)-
ACHTUNGTRENNUNGphthalocyaninate) and [YIIIH{Pc ACHTUNGTRENNUNG(a-OC4H9)8}ACHTUNGTRENNUNG(TClPP)] (Pc-
ACHTUNGTRENNUNG(a-OC4H9)8=1,4,8,11,15,18,22,25-octakis(1-butyloxy)phtha-
locyaninate),[10] both complexes 1 and 2 have five absorption
bands in their electronic absorption spectra, a typical feature
of the protonated mixed phthalocyaninato–porphyrinato
rare-earth double-decker complexes. Compounds 1 and 2
display medium to strong phthalocyanine (338 nm) and por-
phyrin (419–424 nm) Soret bands and several Q bands in the


region of 616 to 842 nm in the spectra recorded in DMF.
The spectrum also displays a medium band at 485 to
488 nm. However, the absence of the characteristic near-IR
absorption at around 1200 nm for the neutral species in the
electronic absorption spectra of both compounds again indi-
cates the protonated nature of these double-deckers.[2a–c] As-
sociated with absorption peaks, the MCD spectra apparently
showed dispersion-type Faraday A terms, which suggested
that these correspond to transitions to the almost degener-
ate excited states.[13] As shown in Figure 1a and Figure S5 in
the Supporting Information, the optically pure isomers of
both yttrium and europium compounds show perfect mirror-
image CD spectra of each other in the whole spectral
region. For both of the S isomers, the CD sign is positive be-
tween 370 and 420 nm and beyond approximately 630 nm,
whereas the sign is negative between approximately 310 and
370 nm and 420 and 630 nm. Their CD intensities are [q]=


0.5Q105 to 6Q105, which are comparable with those of the
optically active sandwich bis(porphyrinato)–metal com-
plexes previously reported.[4,5] The intense and sharp CD
signal observed at 343 nm is characteristic of the CD of the
monomeric binaphthyl-linked phthalocyanine.[9]


In accordance with the findings for [Y(Pc) ACHTUNGTRENNUNG(TClPP)] (Pc=


unsubstituted phthalocyaninate) and [YH{PcACHTUNGTRENNUNG(a-OC4H9)8}-
ACHTUNGTRENNUNG(TClPP)],[8,10] the electronic absorption spectra for these
two protonated mixed-ring double-decker complexes


Figure 1. Electronic absorption, MCD, and CD spectra of 1 measured in a) DMF and b) CHCl3.
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[MIIIH{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] (M=Y, Eu) (1, 2) change de-
pending on the solvent. As shown in Figure 1 (and Fig-
ACHTUNGTRENNUNGures S5 and S6 in the Supporting Information), despite the
overall similar spectroscopic features, clear differences in
the electronic absorption spectra of these two double-decker
compounds recorded in CHCl3 can be observed from those
recorded in DMF. For example, both the phthalocyanine
and porphyrin Soret bands of 1 and 2 shift from 338 and
420–424 nm in DMF to higher energy positions (333 and
410–415 nm) in CHCl3. In contrast, the lowest-energy ab-
sorption band at 820 to 842 nm in DMF for 1 and 2 appears
to become weaker and extends to longer wavelengths be-
tween 848–888 and 1100 nm in CHCl3. Additionally, the
broad absorption at 616–630 nm in DMF for 1 and 2 splits
into two absorptions at 562–564 and 615 nm in CHCl3. Asso-
ciated with the change in the electronic absorption spectra,
pseudo-Faraday A terms corresponding to the porphyrin
Soret band at 410–415 nm, the porphyrin Q band at 484 nm,
and the absorption at 615 nm in the MCD spectra recorded
in CHCl3 become sharper than those in DMF. More impor-
tantly, corresponding with the changes in the electronic ab-
sorption and MCD spectra, the CD spectra of the optical
isomers for both complexes, in particular the yttrium com-
pound, are completely different from those recorded in
DMF in shape and the intensity becomes much weaker
(about one third of that in DMF; see Figure 1, Figures S5
and S6 in the Supporting Information). It should be noted
that both of the (S)-isomers exhibited a negative CD signal
for the lowest-energy transition, in contrast to the positive
CD in DMF.


All of the results described above appear to suggest a
change in the molecular conformation of mixed phthalocya-
ninato–porphyrinato rare-earth complexes upon changing
the solvent from DMF to CHCl3. This is confirmed by the
fact that the electronic absorption spectra of double-deckers
change with a set of isosbestic points along with changing
the ratio of DMF and CHCl3, but maintaining a constant
sample concentration (Figure 2 and Figure S7 in the Sup-
porting Information). As mentioned in the Introduction, co-
facial dimerization of any sandwich-type bis(tetrapyrrole)–
rare-earth double-decker compounds with two outwardly
oriented tetrapyrrole ligands in the molecule through p–p


interactions between two double-decker molecules has not
been reported in any solution thus far. This, in combination
with the fact that all of the absorption bands in 1 and 2 do
not simultaneously take a blue- or redshift along with
changing the solvent, such as from DMF to CHCl3, indicates
the transformation of nonaggregated molecular conforma-
tions in these two solvents.


NMR spectroscopy has been a powerful method in deter-
mining molecular structure and geometry in solvent. How-
ever, as mentioned above, in the present case satisfactory
1H NMR spectra for complexes 1 and 2 could not be ob-
tained in either [D7]DMF or CDCl3, or in any deuterated
solvents available without the addition of the reducing agent
hydrazine hydrate, probably owing to tautomerization of the
acidic proton over the porphyrin ligand of the double-


decker molecules. This is in accordance with previous results
for other protonated mixed phthalocyaninato–porphyrinato
rare-earth complexes.[10] As documented in a very recent
publication,[12] the location of the acidic proton in a proton-
ated mixed phthalocyaninato–porphyrinato rare-earth (III)
complex has not been solved due to the failure of 1H NMR
spectroscopy and other experimental techniques in dealing
with this problem. Very recently, with the help of DFT cal-
culations, the acidic proton in protonated mixed phthalocya-
ninato–porphyrinato rare-earth complexes was concluded to
localize on the porphyrin rather than the phthalocyanine
ring. As a result, NMR spectroscopy is unable to provide
any information on the molecular geometry of complexes 1
and 2 in DMF, CHCl3, or a mixture of both solvents.


Electronic absorption and CD spectra of (S)-ACHTUNGTRENNUNG[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(TClPP)]


� on the basis of TD-DFT calculations :
On the basis of the experimental results described above,
the change in the electronic absorption, MCD, and CD spec-
tra of 1 and 2 is ascribed to the transformation of nonaggre-
gated double-decker molecular conformations upon chang-
ing the solvent from DMF to CHCl3. To get an insight into
the relationship between the molecular conformation and
the optical spectra of these double-decker compounds, TD-
DFT calculations were carried out on the electronic absorp-
tion and CD spectroscopic properties of the yttrium species.
Note that for economic reasons and to simplify the calcula-
tions, calculations on the spectra were actually carried on
the anionic form of the yttrium double-decker [YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)]


� or even [YIII{Pc ACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(Por)]
� (Por=


porphyrinate, which is obtained from TClPP by removing
the four chlorophenyl groups) instead of the protonated spe-
cies [YIIIH{PcACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(TClPP)]. This is actually rational-
ized by assuming that the protonated mixed phthalocyanin-
ACHTUNGTRENNUNGato–porphyrinato rare-earth complexes have almost the
same electronic absorption spectra as their anionic counter-
parts (Figure S8 in the Supporting Information). Figure 3


Figure 2. Solvent effect on the electronic absorption spectra of 1. The
inset shows the change in the absorbance corresponding to the Soret
bands.
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shows the optimized structure of (S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2}-
ACHTUNGTRENNUNG(TClPP)]� obtained at the B3LYP/LANL2DZ level. Ac-
cordingly, the two macrocycles in this molecule are rotated
from the staggered position by about 138 with a ring-to-ring
separation of approximately 2.818 R between the plane that
consists of four pyrrole nitrogen atoms and another that
contains four isoindole nitrogen atoms. This value is in ac-
cordance with that found experimentally for [YIIIH{Pc ACHTUNGTRENNUNG(a-
OC5H11)4} ACHTUNGTRENNUNG(TClPP)] (2.800 R).[10] It is worth noting that, in
accordance with the experimental findings,[10] both the
phthalocyanine and porphyrin ligands are revealed to bend
significantly out from the double-decker molecule. This
gives further support for excluding the formation of a dimer
of double-decker complexes through p–p interactions be-
tween two double-decker molecules.


To further simplify the calculations, the four chlorophenyl
groups were removed from the TClPP ligand in the opti-
mized structure during TD-DFT calculations of the spectro-
scopic properties of the yttrium double-decker compound.
By employing the same computational process as that previ-
ously used for [YIII(Pc) ACHTUNGTRENNUNG(Por)]� (Pc=unsubstituted phthalo-
cyaninate),[12] the electronic absorption spectrum together
with the CD spectrum for (S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� was
obtained on the basis of these calculations. Figure 4 shows
the simulated absorption and CD spectra of (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� and Table S1 in the Supporting Informa-
tion summarizes the electronic transitions of the main ab-
sorption bands, details of which are not repeated herein due
to their good agreement with those obtained for [YIII(Pc)-
ACHTUNGTRENNUNG(Por)]� .[12] It can be seen that the simulated electronic ab-
sorption and CD spectra of (S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� ap-
proximately reproduce the observed spectra of (S)-
[YIIIH{Pc ACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(TClPP)] in DMF. The almost degener-
ate LUMO (LUMO+1) or LUMO+2 (LUMO+3) orbitals
for (S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(Por)]


� are responsible for the ob-
servation of the pseudo A term for almost all of the elec-
tronic transitions (Figure S9 in the Supporting Information).
Comparison between the experimental and computational
results renders it possible to assign the bands to those
mainly associated with the phthalocyanine Soret, porphyrin
Soret, porphyrin Q, charge-transfer (CT), and phthalocya-
nine Q transitions. The CD sign and relative intensity of
these bands in the calculated spectra of (S)-[YIII{Pc-


ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]
� are in excellent agreement with the ob-


served CD signals for (S)-[YIIIH{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] in
the whole spectral region, which suggests that the present
double-decker system, (S)-[YIIIH{PcACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(TClPP)], in
DMF preferentially adopts a right-handed helical geometry
(a=138) with respect to the staggered conformation (a =


08).
On the basis of single-crystal molecular structure investi-


gations over a large number of bis(tetrapyrrole)–metal com-
plexes,[2a,10, 14–17] double-decker molecules with two parallel
tetrapyrrole ligands connected by a large-radius metal
cation can change their molecular conformation only in
terms of the twist angle and ring-to-ring distance. The twist
angle, q, for bis(tetrapyrrole)–metal complexes is usually de-
fined as the rotation angle of one macrocycle away from the
eclipsed conformation of the two macrocycles. However, in
the present study, the rotation angle (a) employed for the
anionic mixed phthalocyaninato–porphyrinato yttrium com-
plex is different from q, the value of which is actually the
difference between q and an angle of 458, that is, a=q�458.
Furthermore, it is reasonable to consider that changes in the
protonated mixed-ring double-decker molecules connected
by the same yttrium or europium ion in 1 and 2 should only
occur in the rotation angle with the ring-to-ring distance re-
maining unchanged upon changing the solvent from DMF
to CHCl3 or vice versa. As a consequence, to understand the
significant change in the CD spectra of complexes 1 and 2
upon changing the solvent from DMF to CHCl3, the CD
signal for the lowest-energy transition of (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� together with the relative energy for this
molecule was calculated by changing the rotation angle of a


in the range from 13 to �28 with a ring-to-ring separation of


Figure 3. The top (a) and side (b) views of the optimized structure of (S)-
[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)]


� . Hydrogen atoms are omitted for clarity.


Figure 4. Simulated electronic absorption and CD spectra of (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� with the rotation angle of 138. Gaussian bands with
half-bandwidths of 1000 cm�1 were used.
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2.818 R. It is worth noting that such a rotation angle range
from 13 to �28 was also selected on the basis of single-crys-
tal molecular structure investigation results,[2a] which reveal
the skew angle for most bis(tetrapyrrole)–rare-earth com-
plexes in the range between 35 and 458, which corresponds
to a range of 10 to 08 for the rotation angle of a.


As shown in Figure 5, along with the decrease in the rota-
tion angle, the CD signal for the lowest-energy transition of
(S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� gradually changes its sign from


positive to negative when a is less than 28. Nevertheless,
when the rotation angle becomes 08, the intensity of the CD
signal with negative sign corresponds to approximately a
quarter of that for a=138. This observation is in good
agreement with the experimental result of (S)-[YIIIH{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] recorded in CHCl3 (see above). As ex-
pected, the calculated relative energy (Erel) of (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� increases with decreasing the twist angle a


as a result of the steric repulsion between the peripheral
substituents of two macrocycles. In particular, this com-
pound appears to be unrealistic in terms of energy after the
rotation angle decreases to less than �28. On the basis of
these results, the electronic absorption and CD spectra of
(S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� with a=08 were calculated at
the level of B3LYP/LANL2DZ (see Figure 6 and Table S2
in the Supporting Information). As can be found, both the
calculated electronic absorption and in particular the CD
properties reproduce the experimental spectra of (S)-
[YIIIH{Pc ACHTUNGTRENNUNG(OBNP)2}ACHTUNGTRENNUNG(TClPP)] in CHCl3, which suggests a
fully staggered molecular structure with a rotation angle of
08 employed by the compound [YIIIH{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)]
in CHCl3.


At the end of this section, it must be pointed out that de-
tailed effects of the solvent molecules on the double-decker
compounds in solution is still not clear at this stage. Repro-
ducing the interaction between solvent molecules of DMF
or CHCl3 and the double-decker molecule is retarded by the
complexity of such systems. Efforts continue towards
making progress in this direction.


Conclusion


In summary, we have prepared the first optically active
mixed phthalocyaninato–porphyrinato rare-earth double-
decker complexes 1 and 2. Electronic absorption, MCD, and
CD spectroscopic properties in different solvents reveal
their solvent-dependent molecular conformations. Theoreti-
cal calculation results on their electronic absorption and, in
particular, their CD spectra by using the TD-DFT method
reproduce the change in the optical properties in terms of
changes in the twist angle of double-decker molecules,
which confirms the nonaggregated molecular conformation
change of mixed phthalocyaninato–porphyrinato rare-earth
double-decker complexes along with changing the solvent
from DMF to CHCl3. This provides a new potential of
tuning the optical and electrochemical properties of sand-
wich-type bis(tetrapyrrole)–metal double-decker complexes
in solution through changing the solvent.


Experimental Section


General : n-Octanol was distilled from sodium. Column chromatography
was carried out on silica gel (Merck, Kieselgel 60, 70–230 mesh) with the
eluents indicated. Optically pure (S)- and (R)-2,2’-dihydroxy-1,1’-bi-
naphthyl and 3-nitrophthalonitrile were obtained from Aldrich. All other
reagents and solvents were used as received. The compounds H2TClPP,


[18]


M ACHTUNGTRENNUNG(acac)3·nH2O (M=Eu,Y),[19] and optically active (S)- and (R)-H2{Pc-
ACHTUNGTRENNUNG(OBNP)2}


[9b] were prepared according to literature procedures.


Electronic absorption spectra were recorded by using a Hitachi U-4100
spectrophotometer. MALDI-TOF mass spectra were recorded by using a
Bruker BIFLEX III ultra-high resolution Fourier transform ion cyclotron
resonance mass spectrometer with a-cyano-4-hydroxycinnamic acid as


Figure 5. a) Plot of the calculated CD intensity for the lowest-energy
transition. b) Plot of Erel [kcalmol�1] of (S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� as a
function of a.


Figure 6. Simulated electronic absorption and CD spectra of (S)-[YIII{Pc-
ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� with a rotation angle of 08. Gaussian bands with half-
bandwidths of 1000 cm�1 were used.
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the matrix. Elemental analyses were performed by the Institute of
Chemistry at the Chinese Academy of Sciences. MCD and CD measure-
ments were carried out by using a JASCO J-725 spectrodichrometer
equipped with a JASCO electromagnet that produced magnetic fields
(both parallel and antiparallel) of up to 1.09 T. Its magnitude was ex-
pressed in terms of molar ellipticity per tesla [q]M/
104 degmol�1 dm3cm�1T�1. IR spectra were recorded as KBr pellets by
using a BIORAD FTS-165 spectrometer with 2 cm�1 resolution.


(S)- or (R)-[YH{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] (1): A mixture of [Y-
ACHTUNGTRENNUNG(acac)3]·nH2O (12.5 mg, 0.031 mmol) and H2TClPP (21 mg, 0.028 mmol)
in n-octanol (4 mL) was heated to reflux under nitrogen for approximate-
ly 1.5 h. The mixture was cooled to room temperature, then optically
active (S)- or (R)-H2Pc ACHTUNGTRENNUNG(OBNP)2 (30.2 mg, 0.028 mmol) was added. The
mixture was heated at reflux for a further 3 h. After being cooled to
room temperature, the volatile compounds were removed under reduced
pressure. The residue was chromatographed on a silica gel column by
using CHCl3/petroleum ether (1:1) as the eluent. A small amount of un-
reacted H2TClPP separated first, then a green band that contained the
protonated double-deckers followed by a small blue band that contain
the metal-free phthalocyanine were eluted. Repeated chromatography
followed by recrystallization from ethyl acetate/petroleum ether gave 1
ACHTUNGTRENNUNG(19 mg, 36%). 1H NMR (300 MHz, CDCl3/[D6]DMSO (1:1) with ca. 1%
hydrazine hydrate): d=9.01 (d, 2H), 8.75 (d, 2H), 8.56 (d, 2H), 8.40 (d,
2H), 8.32–8.01 (m, 14H), 7.98–7.45 (m, 26H), 7.34–7.11 (m, 8H), 6.84–
6.51 (m, 4H); MS: m/z : 1918.4 [M+H]+ ; elemental analysis calcd (%)
for C116H61YN12O4Cl4·3CH3COOC2H5: C 70.46, H 3.93, N 7.70; found: C
20.91, H 4.43, N 7.29.


(S)- or (R)-[EuH{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)] (2): By using the procedure de-
scribed above for 1 with [EuACHTUNGTRENNUNG(acac)3]·nH2O (14 mg, 0.031 mmol) instead
of [Y ACHTUNGTRENNUNG(acac)3]·nH2O as the starting material, compound 2 was isolated
after recrystallization from CHCl3/MeOH (22 mg, 40%). 1H NMR data)
recorded by 300 MHz, CDCl3/[D6]DMSO (1:1) with ca. 1% hydrazine
hydrate): d=11.77 (m, 2H), 11.40–11.39 (m, 2H), 10.58 (d, 2H), 10.50
(m, 2H), 10.30 (m, 2H), 9.86 (m, 2H), 9.46 (d, 2H), 9.12–9.05 (m, 4H),
8.72–8.71 (m, 2H), 8.55–8.53 (m, 4H), 8.49–8.44 (m, 4H), 8.35–8.21 (m,
4H), 8.00–7.88 (m, 4H), 7.44–7.40 (m, 18H), 7.16–7.11 (m, 4H), 6.96–
6.71 (m, 4H); MS: m/z : 1981.1 [M+H]+ ; elemental analysis calcd (%)
for C116H61EuN12O4Cl4·0.5CHCl3: C 68.60, H 3.01, N 8.24; found: C
68.66, H 3.23, N, 7.90.


Computational details : The hybrid density functional B3LYP (Becke-
Lee-Young-Parr composite of the exchange-correlation functional)
method was used for both geometry optimizations and property calcula-
tions.[20] In all cases, the LANL2DZ basis set was used.[21] Geometry opti-
mization of (S)-[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(TClPP)]


� was carried out by imposing
a C2 symmetry restriction. One hundred excitation energies, oscillator
strengths, and rotatory strengths were calculated by using the TD-DFT
method at the same level as the geometry optimization. To reduce the
computational cost, TD-DFT calculations were carried out on (S)-
[YIII{Pc ACHTUNGTRENNUNG(OBNP)2} ACHTUNGTRENNUNG(Por)]


� , in which the four chlorophenyl groups were re-
moved from the TClPP ligand in the optimized structure. Rotatory
strengths are reported herein on the basis of the dipole-velocity expres-
sion. Gaussian bands with half-bandwidths of 1000 cm�1 were used to
simulate the CD spectra. All calculations were carried out by using the
Gaussian 03 program[22] in the IBM P690 system in Tohoku University
and Shandong Province High Performance Computing Centre.
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A General Method for the Rapid Synthesis of Hollow Metallic or Bimetallic
Nanoelectrocatalysts with Urchinlike Morphology


Shaojun Guo,[a, b] Shaojun Dong,*[a, b] and Erkang Wang[a, b]


Introduction


In recent years, metal nanostructures with specific size and
morphology have been strongly motivated by the require-
ments to uncover and map their size- and shape-dependent
properties and to achieve their practical applications ranging
from biomedicine to sensor, catalysis, optics, electronics, and
optoelectronics.[1] In particular, hollow metal nanostructures
have attracted more attention on account of their numerous
potential applications in drug-delivery carriers, biomedical
diagnosis agents, and cell imaging.[2–4] For example, the


strong surface plasmon absorption of gold nanocages in the
near-infrared region makes these nanomaterials ideal candi-
dates for photothermally trigged drug release in tissues.[4]


Hollow nanostructures can be obtained by using hard- and
soft-template methods. Although the hard-template
method[5–9] is an effective route for fabricating size-con-
trolled hollow nanostructures, the preparation of the tem-
plate is tedious and post-synthetic treatments are needed to
remove them from the products, which might destroy as-pre-
pared hollow nanospheres. Soft-template approaches includ-
ing use of vesicles,[10–12] emulsions,[13–15] micelles,[16,17] and
even gas bubbles[18] have been well developed by several
groups, however, the addition of some surfactants may intro-
duce contamination in the final product, owing to the forma-
tion of undesired byproducts in the reaction medium, which
makes them unsuitable for further applications. Recently,
the galvanic displacement reactions involving sacrificial
metal nanoparticles and suitable metal ions provided a
novel process for the synthesis of hollow nanostructured ma-
terials. For example, hollow Au,[19] Ag,[20] Pt,[21] and Au/Pt[22]


Abstract: We have reported a facile
and general method for the rapid syn-
thesis of hollow nanostructures with ur-
chinlike morphology. In-situ produced
Ag nanoparticles can be used as sacrifi-
cial templates to rapidly synthesize di-
verse hollow urchinlike metallic or bi-
metallic (such as Au/Pt) nanostruc-
tures. It has been found that heating
the solution at 100 8C during the gal-
vanic replacement is very necessary for
obtaining urchinlike nanostructures.
Through changing the molar ratios of
Ag to Pt, the wall thickness of hollow
nanospheres can be easily controlled;
through changing the diameter of Ag
nanoparticles, the size of cavity of
hollow nanospheres can be facilely
controlled; through changing the mor-


phologies of Ag nanostructures from
nanoparticle to nanowire, hollow Pt
nanotubes can be easily designed. This
one-pot approach can be extended to
synthesize other hollow nanospheres
such as Pd, Pd/Pt, Au/Pd, and Au/Pt.
The features of this technique are that
it is facile, quick, economical, and ver-
satile. Most importantly, the hollow bi-
metallic nanospheres (Au/Pt and Pd/
Pt) obtained here exhibit an area of
greater electrochemical activity than
other Pt hollow or solid nanospheres.
In addition, the �6 nm hollow urchin-


like Pt nanospheres can achieve a po-
tential of up to 0.57 V for oxygen re-
duction, which is about 200 mV more
positive than that obtained by using a
�6 nm Pt nanoparticle modified glassy
carbon (GC) electrode. Rotating ring-
disk electrode (RRDE) voltammetry
demonstrates that �6 nm hollow Pt
nanospheres can catalyze an almost
four-electron reduction of O2 to H2O in
air-saturated H2SO4 (0.5m). Finally,
compared to the �6 nm Pt nanoparti-
cle catalyst, the �6 nm hollow urchin-
like Pt nanosphere catalyst exhibits a
superior electrocatalytic activity toward
the methanol oxidation reaction at the
same Pt ACHTUNGTRENNUNGloadings.
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alloy nanostructures have been prepared by employing Co
nanoparticles produced in-situ as a sacrificial template.
However the process usually needs an inert atmosphere and
can lead to a complex process when synthesizing Co nano-
particles. Furthermore, Xia et al.[4] reported that hollow
nanostructures with smooth surfaces could be obtained by
using Ag nanocubes as a sacrificial template. However, to
further increase the efficient surface-to-volume ratios of
hollow nanostructures in applications of nanocatalysis and
nanobiosensors, it is still necessary to change hollow nano-
spheres to more a complex morphology such as our urchin-
like nanostructure.


The search for abundant, inexpensive, and efficient elec-
trocatalytic materials for oxygen reduction cathodes or
methanol oxidation anodes in polymer electrolyte mem-
brane fuel cells (PEMFC) is currently an active area of re-
search. For numerous nanocatalysts, Pt and Pt-based nano-
materials are still indispensable and the most effective cata-
lyst for fuel cells. However, a critical problem with Pt-based
catalysts is their prohibitive cost. Therefore, it is very neces-
sary to search for cost-effective routes to make more-effi-
cient Pt catalysts. Recent efforts have focused on the devel-
opment of novel techniques to prepare Pt-based catalysts
with particular morphologies.[23–27] For example, Sun and
coworkers[23] developed a simple high-temperature organic
phase synthesis of monodisperse Pt nanocubes and studied
their catalysis for oxygen reduction. Wang and coworkers[24]


employed a facile electrochemical method for synthesizing
unconventional tetrahexahedron Pt nanospheres with high-
index surfaces for electrocatalytic applications. Although the
maximization of high-index surfaces and abundant corner
and edge sites should be the criteria for selection of an ex-
cellent nanocatalyst,[25] changing the solid Pt nanocatalyst to
hollow nanostructures will greatly reduce the amount of Pt
used and improve the efficient utility of Pt. Several groups
have reported the synthesis of hollow Pt-based nanospheres
for electrocatalytic applications,[21, 22,28,29] but only hollow Pt
nanospheres with smooth surfaces were employed as elec-
trocatalysts. To further increase the surface-to-volume ratios
of Pt, reducing the usage of expensive Pt and enhance the
activity of Pt, it is necessary to change the Pt shell to a more
complex morphology (e.g., an urchinlike nanostructure).


In this paper, a general method for the rapid synthesis of
hollow nanostructures with specific morphology has been re-
ported. It is found that the hollow urchinlike Pt nanostruc-
tures have been facilely obtained through a one-pot process.
Such one-pot approach can be extended to synthesize other
hollow nanospheres such Pd, Pd/Pt, Au/Pd, and Au/Pt. Fur-
thermore, the applications of hollow Pt nanospheres with ur-
chinlike structures in electrocatalytic dioxygen reduction
and methanol oxidation were investigated. The higher peak
currents associated with the hydrogen adsorption/desorption
and oxide formation/reduction events provided by hollow
Au/Pt or Pd/Pt nanospheres indicate that hollow Au/Pt or
Pd/Pt nanospheres possess higher electroactive surface area
than other hollow nanospheres (The Pt loadings are the
same for all samples tested). It should be noted that the


modified (with �6 nm hollow urchinlike Pt nanospheres)
glassy carbon (GC) electrode exhibits much higher peak cur-
rents for dioxygen reduction and methanol oxidation than
that of the Pt nanoparticles with similar sizes, indicating that
the hollow Pt nanospheres with urchinlike morphology will
greatly reduce the cost of the material.


Results and Discussion


The galvanic displacement reaction has been employed to
synthesize hollow nanospheres with rough surfaces by using
Co or Ag nanoparticles as sacrificial templates. Rapidly syn-
thesizing hollow nanospheres with urchinlike surfaces, which
is necessary for reducing the usage of expensive Pt, is still a
great challenge.[30] Herein, the driving force of the galvanic
replacement reaction comes from the reduction potential
gap between the metallic precursor (such as PtCl6


2�/Pt) and
Ag+/Ag redox couple. Most importantly, it is found that
heating the solution at 100 8C during the galvanic replace-
ment is very necessary for obtaining hollow urchinlike nano-
structures. Figure 1A shows the typical TEM image of the


as-prepared Ag nanoparticles before the galvanic replace-
ment happens. A few of Ag nanoparticles with the diameter
of about 50–60 nm are observed. As an example, PtCl6


2� ion
was first employed for the galvanic replacement of Ag nano-
particles. Figure 2A,B show the typical SEM images of Pt
nanospheres after galvanic replacement of Ag nanoparticles
at different magnifications. It is observed that a great
number of Pt nanospheres were obtained. To reveal the de-
tailed structure, TEM was employed to characterize the ob-
tained Pt nanospheres (Figure 2C,D). The strong contrast
difference in all of the spheres, with a bright center sur-
rounded by a much darker edge, confirms their hollow struc-
ture. The magnified image in Figure 2D shows a hollow Pt
nanosphere with a wall thickness of �25 nm and an urchin-
like structure. The wall thickness of hollow Pt nanospheres
can be easily controlled by changing the molar ratio of Ag
to metallic precursors. Addition of H2PtCl6 (1.25 mL, 1%)
under the same conditions as those of the above sample, the
wall thickness of hollow Pt nanospheres can be reduced to
�15 nm (Figure 3A). Reduction of 1% H2PtCl6 to 0.5 mL,
results in a wall thickness less than 10 nm (Figure 3B). The


Figure 1. TEM images of A) big Ag nanoparticles and B) Ag nanowires.
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size of the cavity of the hollow nanospheres can be facilely
controlled by changing the diameter of as-synthesized Ag
nanoparticles. Figure 3C shows the typical TEM image of
�6 nm Pt nanospheres. From the magnified image, it can be
seen that these nanospheres exist in the form of hollow ur-
chinlike structures. If the Pt precursor is changed to Pd (Fig-
ure 4A), Pd/Pt (Figure 4B), Au/Pd (Figure 4C) or Au/Pt
(Figure 4D), hollow urchinlike nanospheres can also be
easily obtained. Furthermore, through changing the mor-
phologies of Ag nanostructures from nanoparticles to nano-
wires, hollow Pt nanotubes with rough surfaces can be easily
designed. Figure 1B shows the typical TEM image of the as-
prepared Ag nanowires. The diameter of these nanowires is
about 80–90 nm. After reacting with Pt precursor, hollow Pt
nanotubes with rough surfaces can be easily synthesized
(Figure 3D).


X-ray photoelectron spectroscopy (XPS) was further em-
ployed to investigate the composition of hollow Pt nano-
spheres. XPS pattern of the hollow Pt nanospheres shows
significant Pt-4f signal, corresponding to the binding energy
of metallic Pt (Figure 5A), that indicates that Pt precursor


has been reduced to metallic Pt. Notably, the introduction
of a strong reducing reagent such as NaBH4 to the as-
formed hollow Pt nanosphere does not result in further
change of the solution color. This would suggest that the ad-
ditional Pt salts have been totally reduced by ascorbic acid
during the thermal process. The chemical composition of the
Au/Pt hollow bimetallic nanosphere was determined by
energy-dispersed spectrum (EDS, the inset of Figure 5B)
and X-ray maps analysis of the products coated on silicon
slide (Figure 5B–D). The EDS spectrum (the inset of Fig-


Figure 2. A,B) SEM and C,D) TEM images of big hollow urchinlike Pt
nanospheres at different magnifications.


Figure 3. TEM images of big hollow urchinlike Pt nanospheres (A:
0.5 mL, B: 1.25 mL). TEM images of C) �6 nm hollow urchinlike Pt
nanospheres and D) hollow Pt nanotubes.


Figure 4. A) TEM images of hollow Pd nanospheres, B) hollow Pd/Pt
(1:1) nanospheres, C) hollow Au/Pd (1:1) nanospheres, and D) hollow
Au/Pt (1:1) nanospheres.


Figure 5. A) XPS spectrum of the as-prepared �6 nm hollow urchinlike
Pt nanospheres; B–D) X-ray maps of hollow Au/Pt spheres. The inset of
B) shows the EDS image of hollow Au/Pt spheres.
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ure 5B) shows peaks corresponding to Au and Pt elements
(the other peaks originate from the substrate). The corre-
sponding X-ray maps (Figure 5C,D) reveal that the elements
Au and Pt are relatively uniformly distributed throughout
these nanospheres. Based on these observations, we can con-
clude that Au/Pt bimetallic nanospheres can be indeed ob-
tained. Similar analysis of hollow Au/Pd nanospheres, the
same conclusion can be obtained (data not shown).


Figure 6 shows cyclic voltammograms (CVs) of hollow big
urchinlike Pt spheres with different wall thickness (a, b, and
c), �6 nm hollow urchinlike Pt sphere (d), Au/Pt hollow


sphere (e) and hollow Pd/Pt sphere catalysts (f) in H2SO4


(0.5m) acquired at a scan rate of 50 mVs�1. A comparison
of hydrogen adsorption/desorption and metal oxidation/re-
duction events of these catalysts indicates that the active
electrochemical area of the larger urchinlike hollow Pt
spheres with different sizes is similar under the conditions of
same Pt loadings. However, if the diameter of the Ag nano-
particles is reduced to �3 nm, the obtained �6 nm hollow
Pt nanospheres exhibit an area of greater electrochemical
activity than the above larger hollow Pt nanospheres. Nota-
bly, the larger hollow Au/Pt or Pd/Pt bimetallic nanospheres
have greater electrochemical active areas than the �6 nm
hollow Pt nanospheres, probably a result of the efficiency of
the alloy in the nanostructure.[31] The Pt utilization decreases
in the order of Au/Pt, Pd/Pt>6 nm hollow Pt spheres>
hollow Pt spheres with different wall thickness. As a refer-
ence, �6 nm Pt nanoparticles were also investigated by
cyclic voltammetry (at a scan rate of 50 mVs�1) in H2SO4


(0.5m). The current densities in the hydrogen adsorption/de-
sorption and oxide formation/reduction regions of the
�6 nm hollow urchinlike Pt spheres (Figure 7b) are much
larger than that of �6 nm Pt nanoparticles (Figure 7a), indi-
cating a larger area of electrochemical activity for hollow Pt
nanospheres, which are believed to be a result of the hollow
urchinlike structure. In addition, in the oxide formation/re-
duction regions of the Au/Pt hollow nanospheres (Fig-


ure 6e), an obvious reduction peak of gold oxide is located
at �0.8 V, which also suggests that the as-prepared hollow
nanospheres are bimetallic.


The oxygen reduction reaction (ORR) is a reaction of in-
dispensable importance in metal–air batteries and fuel cells
as well as in oxygen sensors. The electroreduction of dioxy-
gen usually requires high current density, low overpotential,
and nearly synchronous delivery of four electrons. Figure 8d


shows the typical CV of dioxygen reduction at the modified
(with �6 nm hollow Pt nanospheres) GC electrode in a
H2SO4 (0.5m) solution in the presence of air. A remarkable
catalytic reduction current occurs at 0.57 V at a scan rate of
50 mVs�1. No catalytic reduction current can be observed in
the presence of N2 (Figure 8b), this indicates that the cata-
lytic current located at 0.57 V can be ascribed to the reduc-
tion of oxygen. As a comparison, Figure 8a shows the CV of
dioxygen reduction at the bare GC electrode in the presence
of air. No catalytic reduction current can be observed. To
further reveal high electrocatalytic performance of �6 nm
hollow urchinlike Pt nanospheres, the ORR of Pt nanoparti-
cles of comparable size has also been investigated. Figure 8c
show that typical CV of dioxygen reduction at the �6 nm Pt


Figure 6. Cyclic voltammograms of big hollow Pt nanospheres (a:
0.5 mL), big hollow Pt nanospheres (b: 1.25 mL), big hollow Pt nano-
spheres (c: 2.5 mL), �6 nm hollow Pt nanoparticle (d), hollow Au/Pt
nanospheres (e), and hollow Pd/Pt nanospheres (f) modified GC elec-
trode in a N2 sparged H2SO4 (0.5m) solution at scan rate of 50 mVs�1.


Figure 7. Cyclic voltammograms of �6 nm hollow Pt nanosphere (b) and
�6 nm Pt nanoparticle (a) modified GC electrode in a N2 sparged H2SO4


(0.5m) solution at scan rate of 50 mVs�1.


Figure 8. Cyclic voltammograms of O2 reduction at the �6 nm hollow Pt
nanosphere (b and d), �6 nm Pt nanoparticle (c) modified GC electrode,
bare GC electrode (a) in air-saturated (a, c, d) and N2-saturated (b)
H2SO4 (0.5m) solution. Scan rate: 50 mVs�1.
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nanoparticles modified GC electrode in a H2SO4 (0.5m) so-
lution in the presence of air. It is found that �6 nm hollow
urchinlike Pt nanosphere modified GC electrode (Figure 8d)
exhibits more positive potential and higher current for di-
oxygen reduction than that obtained from �6 nm Pt nano-
particles (Figure 8c), indicating that the present hollow ur-
chinlike Pt nanosphere modified GC electrode shows higher
electrocatalytic activity than that of the �6 nm Pt nanopar-
ticles.


We have shown that �6 nm urchinlike Pt hollow nano-
spheres exhibit a high catalytic current and a low overpoten-
tial for the reduction of oxygen. The additional important
index is the four-electron electroreduction of dioxygen to
water, which is a reaction greatly pursued by scientists in
view of its important application in fuel cells. Consequently,
the ORR was probed through a rotating ring-disk electrode
(RRDE) experiment to demonstrate the ORR process of
�6 nm hollow urchinlike Pt nanosphere modified electrode.
The as-prepared �6 nm Pt hollow sphere modified GC elec-
trode reduces O2 by almost four electrons to H2O, as con-
firmed by the RRDE technique. Figure 9 shows the voltam-


metric curves for dioxygen reduction, recorded at the
RRDE with the �6 nm hollow Pt nanosphere immobilized
on the GC disk electrode. In this experiment, disk potential
was scanned from +0.85 to 0.15 V, while the ring potential
was kept at +1.0 V order to detect any H2O2 evolved at the
disk. A large disk current was obtained, whereas almost no
ring current was observed, which suggests that the as-pre-
pared hollow nanostructured electrocatalysts reduce O2 by
almost four electrons to H2O. From the ratio of the ring-
disk current, the electron-transfer number (n) is calculated
to be �4 according to the equation n=4–2 ACHTUNGTRENNUNG(IR/IDN).[32]


Another important electrocatalytic reaction, which is
deeply studied by scientists, is methanol electrocatalytic oxi-
dation. Herein, the electrocatalytic activity of the hollow ur-
chinlike Pt spheres toward the oxidation of methanol was


also tested and the results were compared with those ob-
tained from �6 nm Pt nanoparticles. The measurements
were carried out in a H2SO4 (0.5m) aqueous solution con-
taining methanol (1.0m). A GC electrode with a diameter of
about 4 mm was used as the working electrode. Figure 10


shows the voltammetry curves of �6 nm hollow urchinlike
Pt nanospheres (c) and �6 nm Pt nanoparticles (b) modified
GC electrodes in H2SO4 (0.5m) containing 1m methanol. It
is found that the hollow Pt nanosphere modified GC elec-
trode shows catalytic behavior for the electrooxidation of
methanol by the appearance of an oxidation current in the
positive potential region. The onset potentials are around
0.25 V (vs. Ag/AgCl). The peak current at about 0.75 V (vs.
Ag/AgCl) in the forward scan is attributed to methanol elec-
trooxidation at the hollow Pt nanosphere. In the reverse
scan, an oxidation peak is observed around 0.50 V, which is
probably associated with the removal of the residual carbon
species formed in the forward scan.[30] Although two samples
show catalytic activities toward the methanol oxidation, the
peak currents catalyzed by the hollow urchinlike Pt sphere
are about 2 times larger than that of the �6 nm Pt nanopar-
ticles (The Pt loadings for two sample tested are the same,
3.76 mg). The important reason for the high catalytic proper-
ty could be attributed to the fact that the �6 nm Pt nano-
spheres presented here have hollow urchinlike nanostruc-
tures. As a comparison, methanol electrocatalytic oxidation
was also investigated on bare GC electrode (Figure 10a). No
oxidation peaks of methanol are observed, indicating that
electrocatalytic current observed in Figure 10c can probably
be ascribed to high electrocatalytic activity of the hollow Pt
nanosphere with high surface-to-volume ratios. Although we
just compare the electrocatalytic activity of �6 nm hollow
Pt spheres with �6 nm Pt nanoparticles, it is expected that
hollow Au/Pt or Pd/Pt bimetallic nanospheres with urchin-
like structure will have higher electrocatalytic activity than
�6 nm hollow Pt nanospheres under the same Pt loadings.
This is because the modified (with Au/Pt or Pd/Pt bimetallic


Figure 9. Current–potential curves for the reduction of H2O in the air-sa-
turated electrolyte H2SO4 (0.5m) at a rotating platinum ring-GC elec-
trode with �6 nm hollow Pt nanospheres adsorbed on the disk electrode.
The potential of the ring electrode was maintained at 1.0 V. Rotation
rate: 500 rpm; Scan rate: 50 mVs�1.


Figure 10. Cyclic voltammograms of methanol oxidation at the �6 nm
hollow Pt nanospheres (c), �6 nm Pt nanoparticles (b) modified GC
electrode, bare GC electrode (a) in H2SO4 (0.5m) solution containing
methanol (1m). Scan rate: 50 mVs�1.
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hollow nanospheres) GC electrode has an area of greater
electrochemical activity than other Pt based nanostructures.


Considering the particular structure of �6 nm Pt hollow
spheres, two important factors should be responsible for the
above high electrocatalytic activity. First, the 6 nm hollow Pt
nanospheres have urchinlike structures. These urchinlike
structures (Figure 1) have a rough surface, which will in-
crease the efficiency of the active area of Pt. Second, the
size of hollow Pt nanospheres is less than 10 nm, which has
been reported to be of vital importance to high electrocata-
lytic performance.[32] Most importantly, Pt nanospheres ex-
isting in the form of hollow structures will greatly reduce
the dosage of expensive Pt, which is important for the devel-
opment of fuel cells.


Conclusion


By taking advantage of the recent advances in nanotechnol-
ogy, we have reported a facile and general method for rapid
synthesis of hollow metallic or bimetallic nanostructures
with specific morphology. This one-pot approach can be ex-
tended to synthesize other hollow nanospheres such Pd, Pd/
Pt, Au/Pd, and Au/Pt. Furthermore, the electrocatalytic ap-
plications of the obtained hollow spheres with rough surfa-
ces were investigated. It was found that the Au/Pt or Pd/Pt
hollow nanospheres exhibit an area of greater electrochemi-
cal activity than other Pt-based nanospheres. The potential
for oxygen reduction on �6 nm hollow Pt nanospheres
reaches up to 0.57 V, which is about 200 mV higher than
that obtained from the �6 nm Pt nanoparticle modified GC
electrode. RRDE voltammetry further demonstrates that
�6 nm hollow urchinlike Pt nanospheres can catalyze the
four-electron reduction of O2 to H2O in air-saturated H2SO4


(0.5m). Thus, these hollow urchinlike nanospheres well meet
the three important criterions needed by ORR of fuel cells.
Finally, compared to the �6 nm Pt nanoparticle catalyst, the
�6 nm hollow urchinlike Pt nanosphere catalyst exhibits a
higher electrocatalytic activity toward the methanol oxida-
tion reaction at the same Pt loading.


Experimental Section


Chemicals : Tri-sodium citrate, ethylene glycol (EG), poly(vinyl pyrroli-
done) (PVP·K30), vitamin C (VC), AgNO3, HAuCl4·4H2O,
H2PtCl6·6H2O and H2SO4 were purchased from Beijing Chemical Factory
(Beijing, China) and used as received without further purification. PdCl2,
NaBH4, and Nafion (perfluorinated ion-exchange resin, 5 wt% solution
in a mixture of lower aliphatic alcohols and water) were purchased from
Aldrich and used as received. Water used throughout all these experi-
ments was purified with a Millipore system.


Apparatus : A XL30 ESEM scanning electron microscope equipped with
an energy-dispersive X-ray analyzer was used to determine the morphol-
ogy and composition of products. Transmission electron microscopy
(TEM) was carried out by using a HITACHI H-8100 EM with an acceler-
ating voltage of 200 kV. The sample for TEM characterization was pre-
pared by placing a drop of sample solution on a carbon-coated copper
grid and dried at room temperature. X-ray photoelectron spectroscopy


(XPS) measurements were performed by using ESCALAB-MKII spec-
trometer (VG Co., United Kingdom) with AlKa X-ray radiation as the
source for excitation. The sample for XPS characterization was deposited
on a glass plate. Cyclic voltammetric experiments were performed by
using a CHI 832 electrochemical analyzer (CH Instruments, Chenhua
Co., Shanghai, China). A conventional three-electrode cell was used, in-
cluding a Ag/AgCl (saturated KCl) reference electrode, a platinum wire
as the counter electrode and a bare or modified GC (4 mm) as the work-
ing electrode. An EG&G PARC Model 366 bi-potentiostat was used for
RRDE experiments. A rotating GC (5 mm) disk-platinum ring electrode
was used as a working-electrode. The collection efficiency (N) of the ring
electrode obtained by reducing ferricyanide at a disk electrode was 0.139.


Synthesis of Ag nanoparticles : All glassware used in the following proce-
dures were cleaned in a bath of freshly prepared 3:1 HCl: HNO3 (aqua
regia) and rinsed thoroughly in milli-Q grade water prior to use. In a typ-
ical synthesis of Ag nanoparticles with the diameter of 50–60 nm,
0.125 mL of AgNO3 (0.2m) aqueous solution was rapidly added into
50 mL water accompanied by vigorous stirring. After heating to boil, cit-
rate (3 mL, 1%) aqueous solution was quickly added to the above solu-
tion, and followed by adding VC (2 mL, 0.1m). A quick color change
from yellow to grey-yellow was observed upon the addition of VC. After
heating for 5 min, the solution was stored under ambient conditions for
characterization. For the synthesis of Ag nanoparticles with a diameter of
�3 nm, the same procedure as above was employed except NaBH4


(1 mL, 0.1m) was added at the final step. Note that the as-prepared
�3 nm Ag nanoparticles were stored under ambient conditions before
further experiments.


Synthesis of Pt nanoparticles (�6 nm): The Pt nanoparticles with the di-
ameter of �6 nm were synthesized according to the literature.[32] Briefly,
one milliliter of H2PtCl6 (1%) aqueous solution was added to water
(100 mL) and then heated to boiling. To this sodium citrate (3 mL, 1%)
aqueous solution was added rapidly, and the mixture was kept at a boil-
ing temperature for �30 min.


Synthesis of Ag nanowires : Silver nanowires were synthesized according
to the method reported by Yan et al.[33] In a typical synthesis, EG
(50 mL) was heated in a three-necked round-bottom flask (equipped
with a condenser, thermocontroller, and magnetic stirring bar) at 165 8C
for 1 h. Subsequently, H2PtCl6 solution (5 mL, 0.2 mm in EG) was added.
After 5 min, AgNO3 solution (25 mL, 0.12m in EG) and PVP solution
(50 mL, 0.36m in EG) were added dropwise (simultaneously) to the hot
solution over 6 min, and the reaction continued at 165 8C for 50 min. Vig-
orous stirring was maintained throughout the entire process. To purify
the product, the reaction mixture was diluted with water and centrifuged
at 8000 rpm for 10 min.


Preparation of hollow nanostructures with urchinlike morphology : In a
typical synthesis, AgNO3 (0.125 mL, 0.2m) aqueous solution was rapidly
added to water (50 mL) accompanied by vigorous stirring. After heating
to the boil, citrate (3 mL, 1%) aqueous solution was quickly added to
the above solution, and followed by the addition of VC (2 mL, 0.1m). A
quick color change from yellow to grey-yellow was observed upon the
addition of VC. After heating for 5 min, H2PtCl6 (2.5 mL, 1%) aqueous
solution was dropwise added to the above heating solution and followed
by heating for about 20 min. Subsequently, the reaction solution was cen-
trifuged at 8000 rpm three times and dissolved in 25 mL water.


Electrocatalytic experiment : The electrode was loaded with hollow nano-
structures or Pt nanoparticles (10 mL, the same Pt loadings of 3.76 mg for
samples tested). Electrocatalytic dioxygen reduction measurements were
carried out in a H2SO4 (0.5m) solution in the presence of air or N2 at the
scan rate of 50 mVs�1. For the RRDE voltammetry experiments, �6 nm
Pt hollow nanosphere solution (20 mL) was deposited on the GC elec-
trode (5 mm) and allowed to dry at room temperature. Nafion (5 mL,
0.2%) was placed on the surface of the Pt hollow sphere modified GC
electrode. The RRDE experiment was performed in air-saturated H2SO4


(0.5m), and disk potential was scanned from +0.85 to 0.15 V while the
ring potential was kept at +1.0 V in order to detect any H2O2 evolved at
the disk.
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and Fully Protected Ophiocordin: An Easy Route to ACHTUNGTRENNUNGHexahydroazepine
Cores from Garner Aldehydes
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Introduction


Protein kinase C (PKC) is a
Ca2+- and phospholipid-depen-
dent enzyme that phosphory-
lates serine and threonine resi-
dues in a wide variety of cellu-
lar proteins.[1] PKC mediates
the regulation of cardiac
muscle function by a variety of
neurotransmitters, hormones,
and extracellular signaling
molecules.[2] As PKC plays an
important role in signal transduction, cell proliferation, cell
differentiation, and gene expression,[3] the discovery of spe-
cific inhibitors of PKC would provide potential chemothera-
peutic agents[4–7] encompassing a wide spectrum of diseases:
cancer, disorders of the central nervous and cardiovascular
systems, diabetes, asthma, rheumatoid arthritis, and HIV in-
fection. Some PKC inhibitors are currently in clinical trials
for various types of cancer.[8–10]


Balanol (1a), an unusual metabolite isolated by Kulan-
thaivel et al.[11–13] from the fungus Verticillium balanoides


collected from Pinus palustris needle litter in 1993, and later
by Ohshima et al. from Fusarium merismoids in 1994,[12] in-
hibits almost all PKC isoforms in the 4–5 nanomolar range.
Ophiocordin (3),[14,15] a regioisomer of (�)-balanol (1a), was
isolated from Cordyceps ophioglossoides in 1977 and serves
as an antibiotic with antifungal activity. While several efforts
to achieve selectivity among PKC isoforms have been un-
dertaken,[16–35] there is still a constant need for more selec-
tive and potent PKC inhibitors.


In our endeavors to develop some novel anticancer agents
we have recently reported various benzannulated heterocy-
cles synthesized from naturally abundant amino acids.[36] In
continuation of our program for nonbenzannulated hetero-
cycles, we became interested in achieving the synthesis of
two azepane-containing natural products (�)-balanol and
ophiocordin as well as their analogues.


Abstract: Total syntheses of (�)-bal-
anol and all of its stereoisomers start-
ing from easily available Garner alde-
hydes are described. Diastereoselective
Grignard reactions on Garner alde-
hydes and ring-closing metatheses are
the key steps for the construction of
hexahydroazepine subunits. The benzo-


phenone subunits were constructed
through coupling of suitably functional-
ized aromatic aldehyde and bromo


components. The synthetic route con-
stitutes a convenient and scalable reac-
tion sequence to generate all of the ste-
reoisomers of balanol. The methodolo-
gy is explored further for the synthesis
of N-tosyl analogues of balanol and of
fully protected ophiocordin.
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The isolation and structure elucidation of balanol (1a)
was immediately followed by six total syntheses of the com-
pound.[37–46] Key to NicolaouHs groupHs asymmetric synthesis
of balanol was chiral allylation of a substituted serinal with
BrownHs reagent (Ipc)2B-allyl.[39] An anionic homo-Fries re-
arrangement strategy to the benzophenone subunit and con-
struction of the azepane unit from 3-hydroxylysine was the
key step for 1a from LampeHs and HughesH group.[38] Tan-
nerHs group used regio- and stereoselective opening of chiral
epoxides and aziridines for the synthesis of 1a.[42] Ring ex-
pansion of piperidin-4-ones into azepane ring systems and
further modification to give 1a has also been reported.[41] A
radical cyclization approach to the hexahydroazepine ring
and a biomimetic route to the benzophenone fragment of
1a have been described by NaitoHs group.[46] Apart from


these, syntheses of the 3-amino-hex-
ahydro-azepin-4-ol ring of balanol
and suitable analogues have also
been reported, because of its potent
PKC inhibitory properties.[47–63] Here
we report for the first time total syn-
theses of all stereoisomers of bal-
anol, along with their N-tosyl ana-
logues 2a–d and also of fully pro-
tected ophiocordin, that follow a dif-
ferent conceptual design rooted in a
flexible and diversity-oriented ap-


proach based on ring-closing metathesis (RCM)[48,51] and
diastereoselective nucleophilic addition steps on Garner al-
dehydes.[64]


Results and Discussion


Retrosynthetic analysis and strategy : Retrosynthesis
(Scheme 1) illustrates disconnection of the ester and amide
linkages of 1a–d and 2a–d to afford the substituted hexahy-
droazepine units 6a–d and 7a–d, which can be easily ac-
cessed from their tetrahydroazepine precursors 9a–d and
10a–d, respectively (Scheme 1, bottom). These should in
turn be obtainable through RCM[65] of the pendant vinyl
groups of 11a–d and 12a–d, respectively. We envisioned
that the divinyl derivatives 11a–d and 12a–d should be
easily accessible from Garner aldehydes 13a–b by diastereo-
selective nucleophilic addition followed by expedient func-


tional group transformations.
Similarly, the disconnection of
the ester and amide linkages of
ophiocordin 3 would also
afford the hexahydroazepine
subunit 6a and acid 4.


The highly congested tetra-
ortho-substituted benzophe-
none fragments 4 and 5 should
be preparable by coupling of


aldehyde 14 with bromo derivative 15 followed by MnO2


oxidation and functional group interconversions, while frag-
ments 8 and 8a should be preparable in good yields from p-
hydroxybenzoic acid. The hexahydroazepine and aromatic
domains can be coupled by Mukaiyama esterification and
amidation procedures to generate fully protected precursors
for target compounds. Finally total synthesis of 1a–d, 2a–d,
and 3 should be accomplished through global deprotection
of their fully protected precursors.


Synthesis of the divinyl derivatives 11a–d and 12a–d : Our
synthesis started with the preparation of diastereomerically
pure alcohol precursors 16a–d (Scheme 2). Addition of vi-
nylmagnesium bromide to freshly prepared[64] (R)-Garner al-
dehyde (13a) at �78 8C delivered a mixture of syn-16a and
anti-16b allylic alcohols in 1:6 diastereomeric ratio.[66] The
two diastereomers were separated by flash chromatography.


Scheme 1. Retrosynthetic analysis.
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Similarly, addition of vinylmagnesium bromide to (S)-
Garner aldehyde (13b) furnished syn-16c and anti-16d. To
enhance the yields of syn alcohols the major anti alcohols
16b and 16d were converted into their corresponding syn al-
cohols 16a and 16c, respectively, by a Mitsunobu ap-
proach.[67] Other methods to acquire syn alcohols as the
major products by addition of vinyllithium[68] (generated in
situ from tetravinyltin and methyllithium) and zinc bromide
on Garner aldehyde were not suitable for scaling-up purpos-
es, due to the lower stabilities of the reagents. Diastereo-
merically pure allylic alcohols 16a–d were converted into
their corresponding MOM ethers 17a–d by treatment with
MOM chloride in quantitative yields. Selective removal of
the isopropylidene groups of 17a–d with catalytic amounts
of PTSA in methanol secured 18a–d, respectively. Further
tosylation of the resulting alcohols, followed by replacement
of tosyloxy groups with allylamine at 65 8C in a sealed tube,
furnished amines, which were protected as benzyl carba-
mates to afford the divinyl derivatives 11a–d (Scheme 2).


Similarly, alcohols 16a–d were converted into their corre-
sponding benzyl ether derivatives 19a–d by treatment with
NaH and benzyl bromide in THF at 0 8C (Scheme 3). Open-
ing of the isopropylidene rings of 19a–d furnished alcohols
20a–d, respectively, which were further tosylated. The tosyl-
ACHTUNGTRENNUNGoxy derivatives of 20a–d were treated with allylamine in
sealed tube to afford amine derivatives, which were further
converted into their corresponding divinyl sulfonamides
12a–d through tosyl protection of their amino functionali-
ties.


Synthesis of amido alcohols 22a–d and 24a–d : Ring-closing
metatheses of the diastereomerically pure divinyl derivatives
11a–d and 12a–d in the presence of GrubbsH first-generation


catalyst delivered the tetrahydroazepines 9a–d and 10a–d,
respectively, in quantitative yields (Scheme 4). Reduction of
the double bonds in 9a–d by hydrogenation at atmospheric
pressure in THF furnished the hexahydroazepine cores 21a–
d. Simultaneous removal of MOM and Boc with 50% TFA
in CH2Cl2 afforded the amino alcohols, which were further
coupled with p-benzyloxybenzoyl chloride in Et3N/CH2Cl2
to provide their corresponding amido alcohols 22a–d.


Similarly, to achieve the synthesis of amido alcohols
24a–d, tetrahydroazepines 10a–d were converted into 23a–d
through simultaneous Boc removal and double bond reduc-
tion followed by debenzylation with 10% Pd/C in methanol
and HCl under pressure (Scheme 5). Amines 23a–d were


further coupled with p-benzyl-
oxybenzoyl chloride after re-
generation of amine with trie-
thylamine in CH2Cl2 at 0 8C to
provide amido alcohols 24a–d
in good yields.


Synthesis of the benzophenone
fragments 4 and 5 : The benzo-
phenone fragments of balanol
and ophiocordin were synthe-
sized by a modification of the
procedure of Hollinshead
et al.[69] In the reported proce-
dure, m-hydroxybenzaldehyde
was converted into aldehyde
29 (Scheme 6) in five steps
with the use of dibromotetra-
fluoroethane as a brominating
agent in one of the intermedi-
ate steps. To reduce the
number of steps and to avoid
the use of dibromotetrafluoro-
ethane, MOM-protected alde-


Scheme 2. Synthesis of divinyl derivatives 11a–d. a) Vinylmagnesium bromide, THF, �78 8C; b) MOMCl,
DIPEA, CH2Cl2, 0 8C!RT; c) PTSA, MeOH, 0 8C!RT; d) i) TsCl, Et3N, CH2Cl2, 0 8C, ii) allylamine, MeOH,
65 8C; e) CbzCl, Et3N, THF, 0 8C; f) i) p-nitrobenzoic acid, DEAD, PPh3, THF; ii) K2CO3, MeOH, RT.


Scheme 3. Synthesis of divinyl derivatives 12a–d. a) BnBr, NaH, THF,
0 8C!RT; b) PTSA, MeOH, 0 8C!RT, c) i) TsCl, Et3N, CH2Cl2, 0 8C,
ii) allylamine, MeOH, 65 8C, d) TsCl, Et3N, CH2Cl2, 0 8C.
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hyde 14, which can easily be synthesized in three steps from
m-hydroxybenzaldehyde,[69] was used. Coupling of 14 with
the anion generated from bromo derivative 15 provided al-
cohol 25, which was oxidized to the ketone 26 with MnO2.
The ketal of 26 was unmasked with catalytic amounts of
PTSA in acetone/water 9:1 to provide aldehyde 27, which
was oxidized to the acid 4 required for the synthesis of
ophiocordin 3. Acid 4 was again esterified with benzyl bro-
mide and K2CO3 to furnish 28. Selective hydrolysis of the
tert-butyl ester component by thermolysis[38] in quinoline at
195 8C delivered acid 5, required for the synthesis of 1a–d
and 2a–d.


Coupling of fragments and generation of balanol and ana-
logues : The acid 5 was further coupled with amido alcohols
22a–d and 24a–d by Mukaiyama esterification[70] to provide


the fully protected balanol de-
rivatives 30a–d and 31a–d, re-
spectively.


MOM removal in cat HCl/
MeOH (Scheme 7), followed
by debenzylation and purifica-
tion of 30a–d by NicolaouHs
procedure allowed the total
syntheses of (�)-balanol (1a)
and its other stereosiomers
1b–d. The spectral data and
optical purity[46] of (�)-balanol
1a were in accordance with
the reported properties. Fully
protected 31a was converted
into N-tosyl balanol 2a
(Scheme 8) by simultaneous
removal of MOM and benzyl
groups under conditions simi-
lar to those described above.
Similarly, the syntheses of N-
tosylbalanols 2b–d could also
be achieved from the advanced
precursors 31b–d.


Synthesis of fully protected
ophiocordin (3): To achieve
the synthesis of ophiocordin
(3), hexahydroazepine 21a was
converted into 32 by selective
removal of MOM with trime-
thylsilyl bromide, and this was
further esterified with p-benzy-
loxybenzoic acid to deliver 33
by Mukaiyama esterifications
(Scheme 9).[70] Boc removal in
TFA/CH2Cl2 furnished amino
ester 34. Several initial at-
tempts at amide coupling
(DCC, DIC, HBTU, TBTU) of
amine 34 with acid 4 to ach-


ieve 35 were unsuccessful, which might be due to steric hin-
drance.


Finally, coupled product 35 was isolated by Mukaiyama
amidation,[71] albeit in poor yield and with recovery of un-
reacted amine 34. Ophiocordin 3 may be achieved through
final deprotection of fully protected ophiocordin 35.


Conclusion


In summary, total syntheses of naturally occurring (�)-
(R,R)-balanol and its stereoisomers from the easily available
(R)- and (S)-Garner aldehydes have been accomplished for
the first time, with overall yields of 9–13% in a stereoselec-
tive and regioselective diversity-oriented approach. The at-
tractiveness of the approach lies in its useful nucleophilic


Scheme 4. Synthesis of amido alcohols 22a–d. a) GrubbsH catalyst (1st gen), CH2Cl2, 45 8C, b) H2/Pd-C, THF,
RT, c) i) TFA, CH2Cl2, RT, 4 h s, ii) p-benzyloxybenzoyl chloride, CH2Cl2, Et3N.


Scheme 5. Synthesis of amido alcohols 24a–d. a) Grubbs catalyst (1st gen.), CH2Cl2, 45 8C; b) H2/10% Pd-C,
MeOH/HCl; c) p-benzyloxybenzoyl chloride, CH2Cl2, Et3N, 0 8C.
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addition with high diastereoselectivity, the displacement re-
action for access to the divinyl derivatives, and the rutheni-
um-catalyzed olefin metathesis for the construction of the
azepine rings. This easily executed sequence gave access to
the key hexahydroazepine building block units 21a–d and


Scheme 6. Synthesis of acids 4 and 5. a) nBuLi, THF, �78 8C; b) MnO2,
CH2Cl2; c) PTSA, acetone/water 9:1, reflux; d) NaH2PO4, H2O2, NaClO2,
acetonitrile, e) benzyl bromide, K2CO3, acetone, f) quinoline, 195 8C.


Scheme 7. Synthesis of 1a–d. a) Acid 5, 2-chloro-1-methylpyridinium
iodide, DMAP, Et3N, CH2Cl2, RT; b) i) HCl/MeOH, RT; ii) H2, Pd/C,
THF/water/acetic acid 4:1:1.


Scheme 8. Synthesis of N-tosyl-balanol. a) Acid 5, 2-chloro-1-methylpyri-
dinium iodide, DMAP, Et3N, CH2Cl2, RT; b) i) HCl/MeOH, RT; ii) H2,
Pd/C, THF/water/acetic acid 4:1:1.


Scheme 9. Synthesis of fully protected ophiocordin derivative 35. a) Tri-
methylsilyl bromide, CH2Cl2, 0 8C!RT; b) p-benzyloxybenzoic acid, 2-
chloro-1-methylpyridinium iodide, DMAP, Et3N, CH2Cl2, RT; c) TFA/
CH2Cl2; d) acid 4, 2-chloro-1-methylpyridinium iodide, DMAP, Et3N,
CH2Cl2, RT.
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22a–d, which are well suited for the preparation of several
balanol analogues for accessing more selective PKC inhibi-
tors. The synthetic route can also be further exploited for
the synthesis of other isosteres of balanols.


Experimental Section


General remarks : Melting points were determined on a COMPLAB
melting point apparatus and are uncorrected. IR spectra were recorded
on a Perkin–Elmer RXI FT-IR spectrometer. 1H NMR and 13C NMR
spectra were recorded on Bruker DPX 200 (operating at 200 MHz for 1H
and 50 MHz for 13C) or DPX 300 (operating at 300 MHz for 1H and
75 MHz for 13C) spectrometers in CDCl3 and CD3OD as solvents. Tetra-
methylsilane (0.00 ppm) served as an internal standard in 1H NMR, and
CDCl3 (77.0 ppm) in 13C NMR. All spectra were recorded at 25 8C. Cou-
pling constants (J values) are given in Hz. Chemical shifts are expressed
in parts per million (ppm). Mass spectra were recorded by electron spray
ionization (ESI) or fast atom bombardment spectrometry (FAB-MS) on
a JEOL SX 102 spectrometer with argon/xenon as the FAB gas. Glycerol
or m-nitrobenzyl alcohol was used as matrix. Elemental analyses were
done on Varian EL-III CHN analyzer (Germany). Reactions were moni-
tored on silica gel TLC plates (coated with TLC-grade silica gel, obtained
from Merck). Detecting agents used (for TLC) were iodine vapors and/
or spraying with an aqueous solution of vanillin in 10% sulfuric acid fol-
lowed by heating at 150 8C. Column chromatography was performed over
silica gel (60–120 mesh) procured from Qualigens (India) with freshly
distilled solvents. Anhydrous tetrahydrofuran used in Mitsunobu reac-
tions was obtained from Spectrochem and heated at reflux over sodium/
benzophenone prior to use.


ACHTUNGTRENNUNG(1S,4R)-4-(1-Hydroxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (16b): Freshly prepared vinylmagnesium bromide (1m so-
lution in THF, 175 mL) was added dropwise at �78 8C to a cooled solu-
tion of (R)-Garner aldehyde (13a, 10 g, 38.9 mmol) in anhydrous THF
(325 mL). The reaction mixture was stirred for 2 h at the same tempera-
ture and was then allowed to warm to room temperature before careful
addition of saturated ammonium chloride solution in water. The solution
was extracted with ether (500 mLN2). The combined organic extracts
were dried over anhydrous Na2SO4, filtered, and concentrated in vacuo.
The residue was chromatographed on silica gel with ethyl acetate in
hexane (15%) as eluent to furnish a mixture of 16a and 16b 1:6 as a col-
orless oil (10.6 g, 94.6%). [a]25


D =++27.6 (c=1.47, chloroform). Pure 16b
was further obtained by flash chromatography on silica gel (8.5 g,
75.8%). [a]25


D =++54.6 (c=1.47, chloroform); Rf =0.4 (ethyl acetate in
hexane, 20%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.87–5.82
(m, 1H; -CH=CH2), 5.38 (d, J=18 Hz, 1H; -CH=CH2), 5.23 (d, J=


12 Hz, 1H; -CH=CH2), 4.29–4.18 (brm, 1H; CH-OH), 4.07–4.02 (m, 1H;
4-H), 3.99–3.90 (m, 2H; 5-H), 1.57 (s, 3H; CH3), 1.51 (s, 9H; OC ACHTUNGTRENNUNG(CH3)3},
1.45 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3+CCl4, 25 8C, TMS):
d=154.9, 137.9, 117.8, 94.7, 81.1, 75.6, 65.0, 62.3, 28.7, 27.4, 24.7 ppm; IR
(neat): ñ=3449, 2982, 2363, 1696 (-NH-C=O), 1389, 1287 cm�1; MS
(FAB): m/z (%): 258 (60) [M+H]+ , 202 (100) [M�tBu]+ , 184 (50)
[M�tBu�H2O]+ ; elemental analysis (%) calcd for C13H23NO4: C 60.68,
H 9.01, N 5.44; found: C 60.57, H 8.89, N 5.34.


ACHTUNGTRENNUNG(1R,4R)-4-(1-Hydroxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (16a): Diethyl azodicarboxylate (5.4 g, 0.031 mol) was
added dropwise at 0 8C to a stirred solution of alcohol 16b (4.0 g,
0.015 mol), triphenylphosphine (8.34 g, 0.031 mol), and 4-nitrobenzoic
acid (5.2 g, 0.031 mol) in anhydrous THF (100 mL). The reaction mixture
was stirred at 0 8C for 15 min and then for 1 h at room temperature. The
reaction mixture was concentrated and chromatographed over silica gel
to afford the nitrobenzoate as a syrup. Solid K2CO3 (3.1 g, 0.022 mol) was
added to a solution of the nitrobenzoate (4.5 g, 0.011 mol) in methanol
(50 mL) and the reaction mixture was stirred for 30 min at room temper-
ature. After completion of the reaction, solid was filtered off, and the fil-
trate was concentrated in vacuo. The residue was diluted with ethyl ace-
tate, washed with water followed by brine, dried over anhydrous Na2SO4,


and concentrated in vacuo. The residue was chromatographed over silica
gel with ethyl acetate in hexane (15%) as eluent to furnish 16a (2.70 g,
92%) as a white solid. Rf =0.4 (ethyl acetate in hexane, 20%); [a]25


D =


+47.9 (c=1.25 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


5.89–5.82 (m, 1H; -CH=CH2), 5.85 (d, J=18 Hz, 1H; -CH=CH2), 5.30 (d,
J=12 Hz, 1H; -CH=CH2), 4.28 (pseudo t, 1H; CH-OH), 4.19 (brm, 1H;
4-H), 4.07–3.90 (m, 2H; 5-H), 1.60 (s, 3H; CH3), 1.57 (s, 9H; OC ACHTUNGTRENNUNG(CH3)3),
1.46 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=


154.9 (C=O), 137.9 (-CH=CH2), 117.9 (CH=CH2), 96.5 (C-2), 81.2 (-CH-
OH), 74.3 (C ACHTUNGTRENNUNG(CH3)3), 65.0 (C-5), 62.3 (C-4), 28.8 (C ACHTUNGTRENNUNG(CH3)3), 26.7 ppm
(CH3); IR (neat): ñ=3450, 2981, 2363, 1697 (-NH-C=O), 1382,
1260 cm�1; MS (FAB): m/z (%): 258 (80) [M+H]+ , 202 (100) [M�tBu]+ ,
184 (65) [M�tBu�H2O]+; elemental analysis (%) calcd for C13H23NO4:
C 60.68, H 9.01, N 5.44; found: C 60.64, H 8.81, N 5.29.


ACHTUNGTRENNUNG(1R,4S)-4-(1-Hydroxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (16d): This compound was prepared as described for 16b
from (S)-Garner aldehyde (13b). Yield=74.3%; Rf =0.4 (ethyl acetate in
hexane, 20%); [a]25


D =�32.3 (c=2.1 in methanol); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=5.91–5.68 (m, 1H; -CH=CH2), 5.41–5.13 (m, 2H;
-CH=CH2), 4.39 (br s, 1H; CH-OH), 4.22 (br s, 1H; 4-H), 4.16–3.81 (m,
2H; 5-H), 1.55 (s, 3H; CH3), 1.50 (s, 9H; OC ACHTUNGTRENNUNG(CH3)3), 1.48 ppm (s, 3H;
CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=155.4, 137.1, 116.6,
94.9, 81.5, 74.6, 65.0, 62.4, 28.7, 26.6, 24.8 ppm; IR (neat): ñ =3456, 2981,
2345, 1689 (-NH-C=O), 1376, 1280 cm�1; MS (ESI): m/z (%): 257 (100)
[M]+ , 202 (50) [M�tBu]+ , 184 (25) [M�tBu�H2O]+ ; elemental analysis
(%) calcd for C13H23NO4: C 60.68, H 9.01, N 5.44; found: C 60.49, H
8.82, N 5.45.


ACHTUNGTRENNUNG(1S,4S)-4-(1-Hydroxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid tert-
butyl ester (16c): This compound was prepared as described for 16a
from 16d. Yield=63%; Rf =0.4 (ethyl acetate in hexane, 20%); [a]25


D =


�54.3 (c=2.1 in methanol); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=5.88–5.81 (m, 1H; -CH=CH2), 5.41–5.31 (m, 1H; -CH=CH2), 5.22 (d,
J=10.2 Hz, 1H; -CH=CH2), 4.29 (br s, 1H; CH-OH), 4.18 (s, 1H; 4-H),
4.07–3.56 (m, 2H; 5-H), 1.56 (s, 3H; CH3), 1.51 (s, 9H; OC ACHTUNGTRENNUNG(CH3)3),
1.46 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=


155.3, 137.9, 118.1, 94.8, 81.4, 76.0, 65.6, 62.1, 59.7, 28.7, 27.4, 26.7 ppm;
IR (neat): ñ=3467, 2981, 2363, 1691 (-NH-C=O), 1379, 1280 cm�1; MS
(FAB): m/z (%): 280 (100) [M+Na]+ , 202 (35) [M�tBu]+ , 184 (50)
[M�tBu�H2O]+ ; elemental analysis (%) calcd for C13H23NO4: C 60.68,
H 9.01, N 5.44; found: C 60.51, H 8.89, N 5.26.


General Procedure for MOM protection : DIPEA (1.35 mL, 7.78 mmol)
was added at 0 8C to a cooled solution of the alcohol (1.0 g, 3.89 mmol)
in dry CH2Cl2 (15 mL), followed by MOM chloride (0.44 mL,
5.84 mmol). The reaction mixture was stirred at the same temperature
for 4 h. After completion of the reaction, solvent was evaporated, and
the residue was diluted with ethyl acetate. The organic layer was washed
with water and brine, dried over anhydrous Na2SO4, and concentrated in
vacuo. The residue was chromatographed over silica gel with ethyl ace-
tate in hexane (5%) as eluent to furnish the protected alcohol.


ACHTUNGTRENNUNG(1R,4R)-4-(1-Methoxymethoxyallyl)-2,2-dimethyloxazolidine-3-carboxylic
acid tert-butyl ester (17a): Yield=84%; Rf =0.62 (ethyl acetate in
hexane, 10%); [a]25


D =++72.4 (c=0.915 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=5.77–5.71 (m, 1H; -CH=CH2), 5.31–5.22 (m, 2H;
-CH=CH2), 4.71 (d, J=6.6 Hz, 1H; -CH2-O-CH3), 4.56 (d, J=6.6 Hz,
1H; -CH2-O-CH3), 4.39–4.28 (brm, 1H; 4-H), 4.08 (dd, J=8.4,1.2 Hz,
1H; -CH-OMOM), 4.01–3.87 (m, 2H; 5-H), 3.35 (s, 3H; OCH3), 1.51 (s,
3H; CH3), 1.49 (s, 3H; CH3), 1.48 ppm (s, 9H; OC ACHTUNGTRENNUNG(CH3)3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=151.2 (C=O), 134.3 (-CH=CH2), 117.9
(-CH=CH2), 93 (O-CH2-O), 78.7 (CH-OMOM), 62.7 (CACHTUNGTRENNUNG(CH3)3), 58.9 (C-
4), 57.9 (O-CH3), 54.6 (C-5), 28.4 (C ACHTUNGTRENNUNG(CH3)3), 27.1 (CH3), 25.6 ppm
(CH3); IR (neat): ñ =3861, 3821, 2932, 2362, 1700, 1386, 1169, 1098,
1033 cm�1; MS (ESI): m/z (%): 301.9 (89) [M]+ , 245.9 (100) [M�tBu]+ ,
202.1 (12) [M�tBoc]+ ; elemental analysis (%) calcd for C15H27NO5: C
59.78, H 9.03, N 4.65; found: C 59.68, H 8.93, N 4.56.


ACHTUNGTRENNUNG(1S,4R)-4-(1-Methoxymethoxyallyl)-2,2-dimethyloxazolidine-3-carboxylic
acid tert-butyl ester (17b): Yield=81%; Rf =0.64 (ethyl acetate in
hexane, 10%); [a]25


D =++61.4 (c=0.376 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=5.76–5.68 (m, 1H; -CH=CH2), 5.35–5.22 (m, 2H;
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-CH=CH2), 4.63 (d, J=6.6 Hz, 1H; -CH2-O-CH3), 4.56 (d, J=6.6 Hz,
1H; -CH2-O-CH3), 4.41–4.26 (brm, 1H; -CH-OMOM), 4.09–3.76 (m,
3H; 4-H and 5-H), 3.37 (s, 3H; OCH3), 1.61 (s, 3H; CH3), 1.51 (s, 3H;
CH3), 1.45 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C,
TMS): d=152.7, 135.9, 120.5, 94.1, 85.5, 80.2, 70.2, 64.7, 60.2, 55.9, 28.6,
27.7, 26.6 ppm; IR (neat): ñ =3860, 3821, 2912, 2361, 1710, 1386, 1169,
1068, 1033 cm�1; MS (ESI): m/z (%): 301.9 (89) [M]+ , 245.9 (100)
[M�tBu]+ , 202.1 (12) [M�tBoc]+ ; elemental analysis (%) calcd for
C15H27NO5: C 59.78, H 9.03, N 4.65; found: C 59.71, H 8.90, N 4.51.


ACHTUNGTRENNUNG(1S,4S)-4-(1-Methoxymethoxyallyl)-2,2-dimethyloxazolidine-3-carboxylic
acid tert-butyl ester (17c): Yield=82%; Rf =0.6 (ethyl acetate in hexane,
10%) [a]25


D =�77.4 (c=0.715 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=5.74–5.67 (m, 1H; -CH=CH2), 5.31–5.22 (m, 2H; -CH=


CH2), 4.71 (d, J=6.6 Hz, 1H; -CH2-O-CH3), 4.56 (d, J=6.6 Hz, 1H;
-CH2-O-CH3), 4.39–4.28 (brm, 1H; 4-H), 4.08 (dd, J=8.4, 1.2 Hz, 1H;
-CH-OMOM), 4.01–3.87 (m, 2H; 5-H), 3.35 (s, 3H; O-CH3), 1.51 (s, 3H;
CH3), 1.49 (s, 3H; CH3), 1.46 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=151.1, 134.3, 127.4, 117.8, 93.0, 88.1,
78.6, 72.1, 63.1, 58.6, 54.4, 27.0, 27.5 ppm; IR (neat): ñ =3851, 3821, 2942,
2262, 1732, 1380, 1098, 1033 cm�1; MS (ESI): m/z (%): 301.9 (89) [M]+ ,
245.9 (100) [M�tBu]+ , 202.1 (12) [M�tBoc]+ ; elemental analysis (%)
calcd for C15H27NO5: C 59.78, H 9.03, N 4.65; found: C 59.69, H 8.89, N
4.60.


ACHTUNGTRENNUNG(1R,4S)-4-(1-Methoxymethoxy-allyl)-2,2-dimethyl-oxazolidine-3-carboxyl-
ic acid tert-butyl ester (17d): Yield=83.4%; Rf =0.6 (ethyl acetate in
hexane, 10%); [a]25


D =�66.4 (c=0.776 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=5.75–5.70 (m, 1H), 5.30–5.24 (m, 2H), 4.68 (d,
J=6.6 Hz, 1H), 4.53 (d, J=6.6 Hz, 1H), 4.38–4.35 (brm, 1H), 4.13–3.88
(m, 3H), 3.34 (s, 3H; OCH3), 1.55 (s, 3H; -CH3), 1.48 (s, 3H; -CH3),
1.44 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=151.1, 134.3, 117.9, 92.6, 78.8, 64.9, 62.7, 58.8, 54.4, 50.9, 27.0,
25.6 ppm; IR (neat): ñ=3900, 3811, 2932, 2342, 1700, 1356, 1160, 1098,
1033 cm�1; MS (ESI): m/z (%): 301.6 (79) [M]+ , 245.6 (100) [M�tBu]+ ,
202.1 (32) [M�tBoc]+ ; elemental analysis (%) calcd for C15H27NO5: C
59.78, H 9.03, N 4.65; found: C 59.73, H 8.93, N 4.59.


General Procedure for benzyl protection : Washed NaH (1.86 g,
7.78 mmol) was added at 0 8C to a cooled solution of the alcohol (1.0 g,
3.89 mmol) in dry THF (15 mL), followed by benzyl bromide (800 mg,
4.67 mmol). The reaction mixture was stirred at room temperature for
5 h. After completion of the reaction, methanol was added dropwise to
neutralize excess NaH, and solvent was evaporated. The residue was di-
luted with ethyl acetate, washed with water followed by brine, dried over
anhydrous Na2SO4, and concentrated in vacuo. The residue was chroma-
tographed over silica gel to furnish the protected product.


ACHTUNGTRENNUNG(4R,6R)-4-(1-Benzyloxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (19a): Yield=78%; Rf =0.5 (ethyl acetate in hexane,
6%); [a]25


D =++59.4 (c=0.711 in CHCl3);
1H NMR (200 MHz, CDCl3,


25 8C, TMS): d =7.32 (s, 5H; ArH), 5.96–5.61 (m, 1H; -CH=CH2), 5.32–
5.24 (m, 2H; -CH=CH2), 4.62 (d, J=11.6 Hz, 1H; -CH2-Ph), 4.36 (d, J=


11.6 Hz, 1H; -CH2-Ph), 4.11–4.03 (m, 2H; 4-H, -CHOBn), 3.90 (br s, 2H;
5-H), 1.59 (s, 3H; -CH3), 1.51 (s, 3H; -CH3), 1.46 ppm (s, 9H; -OC-
ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3): d=152.8 (C=O), 138.3 (-CH=CH2),
136.4, 128.1, 128.3, 119.7, 118.1 (-CH=CH2), 94.3 (C-2), 81.4, 80.4, 71.2
(C ACHTUNGTRENNUNG(CH3)3), 65.6, 64.8, 60.2, 60.8 (C-4), 28.1, 27.4, 25.9, 23.1 ppm; IR
(neat): ñ=3984, 3876, 3712, 3537, 2979, 1838, 1699, 1384, 1170,
1084 cm�1; MS (FAB): m/z (%): 348 (29) [M+H]+ , 292 (45) [M�tBu]+ ,
248 (51) [M�tBoc]+ , 234 (85) [M�Bn+Na]+ , 91 (100) [PhCH2]


+ ; ele-
mental analysis (%) calcd for C20H29NO4: C 69.14, H 8.41, N 4.03; found:
C 68.97, H 8.34, N 3.99.


ACHTUNGTRENNUNG(4R,6S)-4-(1-Benzyloxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (19b): Yield=76.8%; Rf =0.51 (ethyl acetate in hexane,
6%); [a]25


D =++46.4 (c=0.738 in CHCl3);
1H NMR (200 MHz, CDCl3,


25 8C, TMS): d =7.27 (s, 5H; ArH), 5.91–5.67 (m, 1H; -CH=CH2), 5.30–
5.21 (m, 2H; -CH=CH2), 4.59 (d, J=11.6 Hz, 1H; -CH2-Ph), 4.33 (d, J=


11.6 Hz, 1H; -CH2-Ph), 4.11–3.89 (m, 4H; 4-H, 5-H, -CHOBn), 1.51 (s,
3H; -(CH3)2), 1.46 (s, 9H; -(CH3)2), 1.43 ppm (s, 3H; -OC ACHTUNGTRENNUNG(CH3)3);
13C NMR (50 MHz, CDCl3+CCl4): d =152.7 (C=O), 138.7 (-CH=CH2),
136.9, 135.5, 128.7, 120.6, 119.4 (-CH=CH2), 94.1, 81.6, 80.0, 79.4, 71.2,


65.5, 64.0, 60.6, 28.8, 27.3, 25.4 ppm; IR (neat): ñ =3984, 3876, 3712, 3537,
2979, 1838, 1699, 1384, 1170, 1084 cm�1; MS (FAB): m/z (%): 348 (27)
[M+H]+ , 292 (65) [M�tBu]+ , 248 (100) [M�tBoc]+ ; elemental analysis
(%) calcd for C20H29NO4: C 69.14, H 8.41, N 4.03; found: C 68.87, H
8.04, N 3.96.


ACHTUNGTRENNUNG(4S,6S)-4-(1-Benzyloxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (19c): Yield=79%; Rf =0.6 (ethyl acetate in hexane,
10%); [a]25


D =�53.4 (c=1.714 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d =7.34 (s, 5H; ArH), 5.89–5.78 (m, 1H; -CH=CH2), 5.33–
5.26 (m, 2H; -CH=CH2), 4.63 (d, J=11.6 Hz, 1H; -CH2-Ph), 4.33 (d, J=


11.6 Hz, 1H; -CH2-Ph), 4.16–3.98 (m, 2H; 4-H, -CHOBn), 3.92–3.88 (m,
2H; 5-H), 1.51 (s, 3H; -CH3), 1.46 (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3), 1.43 ppm (s, 3H;
-CH3);


13C NMR (50 MHz, CDCl3): d=152.9 (C=O), 138.8 (-CH=CH2),
136.8, 128.8, 128.3, 119.7, 118.9 (-CH=CH2), 94.6 (C-2), 81.7, 80.6, 71.2
(C ACHTUNGTRENNUNG(CH3)3), 65.6, 64.8, 60.6, 60.4 (C-4), 28.8, 27.4, 25.4, 23.6 ppm; IR
(neat): ñ=3981, 3876, 3612, 3537, 2979, 1830, 1702, 1384, 1170,
1084 cm�1; MS (ESI): m/z (%): 360.3 (29) [M+Na]+ , 292.3 (45)
[M�tBu]+ , 248.3 (100) [M�tBoc]+ ; elemental analysis (%) calcd for
C20H29NO4: C 69.14, H 8.41, N 4.03; found: C 69.00, H 8.24, N 3.79.


ACHTUNGTRENNUNG(4S,6R)-4-(1-Benzyloxyallyl)-2,2-dimethyloxazolidine-3-carboxylic acid
tert-butyl ester (19d): Yield=78.5%; Rf =0.54 (ethyl acetate in hexane,
8%); [a]25


D =�49.8 (c=2.025 in CHCl3);
1H NMR (200 MHz, CDCl3,


25 8C, TMS): d =7.32 (s, 5H; ArH), 5.89–5.78 (m, 2H; -CH=CH2), 5.32–
5.23 (m, 1H; -CH=CH2), 4.61 (d, J=11.6 Hz, 1H; -CH2-Ph), 4.35 (d, J=


11.6 Hz, 1H; -CH2-Ph), 4.15–4.02 (m, 2H; 4-H, -CHOBn), 3.90 (br s, 2H;
5-H), 1.59 (s, 3H; -CH3), 1.49 (s, 3H; -CH3), 1.46 ppm (s, 9H; -OC-
ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d =152.9, 138.8, 136.8,
128.7, 128.3, 119.6, 118.8, 94.6, 81.6, 80.4, 71.2, 65.6, 64.7, 60.6, 30.1, 28.8,
27.3 ppm; IR (neat): ñ=3967, 3871, 3712, 3537, 2979, 1838, 1699, 1374,
1170, 1084 cm�1; MS (FAB): m/z (%): 348 (29) [M+H]+ , 292 (45)
[M�tBu]+ , 248 (51) [M�tBoc]+ , 234 (85) [M�Bn+Na]+ , 91 (100)
[PhCH2]


+; elemental analysis (%) calcd for C20H29NO4: C 69.14, H 8.41,
N 4.03; found: C 68.94, H 8.24, N 3.94.


General Procedure for acetonide deprotection : A catalytic amount of
PTSA (100 mg) was added to a solution of an acetonide (0.9 g,
2.99 mmol) in methanol (10 mL) and the reaction mixture was stirred at
room temperature for 3 h. Methanol was removed at low temperature,
the residue was dissolved in ether, and the organic layer was washed with
NaHCO3 (5%) followed by brine, dried over Na2SO4, and concentrated
in vacuo. The residue was chromatographed on silica gel with ethyl ace-
tate in hexane (40%) as eluent to furnish the deprotected product.


ACHTUNGTRENNUNG(1R,2R)-(1-Hydroxymethyl-2-methoxymethoxybut-3-enyl)-carbamic acid
tert-butyl ester (18a): Yield=87%; Rf =0.33 (ethyl acetate in hexane,
30%); [a]25


D =++82.8 (c=0.433 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=5.83–5.71 (m, 1H; -CH=CH2), 5.37–5.23 (m, 3H; -CH=


CH2, NH), 4.61 (dd, J=23.7, 6.6 Hz, 2H; OCH2OCH3), 4.28 (pseudo t,
J=5.4 Hz, 1H; CH-OMOM), 3.91 (dd, J=11.7, 4.2 Hz, 1H; 1-H), 3.64
(d, J=9.6 Hz, 2H; CH2OH), 3.39 (s, 3H; OCH3), 2.79 (br s, 1H; OH),
1.45 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=154.5 (C=O), 133.6, 117.7, 94.8, 93.3, 78.2, 77.5, 60.7, 54.4, 53.4,
27.1 ppm; IR (neat): ñ=3446, 2977, 2363, 1634 cm�1; MS (FAB): m/z
(%): 261 (43) [M+H]+ , 261 (100) [M]+ , 205 (80) [M�tBu]+ , 162 (65)
[M�tBoc]+ ; elemental analysis (%) calcd for C12H23NO5: C 55.16, H
8.87, N 5.36; found: C 55.10, H 8.78, N 5.29.


ACHTUNGTRENNUNG(1R,2S)-(1-Hydroxymethyl-2-methoxymethoxy-but-3-enyl)-carbamic acid
tert-butyl ester (18b): Yield=84%; Rf =0.31 (ethyl acetate in hexane,
30%), [a]25


D =++89.8 (c=0.476 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=5.83–5.72 (m, 1H; -CH=CH2), 5.37–5.28 (m, 3H; -CH=


CH2, NH), 4.61 (dd, J=23.7, 6.6 Hz, 2H; OCH2OCH3), 4.30 (pseudo t,
J=5.4 Hz, 1H; CH-OMOM), 3.91 (dd, J=11.7, 4.2 Hz, 1H; 1-H), 3.64
(d, J=9.6 Hz, 2H; CH2OH), 3.39 (s, 3H; OCH3), 2.80 (br s, 1H; OH),
1.45 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=154.8, 133.2, 117.7, 93.4, 78.3, 77.7, 60.8, 54.5, 53.4, 28.3, 27.0 ppm; MS
(ESI): m/z (%): 284.1 (48) [M+Na]+ , 261.9 (100) [M]+ , 205.9 (86)
[M�tBu]+ , 162.0 (68) [M�tBoc]+ ; elemental analysis (%) calcd for
C12H23NO5: C 55.16, H 8.87, N 5.36; found: C 55.10, H 8.78, N 5.29.


ACHTUNGTRENNUNG(1S,2S)-(1-Hydroxymethyl-2-methoxymethoxy-but-3-enyl)-carbamic acid
tert-butyl ester (18c): Yield=86%; Rf =0.33 (ethyl acetate in hexane,
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30%); [a]25
D =�59.7 (c=0.438 in CHCl3);


1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=5.87–5.69 (m, 1H; -CH=CH2), 5.39–5.29 (m, 3H; -CH=


CH2, NH), 4.61 (dd, J=23.7, 6.6 Hz, 2H; OCH2OCH3), 4.29 (pseudo t,
J=5.4 Hz, 1H; CH-OMOM), 3.93 (d, J=8.88 Hz, 1H; 1-H), 3.68 (d, J=


7.42 Hz, 2H; CH2OH), 3.40 (s, 3H; OCH3), 2.90 (br s, 1H; OH),
1.45 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=155.8, 134.7, 119.0, 94.5, 79.6, 78.7, 61.9, 55.7, 54.6, 28.3 ppm; MS
(ESI): m/z (%): 284.1 (43) [M+Na]+ , 261.9 (100) [M]+ , 205.9 (82)
[M�tBu]+ , 162.0 (79) [M�tBoc]+ ; elemental analysis (%) calcd for
C12H23NO5: C 55.16, H 8.87, N 5.36; found: C 55.10, H 8.78, N 5.29.


ACHTUNGTRENNUNG(1S,2R)-(1-Hydroxymethyl-2-methoxymethoxy-but-3-enyl)-carbamic acid
tert-butyl ester (18d): Yield=89%; Rf =0.31 (ethyl acetate in hexane,
30%); [a]25


D =�65.4 (c=0.384 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=5.84–5.73 (m, 1H; -CH=CH2), 5.38–5.30 (m, 3H; -CH=


CH2, NH), 4.61 (dd, J=23.7, 6.6 Hz, 2H; OCH2OCH3), 4.28 (pseudo t,
J=5.4 Hz, 1H; CH-OMOM), 3.94 (d, J=10.7 Hz, 1H; 1-H), 3.79–3.64
(m, 2H; CH2OH), 3.39 (s, 3H; OCH3), 2.76 (br s, 1H; OH), 1.45 ppm (s,
9H; OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =154.6,
133.4, 117.8, 93.3, 78.3, 77.6, 60.8, 54.5, 53.3, 27.1 ppm; MS (ESI): m/z
(%): 284.1 (43) [M+Na]+ , 261.9 (100) [M]+ , 205.9 (82) [M�tBu]+ , 162.0
(79) [M�tBoc]+ ; elemental analysis (%) calcd for C12H23NO5: C 55.16, H
8.87, N 5.36; found: C 55.10, H 8.78, N 5.29.


ACHTUNGTRENNUNG(1R,2R)-(2-Benzyloxy-1-hydroxymethyl-but-3-enyl)-carbamic acid tert-
butyl ester (20a): Yield=81%; Rf =0.4 (ethyl acetate in hexane, 40%);
[a]25


D =++44.6 (c=0.967 in CHCl3);
1H NMR (CDCl3, 200 MHz, 25 8C,


TMS): d=7.32 (s, 5H; ArH), 5.92–5.74 (m, 1H; -CH=CH2), 5.41–5.34
(m, 2H; -CH=CH2), 5.27 (s, 1H; NH), 4.64 (d, 1H; J=11.8 Hz, -CH2Ph),
4.33 (d, J=11.8 Hz, 1H; -CH2Ph), 4.07 (br s, 1H; 1-H), 3.94 (d, J=


10.05 Hz, 1H; 2-H), 3.67–3.61 (m, 2H; CH2OH), 1.42 ppm (s, 9H; -OC-
ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d =155.8, 137.6, 135.1,
128.5, 127.8, 119.2, 82.0, 79.5, 71.1, 61.9, 54.5, 28.3 ppm; IR (neat): ñ=


3963, 3857, 3697, 1813, 1706, 1512, 1371, 1170, 1056, 771 cm�1; MS
(FAB): m/z (%): 330 (52) [M+Na]+ , 252 (98) [M�tBu]+ , 208 (82)
[M�tBoc]+ , 91 (100) [PhCH2]


+ ; elemental analysis (%) calcd for
C17H25NO4: C 66.43, H 8.20, N 4.56; found: C 66.32, H 8.04, N 4.36.


ACHTUNGTRENNUNG(1R,2S)-(2-Benzyloxy-1-hydroxymethyl-but-3-enyl)-carbamic acid tert-
butyl ester (20b): Yield=86.5%; Rf =0.4 (ethyl acetate in hexane, 40%);
[a]25


D =++54.8 (c=0.967 in CHCl3);
1H NMR (CDCl3, 200 MHz, 25 8C,


TMS): d =7.73–7.25 (m, 5H; ArH), 5.90–5.72 (m, 1H; -CH=CH2), 5.45–
5.18 (m, 2H; -CH=CH2), 4.60 (d, J=11.6 Hz, 1H; -CH2-Ph), 4.33 (d, J=


11.6 Hz, 1H; -CH2-Ph), 4.10 (br s, 1H), 3.97 (d, J=10 Hz, 1H; 2-H),3.61
(br s, 2H; -CH2OH), 1.42 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz,
CDCl3+CCl4, 25 8C, TMS): d =156.03 (C=O), 138.11, 135.75, 128.88,
128.21, 128.13, 127.27, 119.47, 82.29, 79.73, 71.53, 71.01, 62.22, 55.02,
28.81 cm�1; MS (FAB): m/z (%): 308 (52) [M+H]+, 252 (85) [M�tBu]+ ,
208 (60) [M�tBoc]+ , 91 (100) [PhCH2]


+ ; elemental analysis (%) calcd
for C17H25NO4: C 66.43, H 8.20, N 4.56; found: C 66.39, H 8.11, N 4.31.


ACHTUNGTRENNUNG(1S,2S)-(2-Benzyloxy-1-hydroxymethyl-but-3-enyl)-carbamic acid tert-
butyl ester (20c): Yield=84%; Rf =0.4 (ethyl acetate in hexane, 40%);
[a]25


D =�49.3 (c=0.967 in CHCl3);
1H NMR (CDCl3, 200 MHz, 25 8C,


TMS): d=7.37–7.26 (m, 5H; ArH), 5.89–5.77 (m, 1H), 5.41–5.27 (m,
3H), 4.64 (d, J=11.2 Hz, 2H), 4.33 (d, J=11.2 Hz, 1H), 4.07 (s, 1H),
3.94 (d, J=8.6 Hz, 1H), 3.67–3.62 (m, 2H), 1.42 ppm (s, 9H; -OC-
ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d =155.8, 137.6, 135.0,
128.5, 127.8, 119.2, 82.0, 79.5, 71.0, 61.9, 54.4, 28.3 ppm; MS (FAB): m/z
(%): 330 (52) [M+Na]+ , 252 (98) [M�tBu]+ , 208 (82) [M�tBoc]+ , 91
(100) [PhCH2]


+ ; elemental analysis (%) calcd for C17H25NO4: C 66.43, H
8.20, N 4.56; found: C 66.22, H 8.14, N 4.39.


ACHTUNGTRENNUNG(1S,2R)-(2-Benzyloxy-1-hydroxymethyl-but-3-enyl)-carbamic acid tert-
butyl ester (20d): Yield=88%; Rf =0.4 (ethyl acetate in hexane, 40%);
[a]25


D =�51.8 (c=0.953 in CHCl3);
1H NMR (CDCl3, 300 MHz, 25 8C,


TMS): d=7.37–7.33 (m, 5H), 5.91–5.79 (m, 1H), 5.43–5.32 (m, 2H), 4.67
(d, J=11.2 Hz, 1H), 4.35 (d, J=11.2 Hz, 1H), 4.12 (s, 1H), 4.00–3.96
(brm, 1H), 3.73–3.64 (m, 2H), 1.45 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR
(75 MHz, CDCl3): d =154.5 (C=O), 133.6, 135.0, 128.5, 127.9, 119.2,
82.2,79.1, 71.2, 62.1, 54.4, 28.3 ppm; MS (ESI): m/z (%): 330.1 (52)
[M+Na]+ , 252.1 (80) [M�tBu]+ , 208 (100) [M�tBoc]+ ; elemental analy-


sis (%) calcd for C17H25NO4: C 66.43, H 8.20, N 4.56; found: C 66.34, H
8.12, N 4.44.


General Procedure for the preparation of divinyl derivatives 11a–d : The
starting compound (250 mg, 0.96 mmol) was taken up in dry CH2Cl2
(15 mL) and the mixture was cooled to 0 8C. Triethylamine (0.2 mL,
1.44 mmol) was added, followed by tosyl chloride (220 mg, 1.15 mmol),
and the reaction mixture was stirred at 0 8C for 4 h. After completion of
the reaction, solvent was evaporated and the residue was dissolved in
ether. The organic layer was washed with water, followed by brine, and
dried on Na2SO4. Column chromatography over silica gel gave the tosy-
lated product (350 g, 88%), which was stirred in a glass pressure bomb
with allylamine (5 mL) in methanol (5 mL) at 65 8C for 6 h. The reaction
mixture was concentrated, and the residue was dissolved in THF. Trie-
thylamine (1.0 mL) was added at 0 8C, followed by benzyl chloroformate
(170 mg, 0.99 mmol). The reaction mixture was stirred for 3 h. After com-
pletion of the reaction it was diluted with ethyl acetate and organic layer
was washed with water, followed by brine, dried over anhydrous Na2SO4,
and concentrated in vacuo. The residue was chromatographed over silica
gel with ethyl acetate in hexane (25%) as eluent to furnish the pure di-
vinyl product.


ACHTUNGTRENNUNG(2R,3R)-Allyl-(2-tert-butoxycarbonylamino-3-methoxymethoxy-pent-4-
enyl)-carbamic acid benzyl ester (11a): Overall yield=59%; Rf =0.4
(ethyl acetate in hexane, 20%); [a]25


D =++9.2 (c=0.426 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.34 (s, 5H; ArH), 5.82–
5.66 (m, 2H), 5.31–5.12 (m, 4H), 5.15 (s, 2H), 4.67–4.52 (m, 2H), 4.21–
4.05 (m, 2H), 3.91–3.88 (m, 1H), 3.79–3.71 (m, 1H), 3.39 (s, 3H; OCH3),
3.35–3.26 (m, 2H), 1.44 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=155.8 (C=O), 154.3 (C=O), 135.4, 133.7, 132.2,
127.2, 126.9, 126.6, 117.4, 115.6, 94.9, 93.3, 77.7, 77.1, 66.25, 65.9, 54.4,
51.6, 48.1, 44.4, 28.4 ppm; IR (neat): ñ=3447, 2932, 2362, 1704, 1640,
1464, 1243 cm�1; MS (ESI): m/z (%): 457.1 (53) [M+Na]+ , 434.9 (50)
[M]+ , 378.8 (42) [M�tBu]+ , 335.2 (100) [M�tBoc]+ ; elemental analysis
(%) calcd for C23H34N2O6: C 63.57, H 7.89, N 6.45; found: C 63.55, H
7.68, N 6.25.


ACHTUNGTRENNUNG(2R,3S)-Allyl-(2-tert-butoxycarbonylamino-3-methoxymethoxy-pent-4-
enyl)-carbamic acid benzyl ester (11b): Overall yield=58%; Rf =0.4
(ethyl acetate in hexane, 20%); [a]25


D =++11.2 (c=0.413 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.36 (s, 5H; ArH), 5.86–
5.74 (m, 2H), 5.30–5.11 (m, 4H), 5.16 (s, 2H), 4.69–4.55 (m, 2H), 4.21–
4.27 (m, 2H), 4.12–3.81 (m, 1H), 3.79–3.73 (m, 1H), 3.38 (s, 3H; OCH3),
3.35–3.26 (m, 2H), 1.40 ppm (s, 9H; OC ACHTUNGTRENNUNG(CH3)3); MS (ESI): m/z (%):
457.1 (100) [M+Na]+ , 434.9 (50) [M]+ , 378.8 (40) [M�tBu]+ , 335.2 (20)
[M�tBoc]+ ; elemental analysis (%) calcd for C23H34N2O6: C 63.57, H
7.89, N 6.45; found: C 63.48, H 7.79, N 6.47.


ACHTUNGTRENNUNG(2S,3S)-Allyl-(2-tert-butoxycarbonylamino-3-methoxymethoxy-pent-4-
enyl)-carbamic acid benzyl ester (11c): Overall yield=63%; Rf =0.4
(ethyl acetate in hexane, 20%); [a]25


D =�10.7 (c=0.236 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.38 (s, 5H; ArH), 5.78–
5.70 (m, 2H), 5.36–5.08 (m, 4H), 5.14 (s, 2H), 4.67–4.51 (m, 2H), 4.21–
4.04 (m, 2H), 3.94–3.79 (m, 1H), 3.78–3.74 (m, 1H), 3.39 (s, 3H; OCH3),
3.35–3.26 (m, 2H), 1.44 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz,
CDCl3, 25 8C, TMS): d=155.9, 154.6, 135.4, 133.5, 132.1, 127.1, 126.4,
117.4, 116.0, 115.5, 93.5, 77.8, 77.4, 66.2, 66.0, 54.4, 51.5, 51.2, 48.6, 48.1,
44.3, 43.5, 27.1 ppm; MS (ESI): m/z (%): 457.1 (53) [M+Na]+ , 378.8 (60)
[M�tBu]+ , 335.2 (100) [M�tBoc]+ ; elemental analysis (%) calcd for
C23H34N2O6: C 63.57, H 7.89, N 6.45; found: C 63.42, H 7.73, N 6.35.


ACHTUNGTRENNUNG(2S,3R)-Allyl-(2-tert-butoxycarbonylamino-3-methoxymethoxy-pent-4-
enyl)-carbamic acid benzyl ester (11d): Overall yield=60%; Rf =0.41
(ethyl acetate in hexane, 20%); [a]25


D =�13.7 (c=0.209 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.33 (s, 5H; ArH), 5.78–
5.70 (m, 2H), 5.36–5.08 (m, 4H), 5.14 (s, 2H), 4.67–4.51 (m, 2H), 4.20–
4.07 (m, 2H), 3.95–3.88 (m, 1H), 3.79–3.74 (m, 1H), 3.39 (s, 3H; OCH3),
3.35–3.26 (m, 2H), 1.40 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz,
CDCl3, 25 8C, TMS): d=155.6, 154.6, 135.4, 133.4, 133.3, 132.1, 127.1,
126.6, 126.4, 117.9, 117.4, 115.5, 93.3, 77.9, 77.1, 65.9, 54.4, 51.6, 48.1, 44.3,
28.4, 27.0 ppm; MS (ESI): m/z (%): 457.1 (40) [M+Na]+ , 434.9 (40) [M]+


, 378.8 (80) [M�tBu]+ , 335.2 (100) [M�tBoc]+ ; elemental analysis (%)
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calcd for C23H34N2O6: C 63.57, H 7.89, N 6.45; found: C 63.39, H 7.81, N
6.37.


Genaral Procedure for the preparation of divinyl derivatives 12a–d : The
starting compound was taken up in dry CH2Cl2 and cooled at 0 8C. Tri-
ethylamine was added, followed by tosyl chloride. The reaction mixture
was stirred at the same temperature for 3 h. After completion of the re-
action, solvent was evaporated, and the residue was dissolved in ether.
The organic layer was washed with water, followed by brine, and dried
on anhydrous Na2SO4. Column chromatography over silica gel gave the
tosylated product, which was heated in a steel bomb with allylamine and
methanol at 65 8C for 10–12 h. The reaction mixture was concentrated,
and the residue was dissolved in CH2Cl2. Triethylamine was added at
0 8C, followed by TsCl. The reaction mixture was stirred for 3 h. After
completion of the reaction the mixture was diluted with ethyl acetate,
and the organic layer was washed with water, followed by brine, and
dried over sodium sulfate. Chromatography over silica gel gave the divin-
yl product.


ACHTUNGTRENNUNG(3R,4R)-(1-{[Allyl-(toluene-4-sulfonyl)-amino]-methyl}-2-benzyloxy-but-
3-enyl)-carbamic acid tert-butyl ester (12a): Overall yield=65%; Rf =0.4
(ethyl acetate in hexane, 15%); m.p. 105 8C; [a]25


D =++6.3 (c=1.850 in
CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.69 (d, J=8.1 Hz,
2H; ArH), 7.37–7.23 (m, 7H; ArH), 5.89–5.70 (m, 1H; 5-H), 5.67–5.48
(m, 1H; 8-H), 5.38–5.29 (m, 2H; 6-H), 5.19–5.11 (m, 2H; 9-H), 5.00 (d,
J=7.08 Hz, 1H; NH), 4.63 (d, J=11.97 Hz, 1H; -CH2Ph), 4.34 (d, J=


12.0 Hz, 1H; -CH2Ph), 4.03 (pseudo t, 1H), 3.92–3.83 (m, 3H), 3.52 (dd,
J1 =10.47 Hz, J2 =14.6 Hz, 1H), 3.15 (dd, J1 =4.68 Hz, J2 =14.6 Hz, 1H),
2.44 (s, 3H; CH3), 1.45 ppm {s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=159 (C=O), 143, 139, 137, 135, 131, 130, 129, 127,
127.7, 120.1, 118.5, 81.3, 78, 71, 51, 50, 46, 30, 27.7, 21.8 ppm; IR (neat):
ñ=3953.1, 3906.5, 3755.2, 3375.0, 2980.3, 2932.4, 2369.0, 1690.7, 1597.5,
1534.4, 1352.8, 1159.5, 1091.4, 1046.1, 988.7, 921.8, 808.5, 759.0, 704.0,
661.8, 550.5 cm�1; MS (FAB): m/z (%): 501 (15) [M+H]+ , 445 (30)
[M�tBu]+ , 401 (100) [M�tBoc]+ ; elemental analysis (%) calcd for
C27H36N2O5S: C 64.77, H 7.25, N 5.60; found: C 64.52, H 7.20, N 5.44.


ACHTUNGTRENNUNG(3R,4S)-(1-{[Allyl-(toluene-4-sulfonyl)-amino]-methyl}-2-benzyloxy-but-
3-enyl)-carbamic acid tert-butyl ester (12b): Overall yield=64%; Rf =0.4
(ethyl acetate in hexane, 15%); m.p. 112 8C; [a]25


D =++11.23 (c=0.824 in
CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.66 (d, J=8.1 Hz,
2H; ArH), 7.32–7.24 (m, 7H; ArH), 5.89–5.68 (m, 1H; 5-H), 5.61–5.40
(m, 1H; 8-H), 5.37–5.26 (m, 2H; 6-H), 5.18–5.08 (m, 2H; 9-H), 4.95 (d,
J=6.2 Hz, 1H; NH), 4.61 (d, J=11.8 Hz, 1H; -CH2Ph), 4.34 (d, J=


11.8 Hz, 1H; -CH2Ph), 4.0 (pseudo t, J=4.5 Hz, 1H; 3-H), 3.82–3.76 (m,
3H), 3.51–3.39 (m, 1H), 3.18–3.08 (m, 1H), 2.43 (s, 3H; CH3), 1.42 ppm
(s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d =156
(C=O), 143, 138, 137, 135, 132, 130, 129, 128, 127.7, 120.1, 119, 81.3, 79,
71, 52, 51, 46, 30, 28, 21.9 ppm; IR (neat): ñ=3377, 3315, 3247, 2812,
2374, 1596, 1350, 1163, 763, 663, 553 cm�1; MS (FAB):
m/z (%): 501 (15) [M+H]+ , 445 (30) [M�tBu]+ , 401 (100) [M�tBoc]+ ;
elemental analysis (%) calcd for C27H36N2O5S: C 64.77, H 7.25, N 5.60;
found: C 64.68, H 7.18, N 5.53.


ACHTUNGTRENNUNG(3S,4S)-(1-{[Allyl-(toluene-4-sulfonyl)-amino]-methyl}-2-benzyloxy-but-3-
enyl)-carbamic acid tert-butyl ester (12c): Overall yield=69%; Rf =0.41
(ethyl acetate in hexane, 15%); m.p. 102 8C; [a]25


D =�6.76 (c=0.700 in
CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.68 (d, J=8.3 Hz,
2H; ArH), 7.39–7.28 (m, 7H; ArH), 5.86–5.71 (m, 1H; 5-H), 5.61–5.49
(m, 1H; 8-H), 5.38–5.29 (m, 2H; 6-H), 5.19–5.11 (m, 2H; 9-H), 5.00 (d,
J=8.67 Hz, 1H; NH), 4.62 (d, J=11.8 Hz, 1H; -CH2Ph), 4.36 (d, J=


11.8 Hz, 1H; -CH2Ph), 4.04 (pseudo t, J=4.6 Hz, 1H; 3-H), 3.92–3.80 (m,
3H), 3.51 (dd, J1 =10.5 Hz, J2 =14.5 Hz, 1H), 3.16 (dd, J1 =3.84 Hz, J2 =


14.6 Hz, 1H), 2.44 (s, 3H; CH3), 1.42 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);
13C NMR


(50 MHz, CDCl3, 25 8C, TMS): d=156.2 (C=O), 143.6, 138.6, 137.5, 135.4,
133, 130.1, 128.7, 128.0, 127.6, 119.9, 119.2, 81.3, 79.7, 74.4, 71.3, 52.4,
51.1, 46.2, 28.8, 21.9 ppm; IR (neat): ñ=3960.1, 3907.0, 3859.8, 3372.9,
2369.4, 1595.9, 1352.0, 1159.3, 1091.9 cm�1; MS (ESI): m/z (%): 523.1
(100) [M+Na]+ , 445.1 (30) [M�tBu]+ , 401.1 (50) [M�tBoc]+ ; elemental
analysis (%) calcd for C27H36N2O5S: C 64.77, H 7.25, N 5.60; found: C
64.71, H 7.20, N 5.52.


ACHTUNGTRENNUNG(3S,4R)-(1-{[Allyl-(toluene-4-sulfonyl)-amino]-methyl}-2-benzyloxy-but-
3-enyl)-carbamic acid tert-butyl ester (12d): Overall yield=61%; Rf =0.4
(ethyl acetate in hexane, 15%); [a]25


D =�10.23 (c=0.727 in CHCl3); m.p.
115 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.69 (d, J=8.3 Hz,
2H; ArH), 7.37–7.37 (m, 7H; ArH), 5.81–5.71 (m, 1H), 5.62–5.48 (m,
1H), 5.38–5.28 (m, 2H), 5.19–5.11 (m, 2H), 5.01 (d, J=8.7 Hz, 1H), 4.63
(d, J=11.9 Hz, 1H), 4.37 (d, J=11.9 Hz, 1H), 4.03 (pseudo t, J=4.3 Hz,
1H), 3.92–3.80 (m, 3H), 3.51 (dd, J1 =10.5 Hz, J2 =14.6 Hz, 1H), 3.16
(dd, J1 =3.84 Hz, J2 =14.6 Hz, 1H), 2.44 (s, 3H; CH3), 1.43 ppm (s, 9H;
OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d =156.2, 143.6,
138.6, 137.5, 135.4, 132.9, 130.1, 128.7, 128.0, 127.6, 119.9, 119.2, 81.3,
79.7, 71.3, 52.4, 51.0, 46.2, 28.8, 21.9 ppm; MS (ESI): m/z (%): 523.1 (100)
[M+Na]+ , 445.1 (40) [M�tBu]+ , 401.1 (50) [M�tBoc]+ ; elemental analy-
sis (%) calcd for C27H36N2O5S: C 64.77, H 7.25, N 5.60; found: C 64.62,
H 7.19, N 5.54.


General Procedure for RCM : GrubbsH catalyst (5 mol%) was added to a
solution of the starting compound at reflux in dry CH2Cl2, and the reac-
tion mixture was stirred overnight. After completion of the reaction, sol-
vent was removed and the residue was chromatographed over silica gel
to furnish the tetrahydroazepine core.


ACHTUNGTRENNUNG(3R,4R)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-2,3,4,7-tetrahy-
dro-azepine-1-carboxylic acid benzyl ester (9a): Yield=76%; Rf =0.4
(ethyl acetate in hexane, 30%); [a]25


D =�40.5 (c=2.1 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.35 (s, 5H; ArH), 5.98–
5.89 (m, 1H), 5.82–5.72 (m, 1H), 5.15 (s, 2H), 4.65–4.54 (m, 2H), 4.35 (d,
J=12.6 Hz, 1H), 4.20 (dd, J=17.0, 3.6 Hz, 2H), 3.91–3.65 (m, 3H), 3.32
(s, 3H; OCH3), 1.43 ppm (s, 9H; OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=154.5, 149.3 (C=O), 129.6, 127.2, 126.7, 126.5, 94.9, 93.9,
78.14, 73.6, 66.1, 54.2, 52.0, 50.2, 47.9, 45.3, 28.42 ppm; IR (neat): ñ=


3860, 3445, 2932, 2362, 1700, 1636, 1387, 1167, 1099, 1033 cm�1; MS
(ESI): m/z (%): 429.1 (100) [M+Na]+ , 407.0 (10) [M]+ , 373.1 (12)
[M�tBu+Na]+ , 307.1 (13) [M�tBoc]+ ; elemental analysis (%) calcd for
C21H30N2O6: C 62.05, H 7.44, N 6.89; found: C 61.97, H 7.44, N 6.78.


ACHTUNGTRENNUNG(3R,4S)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-2,3,4,7-tetrahy-
dro-azepine-1-carboxylic acid benzyl ester (9b): Yield=78.4%; Rf =0.4
(ethyl acetate in hexane, 30%); [a]25


D =�34.5 (c=2.3 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =7.38 (s, 5H; ArH), 5.93
(pseudo t, 1H), 5.79–5.77 (m, 1H), 5.15 (s, 2H), 4.71–4.58 (m, 2H), 4.36
(d, J=12.6 Hz, 1H), 4.22 (dd, J=17.0, 3.6 Hz, 2H), 3.86–3.69 (m, 3H),
3.35 (s, 3H; OCH3), 1.43 ppm (s, 9H; OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz,
CDCl3, 25 8C, TMS): d=154.5, 135.3, 129.6, 127.2, 126.7, 125.6, 94.0, 78.2,
73.5, 66.1, 63.9, 54.2, 50.2, 47.9, 45.3, 30.6, 28.4, 27.0, 21.3 ppm; MS (ESI):
m/z (%): 429.1 (100) [M+Na]+ , 407.0 (20) [M]+ , 350.1 (10) [M�tBu]+ ,
307.1 (80) [M�tBoc]+ ; elemental analysis (%) calcd for C21H30N2O6: C
62.05, H 7.44, N 6.89; found: C 62.01, H 7.29, N 6.79.


ACHTUNGTRENNUNG(3S,4S)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-2,3,4,7-tetrahy-
dro-azepine-1-carboxylic acid benzyl ester (9c): Yield=78%; Rf =0.41
(ethyl acetate in hexane, 30%); [a]25


D =++48.5 (c=2.1 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d =7.36 (s, 5H; ArH), 5.89
(br s, 1H), 5.72 (br s, 1H), 5.23 (s, 2H), 4.69–4.49 (m, 2H), 4.31 (br s, 1H),
4.08 (br s, 2H), 3.82–3.61 (m, 3H), 3.24 (s, 3H; OCH3), 1.35 ppm (s, 9H;
OC ACHTUNGTRENNUNG(CH3)3); MS (ESI): m/z (%): 429.1 (100) [M+Na]+ , 407.0 (10) [M]+ ,
373.1 (15) [M�tBu+Na]+, 307.1 (13) [M�tBoc]+ ; elemental analysis (%)
calcd for C21H30N2O6: C 62.05, H 7.44, N 6.89; found: C 61.89, H 7.19, N
6.75.


ACHTUNGTRENNUNG(3S,4R)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-2,3,4,7-tetrahy-
dro-azepine-1-carboxylic acid benzyl ester (9d): Yield=78.5%; Rf =0.41
(ethyl acetate in hexane, 30%); [a]25


D =++39.5 (c=2.2 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.36 (s, 5H; ArH), 5.94–
5.92 (m, 1H), 5.79–5.74 (m, 1H), 5.16 (s, 2H), 4.67–4.58 (m, 2H), 4.39
(br s, 1H), 4.20 (d, J=8.6 Hz, 2H), 3.91–3.69 (m, 3H), 3.32 (s, 3H;
OCH3), 1.43 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d=154.5, 136.4, 130.1, 129.6, 127.2, 126.7, 94.0, 78.2, 73.5, 66.3,
66.1, 54.3, 50.1, 47.9, 45.3, 28.4, 27.0 ppm; MS (ESI): m/z (%): 429.1 (100)
[M+Na]+ , 407.0 (10) [M]+ , 373.1 (35) [M�tBu+Na]+ , 307.1 (13)
[M�tBoc]+ ; elemental analysis (%) calcd for C21H30N2O6: C 62.05, H
7.44, N 6.89; found: C 61.91, H 7.23, N 6.81.
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ACHTUNGTRENNUNG(3R,4R)-[4-Benzyloxy-1-(toluene-4-sulfonyl)-2,3,4,7-tetrahydro-1H-
azepin-3-yl]-carbamic acid tert-butyl ester (10a): Yield=76%; Rf =0.4
(ethyl acetate in hexane, 25%); [a]25


D =++7.14 (c=0.370 in CHCl3);
1H NMR (CDCl3, 300 MHz, 25 8C, TMS): d=7.63 (d, J=8.0 Hz, 2H;
ArH), 7.35–7.23 (m, 7H; ArH), 5.80–5.68 (m, 2H; 5-H, 6-H), 4.43 (dd,
J1 =12 Hz, J2 =22 Hz, 2H; -CH2Ph), 4.37 (br s, 1H), 4.29 (br s, 1H; 4-H),
3.76 (br s, 2H; 2-H, 7-H), 3.48–3.32 (m, 2H; 2’-H, 7’-H), 2.38 (s, 3H;
CH3), 1.48 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3): d=


156.1 (C=O), 143.9, 138.2, 136.1, 133.4, 130.2, 128.8, 128.1, 127.6, 80.1,
71.2, 51.9, 50.2, 48.4, 32.3, 30.1, 28.8, 27.1, 23.1, 21.9, 14.5 ppm; IR (neat):
ñ=3980, 3950, 3711, 1838, 1716, 1500, 1365, 1163, 764, 673 cm�1; MS
(FAB): m/z (%): 473 (15) [M+H]+ , 417 (70) [M�tBu]+ , 373 (90)
[M�tBoc]+ , 91 (100) [PhCH2]


+ ; elemental analysis (%) calcd for
C25H32N2O5S: C 63.54, H 6.82, N 5.93; found: C 63.51, H 6.73, N 5.85.


ACHTUNGTRENNUNG(3R,4S)-[4-Benzyloxy-1-(toluene-4-sulfonyl)-2,3,4,7-tetrahydro-1H-
azepin-3-yl]-carbamic acid tert-butyl ester (10b): Yield=79%; Rf =0.42
(ethyl acetate in hexane, 25%); [a]25


D =++4.21 (c=0.190 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.64 (d, 2H; J=8.2 Hz,
ArH), 7.28–7.20 (m, 7H; ArH), 5.96–5.71 (m, 2H; 5-H, 6-H), 4.82 (d, J=


8 Hz, 1H; NH), 4.52 (dd, J1 =11.2 Hz, J2 =22.0 Hz, 2H; -CH2Ph), 4.39–
4.29 (m, 2H; 3-H, 4-H), 3.77 (m, 2H; 2-H, 7-H), 3.61–3.34 (m, 2H; 2’-H,
7’-H), 2.41 (s, 3H; CH3), 1.43 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=155.8 (C=O), 143.5, 138.2, 136.5, 133.4,
130.1, 128.7, 128.1, 127.6, 96.6, 79.8, 71.1, 51.8, 50.2, 48.4, 28.8, 21.9 ppm;
IR (neat): ñ=3980, 3950, 3711, 1838, 1716, 1500, 1365, 1163, 764,
673 cm�1; MS (FAB): m/z (%): 473 (65) [M+H]+ , 417 (70) [M�tBu]+ ,
373 (90) [M�tBoc]+ , 91 (100) [PhCH2]


+ ; elemental analysis (%) calcd
for C25H32N2O5S: C 63.54, H 6.82, N 5.93; found: C 63.45, H 6.78, N 5.79.


ACHTUNGTRENNUNG(3S,4S)-[4-Benzyloxy-1-(toluene-4-sulfonyl)-2,3,4,7-tetrahydro-1H-azepin-
3-yl]-carbamic acid tert-butyl ester (10c): Yield=82%; Rf =0.4 (ethyl
acetate in hexane, 25%); [a]25


D =�8.20 (c=0.256 in CHCl3);
1H NMR


(300 MHz, CDCl3, 25 8C, TMS): d=7.67 (d, J=8.2 Hz, 2H; ArH), 7.38–
7.28 (m, 7H; ArH), 5.85–5.73 (m, 2H; 5-H, 6-H), 4.91 (d, J=8.4 Hz, 1H;
NH), 4.56 (dd, J1 =11.7 Hz, J2 =25.0 Hz, 2H), 4.43 (s, 1H), 4.35 (br s,
1H), 3.79 (d, J=3.3 Hz, 2H), 3.56–3.42 (m, 2H), 2.43 (s, 3H; CH3),
1.47 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=156.1 (C=O), 143.9, 138.2, 136.1, 133.4, 130.2, 128.8, 128.1, 127.6, 80.1,
73.8, 73.1, 71.2, 51.9, 50.2, 48.4, 28.7, 21.9 ppm; MS (FAB): m/z (%): 473
(45) [M+Na]+ , 417 (100) [M�tBu]+ , 373 (90) [M�tBoc]+ ; elemental
analysis (%) calcd for C25H32N2O5S: C 63.54, H 6.82, N 5.93; found: C
63.481, H 6.81, N 5.89.


ACHTUNGTRENNUNG(3S,4R)-[4-Benzyloxy-1-(toluene-4-sulfonyl)-2,3,4,7-tetrahydro-1H-
azepin-3-yl]-carbamic acid tert-butyl ester (10d): Yield=75%; Rf =0.4
(ethyl acetate in hexane, 25%); [a]25


D =�5.22 (c=0.134 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.61 (d, J=8 Hz, 2H;
ArH), 7.32–7.22 (m, 7H; ArH), 5.89–5.68 (m, 2H; 5-H, 6-H), 4.86 (d, J=


9.0 Hz, 1H; NH), 4.52 (dd, J1 =12.3 Hz, J2 =21 Hz, 2H; -CH2Ph), 4.37
(br s, 1H; 3-H), 4.30 (br s, 1H; 4-H), 3.76 (br s, 2H; 2-H, 7-H), 3.47–3.41
(m, 2H; 2’-H, 7’-H), 2.38 (s, 3H; CH3), 1.41 ppm (s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=143.9 (C=O), 138.1, 136.0,
133.45, 130.2, 128.8, 128.1, 127.56, 80.07, 71.2, 51.9, 50.2, 48.4, 30.1, 28.7,
21.9 ppm; MS (ESI): m/z (%): 496.2 (100) [M+Na]+ , 417.1 (70)
[M�tBu]+ , 373 (90) [M�tBoc]+ ; elemental analysis (%) calcd for
C25H32N2O5S: C 63.54, H 6.82, N 5.93; found: C 63.49, H 6.72, N 5.84.


General Procedure for hydrogenation to prepare 21a–d : The starting
compound (500 mg) was taken up in THF (25 mL). Pd/C (10%, 25 mg)
was added, and the reaction mixture was stirred under hydrogen at room
temperature. The solution was filtered through Celite, and the filtrate
was concentrated and passed through a small silica column to furnish the
product.


ACHTUNGTRENNUNG(3R,4R)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-azepane-1-car-
boxylic acid benzyl ester (21a): Yield=95%; Rf =0.42 (ethyl acetate in
hexane, 30%); [a]25


D =++19.5 (c=0.496 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d =7.44–7.30 (m, 5H; ArH), 5.26–5.11 (m, 1H), 5.17
(s, 2H), 4.65 (dd, J=12.6, 6.6 Hz, 2H), 3.94–3.88 (m, 2H), 3.75–3.67 (m,
2H), 3.43 (s, 3H; OCH3), 3.33–3.24 (m, 2H), 2.07–1.67 (m, 4H),
1.46 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=156.5 (C=O), 155.4 (C=O), 137.4, 128.8, 128.3, 96.4, 79.8, 67.6, 56.3,


53.9, 47.6, 47.2, 30.1, 28.8, 27.6, 20.6 ppm; IR (neat): ñ =3861, 3754, 3445,
3021, 2364, 1702, 1217, 765 cm�1; MS (ESI): m/z (%): 431.2 (100)
[M+Na]+ , 399.2 (20) [M�OCH3+Na]+ , 375.2 (12) [M�tBu+Na]+ , 309.2
(13) [M�tBoc]+ ; elemental analysis (%) calcd for C21H32N2O6: C 61.75,
H 7.90, N 6.86; found: C 61.64, H 7.88, N 6.82.


ACHTUNGTRENNUNG(3R,4S)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-azepane-1-car-
boxylic acid benzyl ester (21b): Yield=93%; Rf =0.41 (ethyl acetate in
hexane, 30%); [a]25


D =++26.5 (c=0.269 in CHCl3);
1H NMR (200 MHz,


CDCl3, 25 8C, TMS): d=7.45 (s, 5H; ArH), 5.24–5.09 (m, 1H), 5.16 (s,
2H), 4.66 (dd, J=12.8, 6.4 Hz, 2H), 3.94–3.88 (m, 2H), 3.75–3.65 (m,
2H), 3.43 (s, 3H; OCH3), 3.33–3.24 (m, 2H), 2.07–1.66 (m, 4H),
1.45 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=156.5, 155.3, 137.2, 128.8, 128.2, 96.6, 96.3, 79.7, 67.6, 67.4, 56.3, 53.8,
47.6, 47.1, 30.0, 28.1, 27.7, 21.6 ppm; MS (ESI): m/z (%): 431.2 (100)
[M+Na]+ , 399.2 (20) [M�OCH3+Na]+ , 375.2 (12) [M�tBu+Na]+ , 309.2
(13) [M�tBoc]+ ; elemental analysis (%) calcd for C21H32N2O6: C 61.75,
H 7.90, N 6.86; found: C 61.71, H 7.86, N 6.76.


ACHTUNGTRENNUNG(3S,4S)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-azepane-1-car-
boxylic acid benzyl ester (21c): Yield=95%; Rf =0.41 (ethyl acetate in
hexane, 30%); [a]25


D =�15.5 (c=0.396 in CHCl3);
1H NMR (200 MHz,


CDCl3, 25 8C, TMS): d =7.42–7.26 (m, 5H; ArH), 5.26–5.15 (m, 1H), 5.14
(s, 2H), 4.66 (dd, J=12.6, 6.6 Hz, 2H), 3.94–3.67 (m, 4H), 3.39 (s, 3H;
OCH3), 3.33–3.27 (m, 2H), 2.07–1.67 (m, 4H), 1.44 ppm (s, 9H; OC-
ACHTUNGTRENNUNG(CH3)3); MS (ESI): m/z (%): 431.2 (100) [M+Na]+ , 399.2 (20)
[M�OCH3+Na]+ , 375.2 (50) [M�tBu+Na]+ , 309.2 (13) [M�tBoc]+; ele-
mental analysis (%) calcd for C21H32N2O6: C 61.75, H 7.90, N 6.86;
found: C 61.71, H 7.79, N 6.80.


ACHTUNGTRENNUNG(3S,4R)-3-tert-Butoxycarbonylamino-4-methoxymethoxy-azepane-1-car-
boxylic acid benzyl ester (21d): Yield=96%; Rf =0.42 (ethyl acetate in
hexane, 30%); [a]25


D =�29.5 (c=0.278 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d =7.48–7.29 (m, 5H; ArH), 5.28–5.12 (m, 1H), 5.17
(s, 2H), 4.65 (dd, J=12.6, 6.6 Hz, 2H), 3.92–3.90 (m, 2H), 3.76–3.66 (m,
2H), 3.43 (s, 3H; OCH3), 3.42–3.29 (m, 2H), 2.08–1.69 (m, 4H),
1.44 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=156.5, 155.3, 137.3, 128.8, 128.2, 96.3, 79.7, 67.5, 56.3, 53.8, 47.6, 47.2,
30.1, 28.7, 27.7, 20.6 ppm; MS (ESI): m/z (%): 431.2 (100) [M+Na]+ ,
399.2 (35) [M�OCH3+Na]+ , 352.2 (55) [M�tBu]+ , 309.2 (13)
[M�tBoc]+ ; elemental analysis (%) calcd for C21H32N2O6: C 61.75, H
7.90, N 6.86; found: C 61.71, H 7.82, N 6.79.


General Procedure for preparation of amido alcohols 22a–d : The starting
compound was stirred with TFA (50%) at room temperature for 30 min.
The solvent was evaporated, and coevaporation was performed with dry
CH2Cl2 to remove excess TFA. The residue was dissolved in dry CH2Cl2,
and triethylamine was added at 0 8C, followed by p-benzyloxybenzoyl
chloride. The reaction mixture was stirred at room temperature for 1 h.
Solvent was evaporated, and the residue was dissolved in ethyl acetate.
The organic layer was washed with NaHCO3 (5%), followed by brine,
and dried over sodium sulfate. Chromatography over silica gel furnished
the amido alcohols.


ACHTUNGTRENNUNG(3R,4R)-3-(4-Benzyloxybenzoylamino)-4-hydroxyazepane-1-carboxylic
acid benzyl ester (22a): Yield=59%; Rf =0.3 (ethyl acetate in hexane,
50%); [a]25


D =�82.85 (c=2.1 in methanol); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=8.18 (d, J=8.7 Hz, 1H), 7.80 (d, J=7.98 Hz, 2H; ArH),
7.47–7.31 (m, 10H; ArH), 7.01 (d, J=8.19 Hz, 2H; ArH), 5.31 (s, 1H),
5.27–5.19 (m, 2H), 5.15 (s, 2H), 4.45 (s, 1H), 4.22 (d, J=14.3 Hz, 1H),
4.04–3.94 (m, 2H), 3.19 (d, J=14.5 Hz, 1H), 3.10–3.04 (m, 1H), 2.05–
1.64 ppm (m, 4H); 13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=156.4,
139.3 135.1, 128.0, 127.4, 127.3, 126.9, 126.5, 126.1, 113.4, 68.81, 66.5, 46.2,
30.6, 28.4, 28.1, 27.7, 21.4 ppm; IR (neat): ñ=3906.5, 3867, 3820, 3440,
2924, 2857, 2363, 1636, 1427, 1380, 670 cm�1; MS (FAB): m/z (%): 497.6
(100) [M+Na]+ ; elemental analysis (%) calcd for C28H30N2O5: C 70.87, H
6.37, N 5.90; found: C 70.85, H 6.34, N 5.82.


ACHTUNGTRENNUNG(3R,4S)-3-(4-Benzyloxybenzoylamino)-4-hydroxyazepane-1-carboxylic
acid benzyl ester (22b): Yield=70%; Rf =0.31 (ethyl acetate in hexane,
50%); [a]25


D =�73.6 (c=0.85 in methanol); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=7.20–6.99 (m, 14H; ArH), 5.26–5.14 (m, 4H), 4.45 (s,
1H), 4.33–3.85 (m, 3H), 3.67–3.09 (m, 2H), 3.19 (d, J=14.5 Hz, 1H),
3.10–3.04 (m, 1H), 2.05–1.62 ppm (m, 4H); 13C NMR (75 MHz, CDCl3,


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4675 – 46884684


G. Panda and A. K. Srivastava



www.chemeurj.org





25 8C, TMS): d=157.1, 135.1, 131.1, 130.6, 128.0, 127.4, 127.3, 127.0,
126.5, 126.2, 120.9, 113.5, 72.5, 68.9, 66.5, 55.4, 46.1, 30.6, 28.4, 21.4, 20.5,
12.8 ppm; MS (ESI): m/z (%): 497.2 (100) [M+Na]+ ; elemental analysis
(%) calcd for C28H30N2O5: C 70.87, H 6.37, N 5.90; found: C 70.34, H
6.14, N 5.59.


ACHTUNGTRENNUNG(3S,4S)-3-(4-Benzyloxybenzoylamino)-4-hydroxyazepane-1-carboxylic
acid benzyl ester (22c): Yield=67%; Rf =0.32 (ethyl acetate in hexane,
50%); [a]25


D =++79.6 (c=1.25 in methanol); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=8.20 (d, J=8.7 Hz, 1H), 7.80 (d, J=7.98 Hz, 2H; ArH),
7.47–7.31 (m, 10H; ArH), 7.01 (d, J=8.19 Hz, 2H; ArH), 5.30–5.12 (m,
4H), 4.43 (s, 1H), 4.17 (d, J=14.3 Hz, 1H), 4.01–3.92 (m, 2H), 3.19 (d,
J=14.5 Hz, 1H), 3.10–3.04 (m, 1H), 2.05–1.60 ppm (m, 4H); 13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=156.2, 135.0, 128.0, 127.4, 127.3, 126.9,
126.5, 126.1, 113.4, 72.3, 68.8, 66.3, 55.3, 46.1, 30.4, 28.4, 21.4, 19.1,
12.9 ppm; MS (ESI): m/z (%): 497.2 (100) [M+Na]+ ; elemental analysis
(%) calcd for C28H30N2O5: C 70.87, H 6.37, N 5.90; found: C 70.73, H
6.19, N 5.63.


ACHTUNGTRENNUNG(3S,4R)-3-(4-Benzyloxybenzoylamino)-4-hydroxyazepane-1-carboxylic
acid benzyl ester (22d): Yield=65%; Rf =0.3 (ethyl acetate in hexane,
50%); [a]25


D =++63.65 (c=1.25 in methanol); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=7.81 (d, J=7.98 Hz, 2H), 7.44–7.28 (m, 10H; ArH), 7.01
(d, J=8.19 Hz, 2H; ArH), 5.30–5.12 (m, 4H), 4.45 (s, 1H), 4.20 (d, J=


14.3 Hz, 1H), 4.04–3.94 (m, 2H), 3.18 (d, J=14.5 Hz, 1H), 3.10–3.04 (m,
1H), 2.05–1.63 ppm (m, 4H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=153.6, 138.4, 135.1, 128.0, 127.4, 127.3, 126.9, 126.4, 126.1, 113.4, 68.8,
66.2, 47.8, 46.1, 30.6, 28.4, 27.6, 21.4, 12.8 ppm; MS (ESI): m/z (%): 497.1
(100) [M+Na]+ ; elemental analysis (%) calcd for C28H30N2O5: C 70.87, H
6.37, N 5.90; found: C 70.80, H 6.27, N 5.69.


General Procedure for preparation of amido alcohols 24a–d : The starting
compound (200 mg, 0.424 mmol) was taken up in methanol and a catalyt-
ic amount of HCl was added, followed by Pd/C (10%, 5% w/w). The re-
action mixture was stirred under hydrogen in a Parr apparatus at 40 psi
pressure. The reaction mixture was filtered through Celite, and the fil-
trate was concentrated and dissolved in dry CH2Cl2 (10 mL). Triethyla-
mine (0.5 mL) was added at 0 8C, followed by p-benzyloxybenzoyl chlo-
ride (170 mg, 0.70 mmol). The reaction mixture was stirred at room tem-
perature for 1 h. Solvent was evaporated, and the residue was dissolved
in ethyl acetate. The organic layer was washed with NaHCO3 (5%), fol-
lowed by brine, and dried over sodium sulfate. Chromatography over
silica gel furnished the amido alcohol.


ACHTUNGTRENNUNG(3R,4R)-4-Benzyloxy-N-[4-hydroxy-1-(toluene-4-sulfonyl)-azepan-3-yl]-
benzamide (24a): Yield=73%; Rf =0.3 (ethyl acetate in hexane, 60%);
m.p. 147 8C; [a]25


D =++11.65 (c=0.156 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.97 (d, J=8.8 Hz, 2H; ArH), 7.70 (d, J=


8.8 Hz, 2H; ArH), 7.51–7.32 (m, 7H; ArH), 7.05 (d, J=8.8 Hz, 2H;
ArH), 5.15 (s, 2H; -CH2Ph), 4.90 (br s, 1H; NH), 4.49 (s, 1H; 3-H), 3.89–
3.71 (m, 3H; 2-H, 7-H, 4-H), 2.96–2.88 (m, 2H; 2’-H, 7’-H), 2.46 (s, 3H;
CH3), 2.06–1.95 (m, 6-H), 1.86–1.83 (m, 1H; 5-H), 1.65–1.51 ppm (m,
1H; 5’-H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=168.4, 160.56,
142.78, 135.13, 133.46, 128.69, 128.24, 127.36, 126.84, 126.16, 125.87,
124.46, 113.52, 68.83, 52.01, 47.29, 46.40, 27.24, 21.17, 20.22 ppm; IR
(neat): ñ =3907, 3855, 3804, 3756, 3453, 2933, 2370, 1602, 1347, 1249,
1153, 1092, 756, 660 cm�1; MS (ESI): m/z (%): 517.3 (35) [M+Na]+ ,
495.2 (100) [M+H]+ ; elemental analysis (%) calcd for C27H30N2O5S: C
65.57, H 6.11, N 5.66; found: C 65.37, H 6.04, N 5.64.


ACHTUNGTRENNUNG(3R,4S)-4-Benzyloxy-N-[4-hydroxy-1-(toluene-4-sulfonyl)-azepan-3-yl]-
benzamide (24b): Yield=71%; Rf =0.3 (ethyl acetate in hexane, 60%);
m.p. 142 8C; [a]25


D =++3.65 (c=0.245 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.92 (d, J=8.8 Hz, 2H; ArH), 7.69 (d, J=


8.8 Hz, 2H; ArH), 7.47–7.26 (m, 7H; ArH), 7.05 (d, J=8.8 Hz, 2H;
ArH), 5.12 (s, 2H; CH2Ph), 4.45 (s, 1H; NH), 4.00 (s, 1H; 3-H), 3.88–
3.67 (m, 3H; 4-H, 2-H,7-H), 2.96–2.88 (m, 2H; 2’-H, 7’-H), 2.46 (s, 3H;
CH3), 2.06–1.66 ppm (m, 4H; 5-H, 6-H); 13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=169.8, 161.8, 144.1, 136.3, 134.5, 130.0, 129.5, 129.2,
128.6, 128.1, 127.5, 127.1, 127.0, 125.6, 114.7, 70.1, 53.1, 48.5, 47.4, 29.7,
28.4, 27.7, 22.3, 21.6, 14.1 ppm; IR (neat): ñ=3906.7, 3756.1, 3399.8,
2926.0, 2370.1, 1735.2, 1603.8, 1345.0, 1252.9, 1154.2, 1091.8, 757.2, 659.9,
545.6 cm�1; MS (FAB): m/z (%): 495 (100) [M+H]+ ; elemental analysis


(%) calcd for C27H30N2O5S: C 65.57, H 6.11, N 5.66; found: C 65.53, H
6.10, N 5.38.


ACHTUNGTRENNUNG(3S,4S)-4-Benzyloxy-N-[4-hydroxy-1-(toluene-4-sulfonyl)-azepan-3-yl]-
benzamide (24c): Yield=75%; Rf =0.3 (ethyl acetate in hexane, 60%);
m.p. 137 8C; [a]25


D =�10.72 (c=0.25 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.97 (d, J=8.8 Hz, 2H; ArH), 7.70 (d, J=


8.8 Hz, 2H; ArH), 7.47–7.28 (m, 7H; ArH), 7.05 (d, J=8.8 Hz, 2H;
ArH), 5.14 (s, 2H; CH2Ph), 4.48 (s, 1H; NH), 4.10 (s, 1H; 3-H), 3.86–
3.67 (m, 3H; 4-H, 2-H,7-H), 2.97–2.89 (m, 2H; 2’-H, 7’-H), 2.46 (s, 3H;
CH3), 2.16–1.68 ppm (m, 4H; 5-H, 6-H); 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=168.4, 160.5, 142.8, 135.1, 133.4, 128.7, 128.2, 127.8,
127.3, 126.8, 126.1, 125.8, 124.4, 120.8, 113.5, 68.8, 51.99, 47.2, 46.3, 28.4,
27.2, 21.1, 20.2 ppm; IR (neat): ñ=3906.7, 3756.1, 3399.8, 2926.0, 2370.1,
1735.2, 1603.8, 1345.0, 1252.9, 1154.2, 1091.8, 757.2, 659.9, 545.6 cm�1; MS
(ESI): m/z (%): 517.3 (100) [M+Na]+ , 495.2 (40) [M+H]+ ; elemental
analysis (%) calcd for C27H30N2O5S: C 65.57, H 6.11, N 5.66; found: C
65.52, H 6.05, N 5.52.


ACHTUNGTRENNUNG(3S,4R)-4-Benzyloxy-N-[4-hydroxy-1-(toluene-4-sulfonyl)-azepan-3-yl]-
benzamide (24d): Yield=73%; Rf =0.31 (ethyl acetate in hexane, 60%);
m.p. 141 8C; [a]25


D =�3.72 (c=0.345 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.94 (d, J=8.8 Hz, 2H; ArH), 7.68 (d, J=


8.8 Hz, 2H; ArH), 7.48–7.31 (m, 7H; ArH), 7.02 (d, J=8.8 Hz, 2H;
ArH), 5.16 (s, 2H; CH2Ph), 4.46 (s, 1H; NH), 4.02 (s, 1H; 3-H), 3.88–
3.67 (m, 3H; 4-H, 2-H, 7-H), 2.96–2.90 (m, 2H; 2’-H, 7’-H), 2.43 (s, 3H;
CH3), 2.05–1.82 ppm (m, 4H; 5-H,6-H); IR (neat): ñ=3906.7, 3756.1,
3399.8, 2926.0, 2370.1, 1735.2, 1603.8, 1345.0, 1252.9, 1154.2, 1091.8, 757.2,
659.9, 545.6 cm�1; MS (ESI): m/z (%): 517.3 (100) [M+Na]+ , 495.2 (40)
[M+H]+ ; elemental analysis (%) calcd for C27H30N2O5S: C 65.57, H 6.11,
N 5.66; found: C 65.47, H 6.01, N 5.54.


3,5-Dibenzyloxy-4-[(2-[1,3]dioxan-2-yl-6-methoxymethoxy-phenyl)-hy-
droxy-methyl]-benzoic acid tert-butyl ester (25): n-BuLi (4.5 mL, 1.0m so-
lution in hexane) was added dropwise at �78 8C under nitrogen to a solu-
tion of bromo compound 15 (2 g, 4.27 mmol) in dry THF. The solution
was stirred for 5 min, and then a solution of aldehyde 14 (1.0 g,
3.97 mmol) in THF was added dropwise. The reaction mixture was stirred
at the same temperature for 1 h and then at room temperature for 4 h.
The reaction was quenched with sat. NH4Cl solution. The organic layer
was separated, and the aq. layer was extracted with ethyl acetate. The
combined organic layer was washed with brine and dried over anhydrous
Na2SO4. Chromatography over silica gel afforded alcohol 25 (2.1 g, 79%)
as a sticky solid. Rf =0.3 (ethyl acetate in hexane, 50%); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.45 (d, J=8.7 Hz, 1H; ArH), 7.44–
7.21 (m, 12H; ArH), 7.01 (d, J=8.7 Hz. 1H; ArH), 6.69 (d, J=8.7 Hz,
1H; ArH), 6.06 (s, 1H), 5.33 (d, J=8.9 Hz, 1H), 5.11 (s, 4H), 4.80 (s,
2H), 4.16–4.11 (m, 2H), 3.87 (t, J=15 Hz, 1H), 3.68 (t, J=15 Hz, 1H),
2.98 (s, 3H; OCH3), 2.21–2.09 (m, 1H), 1.58 (s, 9H; OC ACHTUNGTRENNUNG(CH3)3),
1.33 ppm (d, J=14 Hz, 1H); MS (ESI): m/z (%): 665 (59) [M+Na]+ ,
566.9 (100) [M�CO2tBu+Na]+ ; elemental analysis (%) calcd for
C38H42O9: C 71.01, H 6.59; found: C 70.71, H 6.54.


3,5-Dibenzyloxy-4-(2-[1,3]dioxan-2-yl-6-methoxymethoxy-benzoyl)-ben-
zoic acid tert-butyl ester (26): Alcohol 2 (1.5 g) was taken up in dry
CH2Cl2 (50 mL). MnO2 (1.5 g) was added to it in one portion, and the re-
action mixture was stirred for 6 h at room temperature. The solid was fil-
tered through Celite, and the filtrate was concentrated. The residue was
chromatographed over silica gel to furnish the oxidized product 26 (1.4 g)
as a sticky solid. Yield=93.6%; Rf =0.4 (ethyl acetate in hexane, 45%);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.50 (d, J=9.0 Hz, 1H;
ArH), 7.39 (t, J=8.1 Hz, 1H; ArH), 7.30–7.15 (m, 12H; ArH), 7.00 (d,
J=9.0 Hz, 1H; ArH), 5.64 (s, 1H), 5.06 (s, 4H), 4.70 (s, 2H), 4.16–4.11
(m, 2H), 3.80 (t, J=9.0 Hz, 2H), 2.94 (s, 3H; OCH3), 2.21–2.17 (m, 1H),
1.58 (s, 9H; OC ACHTUNGTRENNUNG(CH3)3), 1.33 ppm (d, J=14 Hz, 1H); 13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=165.1, 157.5, 154.2, 139.2, 136.7, 133.8, 131.2,
128.8, 128.1, 128.5, 121.3, 115.6, 106.7, 99.9, 94.6, 83.1, 70.8, 67.7, 56.4,
28.5 ppm; IR (neat): ñ=3954, 3906, 3754, 3428, 2820, 2370, 1595, 1351,
1111 cm�1; MS (ESI): m/z (%): 663.2 (25) [M+Na]+ , 641.1 (100)
[M+H]+ ; elemental analysis (%) calcd for C38H40O9: C 71.23, H 6.29;
found: C 71.03, H 6.12.


Chem. Eur. J. 2008, 14, 4675 – 4688 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4685


FULL PAPERNatural Products



www.chemeurj.org





3,5-Dibenzyloxy-4-(2-formyl-6-methoxymethoxybenzoyl)-benzoic acid
tert-butyl ester (27): Compound 26 (1.2 g, 1.87 mmol) was taken up in
acetone/water (25 mL, 9:1 v/v). A catalytic amount of PTSA was added
to it, and the reaction mixture was heated at reflux for 30 min. The sol-
vent was evaporated and the residue was diluted with ethyl acetate. The
organic layer was washed with water, followed by brine, and dried over
anhydrous Na2SO4. Chromatography over silica gel furnished 27
(900 mg) as a white solid. Yield=86%; Rf =0.5 (ethyl acetate in hexane,
45%); m.p.: 65 8C. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=9.90 (s,
1H; CHO), 7.56–7.10 (m, 15H; ArH), 5.08 (s, 4H), 4.79 (s, 2H), 3.01 (s,
3H; OCH3), 1.60 ppm (s, 9H; OC ACHTUNGTRENNUNG(CH3)3); IR (neat): ñ=3954, 3854,
3777, 3408, 2966, 2368, 1595, 1351, 1161, 1104 cm�1; MS (ESI): m/z (%):
605.1 (100) [M+Na]+ , 582.9 (40) [M+H]+ ; elemental analysis (%) calcd
for C35H34O8: C 72.15, H 5.88; found: C 71.65, H 5.38.


3,5-Dibenzyloxy-4-(2-carboxy-6-methoxymethoxy-benzoyl)-benzoic acid
tert-butyl ester (4): A solution of aldehyde 27 (700 mg, 1.2 mmol) and
NaH2PO4 (50 mg, 0.42 mmol) in acetonitrile/water (16 mL, 6:1 v/v) was
cooled to 0 8C. H2O2 (0.3 mL, 30% solution in water) was added, fol-
lowed by sodium chlorite (0.44 g). The mixture was stirred for 1 h and
the solvent was removed in vacuo. The residue was dissolved in ethyl ace-
tate, and the organic layer was washed with water, followed by brine, and
dried over Na2SO4. Chromatography over silica gel furnished acid 4
(650 mg, 86%) as a sticky solid. Rf =0.4 (methanol in chloroform, 5%);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=8.31 (s, 1H; ArH), 7.44–
7.09 (m, 15H; ArH), 5.07 (dd, J1 =6.7, J2 =35 Hz, 2H), 4.95 (s, 4H), 3.22
(s, 3H; OCH3), 1.59 ppm (s, 9H; OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=163.2, 157.1, 134.8, 133.6, 129.6, 127.7, 127.1, 127, 126.8,
126.6, 126.2, 126.1, 117.7, 116.6, 105.4, 103.6, 93.1, 92.6, 80.7, 69.5, 54.6,
26.8, 24.1, 21.7, 12.7 ppm; IR (neat): ñ=3906, 3858, 3806, 3755, 3652,
3425, 2976, 2368, 1675, 1593, 1354, 111.9 cm�1; MS (FAB): m/z (%): 621.1
(100) [M+Na]+ , 598.9 (70) [M+H]+ , 542.9 (40) [M�tBu]+ ; elemental
analysis (%) calcd for C35H34O9: C 70.22, H 5.72; found: C 70.02, H 5.51.


Benzyl ester 28 : Solid K2CO3 (580 mg, 4.2 mmol) was added to a solution
of compound 4 (500 mg, 0.84 mmol) in dry acetone (15 mL), followed by
benzyl bromide (157 mg, 0.9 mmol). The reaction mixture was heated at
reflux at 70 8C for 1 h, the solid was filtered off, and the filtrate was con-
centrated in vacuo. Chromatography over silica gel furnished compound
28 (540 mg, 94%) as a sticky solid. Rf =0.6 (ethyl acetate in hexane,
25%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.39–7.11 (m, 20H;
ArH), 5.16 (s, 2H), 4.96 (s, 4H), 4.80 (s, 2H), 3.15 (s, 3H; OCH3),
1.61 ppm (s, 9H; OCACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=189.9, 165.4, 163.5, 157.10, 153.3, 134.9, 134.6, 133.8, 132.7, 130.3,
128.6, 126.9, 126.6, 126.4, 126.0, 121.8, 117.1, 105.7, 93.3, 80.4, 69.6, 65.6,
54.5, 30.6, 28.4, 28.0, 26.8, 21.4, 12.7 ppm; IR (neat): ñ =3956, 3906, 3757,
3425, 2816, 2371, 1595, 1351 cm�1; MS (FAB): m/z (%): 711.2 (100)
[M+Na]+ , 688.9 (89) [M+H]+ , 632.9 (20) [M�tBu]+ ; elemental analysis
(%) calcd for C42H40O9: C 73.24, H 5.85; found: C 73.06, H 5.62.


Acid 5 : A solution of compound 28 (500 mg) in dry quinoline (5 mL) was
heated at 195 8C under nitrogen for 1 h. The reaction mixture was diluted
with ether. The organic layer was washed with HCl (2n), followed by
brine, and dried over anhydrous Na2SO4. Chromatography over silica gel
furnished acid 2 (250 mg, 54%) as a sticky brown solid. Rf =0.3 (5%
methanol in chloroform); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


12.05 (s, 1H; CO2H), 7.39–7.08 (m, 20H; ArH), 5.13 (d, J=5.1 Hz, 1H),
4.95 (s, 4H), 4.78 (d, J=5.1 Hz, 1H), 4.58 (s, 2H), 3.60 ppm (s, 3H;
OCH3); MS (ESI): m/z (%): 655.1 (100) [M+Na]+ , 632.8 (39) [M]+ ,
599.0 (9) [M�OCH3]


+ , 576.8 (10) [M�tBu]+ ; elemental analysis (%)
calcd for C38H32O9: C 72.14, H 5.10; found: C 72.02, H 4.98.


General Procedure for Mukaiyama esterification : Amido alcohol
(1 mmol), acid 5 (1 mmol), and 2-chloro-1-methylpyridinium iodide
(1.3 mmol) were taken up in dry CH2Cl2 (10 mL). Et3N (1.5 mmol) was
added, and the reaction mixture was stirred at room temperature. A cata-
lytic amount of DMAP was added after 30 min, and the mixture was
stirred for 1 h. The solvent was removed, and the residue was chromato-
graphed over silica gel to furnish the coupled product.


ACHTUNGTRENNUNG(3R,4R)-3-(4-Benzyloxy-benzoylamino)-4-[3,5-dibenzyloxy-4-(2-benzyl-
ACHTUNGTRENNUNGoxycarbonyl-6-methoxymethoxy-benzoyl)-benzoyloxy]-azepane-1-carbox-
ylic acid benzyl ester (30a): Yield=82%; Rf =0.4 (ethyl acetate in


hexane, 45%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (3:1 rotameric
mixture) d=7.64 (d, J=8.7 Hz, 2H; ArH), 7.49–6.81 (m, 30H; ArH),
6.82 (d, J=8.7 Hz, 2H; ArH), 5.31 (d, J=7.9 Hz, 1H), 5.19–4.69 (m,
12H), 3.98 (pseudo t, 1H), 3.71–3.21 (m, 3H), 3.18–3.03 (m, 2H), 3.02 (s,
3H; OCH3), 2.23–1.64 ppm (m, 4H); IR (neat): ñ=3864, 3447, 2922,
2358, 1638, 1461, 1380, 1256, 764, 670 cm�1; MS (ESI): m/z (%): 1091.2
(20) [M+Na]+ , 1089.2 (100) [M]+ , 1089.2 (100) [M]+ ; elemental analysis
(%) calcd for C66H60N2O13: C 72.78, H 5.55, N 2.57; found: C 72.71, H
5.52, N 2.49.


ACHTUNGTRENNUNG(3R,4S)-3-(4-Benzyloxybenzoylamino)-4-[3,5-dibenzyloxy-4-(2-benzyloxy-
carbonyl-6-methoxymethoxy-benzoyl)-benzoyloxy]-azepane-1-carboxylic
acid benzyl ester (30b): Yield=86%; Rf =0.4 (ethyl acetate in hexane,
45%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (3:1 rotameric mix-
ture)[3] d =8.18 (m, 1H), 7.64 (d, J=8.7 Hz, 2H; ArH), 7.46–7.07 (m,
32H; ArH), 6.82 (d, J=8.7 Hz, 2H; ArH), 5.31 (d, J=7.9 Hz, 1H), 5.20–
4.76 (m, 12H), 4.18 (br s, 1H), 3.81–3.34 (m, 3H), 3.18–2.98 (m, 2H), 3.08
(s, 3H; OCH3), 2.16–1.60 ppm (m, 4H); MS (FAB): m/z (%): 1090.2 (45)
[M+H]+ , 1089.2 (100) [M]+ ; elemental analysis (%) calcd for
C66H60N2O13: C 72.78, H 5.55, N 2.57; found: C 72.69, H 5.48, N 2.52.


ACHTUNGTRENNUNG(3S,4S)-3-(4-Benzyloxybenzoylamino)-4-[3,5-dibenzyloxy-4-(2-benzyloxy-
carbonyl-6-methoxymethoxy-benzoyl)-benzoyloxy]-azepane-1-carboxylic
acid benzyl ester (30c): Yield=82%; Rf =0.41 (ethyl acetate in hexane,
45%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (3:1 rotameric mixture)
d=7.63 (d, J=8.7 Hz, 2H; ArH), 7.58–6.92 (m, 30H; ArH), 6.85–6.77
(m, 2H; ArH), 5.31 (d, J=7.9 Hz, 1H), 5.19–4.61 (m, 12H), 4.00 (pseu-
do t, 1H), 3.86–3.21 (m, 3H), 3.18–3.03 (m, 2H), 3.02 (s, 3H; OCH3),
2.34–1.64 ppm (m, 4H); MS (FAB): m/z (%): 1090.1 (70) [M+H]+ ,
1089.2 (100) [M]+ ; elemental analysis (%) calcd for C66H60N2O13: C
72.78, H 5.55, N 2.57; found: C 72.73, H 5.51, N 2.51.


ACHTUNGTRENNUNG(3S,4R)-3-(4-Benzyloxybenzoylamino)-4-[3,5-dibenzyloxy-4-(2-benzyloxy-
carbonyl-6-methoxymethoxy-benzoyl)-benzoyloxy]-azepane-1-carboxylic
acid benzyl ester (30d): Yield=84%; Rf =0.4 (ethyl acetate in hexane,
45%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (3:2 rotameric mixture)
d=7.64 (d, J=8.7 Hz, 2H; ArH), 7.39–6.07 (m, 30H; ArH), 6.89 (br s,
2H; ArH), 5.38 (d, J=7.9 Hz, 1H), 5.16–4.74 (m, 12H), 4.02 (pseudo t,
1H), 3.81–3.41 (m, 3H), 3.21–3.03 (m, 2H), 3.02 (s, 3H; OCH3), 2.15–
1.63 ppm (m, 4H; 5,6-H); MS (FAB): m/z (%): 1090.2 (65) [M+H]+ ,
1089.2 (100) [M]+ ; elemental analysis (%) calcd for C66H60N2O13: C
72.78, H 5.55, N 2.57; found: C 72.74, H 5.49, N 2.47.


ACHTUNGTRENNUNG(3R,4R) derivative (31a): Yield=83%; Rf =0.30 (ethyl acetate in hexane,
40%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (mix of rotamers 3:2)
d=7.83 (d, J=8.8 Hz, 2H; ArH), 7.69 (d, J=8.8 Hz, 2H; ArH), 7.46–
7.04 (m, 27H; ArH), 6.91 (d, J=8.8 Hz, 2H; ArH), 5.32 (d, J=8.3 Hz,
1H), 5.10 (s, 2H; CH2OCH3), 4.99 (s, 2H; CH2Ph), 4.96 (s, 2H; CH2Ph),
4.81–4.80 (m, 1H), 4.76 (s, 2H; OCH2Ph), 3.98–3.91 (m, 1H), 3.73 (dd,
J1 =3.99 Hz, J2 =14.7 Hz, 1H), 3.15 (dd, J1 =3.3 Hz, J2 =14.7 Hz, 1H),
3.05 (s, 3H; CH2OCH3), 2.97–2.91 (m, 1H), 2.43 (s, 3H; CH3), 2.32–2.29
(m, 1H), 2.22–2.04 (m, 2H), 1.98–1.83 ppm (m, 2H); IR (neat): ñ=


3931.0, 3906.0, 3857.8, 3756.1, 3425.7, 2371.3, 1597.3, 1350.2, 1158.0,
1110.3, 1016.0, 753.5, 695.8 cm�1; MS (ESI): m/z (%): 1090.2 (60)
[M+H]+ , 1089.2 (100) [M]+ ; elemental analysis (%) calcd for
C65H60N2O13S: C 70.38, H 5.45, N 2.53; found: C 70.32, H 5.39, N 2.48.


ACHTUNGTRENNUNG(3R,4S) derivative 31b : Yield=89%; Rf =0.32 (ethyl acetate in hexane,
40%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (mix of rotamers) d=


7.81 (d, J=8.8 Hz, 2H; ArH), 7.67 (d, J=8.25 Hz, 2H; ArH), 7.38–7.02
(m, 27H; ArH), 6.89 (d, J=8.8 Hz, 2H; ArH), 5.29 (brs, 1H), 5.08 (s,
2H; CH2OCH3), 4.97 (s, 2H; CH2Ph), 4.90 (s, 2H; CH2Ph), 4.81–4.78 (m,
1H), 4.74 (s, 2H; OCH2Ph), 3.97–3.90 (m, 1H), 3.71 (dd, J1 =4.18 Hz,
J2 =14.6 Hz, 1H), 3.14 (dd, J1 =3.14 Hz, J2 =14.7 Hz, 1H), 3.06 (s, 3H;
CH2OCH3), 2.97–2.90 (m, 1H), 2.43 (s, 3H; CH3), 2.34–2.25 (m, 1H),
2.22–2.09 (m, 2H), 1.98–1.87 ppm (m, 2H); IR (neat): ñ =3931.0, 3906.0,
3857.8, 3756.1, 3425.7, 2371.3, 1597.3, 1350.2, 1158.0, 1110.3, 1016.0, 753.5,
695.8 cm�1; MS (ESI): m/z (%): 1090.2 (60) [M+H]+, 1089.2 (100) [M]+ ;
elemental analysis (%) calcd for C65H60N2O13S: C 70.38, H 5.45, N 2.53;
found: C 70.31, H 5.41, N 2.45.


ACHTUNGTRENNUNG(3S,4S) derivative 31c : Yield=93%; Rf =0.31 (ethyl acetate in hexane,
40%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (mix of rotamers) d=


7.81 (d, J=8.8 Hz, 2H; ArH), 7.66 (d, J=8.25 Hz, 2H; ArH), 7.38–7.02


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4675 – 46884686


G. Panda and A. K. Srivastava



www.chemeurj.org





(m, 27H; ArH), 6.89 (d, J=8.8 Hz, 2H; ArH), 5.31 (brs, 1H), 5.10 (s,
2H; CH2OCH3), 4.98 (s, 2H; CH2Ph), 4.90 (s, 2H; CH2Ph), 4.81–4.78 (m,
1H), 4.76 (s, 2H; OCH2Ph), 3.98–3.89 (m, 1H), 3.72 (dd, J1 =4.17 Hz,
J2 =14.8 Hz, 1H), 3.14 (dd, J1 =3.36 Hz, J2 =14.5 Hz, 1H), 3.06 (s, 3H;
CH2OCH3), 2.97–2.90 (m, 1H), 2.43 (s, 3H; CH3), 2.34–2.25 (m, 1H),
2.22–2.09 (m, 2H), 1.98–1.87 ppm (m, 2H); IR (neat): ñ =3931.0, 3906.0,
3857.8, 3756.1, 3425.7, 2371.3, 1597.3, 1350.2, 1158.0, 1110.3, 1016.0, 753.5,
695.8 cm�1; MS (ESI): m/z (%): 1109.0 (100) [M+Na]+ ; elemental analy-
sis (%) calcd for C65H60N2O13S: C 70.38, H 5.45, N 2.53; found: C 70.30,
H 5.31, N 2.51.


ACHTUNGTRENNUNG(3S,4R) derivative 31d : Yield=87%; Rf =0.31 (ethyl acetate in hexane,
40%); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): (mix of rotamers 3:2)
d=7.83 (d, J=8.8 Hz, 2H; ArH), 7.69 (d, J=8.8 Hz, 2H; ArH), 7.40–
7.09 (m, 27H; ArH), 6.92 (d, J=8.8 Hz, 2H; ArH), 5.31 (d, J=8.3 Hz,
1H), 5.09 (s, 2H; CH2OCH3), 4.98 (s, 2H; CH2Ph), 4.91 (s, 2H; CH2Ph),
4.81–4.80 (m, 1H), 4.76 (s, 2H; OCH2Ph), 3.98–3.92 (m, 1H), 3.73 (dd,
J1 =3.99 Hz, J2 =14.7 Hz, 1H), 3.15 (dd, J1 =3.3 Hz, J2 =14.7 Hz, 1H),
3.07 (s, 3H; CH2OCH3), 2.97–2.91 (m, 1H), 2.45 (s, 3H; CH3), 2.32–2.29
(m, 1H), 2.22–2.04 (m, 2H), 1.98–1.83 ppm (m, 2H); IR (neat): ñ=


3931.0, 3906.0, 3857.8, 3756.1, 3425.7, 2371.3, 1597.3, 1350.2, 1158.0,
1110.3, 1016.0, 753.5, 695.8 cm�1; MS (ESI): m/z (%): 1090.2 (60)
[M+H]+ , 1089.2 (100) [M]+ ; elemental analysis (%) calcd for
C65H60N2O13S: C 70.38, H 5.45, N 2.53; found: C 70.29, H 5.35, N 2.46.


General procedure for deprotection : A catalytic amount of HCl was
added to a solution of a fully protected balanol derivative in methanol.
The reaction mixture was heated to 50 8C and stirred at same tempera-
ture for 3 h. The solvent was evaporated, and the residue was debenzylat-
ed by NicolaouHs procedure[39] to afford the balanol derivative.


ACHTUNGTRENNUNG(3R,4R)-Balanol (1a): [a]25
D =�107 (c=0.252 in methanol); 1H NMR


(300 MHz, CD3OD, 25 8C, TMS): d=7.60 (d, J=8.7 Hz, 2H; ArH), 7.25
(d, J=7.8 Hz, 1H; ArH), 7.17 (t, J=7.8 Hz, 1H; ArH), 6.92 (s, 2H;
ArH), 6.80 (d, J=7.8 Hz, 1H; ArH), 6.76 (d, J=8.7 Hz, 2H; ArH), 5.29
(m, 1H; 4-H), 4.32 (brm, 1H; 3-H), 3.42–2.98 (brm, 4H; 2,7-H), 1.84–
2.12 ppm (brm, 4H; 5,6-H); MS (ESI): m/z (%): 551.6 (100) [M+H]+ ; el-
emental analysis (%) calcd for C28H26N2O10: C 61.09, H 4.76, N 5.09;
found: C 60.99, H 4.72, N 5.01.


ACHTUNGTRENNUNG(3R,4S)-Balanol (1b): [a]25
D =�64 (c=0.252 in methanol); 1H NMR


(300 MHz, CD3OD, 25 8C, TMS): d=7.60 (d, J=8.7 Hz, 2H; ArH), 7.25
(d, J=7.8 Hz, 1H; ArH), 7.17 (t, J=7.8 Hz, 1H; ArH), 6.92 (s, 2H), 6.80
(d, J=7.8 Hz, 1H; ArH), 6.76 (d, J=8.7 Hz, 2H; ArH), 5.30 (m, 1H; 4-
H), 4.45 (brm, 1H; 3-H), 3.32–2.97 (brm, 4H; 2,7-H), 2.12–1.78 ppm
(brm, 4H; 5,6-H); MS (ESI): m/z (%): 551.2 (100) [M+H]+ ; elemental
analysis (%) calcd for C28H26N2O10: C 61.09, H 4.76, N 5.09; found: C
60.89, H 4.69, N 5.03.


ACHTUNGTRENNUNG(3S,4S)-Balanol (1c): [a]25
D =++97.8 (c=0.331 in methanol); 1H NMR


(300 MHz, CD3OD, 25 8C, TMS): d=7.60 (d, J=8.7 Hz, 2H; ArH), 7.25
(d, J=7.8 Hz, 1H; ArH), 7.17 (t, J=7.8 Hz, 1H; ArH), 6.92 (s, 2H), 6.80
(d, J=7.8 Hz, 1H; ArH), 6.76 (d, J=8.7 Hz, 2H; ArH), 5.19 (m, 1H; 4-
H), 4.35 (brm, 1H; 3-H), 3.47–3.03 (brm, 4H; 2,7-H), 2.12–1.74 (brm,
4H; 5,6-H); MS (ESI): m/z (%): 551.5 (100) [M+H]+ ; elemental analysis
(%) calcd for C28H26N2O10: C 61.09, H 4.76, N 5.09; found: C 60.91, H
4.67, N 5.00.


ACHTUNGTRENNUNG(3S,4R)-Balanol (1d): [a]25
D =++54 (c=0.321 in methanol); 1H NMR


(300 MHz, CD3OD, 25 8C, TMS): d=7.60 (d, J=8.7 Hz, 2H; ArH), 7.25
(d, J=7.8 Hz, 1H; ArH), 7.17 (t, J=7.8 Hz, 1H; ArH), 6.92 (s, 2H), 6.80
(d, J=7.8 Hz, 1H; ArH), 6.76 (d, J=8.7 Hz, 2H; ArH), 5.51 (m, 1H; 4-
H), 4.51 (brm, 1H; 3-H), 3.32–3.07 (brm, 4H; 2,7-H), 2.12–1.78 ppm
(brm, 4H; 5,6-H); MS (ESI): m/z (%): 551.6 (100) [M+H]+ ; elemental
analysis (%) calcd for C28H26N2O10: C 61.09, H 4.76, N 5.09; found: C
60.94, H 4.70, N 4.91.


N-Tosyl-(R,R)-balanol (2a): Yield=89%; Rf =0.3 (MeOH in CHCl3,
60%); [a]25


D =�48.3 (c=0.121 in methanol); 1H NMR (300 MHz,
CD3OD, 25 8C, TMS): d =7.76 (t, J=7.9 Hz, 3H; ArH), 7.66 (d, J=


8.6 Hz, 1H; ArH), 7.43 (t, J=7.32 Hz, 2H; ArH), 7.22 (t, J=8.5 Hz, 2H;
ArH), 6.94 (d, J=7.8 Hz, 1H; ArH), 6.93 (s, 2H; ArH), 6.80 (d, J=


8.7 Hz, 2H; ArH), 5.38 (d, J=9.3 Hz, 1H; 4-H), 4.51 (brm, 1H; 3-H),
3.56 (br s, 2H; 2,7-H), 3.42 (br s, 2H; 2,7-H), 2.44 (s, 3H; CH3), 2.37–2.21
(brm, 2H; 5,6-H), 1.93–1.87 ppm (brm, 2H; 5,6-H); IR (neat): ñ=


3827.8, 3751.1, 3421.7, 2371.3, 1697.3, 1351.2, 1058.0, 1016.0, 753.5,
695.8 cm�1; MS (ESI): m/z (%): 727.2 (100) [M+Na]+ ; elemental analysis
(%) calcd for C35H32N2O12S: C 59.65, H 4.58, N 3.98; found: C 59.59, H
4.51, N 3.78.


ACHTUNGTRENNUNG(3R,4R)-3-tert-Butoxycarbonylamino-4-hydroxy-azepane-1-carboxylic
acid benzyl ester (32): Compound 21a (70 mg, 0.172 mmol) was taken up
in dry CH2Cl2 (10 mL), trimethylsilyl bromide (0.034 mL, 0.258 mmol)
was added at 0 8C, and the reaction mixture was stirred at room tempera-
ture for 4 h. The solvent was removed, and the residue was dissolved in
diethyl ether. The organic layer was washed with aqueous NaHCO3, fol-
lowed by brine, and the organic layer was dried on anh. Na2SO4 and
evaporated in vacuo. The residue was passed through a small silica pad
and was used for the next step without further purification. Crude yield:
75%; Rf =0.4 (ethyl acetate in hexane, 35%), Crude MS (ESI): m/z (%):
387.2 (100) [M+Na]+ ; elemental analysis (%) calcd for C19H28N2O5: C
62.62, H 7.74, N 7.69; found: C 62.58, H 7.67, N 7.59.


ACHTUNGTRENNUNG(3R,4R)-4-(4-Benzyloxybenzoyloxy)-3-tert-butoxycarbonylamino-aze-
pane-1-carboxylic acid benzyl ester (33): Compound 32 (50 mg,
0.137 mmol), p-benzyloxy-benzoic acid (36.2 mg, 0.164 mmol), and 2-
chloro-1-methylpyridinium iodide (52.5 mg, 0.206 mmol) were taken up
in dry CH2Cl2 (5 mL). Triethylamine (0.04 mL, 0.274 mmol) was added,
and the reaction mixture was stirred for one hour. After completion of
the reaction, solvent was evaporated, and the residue was chromato-
graphed to furnish the pure product 33 as a sticky solid. Yield=75 mg
(95%); Rf =0.6 (ethyl acetate in hexane, 40%); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d =7.97 (d, J=8.7 Hz, 2H; ArH), 7.93–7.31 (m,
10H; ArH), 6.97 (d, J=8.7 Hz, 2H; ArH), 5.28–5.08 (m, 4H), 4.16 (br s,
1H), 3.68–3.50 (brm, 4H), 2.18 (br s, 1H), 1.98–1.61 (brm, 4H), 1.40 ppm
(s, 9H; -OC ACHTUNGTRENNUNG(CH3)3);


13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =164.3,
153.7, 138.5, 130.4, 127.4, 127.2, 126.9, 126.6, 126.4, 126.1, 113.3, 78.4,
68.8, 66.3, 66.1, 45.8, 28.4, 27.0 ppm; IR (neat): ñ =3766, 3452, 3221, 1736,
1692, 1112, 760 cm�1; MS (ESI): m/z (%): 597.1 (100) [M+Na]+ , 575.2
(75) [M+H]+ , 418 (60) [M�tBu]+ , 475.2 (45) [M�tBoc]+ ; elemental
analysis (%) calcd for C33H38N2O7: C 68.97, H 6.67, N 4.87; found: C
68.91, H 6.59, N 4.74.


Fully protected ophiocordin (35): Compound 33 (25 mg, 0.05 mmol) was
taken up in dry CH2Cl2. TFA in CH2Cl2 (5%) was added, and the reac-
tion mixture was stirred at room temperature for 2 h. After consumption
of all of the starting material, solvent was evaporated. Co-evaporation
was performed twice with CH2Cl2 to remove the excess TFA. The residue
was dried and again dissolved in CH2Cl2. Acid 4 (30 mg, 0.05 mmol) and
2-chloro-1-methylpyridinium iodide (27 mg, 0.105 mmol) were added, fol-
lowed by tri-n-butylamine (0.035 mL, 0.150 mmol), and the reaction mix-
ture was stirred at room temperature. A catalytic amount of DMAP was
added after 30 min, and the system was stirred for 1 h. The solvent was
removed, and the residue was chromatographed over silica gel to furnish
the coupled product 35 (7 mg, 35%). Some starting material 34 was re-
covered (15 mg). (3:1.5 rotameric mixture); 1H NMR (600 MHz, CDCl3,
25 8C, TMS): d=8.02 (d, J=12 Hz, 2H; ArH), 7.49–7.00 (m, 43H; ArH),
5.16–4.92 (m, 10H), 4.22 (br s, 2H), 3.78–3.6 (m, 4H), 3.31 (s, 3H), 3.29
(s, 3H), 2.43–2.31 (m, 1H), 2.21–1.8 (m, 4H), 1.55 ppm (s, 9H); MS
(ESI): m/z (%): 1077.2 (10) [M+Na]+ , 1055.1 (100) [M+H]+ , 999.1 (15)
[M�tBu]+ ; elemental analysis (%) calcd for C63H62N2O13: C 71.71, H
5.92, N 2.65; found: C 71.65, H 5.87, N 2.60.
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Synthesis of Copper Dendrite Nanostructures by a Sonoelectrochemical
Method


Iris Haas,[a] Sangaraju Shanmugam,[b] and Aharon Gedanken*[a]


Introduction


In recent years, much attention has focused on well-defined
nanostructured metals, such as nanoparticles, nanocubes,
nanotetrahedrals, nanowires, and nanorods, because of the
influence of their size and shape on their electronic, optical
and catalytic properties.[1,2] It is well-known that catalytic re-
activity depends not only on the size of the metallic nano-
particles, but also on their shape.[3,1b] Therefore, the synthe-
sis of colloidal particles with controlled shapes and sizes is
important. Several synthetic methods have been employed
for the preparation of colloidal metal solutions. These meth-
ods generally involve the reduction of the relevant metallic
ion in the presence of a suitable surfactant, which is useful
for controlling the growth of the metal particles.[4] There are
already some reports on the synthesis of colloidal-metal so-
lutions that contain Ag,[5–7] Au,[8] Pt,[9] Pd,[10] Zn,[11] and Cu[12]


with a dendritic structure. The techniques employed in these
reports include electrochemical deposition, vapor-phase
polymerization, photoreduction by ultraviolet irradiation,
pulse sonoelectrochemistry,[6,10] and a template approach.


Previous studies have shown that the growth of dendritic
copper nanostructures can be achieved by an electrodeposi-
tion method without using a stabilizer.[12] Other studies have
revealed that polyvinyl alcohol (PVA) plays a significant
role in the formation and growth of Ag dendrites.[5] Rogach
and co-workers have demonstrated that PVA forms a film-
type polymeric matrix that stabilizes the Ag particles.[5b] In
addition, nanostructure dendrites of Ag[6] and Pd[10] can be
synthesized sonoelectrochemically by increasing the dura-
tion of the experiment.
Herein, we present a surfactant-assisted (PVA) sonoelec-


trochemical method for the fabrication of copper dendritic
nanostructures. We have succeeded in obtaining a SEM
image of the electrode after one electric pulse, before the
material is removed from the electrode by the subsequent
sonic pulse. This has allowed us to discuss and answer the
question as to whether the dendritic structure obtained by
sonoelectrochemistry is formed at one of the following three
stages: 1) on the electrode (cathode) after the electrodeposi-
tion of the metallic copper, 2) in the solution after the re-
moval of the copper from the electrode surface, and 3) on
the TEM copper/carbon grid. The current investigation has
also revealed that the sonoelectrochemical parameters, and
the nanoparticle concentration and size, determine dendrite
formation. It is worth noting that Nabiev and co-workers
have also found that the formation of dendrites is dependent
on the concentration of the nanoparticles.[2] We have used a
model developed by Rabani and co-workers to explain the
formation of the dendrites upon varying the various sono-
electrochemical parameters.[13]


Keywords: copper · dendrimers ·
nanostructures · polyvinyl alcohol ·
sonoelectrochemistry


Abstract: Copper dendrites have been prepared by a sonoelectrochemical process
from an aqueous solution of Cu2+ in the presence of polyvinyl alcohol. A SEM
image of the morpholohy of the copper formed on the electrode after one electric
pulse is presented. A subsequent sonic pulse removes the copper from the elec-
trode surface, cleaning it for the next step. The formation of the dendrites is ac-
counted for by the “drying-mediated self-assembly of nanoparticles” theory.
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Results and Discussion


Sonoelectrochemical process : In a previous paper[14] we de-
scribed the same sonoelectrochemical technique as that
used herein, but with poly(N-vinyl pyrrolidone) (PVP) as
the stabilizer. In the previous study, many parameters were
found that determine the size of the copper nanoproducts,
herein we focus on the parameters that determine the shape
of the nanoparticles. We found that a copper fractal struc-
ture was obtained in the sonoelectrochemical processes
when the reaction was conducted in the presence of PVA
(Figure 1). The size of the copper dendrites was around 1–
2 mm. Figure 2 presents a typical high resolution TEM
(HRTEM) image of the product. This TEM image presents
a closer look at the dendrite morphology. These fractals con-
sist of small copper particles
the sizes of which are (8.5�
1.5) nm. Figure 2d depicts the
HRTEM fringes of an individu-
al copper particle obtained for
a pulse width of 300 ms. The
length of the lattice fringes was
0.208 nm, which corresponds
well with the d value of the
(111) plane of Cu0 (0.208 nm
according to JCPDS 4–836).
The sonoelectrochemical pro-


cess is composed of a current
pulse that is immediately fol-
lowed by a sonic pulse. Because
it is well-known from the litera-
ture that dendrites can be syn-
thesized by an electrochemical
process,[11] we began to analyze
whether there is a relationship
between the particles deposited
on the electrode and the den-
drite structure. We have exam-
ined the structure of the prod-
uct formed after one electric
pulse, namely, only the electro-
chemical process. This was
done by capturing an SEM
image of the electrodeKs surface
after one electric pulse. The
AFM image observed after one
current pulse (without the sub-
sequent sonic pulse) shows the
formation of flowerlike struc-
tures deposited on the elec-
trode (Figure 3); each flower is
composed of 4–10 petals. The
copper flowers in Figure 3 are
synthesized by a current pulse
with a width of 300 ms. The di-
mensions of this flower are
450M175 nm2. Figure 4 (top)


Figure 1. TEM image of the dendrite morphology observed for a current
pulse width of 300 ms in the presence of PVA.


Figure 2. a–c) TEM images of copper dendrites synthesized at a current pulse width of 300 ms, d) fringes of an
individual copper particle, and e) a histogram of the sizes of individual copper particles.
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shows SEM images of the flowers deposited on the elec-
trode after one pulse of electricity had passed through the
solution. The size of the flowers was measured as a function
of the pulse width (Table 1).
It is observed that as the width of the current pulse in-


creased, the size of the copper flowers also increased. When
examining the flowers under high magnification, we found
that each flower was constructed from small nanoparticles.
In addition, as the current pulse width increased, the size of
the copper nanoparticles increased. Further examinations of
the flowers were performed to find out whether there are
pores inside them. By using a surface-area analyzer (BET),
it was found that the flowers do not contain pores and have
very low surface areas (2 m2g�1). Low-angle XRD (2q=0.5–
108) did not show any diffraction peaks assigned to meso-
pore or micropore formation, which confirmed that there
are no pores inside the flowers. A SEM image taken after
one electric pulse and one sonic pulse had passed through
the solution revealed that the flowers were completely re-
moved from the electrode by the sonic pulse. Thus, it was
concluded that dendrites were not formed on the electrode.
The experiments also indicate that, upon removal of the


flowers from the electrode surface, they most probably dis-
integrate into individual nanoparticles.
We calculated the fractal dimensions of the dendrites as a


function of two different parameters, namely, the duration
of the sonoelectrochemical experiment (the current pulse
width was kept constant at 300 ms) and the different electric
pulse widths of the sonoelectrochemical experiment (the du-
ration of the experiment was kept constant at 30 min). The
fractal dimensions are 1.79�0.02, 1.76�0.02, and 1.75�0.02
for the sonoelectrochemical runs of, 10, 20, and 30 min, re-
spectively, or 1.75�0.02 and 1.79�0.02 for pulse widths of
300 and 400 ms. The results show that within the experimen-
tal error the fractal dimension is independent of the dura-
tion of the experiment or the pulse widths.
What remains to be elucidated is where the dendrites are


formed. Are they formed on the TEM grid, or are they per-
haps already formed in the solution? If they are formed on
the grid, then perhaps their formation is dependent on


1) the nature of the substrate and/or
2) the size of the copper nanoparticles and/or
3) the concentration of the copper nanoparticles.


To address the first possibility, the solution obtained from
the 300 ms pulse width, which produced a dendritic structure
when deposited on the copper/carbon grid, was deposited
on a gold grid. Figure 5a shows the TEM image, that result-
ed from this experiment. The TEM image from this experi-
ment (Figure 5a) shows dispersed nanoparticles, which are
spread all over the grid, rather than dendrites (33�5) nm.
In addition, this experiment was reproduced with the solu-
tion obtained from an 800 ms current pulse width. The gen-
eral features of the TEM image were similar to those ob-
tained for the 300 ms pulse. The dispersed nanoparticles
(29�5) nm were spread all over the grid and no dendrites
were formed. These experiments clearly show that the
nature of the grid and the nanoparticles determine whether
dendrites will be formed.
Additional experiments were carried out to clarify the


second possibility, that is, whether the size of copper nano-
particles encourages dendrite formation. Sonoelectrochemi-
cal formation of a dispersion of copper nanoparticles from
solution was studied by varying the different parameters,
namely, current and current pulse width, that control parti-
cle size. Before addressing the second possibility in more
detail, results of size-related experiments will be presented.
Figure 6 shows the absorbance spectra of aqueous colloi-


dal solutions of copper nanoparticles. An absorption band at
590 nm was observed that is due to the surface plasmons of
the copper nanoparticles. It is well-known that colloidal sol-
utions of metallic nanoparticles exhibit absorption bands in
the UV/Vis region due to collective excitations of their free
electrons (surface plasmon band).[14,15] The current flowing
through the sonoelectrochemical cell affects the surface
plasmon peak position of the synthesized copper nanostruc-
tures. When the current was set at 50, 90, and 160 mA, sur-
face plasmon bands were observed at 590, 616, and 626 nm,


Figure 3. a) An AFM image of flowerlike structures deposited on the
electrode after one electric pulse (300 ms wide). b) Morphological graph
of the flowerlike structures.
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respectively (Figure 6). The most pronounced plasmon peak
was observed at 160 mA, whereas at 50 mA, it was hardly


seen at all. The dispersed
copper particles were stable for
half a day, after which time a
red precipitate was detected at
the bottom of the flask. To ex-
plain the dependence of the
plasmon peak position on the
pulse current, whilst acknowl-
edging that the plasmon ab-
sorption depends on the parti-
cle size,[14] we measured the
SEM image of the electrode
surface after one electric pulse.
These measurements were car-
ried out at a constant pulse
width of 300 ms, only varying
the current to 160, 90, and
50 mA, identical to the currents
used for the plasmon measure-
ments. We have found that as
the current decreases, the size
of the copper nanoparticles in-
creases. According to Table 2,
stronger currents led to smaller
flowers and smaller nanoparti-
cles. Similar results on current
variations with particle size
were observed by Rodriquez-
Sanchez et al.[16] and in our pre-
vious paper on Cu–PVP.[14]


We can thus conclude that at
a current of 160 mA, which cre-
ates the smallest nanoparticles,
the lowest-energy plasmon
band (626 nm) is measured. To
explain the dependence of the
plasmon peak position on the
morphology, whilst acknowledg-
ing that plasmon absorption de-
pends on the nanostructure, we
have measured TEM images
taken for the same three cur-
rents. The TEM measurements
showed a dendritic morphology
at a current of 160 mA, whereas
for currents of 90 and 50 mA,


spherical morphology was detected (Table 2). From the data
in Table 2 and Figure 6, we can attribute the absorption
peak that appeared at 626 nm to a dendritic nanostructure
and the absorption peaks at 590 and 616 nm to the spherical
morphology. The dendritic nanostructure shifts absorption
to the red region of the spectrum. Zhu et al. observed simi-
lar results for Ag dendrites.[6a] Whereas Ag dendrites re-
vealed a plasmon band at 413 nm, the spherical Ag particles
showed an absorption band at 383 nm.
The second sonoelectrochemical parameter controlling


particle size is the current pulse width. All the other experi-


Figure 4. SEM images (top) of the electrode surface after one electric pulse and related size distribution plots
(bottom) of individual copper particles at different pulse widths: a) 300, b) 400, c) 600, and d) 800 ms


Table 1. Effect of current pulse width on the size of a copper particles.[a]


Current pulse width
[ms]


Flower width
[nm]


Flower height
[nm]


Particle size
[nm]


300 135�10 110�10 33�2
400 165�10 135�10 35�2
600 205�10 155�10 37�3
800 230�20 190�20 44�1


[a] Current=160 mA.
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mental conditions were kept constant. When the current
pulse width was varied, the copper-nanoparticle morphology
changed (Figures 1 and 7). The two main structures of the
copper product that were obtained from sonoelectrochemi-


cal syntheses had dendritic (Figure 1), and dense-wire mor-
phologies (Figure 7a,b). A dendrite morphology was ob-
served for current pulse widths in the range of 300–400 ms,
whereas for current pulse widths between 600 and 800 ms,
we obtained a dense wire morphology. The length of the
dense wires was �2 mm, and their width varied between 20
and 50 nm. Figure 8a,b presents a closer look at the dense-
wire morphology, which was obtained with an 800 ms cur-
rent pulse width. These wires consist of small copper parti-
cles the sizes of which are around (2.5�0.5) nm. In the mag-
nified image in Figure 8 b, we clearly observe that small
copper particles are embedded in a 2 mm polymer strip. We
detect the PVA wire, an organic molecule, in the TEM
image because of the dispersion of small clusters of copper
in the PVA layer.
The next parameter that was examined was the sonoelec-


trochemical parameter that controls the copper nanoparticle
concentration. The nanoparticle concentration is expressed
by different time periods of the sonoelectrochemical experi-
ment (the current pulse width is kept constant at 300 ms).
The results showed dendritic morphology at run times of 5,
10, 20, and 30 min. The spherical morphology was observed
at 2 min. The molar ratios of Cu0/PVA were 0.91:1, 0.038:1,
0.019:1, 0.009:1, and 0.006:1 for experimental times of 2, 5,
10, 20, and 30 min, respectively.


The origin of dendrite formation : The dendritic structure
formed in this research is attributed to the capping agent,
PVA. The above experiments clearly show that dendrites
are not formed on the electrode. The experiments also
reveal that upon removal of the flowers from the electrode


Figure 6. UV/Vis spectra of copper nanoparticles synthesized at different
currents with indentical current pulse width conditions (300 ms)


Table 2. Effect of current variation on the copper particle size and mor-
phology[a] .


Current
[mA]


Flower
width
[nm]


Flower
height
[nm]


Particle
size
[nm]


Surface
plasmon
band[nm]


TEM
morphology


160 135�10 110�10 33�2 626 dendrites
90 250�10 110�10 60�2 616 spherical
50 600�20 110�10 115�3 589 spherical


[a] Current pulse width=300 ms


Figure 7. TEM image of the dendrite morphology observed for current
pulse widths of a) 600 and b) 800 ms in the presence of PVA.


Figure 5. a) TEM image on a gold substrate grid. The copper nanoparti-
cles were synthesized at a current pulse width of 300 ms. b) A histogram
of the sizes of individual copper particles.
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surface, they most probably disintegrate into individual
nanoparticles in the solution. The PVA skeleton forms wire-
or fingerlike structures that encapsulate the copper nanopar-
ticles. The suggested stabilization mechanism of the copper
is similar to that which we presented for the stabilization of
spherical copper particles in PVP,[14] although the Cu–PVA
aqueous solution is less stable (12 h) than the Cu–PVP solu-
tion (48 h). We propose that a chemical interaction between
PVA and copper ions takes place through the oxygen of the
PVA, which contributes electron density to the vacant orbi-
tal of the copper ions. Thereafter, when the current pulse is
applied, Cu2+ is reduced to Cu0 on the polymer. The same
mechanism is also suggested for the stabilization of Ag by
PVA.[17] When we compare the interactions of PVP and
PVA with the particles we find that PVP has a stronger in-
teraction than PVA because of the spherical nanoparticles
that are formed. PVP shields the nanoparticles, and there
are no interactions between the neighboring nanoparticles.
PVA dendrites result from interactions between neighboring
nanoparticles.
We have demonstrated above that dendrites are not


formed on the electrode and most probably not in the solu-
tion either. SEM measurements of the electrode after one
electric pulse proved the first claim (dendrites did not form
on the electrode), whereas the TEM image on the gold grid
verifies the second argument (dendrites did not form in the
solution). In fact, the independence of the fractal dimension


(D) on the duration of the ex-
periment, and on the pulse
width, was perhaps also a hint
that the dendrites are not relat-
ed at all to any of the experi-
mental parameters, as shown in
the Cu–PVP paper.[14] The
above experiments indicated
that the dendrites are formed at
a later stage, that is, when the
metal-colloidal solutions are de-
posited on the carbon/copper
grid under specific sonoelectro-
chemical parameters.
Dendrite formation depends


on the following sonoelectro-
chemical parameters: the con-
centration of the Cu nanoparti-
cles and the size of the copper
nanoparticles. These two pa-
rameters and the nature of the
substrate influence the surface
evaporation conditions. Our ex-
perimental results seem to be
consistent with predictions
made by Rabani and co-work-
ers.[13] By using a coarse-grained
lattice gas model that explicitly
accounts for the evaporating
solvent, they demonstrated how


the nanoparticle size and/or nanoparticle concentration and/
or different substrates determine the various morphologies
of the final structures.
In our first experiments, we varied particle size, and this


parameter influenced nanoparticle diffusion. Smaller parti-
cles will, therefore, form a wirelike structure, whereas bigger
nanoparticles that move more slowly will form dendrites.
This correlates with Yosef and RabaniKs theory.[13b] The
nanoparticle concentration was the second parameter that
was varied. In another paper, Rabani et al.[13a] chose another
route and analyzed the importance of the coverage (i.e.
mean surface density) and mobility of nanoparticles in de-
termining the morphology of an evaporated solution. At low
coverage, disklike aggregates of nanoparticles dominate the
self-assembly, namely, the spherical morphology. At high
surface coverage, nanoparticle domains are anisotropic,
namely, they have a dendritic shape. This is in line with our
results, which showed that lower copper nanoparticle con-
centrations produced spherical particles, and for larger con-
centrations of nanoparticles, a dendritic morphology was de-
tected.
The last important parameter for dendrite formation that


we considered was the nature of the substrate. We interpret-
ed our results in the following way: When the solvent evap-
orates from the metal surface, spherical or dendrite domains
form at different stages. We argue that different substrates
allow different evaporation conditions. Thus, because evapo-


Figure 8. a) and b) TEM images of copper dendrites synthesized at a current pulse width of 800 ms. c) A histo-
gram of the sizes of individual copper particles.


Chem. Eur. J. 2008, 14, 4696 – 4703 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4701


FULL PAPERCopper Dendrite Nanostructures



www.chemeurj.org





ration of the solvent from the gold surface is faster, spheri-
cal morphologies are observed, whereas slow evaporation
from the copper grid enables dendrite formation.


Conclusions


The synthesis of metallic copper nanostructures by a pulsed
sonoelectrochemical method is presented. Polyvinyl alcohol
was used as a stabilizing agent. We have investigated the
conditions of sonoelectrodeposition, which favor the produc-
tion of copper with dendritic morphologies. This research
has, for the first time, been able to provide an image of the
morphology of the copper formed on the electrode after
one electric pulse. It also demonstrated that the subsequent
sonic pulse removes the copper completely from the elec-
trode surface, cleaning it for the next step. We have moni-
tored the formation of copper dendrites from this early
stage of the first electric pulse through the solution. An ex-
planation was offered for dendrite formation as a function
of the sonoelectrochemical parameters. This interpretation
was based on the coarse-grained model developed by
Rabani and co-workers.


Experimental Section


The sonoelectrochemical device employed in the present study was simi-
lar to that used by Reisse et al.[14,18, 19] A brief description of a sonoelec-
trochemical setup is given as follows. The titanium horn (ultrasonic liquid
processor VC-600, 20 kHz, Sonics & Materials) produced a sonic pulse
that was triggered immediately after a current pulse. Two independent
pulse drivers were used to control potential and ultrasonic pulses. Spiral
platinum wire (0.5 mm diameter and 15 cm long) was used as a counter
electrode. The electrolyte consisted of CuSO4·5H2O (0.16m) and H2SO4


(1.84m). PVA (1%; M=100000) was added to the electrolytes in distilled
water (60 mL). The copper deposition was carried out in the electro-
chemical cell for typically 10–30 min. The anode and cathode of the elec-
trochemical cell were separated by sintered glass. The pulse width of the
current was 300 ms and the duration of the ultrasonic pulse was 250 ms.
The current of the reaction was kept constant. Morphology and structure
investigations were carried out by using a JEOL-JEM 100SX TEM with
an accelerating voltage of 80 kV. HRTEM images were taken by using a
JEOL 2010 instrument with an accelerating voltage of 200 kV. Samples
for TEM and HRTEM were prepared by placing two drops of the dis-
persed nanoparticle solution on a copper/carbon grid (400 mesh) or on a
gold grid (400 mesh), and were then dried under air. A Scion Image soft-
ware program was used to measure the distribution of particle size by
measuring 150–200 particles from the TEM image. A Fractal Dimension
software program that has been described previously[20] was used to cal-
culate the dendrite dimensions from the TEM image. The fractal dimen-
sion was determined by the “Box Counting” method. A grid of squares
was drawn over the fractal area and the number of squares covering the
fractal area S(L) was counted. Increasingly smaller squares (side length
L1,L2,…Lm) were used and the number of covering squares
(S(L1),S(L2),…S(Lm)) were counted. The curve is described by the equa-
tion S(L)�L�D, in which D is the fractal dimension value. The XRD pat-
tern of the product was measured with a Bruker AXS D8 Advance
Powder X-ray diffractometer (with CuKa =1.5418 S radiation). The
atomic force microscopic analysis was carried out by using a DI-Digital
Instrument Nanoscope Dimension 3100 controller. Optical images were
recorded with an Olympus BX51ColorView Soft Imaging System. High-
resolution SEM (HRSEM) images were obtained by using a LEOGemini


982 field emission gun SEM (FEG-SEM), which operated at an acceler-
ating voltage of 15 kV. The samples were not sputter-coated with gold
prior to imaging. The UV/Vis absorption spectra were recorded on a
Perkin–Elmer UV/Visible spectrophotometer and a Cary 1E surface area
analyzer. The surface area was measured with a Micromeritics Gemini
2375 analyzer after the samples had been heated at 120 8C for 1 h. The
specific surface area was calculated from the linear part of the BET plot
at �196 8C.
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Encapsulation of Ferrocene and Peripheral Electrostatic Attachment of
Viologens to Dimeric Molecular Capsules Formed by an Octaacid, Deep-
Cavity Cavitand


Dagmara Podkoscielny,[a] Ivy Philip,[a] Corinne L. D. Gibb,[b] Bruce C. Gibb,[b] and
Angel E. Kaifer*[a]


Introduction


Molecular encapsulation is one of the most intriguing as-
pects of supramolecular chemistry.[1] From Cram�s carcer-
ands and hemicarcerands[2] to the variety of molecular cap-
sule systems developed to date,[3] many receptors can be de-
signed and prepared to confine or trap guest molecules
within their cavities. Guest confinement or encapsulation
may take place in the cavity within a single molecular recep-
tor or in a cavity formed inside a well-defined assembly of


several receptors. A good deal of interest in these systems
revolves around the possibility of investigating the reactivity
and other properties of the encapsulated guests so that they
can be compared to those observed in bulk phases.[4,5] We
have previously reported on the encapsulation of redox-
active organometallic compounds[6,7] inside resorcinarene
molecular capsules and used ferrocenyl substituents to exert
redox control on the assembly of dimeric tetraurea calix[4]-
arene capsules.[8] In this work, we turn our attention to a
capsular system recently reported by two of us,[9] in which a
water-soluble, deep-cavity cavitand, octaacid 1, forms dimer-
ic molecular capsules that can include a variety of hydro-
phobic guests, such as steroids (Figure 1). The internal
cavity of 12 is estimated to be about 2 nm long and 1 nm in
diameter at the equator. The photochemistry of guests
inside 12 has proven to be very different from that observed
in homogeneous solution.[10–12] Here, we specifically report
on the binding interactions between several electroactive
guests, such as ferrocene and simple N,N’-dialkyl-4,4’-bipyri-
dinium (viologen) derivatives (see Figure 1 for structures),


Abstract: In aqueous media the deep-
cavity cavitand octaacid 1 forms stable
dimeric molecular capsules 12, which
are stabilized by hydrophobic effects.
In this work we investigate the binding
interactions in aqueous solution be-
tween these capsules and the redox
active guests, ferrocene (Fc) and three
4,4’-bipyridinium (viologen) dications:
methyl viologen (MV2+), ethyl violo-
gen (EV2+), and butyl viologen (BV2+


). ACHTUNGTRENNUNG Using NMR spectroscopic and elec-
trochemical techniques we clearly show
that the hydrophobic Fc guest is encap-
sulated inside 12. An interesting effect
of this encapsulation is that the reversi-


ble voltammetric response of Fc is
completely eliminated when it resides
inside the 12 capsular assembly, a find-
ing that is attributed to very slow elec-
trochemical kinetics for the oxidation
of Fc@12. Diffusion coefficient meas-
urements (PGSE NMR spectroscopy)
reveal that all three viologen guests are
strongly bound to the dimeric capsules.
However, the 1H NMR spectroscopic
data are not consistent with encapsula-


tion and the measured diffusion coeffi-
cients indicate that two viologen guests
can strongly associate with a single di-
meric capsule. Furthermore, the (V2+)2·
12 complex is capable of encapsulating
ferrocene, clearly suggesting that the
viologen guests are bound externally,
via coulombic interactions, to the
anionic polar ends of the capsule. The
electrochemical kinetic rate constants
for the reduction of the viologen resi-
due in the V2+ ·12 complexes were mea-
sured and found to be substantially
lower than those for the free viologen
guests.
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and host 1. The host–guest interactions were found to be
very sensitive to the hydrophobic character of the guests
and provide a strong contrast between ferrocene and the vi-
ologen guests. While the former is fully encapsulated inside
the dimeric capsule, the viologen guests are strongly at-
tached to the capsule�s surface via electrostatic interactions.


Results and Discussion


Encapsulation of ferrocene : The octaacid host 1 is known to
form dimeric capsules that can include hydrophobic com-
pounds in their inner cavities.[9,13, 14] The formation of these
capsules is basically driven by hydrophobic forces, since mo-
lecular capsule formation and guest encapsulation minimize
the exposure of the guest surface and the inner surface of
the host cavity to water molecules. We have investigated in
detail the interactions between ferrocene (Fc), a hydropho-
bic, redox-active guest, and host 1. The low aqueous solubili-
ty of Fc limits the host/guest concentration ratios that can
be used in these experiments. However, Figure 2 shows the
proton NMR spectra of 1 as increasing concentrations of Fc
are added to the solution. The first experimental observa-
tion is that the presence of host 1 in the solution significant-
ly increases the solubility of guest Fc over the levels that
could be reached in the absence of 1. This finding suggests
the presence of binding interactions between Fc and 1.
Addition of small amounts of Fc to the D2O solution con-


taining 1 leads to the appearance of a new set of peaks for
the host protons. The only proton signal that is not affected
by the addition of Fc is that at d=7.55 ppm, which corre-
sponds to the aromatic protons located at the bottom of the
cavity (labeled “J” in Figure 1 and Figure 2), next to the
“feet” of the cavitand host. All other proton signals are sub-
stantially affected by the guest. The Fc-induced signals in-
crease, at the expense of the original host proton signals,
until the added amount of Fc reaches about 0.5 equivalents.
After this point, only the proton signals corresponding to


the Fc complex are visible. The symmetry of the host is not
broken by the inclusion of the guest and could correspond
to the monomeric host (C4v) or the dimeric capsule (D4h).
However, the fact that the protons most affected by guest
inclusion are those at the cavity portal points to the head-
to-head dimerization of 1 to form a capsular assembly. Fur-
thermore, the stoichiometry of the binding interactions
(2 hosts/1 guest), as revealed by the NMR spectra, suggests
the encapsulation of the Fc guest inside the 12 assembly.
This is also consistent with the observed chemical shift for
the Fc protons (d=2.16 ppm), which are considerably shift-
ed upfield from their resonance frequency prior to encapsu-
lation. This pronounced encapsulation-induced upfield shift
is a result of the ring currents that the Fc protons experience
while surrounded by the aromatic walls of the capsule.
The pulse gradient stimulated echo (PGSE) NMR tech-


nique has become extremely popular for the determination


Figure 1. Structures of host 1 and the redox-active guests surveyed in this
work


Figure 2. Partial 1H NMR spectra (400 MHz, 50 mm NaCl + 10 mm


borate buffer pH 8.9 in D2O) of host 1 (1.0 mm) in the presence of in-
creasing concentrations of Fc. Proton resonances labeled with a star cor-
respond to complexed 1.
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of diffusion coefficients (Do) and as a general tool to investi-
gate molecular association phenomena in the solution
phase.[15] Therefore, we measured the diffusion coefficients
of the host and the guests used in this work. The Do value of
the octaacid in D2O solution also containing 10 mm sodium
tetraborate was measured as 2.2J10�6 cm2 s�1, a value that
corresponds to the monomeric form of the host. In the pres-
ence of 0.5 equivalents of Fc, the diffusion coefficient of the
host decreases to 1.6J10�6 cm2s�1. The same value was ob-
tained by using the signal corresponding to the Fc protons,
which clearly reveals that the guest and the host diffuse at
the same rate. We must point out that the error margins in
the Do measurements are consistently less than 5%, and the
differences between the values assigned to dimeric and mo-
ACHTUNGTRENNUNGnomeric species are much larger than the standard devia-
tions of each value. Coupled to the rest of the experimental
data on this host-guest system, the diffusion coefficients pro-
vide strong support for the idea that ferrocene is encapsulat-
ed inside the capsular assembly formed by two molecules of
the host.
Ferrocene undergoes reversible (fast) one-electron oxida-


tion to its positively charged form, ferrocenium. In the past,
we have investigated the electrochemistry of ferrocene trap-
ped inside a hemicarcerand[16] and inside hexameric molecu-
lar capsules formed by resorcinarenes.[6] We have also inves-
tigated the electrochemistry of dendrimers with a ferrocenyl
core, in which dendrimer growth results in the attenuation
of the corresponding electrochemical kinetics.[17,18] We were
thus quite interested in recording the electrochemical behav-
ior of Fc inside 12 molecular capsules using cyclic voltamme-
try (CV). The cyclic voltammograms recorded with solutions
containing 0.5–1.0 mm Fc in the presence of two equivalents
of host 1 are basically flat, with very small levels of faradaic
currents that can be associated with the oxidation of ferro-
cene. Unfortunately these Fc concentration levels cannot be
reached in the absence of the host, so a direct comparison
of the effect of the host is not possible in aqueous solution.
However, when excess amounts of Fc (in other words, when
[Fc]>0.5·[1]) are added to the solution, faradaic currents
corresponding to the Fc+/Fc redox couple are clearly detect-
ed and grow quickly with increasing concentrations of Fc.
This is consistent with the excess Fc remaining unassociated
with the molecular capsules and giving rise to larger levels
of current as anticipated for freely diffusing Fc. Solutions
with excess Fc become turbid, which is another indication
that the excess Fc stays away from the capsular assembly
and partially precipitates due to the low aqueous solubility
of this rather hydrophobic compound.
We also recorded the electrochemical behavior of Fc


using square-wave voltammetry (SWV), a technique more
sensitive than CV. In the presence of two equivalents of
host 1, no faradaic current response was detected for Fc
(Figure 3), in excellent agreement with the lack of faradaic
current response observed in similar CV experiments. When
the Fc concentration exceeds 0.5·[1] the faradaic response is
clearly observed and the solution turns turbid immediately.
Therefore, both voltammetric techniques provide the same


results, regardless of their intrinsic sensitivity differences.
The detection of faradaic currents in the presence of excess
Fc (when [Fc]>0.5·[1]) argues against any passivation of the
electrode surface. We must conclude that Fc inside the di-
meric molecular capsule 12 does not give rise to a measura-
ble current–potential response. In agreement with similar
observations in other cases in which Fc is encapsulated by a
large organic structure,[6] we interpret this experimental fact
as the result of slow heterogeneous electron transfer kinetics
between the encapsulated ferrocene center and the elec-
trode surface. Inclusion inside a sizable molecular capsule
leads to an increase in the distance of maximum approach
between the redox center and the electrode, which is expect-
ed to decrease the rate of electron transfer.


Interactions of simple viologen derivatives with the capsule
12 : The binding interactions between methyl viologen
(MV2+) and 1 were initially investigated by 1H NMR spec-
troscopy in D2O solutions also containing 10 mm sodium
borate (pD=8.9) and 40–50 mm NaCl. Addition of one or
two equivalents of host 1 leads to minute changes in the
chemical shifts of the aromatic protons of the viologen
guest, but the resonance corresponding to the methyl pro-
tons shifts upfield by 0.15 ppm in the presence of two equiv-
alents of 1. Similar spectral changes were observed when
other viologen guests were used instead of MV2+ . In the
case of butyl viologen (BV2+), the presence of two equiva-
lents of 1 results in upfield shifts of about 0.33 ppm for the
proton resonance of the terminal methyl and 0.25 ppm for
the adjacent methylene on each side arm (see the Support-
ing Information). These spectral changes are consistent with
interactions between the viologen guests and host 1, but on
their own, they do not indicate encapsulation. It is extreme-
ly important to note that the proton signals of host 1 were
not affected by the addition of any of the viologen guests, in
strong contrast with our experimental observations upon ad-
dition of Fc as a guest.


Figure 3. SWV response on a glassy carbon electrode (0.071 cm2) of
1.0 mm host 1 in 50 mm NaCl + 10 mm pH 8.9 borate buffer in the pres-
ence of 0.5 equiv (continuous line), 1.0 equiv (discontinuous line) and
2.0 equiv (dotted line) guest Fc. Scan rate: 0.1 Vs�1.
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We also used PGSE NMR measurements to determine
the Do values of the viologen guests and the host. The re-
sults are given in Table 1. In the absence of 1, all three viol-


ogens exhibit Do values larger than 5J10�6 cm2s�1. Howev-
er, in the presence of one to two equivalents of 1, all the
measured values are below 2J10�6 cm2s�1. The pronounced
decrease in the diffusivity of the viologens clearly reveals a
strong interaction with a much larger molecule. In fact, the
Do values measured in the presence of two equivalents 1
were identical for all viologen guests (1.6J10�6 cm2 s�1) and
very close to the Do value measured for the host (1.6J
10�6 cm2s�1) in the absence of any viologen guests. In the
absence of NaCl, the diffusion coefficient of octaacid 1 is
about 2.2J10�6 cm2s�1, which corresponds to its monomeric,
unassociated form. Moderate concentrations of NaCl (<
0.1m) tend to foster host dimerization and Do values in the
range 1.5–1.7J10�6 cm2 s�1, and higher NaCl concentrations
give rise to larger aggregates with lower diffusion coeffi-
cients. Therefore, the data in Table 1 provide evidence for
the strong association of all three viologen guests with mo-
lecular capsules formed by two molecules of the octaacid
host (12).
Are the viologens incorporated inside the 12 molecular


capsules? The lack of effect of any of the viologen guests on
the proton NMR signals of the host affords a strong argu-
ment against encapsulation in this case. Encapsulation
would also be inconsistent with the minimal effects on the
aromatic proton signals of the viologens upon addition of
host 1. However, the host-induced shifts on the aliphatic
protons of the viologen�s N-substituents indicate that the
ends of the guests do interact with the host. To gain a better
understanding of this interaction, we measured the diffusion
coefficients of BV2+ at variable concentrations while keep-
ing constant the concentration of host 1 (Figure 4). When
[BV2+]< [1] the guest�s Do values are similar to those of the
capsule (1.6J10�6 cm2 s�1). When both concentrations are
equal, the diffusion coefficient reaches a minimum value,
consistent with the formation of a tight external complex be-
tween the dimeric host capsule (12) and the two viologen
guests. Once the guest�s concentration exceeds the host con-
centration, the Do values start to increase. This behavior
strongly suggests that each 12 molecular capsule has two ex-
ternal sites for strong association of the viologen guests.
Once those sites are occupied, the excess guests cannot asso-


ciate with the capsule so effectively and tend to diffuse
freely in the solution, leading to an overall increase of the
average Do value recorded for the viologen guest. It seems
reasonable to postulate that the two external binding sites
for the dicationic viologen guests are the poles of the dimer-
ic capsules, each one containing four carboxylates. A violo-
gen can thus latch onto this polar anionic site via coulombic
attractive interactions. From our experimental data we
cannot be more specific about the type of interaction be-
tween the viologen guest and the anionic end of the capsule.
It is not clear whether the viologen inserts one of its posi-
tively charged ends in between the four anionic “feet” of
the capsule (with the other end still exposed to the solution)
or the electrostatic interaction involves both ends simultane-
ously. The first possibility would require rapid exchange be-
tween the two ends, since no difference is observed between
them in the proton NMR spectra. It is also possible to pos-
tulate that the viologen is undergoing fast exchange among
several docking conformations, as long as both ends of the
guest are responsible for most of the interaction. Although
the spectroscopic data support a polar location for the violo-
gen guests, this is still the first example of an empty host
that dimerizes to form a well-defined capsule. In this regard,
viologen interactions with the equatorial carboxylates might
also facilitate capsule formation.
The identification of two external binding sites for cation-


ic guests on the structure of dimeric 12 capsules opens the
possibility of filling the capsule up with a ferrocene guest
while maintaining the interaction with the two viologen
guests on the “polar caps”. We have indeed verified this
possibility using NMR spectroscopy. Figure 5 shows the
spectrum of 1 in the presence of one equivalent of EV2+ (a
12 capsule interacting with two ethyl viologen guests). Addi-
tion of ferrocene results in its encapsulation inside 12, as evi-
denced by the signal at d=2.16 ppm, with no significant
changes for the viologen protons. The Fc-induced shifts on
the host protons are all consistent with its incorporation
inside the capsule, leading to an unusual self-assembled


Table 1. Diffusion coefficients (cm2s�1) of viologens guests measured at
25 8C in 40 mm NaCl/D2O buffered at pD 8.9 with 10 mm sodium borate.
The standard deviations of all values were found to be <0.1J
10�6 cm2 s�1.


Guest ACHTUNGTRENNUNG[Guest]/[1]
1 1.0 0.5 0[a]


MV2+ 7.6J10�6 1.6J10�6 1.6J10�6 1.7J10�6


EV2+ 6.7J10�6 1.5J10�6 1.6J10�6 1.7J10�6


BV2+ 5.4J10�6 1.3J10�6 1.6J10�6 1.7J10�6


[a] Values in this column correspond to the diffusion coefficient of the
host in the absence of viologens guests.


Figure 4. The diffusion coefficient of the BV2+ guest as a function of the
guest/host concentration ratio. All values were measured using PGSE
NMR techniques at 25 8C in 40 mm NaCl/D2O buffered at pD 8.9 with
10 mm sodium borate and 1.0 mm host 1. The measured Do value for
[BV2+]/[1]=0 corresponds to the host and was measured using host pro-
tons.


Chem. Eur. J. 2008, 14, 4704 – 4710 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4707


FULL PAPEREncapsulated Redox Centers



www.chemeurj.org





structure composed of five individual components : two host
molecules, an encapsulated hydrophobic guest (Fc) and two
dicationic guests externally bound to the polar ends of the
structure.
Viologens undergo two sequential, reversible, one-elec-


tron reductions. In aqueous solution, the first reduction pro-
cess (V2+/V+ C) is usually very fast, and the second reduction
(V+ C/V), at more negative potentials, is often complicated
by precipitation of the neutral, uncharged form on the elec-
trode surface. These precipitation problems become more
pronounced and extend to the cation radical form as the hy-
drophobic character of the viologen increases. Figure 6
shows the contrast between the cyclic voltammetric respons-
es for MV2+ in the absence and in the presence of two
equivalents of host 1. In the absence of host, both reduction
processes are clearly observed, although the anodic peak for
the second redox couple is distorted due to the precipitation
of the fully reduced, uncharged MV form. In the presence
of two equivalents of 1, both reduction processes are also
observed, but the current levels for all the waves are sub-
stantially reduced, in agreement with the Do values obtained
in the PGSE NMR experiments. Notice that the presence of


1 eliminates the distortion observed on the anodic peak of
the second reduction process, indicating that 1 solubilizes
the two-electron reduced form MV. The presence of 1 also
increases the potential difference between the two reduction
processes, suggesting the differential stabilization of the
cation radical form.
Similar voltammetric results were recorded with EV2+


and BV2+ (see the Supporting Information), although exten-
sive precipitation effects were observed with the latter in
the absence of host 1. The voltammetric data are consistent
with the strong association of every viologen guest with the
dimeric 12 molecular capsules. The one-electron reduced
form of the viologen is differentially stabilized by the capsu-
les, which is reminiscent of similar stabilization observed in
solutions containing anionic micelles.[19,20] The combined bal-
ance of electrostatic/hydrophobic forces seems to favor the
interaction between the viologen cation radical and the
group of four carboxylate-terminated feet on the capsule
polar cap. However, the solubilization of the two-electron
reduced viologen form in the aqueous medium is not so
easy to explain, because any electrostatic interactions with
the anionic molecular capsule are lost due to the neutral
character of this viologen oxidation state. While one can
argue that the reduced viologen (MV) may efficiently move
towards the interior of the capsule, this is not consistent
with the relatively fast oxidation observed for the MV to
MV+ C process in the reverse scan. It seems more reasonable
to postulate that hydrophobic interactions are responsible
for maintaining some degree of interaction between MV and
the polar site.
Are the rates of heterogeneous electron transfer for the


viologen compounds affected by the association with the 12
molecular capsule? To answer this question we recorded the
scan rate dependence of the current–potential curves in the
range �0.3 to �0.9 V versus Ag/AgCl, thus focusing on the
first redox couple (V2+/V+ C). These experiments were done
with solutions containing 1 mm viologen guest and 2 mm


host 1, in which, according to our Do measurements, the spe-
cies present in solution is the V2+ ·12 complex. The corre-
sponding cyclic voltammograms are shown in the Supporting
Information and the standard rate constants (ko) for hetero-
geneous electron transfer were determined by the Nicholson
method,[21] using the diffusion coefficients obtained in the
PGSE NMR experiments. We obtained ko values of (7.2�
0.4)J10�3, (3.5�0.5)J10�3 and (1.7�0.2)J10�3 cms�1, for
MV2+ ·12, EV


2+ ·12, and BV
2+ ·12, respectively. For compari-


son purposes we also ran the same experiments for MV2+ in
the absence of host 1 and found ko to be too fast to be deter-
mined by this method, as expected (ko>0.8 cms�1). Our
data demonstrate that association of the viologen guest with
the dimeric molecular capsule results in a pronounced de-
crease of the ko value for all three viologens surveyed here.
We have encountered similar attenuations of electrochemi-
cal kinetic rates in other systems in which a redox-active
center is covalently or noncovalently encapsulated by a par-
tially or fully surrounding organic sheath.[22] The strong asso-
ciation of the viologen guest with a large organic structure


Figure 5. 1H NMR spectra (400 MHz, 50 mm NaCl + 10 mm borate
buffer pD=8.9 in D2O) of a) 2 mm EV2+ and 2 mm host 1 and b) 1 mm


Fc, 2 mm EV2+ and 2 mm host 1. The EV2+ protons are denoted by a
circle and the encapsulated Fc protons by an asterisk.


Figure 6. Cyclic voltammetric response on glassy carbon (0.071 cm2) of
0.5 mm MV2+ in the absence (continuous line) and in the presence (dis-
continuous line) of 1.0 mm 1. The aqueous solution also contains 40 mm


NaCl and 10 mm sodium borate (pH 8.9). Scan rate=0.1 Vs�1.
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leads to a substantially increased, average distance of maxi-
mum approach between the redox center and the electrode
surface. This is equivalent to saying that the outer Helm-
holtz plane (OHP) moves away from the electrode surface,
leading to slower electrochemical kinetics.
As part of our work with dendrimers containing a single


viologen unit, we have recently shown that their electro-
chemical kinetics in voltammetric experiments remains re-
versible as the size of the dendrimer increases from first to
third generation of growth.[23,24] Dendrimers containing a
single viologen residue are unique in this regard, as most
dendrimers of similar structure containing a single redox
unit show measurably slower electrochemical kinetics
(quasi-reversible to irreversible) by the second or third gen-
eration of growth.[25] We have attributed the unique behav-
ior of viologen-containing dendrimers to orientation effects
near the electrode-solution interface as the positive charge
of the viologen unit is likely to be attracted by the negative
charge density present on the electrode surface at the poten-
tials required for viologen reduction.[24] This is particularly
important in dendrimer structures in which the only charge
resides on the viologen unit. In contrast to these viologen-
containing dendrimers, the external complex formed be-
tween a viologen guest and a 12 dimeric capsule exhibits a
total of 16 negative charges (from the two octaacid mole-
cules) and two positive charges (from the viologen guest).
Under these conditions the predominant charge on the com-
plex is anionic and orientation effects associated with cou-
lombic interactions between the viologen and the negatively
charged electrode surface are not expected to play a signifi-
cant role. Therefore, the peripheral attachment of the violo-
gen to one of the anionic poles of the 12 molecular capsule
has the anticipated effect of increasing the average distance
of maximum approach between the viologen center and the
electrode surface, leading to a measurable attenuation of
the electrochemical kinetics rates.
The case reported here allows us for the first time to com-


pare the ko values for three similar viologens (MV2+ , EV2+ ,
and BV2+) strongly associated to the surface of the same
molecular capsule system (Scheme 1). At this point we do
not fully understand the reasons behind the observed gradu-
al attenuation in the ko value as we move from MV2+ ·12 to
EV2+ ·12 to BV


2+ ·12. The relative mass differences between
these species are minimal and their Do values are essentially


identical within experimental error margins (Table 1). We
note that the measured ko values decrease in the same order
as the increasing hydrophobic character of the viologen
guest. However, we must continue our investigation of this
system and obtain additional data before we can draw
meaningful relationships between the hydrophobic character
of the viologen guest and the electrochemical kinetic rates
for its reduction in these assemblies.


Conclusion


The experimental results presented in this work clearly indi-
cate that 1) ferrocene undergoes encapsulation inside dimer-
ic 12 capsules, and 2) simple viologen guests bind strongly to
the tetra-anionic polar ends of the capsule. Ferrocene has a
pronounced hydrophobic character and undergoes encapsu-
lation as a result of interactions with the hydrophobic cavity
of the capsule, in excellent agreement with previous reports
on the encapsulation of other hydrophobic compounds by
12.


[9,13, 14] MV2+ , EV2+ , and BV2+ are organic dications with
variable degrees of hydrophobic character. Compared to Fc,
their greater hydrophilicity and +2 charge clearly factor
against encapsulation and lead to their strong interaction
with the polar ends of the capsule, where favorable electro-
static forces develop between each viologen dication and
the four carboxylates positioned on the capsule�s end. It is
interesting that the two types of binding interactions with
the capsule are mutually independent, which makes possible
the formation of unique supramolecular aggregates
(Scheme 1) in which the hydrophobic guest (Fc) and one or
two cationic guests (V2+) are distributed among different,
albeit spatially close, locations. Among other issues, we are
currently starting an investigation on the possible advanta-
geous use of these supramolecular assemblies to carry out
photo-induced electron transfer reactions.


Experimental Section


Octaacid 1 was prepared as previously reported.[9] Methyl viologen chlo-
ride and ferrocene were commercially available. Ethyl viologen and butyl
viologen were prepared by exhaustive alkylation of 4,4’-bipyridine with
the corresponding bromoalkane. The voltammetric experiments were re-
corded on a BAS 100B/W electrochemical workstation, using a single-
compartment cell fitted with a glassy carbon working electrode, a Pt aux-
iliary electrode and a Ag/AgCl reference electrode. The working elec-
trode was polished with 0.05 mm alumina/water slurry on a felt surface.
The solutions were purged with purified nitrogen gas before the experi-
ments and kept under an inert nitrogen atmosphere throughout. Diffu-
sion coefficients were measured using PGSE NMR techniques as report-
ed before.[26]
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Scheme 1. Pictorial representation of the structure of the supramolecular
assembly formed by the trapped Fc guest, the dimeric molecular capsule
12 and the two externally bound viologen guests. The negative charges on
the capsule�s equator are not shown for simplicity.
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Introduction


Cyclopropenylidene 1 (R= H) is an archetypical ring car-
bene that was first detected in interstellar space[1] and in hy-
drocarbon flames.[2] Under laboratory conditions, this very
reactive species was first detected in matrices at very low
temperature and characterized by IR spectroscopy.[3] It was


established that it has a lifetime
of a couple of hours at 35–40 K
before polymerization occurs. It
has also been prepared in an
acetylene–helium dc dis-
charge.[4]


Recently, bis(diisopropylami-
no)-substituted cyclopropenyl-


ACHTUNGTRENNUNGidene 1 (R= N ACHTUNGTRENNUNG(iPr)2) was reported as a stable compound at
room temperature.[5] It has even been structurally character-
ized by single-crystal X-ray diffraction. In addition, a chiral
diamino-substituted cyclopropenylidene has also been isolat-
ed by Holschumacher et al.[6] The singlet diACHTUNGTRENNUNGphe ACHTUNGTRENNUNGnylACHTUNGTRENNUNGcyclo-
ACHTUNGTRENNUNGpropenylidene 1 (R=Ph) has also been investigated recently
by McMahon and co-workers by IR spectroscopy,[7] albeit in
an argon matrix at 10 K. Concomitant calculations predict
that other structural isomers, such as propynylidene and
propadienylidene, are higher in energy. The fact that cyclo-
propenylidenes 1 are now isolable at room temperature, and
thus are a novel type of stable nucleophilic carbene, prompt-
ed us to investigate in detail their electronic properties with
a variety of substituents (R=CH3, SiH3, NH2, tBu, trime-
thylsilyl (TMS), Ph, 2,6-diphenylphenyl (Terphen), NMe2,
N ACHTUNGTRENNUNG(iPr)2, N ACHTUNGTRENNUNG(tBu)2, and N ACHTUNGTRENNUNG(pyr)2). The silyl groups exemplify
p-electron-withdrawing substituents, whereas amino groups
are representatives of p donors. We also included in our
study another type of donor substituent, the phosphorane-
ACHTUNGTRENNUNGiminato ligand, which so far has not been used to stabilize
any carbenes.


A wealth of quantum chemical calculations on parent 1
and its valence isomers has already been reported.[8–30] Most
of these investigations were concerned with a detailed spec-
troscopic analysis of parent 1 or its various valence isomers
(e.g., see references [24, 29]), and only a few studies have
dealt with the singlet–triplet (S–T) energy gap.[8,14] Based on
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multiconfiguration self-consistent field (MCSCF) calcula-
tions,[8] the S–T gap for the parent compound was estimated
to be approximately 52 kcal mol�1.


Herein we report the results of quantum chemical calcula-
tions that deal with some chemical aspects hitherto not ana-
lyzed, but which are of key importance to the experimental
verification of other cyclopropenylidenes and the assessment
of their reactivity. The following points will be considered in
more detail :


1) The S–T energy separation in 1 and the substituent ef-
fects. This gives a first understanding of the kinetic sta-
bility of cyclopropenylidenes.


2) The nucleo- and electrophilicity of these new stable car-
benes will be compared with the well-known cyclic di-


ACHTUNGTRENNUNGaminocarbenes (NHCs) 2.[31]


Our investigations predict
that cyclopropylidenes with
a suitable substitution pat-
tern can be more nucleophil-
ic than any other stable car-
benes experimentally report-
ed to date.


3) The possible products from 1,1-dimerization[32] will be
studied. It will be shown that the ease of this process de-
pends on the S–T energy separation of the carbene and
the steric demands of the substituents.


Results and Discussion


The parent cyclopropenylidene : It is informative to study
first the molecular orbital system of parent 1 (R= H). It is
formed by a H;ckel array of cyclic p molecular orbitals plus
the s orbital of the carbene function (Figure 1).


The electronic nature of 1 is dominated by cyclic p conju-
gation; it possesses two p electrons in the cyclic core and
thus is isoelectronic with the cyclopropenyl cation.[33,34] Ac-
cording to EH calculations,[35] the two orbitals p2 and p3 are
similar in energy, the HOMO is the s orbital, and the p1 or-
bital is slightly lower in energy. Consequently, for the
lowest-energy singlet state one expects cyclic p delocaliza-
tion in the ring. These contributions are represented by the
canonical structures of 1a and 1b (Scheme 1).


The lone pair acquires more s character in 1a than in 1b.
As shown later, this argument plays an important role in de-
termining the nucleophilicity of the carbene.


Whereas the electronic configuration of the singlet
ground state is readily defined by the configuration jp1


2s2i
(1A1, within C2v symmetry), it is more complicated for the
lowest-energy triplet state. The s and p1 orbitals are fairly
close in energy. Hence, for the construction of a triplet state,
one can promote one electron from either of the two orbi-
tals into p2 or p3. According to state-averaged MCSCF cal-
culations,[36] and in conformity with a previous analysis at a
similar computational level,[8] excitations from the s orbital


yield the lowest-energy triplets. This gives rise to two possi-
ble triplet states for the cyclopropenylidene jp1


2s1p3
1i (3B1)


and jp1
2s1p2


1i (3A2) represented by the canonical structures
1c and 1d (Scheme 2).


These considerations are derived from the C2v symmetry
of the overall wavefunction, and 1c and 1d can be discussed
in terms of a Jahn–Teller distortion.[37] A third alternative
must be considered, 1e, which is derived from the superim-
position of 1c and 1d. Canonical structure 1d implies a neg-
ative charge on the ring atoms and overall one expects a
nonplanar equilibrium structure with pyramidalization of
the substituents on the ring atoms and different C�C bond
lengths. Such a conformation is preferable because it is
known that cyclopropenyl radicals prefer a nonplanar con-
formation.[38] More details of the triplet energy hypersurface
are given in the Theoretical Methods section.


To determine the S–T energy gap of parent 1, we per-
formed quantum chemical calculations at different levels of


Figure 1. Frontier orbital system of parent 1 according to extended
H;ckel (EH) calculations.


Scheme 1.


Scheme 2.
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sophistication. This gives information about the validity of
the different quantum chemical procedures used to evaluate
the various species. For all investigations, a triplet-zeta basis
set (TZVP; see the Theoretical Methods section) was em-
ployed to obtain a reliable bonding description. The results
are summarized in Table 1.


At all levels of sophistication the S–T energy separation
appears to be fairly large. The largest was found at the MP2
level of theory and the smallest at the RI-BP86 level. For
the singlet state, the calculations reveal a delocalized p


system with C�C bonds shorter than the corresponding
single bond; for comparison the triplet state has two short
and one long C�C bond. This is in accordance with canoni-
cal structure 1e. Of further interest is the s orbital energy.
For a given reference state (e.g., singlet), it varies considera-
bly as a function of the method; it is larger for the B3LYP
and MP2 procedures than for the RI-BP86 approximation.
It has been shown, however, that although the scale of orbi-
tal energies may well differ, within a given method the rela-
tive ordering of orbitals is correctly reproduced.[39, 40]


Cyclopropenylidene derivatives : Next the effect of substitu-
ents on the S–T energy separation was studied. Because the
essential bonding parameters are already well represented
at the RI-BP86/TZVP level of theory, this procedure was
used. Only symmetrical structures were considered (i.e. ,
identical substituents on the two olefinic carbon atoms). The
results, including the corresponding frontier orbital energies
for the singlet states, are collected in Table 2.


For all of the investigated compounds, the S–T energy sep-
arations are again sizeable. The separation in the parent cy-
clopropenylidene is comparable in magnitude to that of the
acyclic diaminocarbene,[42,43] but smaller than those of NHCs
2.[44] Silyl (R=SiH3, TMS) and phenyl groups (R=Ph, Ter-
phen) decrease the S–T energy separation. These substitu-
ents can be considered as p acceptors and thus lower the
LUMO of the parent system. However, this argument as-
sumes that substituent effects on the LUMO are stronger
than on the HOMO. Importantly, the S–T energy gap and


the energy of the s orbital are significantly larger with
amino substituents. Pyrrolidino groups, which are known to
activate considerably an aromatic system,[45] act here similar-
ly to dimethylamino groups. With respect to the alkyl- and
aryl-substituted derivatives, the change in the HOMO
energy is approximately 0.5 eV. The effect of an amino
group on the S–T energy separation of 1 can be readily un-
derstood by consideration of the canonical resonance struc-
tures 1 f and 1g depicted in Scheme 3.


In 1 f the endocyclic double bond is distal to the carbene
function, whereas it is lateral in 1g. In other words the
amino group induces a shortening of the C(1)�C(2) bond
and a lengthening of the C(2)�C(2’) bond. This view is con-
firmed by the results of the calculations (see Tables 1 and
2). The induction of a negative charge at the carbene center
increases the p character of the s orbital, in accordance with
the results of a population analysis.[36] It also has the conse-
quence that its orbital energy is lowered (Table 2) and rehy-
bridization in 1g shortens the lateral ring bonds (with re-
spect to the carbene function) in comparison with 1 f.
Hence, these bonds acquire more s character while releasing
p electrons to the nonbonding s orbital.


A special case is provided by the peralkyl-substituted
bulky amino derivatives. Although in 1 (R=NH2, N ACHTUNGTRENNUNG(CH3)2,
and N ACHTUNGTRENNUNG(pyr)2) the amino groups are in the plane with the
ring moiety, so as to maximize p bonding, in the sterically
overloaded systems (R= N ACHTUNGTRENNUNG(tBu)2 and N ACHTUNGTRENNUNG(TMS)2) the amino


Table 1. Bonding parameters and orbital energies for the parent cyclo-
propenylidene (1) calculated at various levels of theory.[a]


Method State C(1)�
C(2) [O]


C(1)�
C(2’) [O]


C(2)�
C(2’) [O]


�Es


[eV]
�ES–T


[b]


[kcal mol�1]


RI-BP86 S 1.427 1.427 1.330 5.5 0.0
T 1.309 1.423 1.573 4.5 45.8


B3LYP S 1.415 1.415 1.320 6.5 0.0
T 1.297 1.419 1.563 5.3 49.8


MP2 S 1.418 1.418 1.327 8.6 0.0
T 1.302 1.445 1.535 7.4 57.1


CCSD(t) S 1.418 1.418 1.322 0.0
T 1.298 1.446 1.543 51.1[c]


(52.7)[d]


[a] The TZVP basis set was imposed throughout. C(1) is the carbene
carbon and C(2) and C(2’) are the olefinic carbon atoms. [b] Energies in-
clude the zero-point vibrational energy (ZPE) correction. [c] ZPE correc-
tion from B3LYP calculations. [d] Value without ZPE correction.


Table 2. Bonding parameters and orbital energies for the singlet states of
substituted cyclopropenylidenes 1 calculated at the RI-BP86/TZVP level
of theory.


R C(1)�C(2)
[O]


C(2)�C(2’)
[O]


�Es


[eV]
�Ep1


[eV]
�ES–T


[kcal mol�1]


CH3 1.423 1.340 4.9 7.3 48.4
t-Bu 1.420; 1.422 1.345 4.9 6.9 49.9[a]


SiH3 1.434 1.353 5.4 7.3 36.4
TMS[b] 1.433 1.358 4.9 6.4 37.3
Ph[c] 1.424 1.351 5.0 6.4 38.8
Terphen[d] 1.421 1.358 4.9 5.8 37.5[a]


NH2 1.413 1.353 4.6 5.7 59.6
N ACHTUNGTRENNUNG(CH3)2 1.412 1.364 4.5 4.9 58.6
N ACHTUNGTRENNUNG(t-Bu)2 1.415 1.381 4.3 4.9 –
N ACHTUNGTRENNUNG(pyr)2


[e] 1.418 1.363 4.2 4.7 57.8


[a] Without ZPE correction. [b] TMS= trimethylsilyl. [c] Ph=phenyl
ligand. [d] Terphen= 2,6-diphenylphenyl ligand, see ref. [41]. [e] pyr=


pyrrolidino.


Scheme 3.
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groups tend to rotate out of the plane formed by the three-
membered ring. The equilibrium geometries of the singlet
states of 1 with R= N ACHTUNGTRENNUNG(tBu)2 and N ACHTUNGTRENNUNG(TMS)2 calculated at the
RI-BP86/TZVP level of theory are presented in Figure 2.


The relative rotations of the NR2 groups with respect to
each other (the gearing effect) are 55.2 and 43.28 for R=


tBu and TMS, respectively. Interestingly, the triplet equilib-
rium geometry for R=N ACHTUNGTRENNUNG(tBu)2 could not be determined by
calculations. The corresponding triplet state is not a stable
entity on the electronic hypersurface and the steric strain
exerted by the N ACHTUNGTRENNUNG(tBu)2 groups is so large that the cyclopro-
padienyl ring opens to the corresponding propadienylidene
biradical without an activation energy barrier.


Some considerations regarding the steric effects of these
large substituents compared with diisopropylamino groups
(the substituents used for the experimentally characterized
derivative) must be discussed here on the basis of TolmanPs
concept.[46] For the tert-butyl group, the substituents on the
tetrahedral carbon atom are similar in size and can be de-
scribed as a right circular cone. For isopropyl groups, the
three substituents on the central carbon atom are different
in size leading to an oblique cone (Scheme 4).[47]


Hence, it is clear that various conformations are possible
with diisopropylamino substituents and they differ only
slightly in energy (Figure 3). All of the conformers are
energy minima on the corresponding electronic hypersur-


face, and 1A is the least stable conformer. This is due to the
mutual steric hindrance of the methyl groups, which is
rather strong and induces a slight distortion of the amino
groups out of the plane of the three-membered ring system;
the corresponding twisting angle is 34.28. In 1B and 1C, the
methyl groups can minimize the eclipsing of the hydrogen
atoms, and it is optimum for 1C.


We have calculated the chemical shifts of these conforma-
tions on the basis of the RI-BP86/TZVP approximation. For
the reported amino-substituted cyclopropenylidene,[5] the
13C NMR signals are at d= 184 (C(1)) and 158 ppm (C(2))
relative to tetramethylsilane. This is in perfect agreement
with the results of calculations, which predict d= 189 (C(1))
and 157 ppm (C(2)) for conformation C, and in contrast to
the chemical shifts calculated for 1A (d=195 (C(1)) and
157 ppm (C(2))) and 1B (d=187 (C(1)), 157 (C(2)), and
151 ppm (C(2’))).


Nucleophilicity of cyclopropenylidenes in comparison with
other carbenes : The philicity is one of the most important
aspects of a singlet carbene and has been scrutinized for the
cyclopropanation reaction in terms of Hammett-type sub-


Figure 2. Geometries (singlet states) of 1 with R= N ACHTUNGTRENNUNG(tBu)2 (top row) and
N[Si(Me)3]2 (bottom row) at the RI-BP86/TZVP level of theory.


Scheme 4.


Figure 3. Geometries (singlet states) of 1 with R =N ACHTUNGTRENNUNG(iPr)2 at the RI-
BP86/TZVP level of theory. Relative energies are 0.0 (1A), �5.1 (1B),
and �7.0 kcal mol�1 (1C).
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stituents,[48] frontier orbital considerations, and on the basis
of the electron affinities and ionization potentials of the sin-
glet carbenes.[49] Hence, the orbitals depicted in Figure 4[50]


give a good rationale of the philicity of carbenes, which is
determined by the frontier orbital model of carbene reactiv-
ity.[51–54] Kohn–Sham energies were used for this purpose be-
cause it has been shown that these parallel Hartree–Fock-
type calculations.[39,40]


CF2 has an energetically low-lying LUMO and is accord-
ingly a typical electrophilic carbene. On the other hand,
NHC 2 (R=H was chosen) has so far been considered as
one of the most nucleophilic carbenes; it has a very high-
lying HOMO and also an extremely large S–T energy sepa-
ration.[44] With respect to these extremes, the cyclopropenyl-
ACHTUNGTRENNUNGidenes are of very much interest; they have frontier orbitals
characteristic of NHCs and thus are nucleophilic carbenes.
The amino-substituted derivative of 1 (R=NH2) has a
HOMO even higher than that of 2 and should therefore be
even more nucleophilic.


Can the nucleophilicity of cyclopropenylidenes further be
enhanced? The cyclopropenylidene is p-aromatic. However,
because cyclopropanes are known to feature s aromatici-
ty,[55–60] cyclopropenylidenes are also s aromatic. Conse-
quently, it should be possible to polarize the s system of the
three-membered ring and accordingly to further lower the
ionization potential of the HOMO. The two amino groups
(R=NH2) modify the energy level of the HOMO (of parent
R=H) by 0.9 eV (see Tables 1 and 2 and Figure 4), almost
0.5 eV per group. Imino-,[61] or even better, iminato-type
substituents should be even more effective because they
possess a lone pair within the ring plane that could transmit
electron density onto the HOMO of the carbene. We have
evaluated two different phosphoraneiminato-substituted cy-
clopropenylidenes 3 (Figure 5).


The structures in Figure 5 have been described within an
ylide formalism, that is, with no valence extension at the
phosphorus atoms. There is now a common understanding
that d orbitals, which are required for valence extension to
ylene structures, rarely participate in these structures.[62] The
phosphoraneiminato substituents with the phosphorane
group cis to the carbene center is more stable than all other
possible conformations. The cis conformation arises from
the attraction of the positively charged phosphonium groups
by the negatively charged carbene center, as revealed by the
corresponding population analysis.[36] Two representatives of
3 have been investigated: derivative 3a with PMe3 and 3b
with PACHTUNGTRENNUNG(NMe2)3 as the substituents. The energies of the s or-
bitals (HOMOs) of 3a and 3b are similar, but are 1.9 and
1.0 eV higher (i.e., a lower ionization potential) than 1 and
the diamino-substituted cyclopropenylidene, respectively.
Thus, one can predict that these compounds should be ex-
tremely nucleophilic. Importantly, at the same time they are
also predicted to feature large S–T separations, which
should make them very stable towards dimerization (see
below).


Dimerization of cyclopropenylidenes—triafulvalenes : The
fate of a carbene, whether or not it remains a stable species
under laboratory conditions, essentially depends on its abili-
ty to undergo 1,1-dimerization.[32] In the case of cycloprop-
ACHTUNGTRENNUNGenylidenes 1, this process leads to the corresponding triaful-
valenes (Scheme 5), which are highly reactive compounds
and hitherto have not been structurally characterized.[63–65]


The dimers of 1 possess a conjugated p system in which
the two double bonds in the three-membered rings destabi-
lize the central p bond, and therefore, they have a very low
ionization potential. The extreme electron-richness of tria-
fulvalenes has been discussed before in the light of skillfully
performed quantum chemical calculations.[66] At our quan-
tum chemical level (RI-BP86/TZVP) of optimization we ob-
tained the following orbital energies for the HOMOs of the


Figure 4. Kohn–Sham frontier orbitals of various singlet carbenes ob-
tained at the RI-BP86/TZVP level of theory. HOMO (a1) energies are
given in eV and LUMO refers to the lowest-energy b1 orbital.


Figure 5. Energies (including ZPE corrections) of the phosphoraneimina-
to-substituted cyclopropenylidenes (3).


Scheme 5.
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various olefinic systems: 1) ethene �6.8 eV, 2) tetraamino-
ACHTUNGTRENNUNGethene �4.2 eV, 3) parent triafulvalene �3.8 eV, and 4) its
tetraamino derivative �2.2 eV. These values are in accord-
ance with the recent analysis.[66] If these orbital energies are
assigned to Koopman energies, the tetraaminotriafulvalene
is extremely electron-rich and should be amenable to easy
oxidation.


The energy gain for the dimerization reaction is rather
large because a s and a p bond are formed simultaneously.
It can only be encumbered by a large S–T energy separation
and significant steric demand of the carbene. The former
effect has been analyzed by Malrieu and Trinquier[67] and
Carter and Goddard.[68,69] Another aspect is the proton-in-
duced dimerization of a carbene by a catalytic cycle;[66,70–72]


this aspect will not be explored further herein. The dimeri-
zation energies of a variety of differently substituted cyclo-
propenylidenes were calculated. To reveal the importance of
the entropy contributions in these reactions, we first per-
formed vibration analyses (within the harmonic approxima-
tion) and secondly calculated the free-energy contributions
by standard thermodynamic formula for the gas phase.[73]


The results are summarized in Table 3.


As expected the dimerization energies are strongly medi-
ated by the entropy contributions. In this respect an interest-
ing study has been reported by Nyulaszi et al.[74] In this
study the authors relate the change in the Gibbs free energy
to the overall stabilization energy given by an isodesmic re-
action. In general, the entropy factor, in particular, the con-
tribution from the translational energy, should favor mono-
mer formation.[66,75] In the cases presented herein, only the
amino-substituted cyclopropenylidenes reveal endothermic
behavior, largely driven by the entropy contributions. The
difference in energy between the electronic and entropic
energy contributions for the dimerization reaction range
from 12.7 (R=H) to 20.4 kcal mol�1 (R= SiH3).


The most sterically overloaded carbene studied is 1D
with the terphenyl substituents. As a consequence of strain
the C(2)�C(2’) bond lengthens slightly, whereas the C(1)�
C(2) bonds shorten in comparison with the parent com-


pound 1 (R= H). Despite the large steric shielding of the
carbene center (see Figure 6), an exothermic dimerization
process is expected on the basis of the electronic energies
(the calculation of the entropy contributions was not at-


tempted due to the size of the molecular system). The re-
sulting triafulvalene is an energy minimum; in the corre-
sponding equilibrium geometry the Terphen substituents
move away from each other to minimize mutual steric hin-
drance (Figure 7). However, would 1D dimerize? This ques-
tion remains unanswered because the necessary conforma-
tional changes might well cause a barrier towards dimeriza-
tion. This aspect will be studied in future investigations.


Conclusion


Cyclopropenylidenes are H;ckel p-conjugated cyclic sys-
tems with two electrons in the cyclic moiety. Different states
are feasible a priori for the triplet. Calculations show that
the lowest-energy triplet involves the promotion of one elec-
tron from the s to the p3 orbital and that the ring atoms are


Table 3. Dimerization energies of substituted cyclopropenylidenes and
bond lengths of the dimers determined at the RI-BP86/TZVP level of
theory.


Substituent R C�C[a] [O] �DE[b] [kcal mol�1] �DG[c] [kcal mol�1]


H 1.303 60.9 48.2
CH3 1.321 53.1 36.3
tBu 1.323 49.2 33.2
SiH3 1.314 66.4 46.0
TMS 1.317 59.5 45.3
Ph 1.331 59.3 43.5
Terphen 1.331 42.8 –
NH2 1.326 18.2 4.8
N ACHTUNGTRENNUNG(CH3)2 1.328 14.9 �3.6
N ACHTUNGTRENNUNG(tBu)2 1.337 10.0 �4.5


[a] Bond lengths of the central double bond. [b] Electronic energies for
the dimerization reaction (without ZPE correction). [c] Free energies for
the dimerization reaction (T=298 K, p=0.1 MPa).


Figure 6. Geometry (singlet state) of cyclopropenylidene with Terphen
substituents (1D) at the RI-BP86/TZVP level of theory. For clarity the
hydrogen atoms have been omitted.


Figure 7. Graphical representation of the equilibrium geometry of the
dimer of 1D.
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pyramidalized. The S–T energy separation is similar in mag-
nitude to those of acyclic bis ACHTUNGTRENNUNG(amino)carbenes, but smaller
than those of NHCs. Compared with the parent cycloprop-
ACHTUNGTRENNUNGenylidene, amino substituents increase the S–T energy differ-
ence by approximately 20 kcal mol�1. At the same time, the
HOMO (s orbital) is lower in energy and thus the cyclopro-
penylidenes become more nucleophilic than their five-mem-
bered ring analogues 2. The phosphaneiminato substituents
are even stronger donors. They lower the vertical ionization
potential by almost 2 eV. Hence our investigations verify the
different synthetically observed substituted cyclopropenyl-
ACHTUNGTRENNUNGidenes, which are predicted to be extremely nucleophilic.
Overall, by a suitable choice of substituents at the olefinic
positions, cyclopropenylidenes are predicted to be more nu-
cleophilic than their five-membered ring congeners, the imi-
dazol-2-ylidenes.


On the basis of the electronic energies, the dimerization
reactions of the cyclopropenylidenes are exothermic, albeit
to a much lesser extent in the case of the amino derivatives.
The inclusion of entropy contributions mediates the exother-
mic energy balance, which favors more the monomers; this
is a consequence of the TDS term in the free-energy expres-
sion. The central p bond of dimeric triafulvalenes is ex-
tremely electron-rich, and therefore, they are predicted to
undergo easy oxidation.


Theoretical Methods


Calculations : For all calculations the TZVP basis set of Ahlrichs and co-
workers was employed.[76] The basis set is of triple-zeta quality and was
augmented by polarization functions for all atoms. All of the triplet
states were investigated within unrestricted wavefunctions. For the singlet
state the spin contamination through the UMP2 procedure was fairly
small (<S2> �0) and needed no correction with the spin projection pro-
cedure of Chen and Schlegel.[77] The coupled-cluster calculations included
triple corrections to the overall correlation energy.[78] The single-point
calculations were performed by using the MP2 (UMP2)-energy-optimized
geometries. All of the structures were identified as energy minima by vi-
bration analysis within the harmonic approximation. The entropies were
calculated with a scaling factor of 0.9 for the vibrational contributions
(T=298.15 K and p=0.1 MPa). The calculations were performed with
the Turbomole 5.7.1[79] and Gaussian 03[80] program systems.


Triplet states : For the construction of the triplet states one electron can
be promoted from the s orbital at the carbene site into the p2 or p3 mo-
lecular orbital of the cyclic p system. The overall wavefunction for a
planar C2v-symmetrical triplet can thus be described by Equation (1) in
which c=1 for 3A2 and c=0 for the 3B1 component.


y ¼ cfð3A2Þþ
ffiffiffiffiffiffiffiffiffiffiffi


1�c2
p


fð3B1Þ ð1Þ


Equation (1) refers to the canonical structures 1c and 1d. Because the
3A2 component bears a negative charge on one of the ring carbon atoms,
the lowest-energy geometry is expected to exhibit pyramidalization at
the ring atoms. This is taken into account by assuming a C1-symmetrical
structure for the lowest-energy triplet and is supported by the data in
Table 4, obtained by UMP2/TZVP calculations.


Accordingly, the 3B1 component of the wavefunction is an energy mini-
mum, but the least stable structure. In the most stable one, the carbon
atoms adopt a pyramidal conformation, albeit the energy difference be-
tween the lowest-energy planar and pyramidal conformations is less than
10 kcal mol�1.
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Introduction


Hypochlorite anion (OCl�), one of the biologically impor-
tant reactive oxygen species (ROS),[1] is produced in organ-
isms by the reaction of H2O2 with Cl� ions under the cataly-
sis of a heme enzyme, myeloperoxidase.[2] Endogenous OCl�


is essential to life and has important antibacterial properties.
However, excessive or misplaced production of OCl� can
lead to tissue damage and diseases, such as atherosclerosis,
arthritis, and cancers.[2,3] Therefore, much effort has recently
been focused on the studies of the biological functions and/
or deleterious effects of OCl�,[3b,4] and a number of sensitive
and selective analytical methods have been proposed for
conducting such research, among which fluorescent probes
play an important role in this respect due to their high-time
and spatial resolution capability.[5,6] Unfortunately, only a
limited number of fluorescent probes have been made avail-


able for OCl� detection so far, and in particular for OCl�-se-
lective detection.[6–8] For instance, 2,7-dichlorodihydrofluor-
escein, dihydrorhodamine 123 and 2-[6-(4’-amino)phenoxy-
3H-xanthen-3-on-9-yl]benzoic acid have been suggested as
probes for OCl� detection, but their fluorescence responses
lack selectivity because of the cross-reactions with other
ROS and oxidizing agents.[7–9] Nagano and co-workers[6] re-
ported a fluorescence probe with good selectivity for hypo-
chlorous acid, but its synthetic route was rather complicat-
ed.
It is noted that OCl� can selectively oxidize dibenzoylhy-


drazine into dibenzoyl diimide, which can further undergo a
decomposition in some nucleophilic solvents (Scheme 1).[10]
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Scheme 1. The OCl� anion oxidizes dibenzoylhydrazine into dibenzoyl
diimide.
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However, such a reaction has never been used to develop a
selective fluorescent probe for OCl�. In the present work,
we attempted to accomplish this. Specifically, herein we de-
scribe the design of N-benzoyl rhodamine B–hydrazide 1
(Scheme 2) as a novel OCl� fluorescent probe by engineer-
ing a dibenzoylhydrazine moiety into rhodamine B, which is
an excellent fluorophore.[11] The probe, 1, can be synthesized
by a simple synthetic procedure, and as expected, the probe
exhibits a highly selective fluorescence response to OCl�


only, instead of other common ions and oxidants.


Results and Discussion


Design and synthesis of 1: Spectroscopic probes usually con-
sist of two units:[12] 1) a spectroscopic or signaling unit, the
properties of which should be changed upon reaction with
the analyte of interest, and 2) a labeling or recognition unit
that is responsible for the selective reaction with the analyte.
To design a selective OCl� fluorescent probe, the fluoro-
phore rhodamine B was chosen as the signaling unit. How-
ever, there still exists a challenge in choosing a suitable rec-
ognition unit because other oxidizing agents not only coex-
ist, but also often have similar reactivity. In this respect, we
take advantage of the selective oxidation of dibenzoylhydra-
zine by OCl�. As a result, the probe 1 was readily prepared
from rhodamine B by a two-step reaction (Scheme 2). The
reaction of rhodamine B with hydrazine gave rhodamine B–
hydrazide (yield: 79%), which was then converted into the
designed product 1 (yield: 65%) by further reaction with
benzoyl chloride. The structure of 1 was confirmed by
1H NMR spectroscopy, mass spectrometry, and elemental
analysis. A single crystal of 1 was grown at room tempera-
ture from the mixed solvents of petroleum ether/ethyl ace-
tate (3:1, v/v) and characterized by X-ray crystallography.
As shown in Figure 1, the probe has a five-membered spiro-
lactam structure, which causes it to be colorless and non-


fluorescent.[13] This is very desirable because it affords a low
background signal in detection.


Absorption spectral properties of 1: The absorption spectra
of 1 and its reaction solution with various concentrations of
OCl� are shown in Figure 2. As expected, 1 has nearly no
absorption in the visible region (curve 1) because of its
closed spirolactam form.[13] Upon reaction with OCl�, how-
ever, the pink color that is indicative of rhodamine B is
largely restored with the increase in OCl� concentration
(curves 2–20). This can be ascribed to the selective oxidation
of dibenzoylhydrazine by OCl�, which promotes the opening
of the closed spirolactam ring. In addition, the probe is
stable because no obvious change in the absorption spec-
trum was observed after the probeIs solution was stored at
room temperature for a week.


Scheme 2. Synthesis of 1.


Figure 1. X-ray crystal structure of 1.


Figure 2. Absorption spectra of probe 1 (10 mM, curve 1) and its reaction
solution with OCl� at various concentrations (1-100 mm, curves 2–20)
against the corresponding reagent blank. The reaction was carried out in
0.03m Na2B4O7/NaOH buffer (pH 12) that contained 30% (v/v) THF.
The inset depicts the absorbance at the absorption maximum of 554 nm
in the curves 2–20 as a function of OCl� concentration.
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Fluorescence properties and selectivity studies : Figure 3
shows the fluorescence spectra of 1 and its reaction solution
with various species under the same conditions. Similar to
its absorption properties, 1 itself is essentially nonfluores-
cent due to its five-membered spirolactam structure.[13]


Upon the introduction of OCl� into the solution of 1, how-
ever, fluorescence (lem=578 nm) that is characteristic of
rhodamine B appeared.


To test the selectivity of the reaction, a solution of probe
1 (10 mm) was prepared in 0.03m Na2B4O7/NaOH buffer
(pH 12) that contained 30% (v/v) THF, and 0.5–500 equiva-
lents of various species were then added. The reactions were
conducted at room temperature (about 25 8C) for 30 min,
and then the fluorescence spectrum was monitored. The spe-
cies that were tested were Ca2+ , Cu2+, Fe3+, Fe2+, Hg2+, K+ ,
Mg2+ , Mn2+ , Ni2+ , Pb2+ , Zn2+ , MnO4


�, H2O2, Cl
�, OCl�,


ClO3
�, SO4


2�, NO3
�, PO4


3�, and SiO3
2�. As shown in


Figure 3, probe 1 displays a highly selective fluorescence-on
response to OCl� only. This remarkable property makes 1 of
great potential for detecting OCl� directly in the presence
of other species.


Optimization of experimental conditions : Various experi-
mental conditions, such as the concentration of probe 1, re-
action media, pH, temperature and time, were examined to
optimize the reaction conditions. The results show that both
the background and response signals increase with increas-
ing concentration of 1. In this study a concentration of
10 mm of 1 was used because sufficient fluorescence signal
could be obtained at this concentration. The water solubility
of 1 is limited, and the use of 30% (v/v) THF as a co-solvent
is required in this system. Figure 4 depicts the effect of pH
on the reaction. As can be seen, pH 12 can be used for the


present system; milder pH conditions, such as about pH 10,
can also be used, but the sensitivity is relatively low. Time-
course studies revealed that the fluorescence intensity in-
creased with the increase of reaction time at room tempera-
ture (about 25 8C). However, 30 min later a plateau of fluo-
rescence enhancement was achieved. As a result, a reaction
medium of 0.03m Na2B4O7/NaOH buffer (pH 12) that con-
tained 30% (v/v) THF, and a reaction time of 30 min at
room temperature were chosen for the present reaction, be-
cause under these conditions a plateau of fluorescence en-
hancement could be produced (see Figure 4 and Figures S1
and S2 in the Supporting Information). Obviously, under the
above-determined conditions, the detection of OCl� should
be performed in vitro instead of in vivo for biological stud-
ies.


Linearity : Under the optimized conditions that were deter-
mined above, the enhancement value (DF) of fluorescence
intensity in contrast to the blank solution without OCl�


could remain stable for at least 5 h, and it was directly pro-
portional to the OCl� concentration (C) in a range of 1–
10 mm (Figure 5). The linear regression equation was deter-
mined to be DF=52.69LC�29.83 (n=10, g=0.9992) with a
detection limit of 27 nm (S/N=3), which also shows a highly
sensitive feature. Reproducibility tests (n=6) showed that
the relative standard deviation of fluorescence was 4.0% for
10 mm OCl�.


Interference studies : The effects of various ions on the de-
termination of OCl� were investigated by analyzing synthet-
ic sample solutions that contained 10 mm of OCl�. The toler-
able concentration was estimated by the criterion at which a
species gave a relative error of no more than 10% as deter-
mined by the recovery of OCl�. The results are listed in
Table 1, from which it can be seen that the probe 1 exhibits
a high selectivity for OCl� over a wide range of common


Figure 3. Fluorescence spectra (lex=520 nm) of 1 (10 mM) at pH 12 in the
presence of 0.5–500 equivalents of various species (500 equiv of Cl� or
K+ ; 100 equiv of H2O2, NO3


�, PO4
3�, SiO3


2�, or SO4
2� ; 30 equiv of Mg2+ ;


15 equiv of Ca2+ ; 10 equiv of ClO3
�, Ni2+ , or Zn2+ ; 2 equiv of Mn2+ ;


1 equiv of Cu2+ , Fe2+ , MnO4
�, or OCl� ; 0.5 equiv of Fe3+ , Hg2+ , or Pb2+


were used).


Figure 4. Effect of pH on the reaction of 1 (10 mm) with OCl� (40 mm);
1+OCl� (*), 1 (&). Fluorescence intensity was measured at lex/em=520/
578 nm.
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cations, anions, and even some oxidants, such as ClO3
� and


MnO4
�.


Reaction mechanism : The reaction mechanism in the pres-
ent system was studied. The generation of rhodamine B as a
product might be responsible for the recovery of both ab-
sorption and fluorescence. To prove this, the reaction prod-
ucts of probe 1 with OCl� were subjected to HPLC analysis.
As shown in Figure 6, the chromatographic peak of rhoda-
mine B appears at 4.71 min (peak 1 in curve B), whereas the
probe 1 has two chromatographic peaks (curve A) that
appear at 12.57 and 13.69 min, respectively, which may be
ascribed to the two tautomers of the probe (see Scheme 3;
this enolization phenomenon has been reported for similar


compounds such as luminol[14]). After reaction with OCl�,
the two chromatographic peaks of 1 decrease markedly, and
several new peaks emerge (curve C), among which the
major peak at 4.71 min indicates the formation of rhodami-
ne B.
To further confirm the generation of rhodamine B, the re-


action solution also underwent MALDI-TOF MS analysis.
The experimental results (see Figure S3 in the Supporting
Information) showed that, besides the peak of probe 1 (m/z :
561 [M+H]+), there are two more peaks that appear at m/z :
443 and 427, respectively. Among them, the peak at m/z :
443 represents the formation of rhodamine B (m/z : 443
[M+H]+). Based on our data and previous observations that
OCl� can selectively oxidize dibenzoylhydrazine into diben-
zoyl diimide, which can further undergo a decomposition in
some nucleophilic solvents (Scheme 1),[10] we propose that
the fluorescence-on reaction in this system proceeds mainly
through the route that is depicted in Scheme 4 to release the
fluorophore of rhodamine B.


Figure 5. Fluorescent spectra of probe 1 (10 mM, curve 1) and its reaction
solutions with various concentrations of OCl� (1–100 mM, curves 2–20)
according to the general procedure. The inset shows the plot of fluores-
cence enhancement value DF against OCl� concentration.


Table 1. Recovery of 10 mm OCl� in the presence of various coexisting
species.


Species Concn [mm] Molar ratio of the
added species to OCl�


Recovery [%]


K+ 5000 500 96.2
Ca2+ [a] 150 15 98.7
Mg2+ [a] 300 30 100.4
Cu2+ [a] 10 1 93.9
Fe2+ [a] 10 1 103.1
Fe3+ [a] 5 0.5 101.3
Hg2+ [a] 5 0.5 107.0
Mn2+ [a] 20 2 101.0
Ni2+ 100 10 101.8
Pb2+ [a] 5 0.5 106.4
Zn2+ 100 10 98.5
Cl� 5000 500 96.2
ClO3


� 100 10 104.5
MnO4


� 10 1 106.0
NO3


� 1000 100 103.4
PO4


3� 1000 100 107.6
SiO3


2� 1000 100 102.9
SO4


2� 1000 100 106.9


[a] A higher concentration of these ions led to the precipitation of metal
hydroxides at pH 12.


Figure 6. HPLC chromatograms of different reaction products in 0.03m


Na2B4O7/NaOH buffer (pH 12) that contained 30% THF. A) 100 mm


probe 1, B) 100 mm rhodamine B, C) 100 mm 1 plus 100 mm OCl�, and
(blank) 100 mm OCl�. HPLC analyses were performed on a HiQ sil C18W
(4.6L200 mm) column by using a Jasco HPLC system that consisted of a
PU-2086-plus pump and a UV-2075-plus detector at 300 nm with metha-
nol/water (6:1, v/v) as eluent (flow rate: 0.8 mLmin�1). The assignment
of the peaks: 1) 4.71 min, rhodamine B, 2) 5.75–6.81 min, unidentified
products, 3) 12.57 min, and 4) 13.69 min, two tautomers of probe 1.


Scheme 3. Two possible tautomers of probe 1.
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Conclusion


N-benzoyl rhodamine B–hydrazide has been characterized
as a new fluorescent probe for OCl�. The probe displays
high sensitivity and extremely high selectivity for OCl�,
which makes it of great potential for the selective detection
of OCl� in the presence of other common ions and oxidants.
In addition, the reaction mechanism that is revealed here
might be useful in developing excellent spectroscopic probes
with cleavable active bonds for other species.


Experimental Section


N-Benzoyl rhodamine B–hydrazide 1: Probe 1 can be readily prepared
from rhodamine B by a two-step reaction (Scheme 2). First, the rhodami-
ne B–hydrazide was prepared by a similar procedure to that reported
previously.[15] In brief, 85% hydrazine hydrate (4 mL) was added to a so-
lution of rhodamine B (1 g, 2.09 mmol) in methanol (40 mL). The solu-
tion was refluxed for 6 h with stirring. Then, the reaction mixture was
evaporated under reduced pressure to give an orange oil, which was then
recrystallized from methanol/water to afford rhodamine B–hydrazide as a
light-orange crystal (750 mg, 79%). ESI-MS: m/z : 457 [M+H]+ .


Benzoyl chloride (0.3 mL, 2.6 mmol) in THF (5 mL) was added dropwise
to a mixed solution of rhodamine B–hydrazide (200 mg, 0.44 mmol) and
triethylamine (0.4 mL, 2.9 mmol) in THF (5 mL)/water (1 mL) at 0–5 8C
with stirring. Then, the mixture was stirred at room temperature over-
night. The solvent was removed under reduced pressure to give an
orange oil. The oil was dissolved in CH2Cl2 (20 mL), and the solution was
successively washed with dilute NaOH solution and brine. The organic
phase was dried over anhydrous Na2SO4, concentrated and purified by
silica-gel column chromatography with petroleum ether (60–90 8C)/
EtOAc (3:1, v/v) as the eluent to afford 1 as a colorless crystal (160 mg,
65%). 1H NMR (300 MHz, [D6]DMSO, 373 K): d=9.54 (s, 1H), 7.86 (d,
J=7.2 Hz, 1H), 7.60–7.54 (m, 4H), 7.45 (t, J=6.8 Hz, 1H), 7.34 (t, J=


7.0 Hz, 2H), 7.09 (d, J=7.0 Hz, 1H), 6.57 (d, J=8.5 Hz, 2H), 6.37–6.33
(m, 4H), 3.33 (q, J=6.9 Hz, 8H), 1.12 ppm (t, J=6.9 Hz, 12H); ESI-MS:
m/z : 561 [M+H]+ ; elemental analysis calcd (%) for C35H36N4O3: C 74.98,
H 6.47, N 9.99; found: C 74.96, H 6.59, N 10.11; crystal data for 1: triclin-
ic; a=10.066(2), b=12.494(3), c=14.084(3) O; a =67.71(3), b=84.16(3),
g=67.70(3)8 ; V=1514.6(5) O3; T=293(2) K; space group=P1̄; Z=30;
1cald=1.415 gcm�3; m ACHTUNGTRENNUNG(MoKa)=0.71073 mm�1; 6738 reflections measured,
6738 unique (Rint=0.1624); final R1=0.1118, wR2=0.2701; S=1.113.


General procedure for OCl� determination : Unless otherwise noted, all
measurements were made in 0.03m Na2B4O7/NaOH buffer (pH 12) that
contained 30% (v/v) THF according to the following procedure. In a
10 mL tube, the 1 mm stock solution of 1 (0.1 mL) in THF was diluted
with THF (2.9 mL), followed by the addition of distilled, deionized water
(2 mL) and 0.1m Na2B4O7-NaOH buffer (3 mL, pH 12). Then an appro-
priate volume of the OCl� sample solution (final concentration of OCl�


was not more than 10 mm) was added, and the final volume was adjusted


to 10 mL with distilled, deionized water. After 30 min at room tempera-
ture, a reaction aliquot (3 mL) was transferred to a 1 cm quartz cell to
measure an absorbance or fluorescence intensity/spectrum with lex/em=


520/578 nm and both excitation and emission slit widths of 10 nm. In the
meantime, a blank solution that contained no OCl� was prepared and
measured under the same conditions for comparison.
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New Highly Asymmetric Henry Reaction Catalyzed by CuII and a C1-
Symmetric Aminopyridine Ligand, and Its Application to the Synthesis of
Miconazole


Gonzalo Blay,* Luis R. Domingo, Victor Hern0ndez-Olmos, and Jos2 R. Pedro*[a]


Introduction


The Henry or nitroaldol reaction constitutes one of the most
useful methodologies for carbon–carbon bond formation.[1]


Owing to the chemical versatility of the nitro group,[2] the
resulting b-hydroxynitroalkanes, especially in an optically
active form, are valuable intermediates for the synthesis of
polyfunctionalized molecules and biologically active com-
pounds.[3] Consequently, considerable effort has been direct-
ed towards the development of catalytic asymmetric ver-
sions of this reaction.[4] However, with the exception of ear-
lier work by Shibasaki et al. with lanthanide–BINOL com-
plexes (BINOL=1,1’-bi-2-naphthol),[5] highly enantioselec-
tive Henry reactions have not been implemented until very
recently. These reactions use metal complexes with chiral li-
gands. Examples include dinuclear zinc (Trost),[6] zinc tri-
flate–amino alcohol (Palomo),[7] and cobalt–ketoimino
(Yamada)[8] complexes, the last two were used in combina-
tion with Brønsted bases. Choudary et al. have also de-
scribed the use of nanocrystalline MgO for asymmetric
Henry and Michael reactions.[9] The most outstanding ach-


ievements have been obtained, however, with copper com-
plexes. Evans et al. reported the copper acetate/bisoxazo-
line-catalyzed addition of nitromethane to aldehydes and
obtained enantiomeric excess (ee) values up to 94%.[10] Jør-
gensen et al. used a related CuII–BOX (BOX= bisoxazo-
line) system for the addition of silyl nitronates to aldehydes
with moderate enantioselectivity.[11] Maheswaran et al. have
used the dichloro[(�)-sparteine-N,N’]copper(II) complex for
the Henry reaction with nitromethane and obtained ee
values from 73 to 97%.[12] You and Ma[13] have reported the
synthesis of new chiral bisimidazoline ligands and their ap-
plication to the copper(II)-catalyzed Henry reaction with
which very high ee values (up to 98%) were obtained.
Highly enantioselective Henry reactions catalyzed by cop-
per(II) complexes with diamino ligands have been described
very recently by the groups of Bandini[14] and Arai.[15] Final-
ly, Feng and co-workers have described the use of copper(I)
complexes with tetrahydrosalen and N,N’-dioxide ligands.[16]


In addition to these metal-based procedures, a number of
organocatalytic methods have been recently described.[17]


However, despite the recent advances in this reaction and
the high enantioselectivities obtained, some limitations are
still encountered: high catalyst loading (40–100%),[7] activa-
tion of nitroalkanes as silyl nitronates,[11,17e] the substrate
scope is limited to aliphatic or aromatic aldehydes,[5,9, 16b,17c,f,h]


difficulties in obtaining the catalyst in both enantiomeric
forms,[12] and so forth. Moreover, with the exception of a
few procedures,[5,11, 15,16a,17f,h] these methods do not work or
have not been tested with nitroalkanes other than nitrome-
thane. Finally, some of the ligands employed are prepared in
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long synthetic sequences, some of which involve racemic res-
olution, use expensive starting materials and have a very
high molecular weight.


The discovery and development of novel chiral ligands
are of significant importance in asymmetric catalysis. The
ideal ligand should be easily prepared, cheap, stable under
the reaction conditions, storable, and highly selective for a
large number of processes. Ligands with two N (sp2) coordi-
nating atoms have found wide application in enantioselec-
tive metal-catalyzed reactions.[18] BOX ligands have proved
to be a privileged class of chiral ligands that are capable of
forming a broad variety of metal complexes that can cata-
lyze a great number of reactions with outstanding enantiose-
lectivity. High enantioselectivities have also been achieved
with other C


2
-symmetric N,N-ligands, such as bisimines,[19]


and bispyridines.[20] Application of the desymmetrization
concept to these ligands has also led to C1-symmetric ligands
with two differentiated N (sp2) atoms, such as oxazolinyl
pyridines[21] and iminopyridines.[22] According to this last
strategy, we developed a new family of modular C1-symmet-
ric iminopyridine ligands, which are easily prepared (one
step) from readily available monoterpene ketones and pyri-
dylalkylamines. These ligands were used in a copper(II)-cat-
alyzed Henry reaction to give the corresponding products in
high yields, albeit with moderate enantioselectivity
(Scheme 1).[23] In this article, we report a highly enantiose-


lective Henry reaction with aldehydes that uses a new ami-
nopyridine ligand based on our previous design for imino-
pyridine ligands.


Results and Discussion


Studies carried out with unsymmetrical bidentate ligands
have shown that the electronic and steric differentiation of
the two opposite equatorial coordination sites of the metal
by the ligand has a profound effect on both the catalyst ac-
tivity and the enantioselectivity.[24,25] Iminopyridine ligands,
such as 1, provide highly sterically differentiated surround-
ings for both equatorial coordination sites of the copper ion.
However, because both nitrogen atoms have the same hy-
bridation (although with different functional groups), the
two equatorial coordination sites of copper should have sim-
ilar electronic features, that is, similar acidity and coordinat-
ing ability. On the other hand, the Z geometry of the imine


places C1-Me of the camphor skeleton very close to the
copper coordination site trans to the pyridine, which may
hinder the reaction partners from accessing the metal
center. To increase electronic differentiation between the
two equatorial coordination sites and to provide the ligand
with bigger flexibility, we decided to reduce the C=N bond
of the iminopyridine ligands. The new ligands should coordi-
nate to the copper ion with a strongly basic amine N (sp3)
atom and a weekly basic pyridine N (sp2) atom, to form a
square-planar complex, in which both equatorial coordinat-
ing positions of the hypothetical square-planar complex
would have greater electronic differentiation. Furthermore,
the possibility of rotation around the C�N bond would
allow better accommodation of the camphor skeleton in the
metal complex (Figure 1).


The imine C=N double bond in 1 was reduced upon treat-
ment with NaBH4/NiCl2 to give 2 as only one diastereomer
in a yield of 64% (Scheme 2).[26] The stereochemistry of the


resulting amine was determined by NOE and NOESY ex-
periments, which showed the spatial proximity of the CH2-N
methylene to the 1-Me (d=1.09) and 7s-Me (d=0.95)
groups of the camphor framework, as well as the proximity
between the 2-H (d=2.64) and 5n-H (d=1.05) protons.[27]


For purposes of comparison, we added nitromethane to
benzaldehyde in the presence of CuACHTUNGTRENNUNG(OAc)2·H2O (5 mol%)
and 2 (5 mol%) in EtOH at 0 8C. We were very pleased to
observe that the new catalyst showed enhanced catalytic ac-
tivity and enantioselectivity with respect to 1, and provided
the expected product in a yield of 95% with an ee value of
91% after 51 h (Scheme 3), and proved the expected superi-
ority of the amino ligands with respect to the related imino-
pyridines.


Based on our previous experience with iminopyridine li-
gands, further improvement was achieved by performing the
reaction at a lower temperature and in the presence of diiso-
propylethylamine (DIPEA) to activate the nitromethane. In


Scheme 1. Henry reaction catalyzed by CuII and iminopyridine ligand 1.


Figure 1. Design of aminopyridine ligands from iminopyridine ligands.


Scheme 2. Synthesis of aminopyridine ligand 2 from 1 (4.1 mmol).
i) NaBH4 (1.0 equiv), NiCl2 (2.0 equiv), MeOH (60 mL), �30 8C, 3 h.
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this way, the expected product was obtained in an almost
quantitative yield and with an excellent enantioselectivity
(98% ee ; Table 1, entry 1). We prepared three other amino-
pyridines 3–5 that differ in the spacer length, substitution on


the pyridine ring, and the chiral scaffold (see the Supporting
Information) and tested them with benzaldehyde under sim-
ilar conditions. The resulting nitroalkanol had a lower enan-
tioselectivity than with ligand 2 (Table 1, entries 1–4).


The substrate scope was studied by using ligand 2. A vari-
ety of aromatic and heteroaromatic aldehydes were found


to be suitable substrates, with the Henry reaction providing
the expected products in high-to-quantitative yields with ex-
cellent enantioselectivities, above ee values of 95% in most
cases, regardless of the location of the substituent and its
electronic nature (Table 1, entries 1 and 5–17). Only the
presence of a strongly electron-withdrawing nitro group
(Table 1, entries 8 and 15) or two electron-withdrawing
chlorine atoms (Table 1, entry 16) brought about a small de-
crease in the enantioselectivity. Most remarkably, the reac-
tion could also be performed with unbranched and even
branched or sterically hindered aliphatic aldehydes (Table 1,


entries 18–21). In these cases,
the reaction was carried out at
a higher temperature (�20 8C),
and the resulting products were
obtained in high yields and en-
antiomeric excesses above 90%
in all cases. Finally, the reaction
with the 6s exclusively afforded
the 1,2-addition product in
almost quantitative yield with
an ee value of 96% (Table 1,
entry 22).


Because of the good results
obtained with the addition of
nitromethane to aldehydes by
using the CuACHTUNGTRENNUNG(OAc)2/2/DIPEA
system, we decided to extend
the reaction to other nitroal-
kanes. As stated in the intro-
duction, only a very small
number of catalytic systems
work or have been tested in the
Henry reaction with nitroal-
kanes other than nitromethane.
The results are shown in
Table 2. Ligand 2 was again
found to give better results
than ligands 3–5 (Table 2, en-
tries 1–4). The CuII/2 system


worked efficiently with nitroethane (9, R’=Me; Table 2, en-
tries 1 and 5–10), nitropropane (9, R’=Et; Table 2, en-
tries 11–17) and with the almost unstudied 2-phenylnitro-
ethane (9, R’=PhCH2; Table 2, entry 18). With aromatic al-
dehydes, the reaction took place with good diastereoselec-
tivity (from 61:39 to 82:18) favoring the anti product, which
was obtained with ee values above 89% for the addition of
nitroethane and nitropropane (Table 2, entries 1, 5–9, and
11–16), and an ee value of 83% for the addition of the bulk-
ier 2-phenylnitroethane (Table 2, entry 18). On the other
hand, reaction of nitroethane and nitropropane with 6p
(Table 2, entries 10 and 17, respectively) afforded chiefly the
syn product, although with a lower diastereoselectivity and
ee value than the reaction with aromatic aldehydes.


As a synthetic application of the procedure, we have ach-
ieved the enantioselective synthesis of (S)-miconazole
(Scheme 4), a potent antifungal agent.[28] (S)-1-(2,4-


Scheme 3. Comparative reaction of 2-anisole and nitromethane in the
presence of ligands 1 (10 mol%) and 2 (5 mol%). i) L/Cu ACHTUNGTRENNUNG(OAc)2, EtOH,
0 8C. L=1: 88 h, 98% yield, 67% ee ; L=2 : 51 h, 95% yield, 91% ee.


Table 1. Asymmetric addition of nitromethane to aldehydes catalyzed by copper(II) acetate and ligands 2–5.


Entry[a] L Aldehyde T [8C] t [h] Yield[b] [%] ee[c] [%]


1 2 benzaldehyde (6a) �50 22 99 98
2 3 benzaldehyde (6a) �50 24 90 71
3 4 benzaldehyde (6a) �50 24 90 44
4 5 benzaldehyde (6a) �50 24 90 47
5 2 2-methoxybenzaldehyde (6b) �50 3 99 98
6 2 2-methylbenzaldehyde (6c) �50 2 99 98
7 2 2-chlorobenzaldehyde (6d) �50 23 98 96
8 2 2-nitrobenzaldehyde (6e) �40 35 82 86
9 2 3-methoxybenzaldehyde (6 f) �50 23 99 98
10 2 3-methylbenzaldehyde (6g) �50 10 99 98
11 2 3-chlorobenzaldehyde (6h) �50 10 94 97
12 2 4-methoxybenzaldehyde (6 i) �50 17 99 98
13 2 4-methylbenzaldehyde (6j) �50 6 95 98
14 2 4-chlorobenzaldehyde (6k) �50 22 99 97
15 2 4-nitrobenzaldehyde (6 l) �50 24 86 85
16 2 2,4-dichlorobenzaldehyde (6m) �50 24 70 89 (98)[d]


17 2 thiophen-3-carbaldehyde (6n) �50 21 99 98
18 2 decanal (6o) �20 22 98 92
19 2 dihydrocinnamaldehyde (6p) �20 23 79 94
20 2 cyclohexanecarbaldehyde (6q) �20 22 95 90
21 2 isovaleraldehyde (6r) �20 10 97 91
22 2 cinnamaldehyde (6 s) �50 24 97 96


[a] Reactions were carried out on a 0.5 mmol scale of aldehydes in a mixture of EtOH (2 mL) and nitrome-
thane (0.27 mL). [b] Isolated yield. [c] Determined by HPLC analysis. The absolute configurations were estab-
lished by comparison with literature data or with one another (see the Supporting Information). [d] ee value
after a single crystallization.
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DichloroACHTUNGTRENNUNGphenyl)-2-nitroethanol (8m), obtained from the
Henry reaction of nitromethane and 6m was reduced in a
yield of 82% to the corresponding hydroxyamine 13 by
treatment with zinc/HCl. This transformation was not suc-
cessful with other procedures, such as catalytic hydrogena-
tion, because they caused hydrogenolysis of the C�Cl bond.
The imidazole ring was synthesized from 13, glyoxal, formal-


dehyde, and ammonium acetate,[29] to give 14 in a yield of
70%.[30] Finally alkylation of the hydroxyl group with 2,4-di-
chloro-1-(chloromethyl)benzene[31] afforded (S)-miconazole
(15) in a yield of 76% with an ee value of 98%, without loss
of optical purity in any of the steps of the synthetic se-
quence.


Suitable crystals of the [Cu(2) ACHTUNGTRENNUNG(OAc)2] complex could not
be obtained for X-ray analysis. To account for the observed
stereoselectivity, the geometry of [Cu(2)ACHTUNGTRENNUNG(OAc)2] was opti-
mized at the UB3LYP/6-31G* level of theory[32] with the
Gaussian 03 suite of programs[33] (Figure 2, left). The com-
plex shows a large deviation from planar geometry with one
of the acetate groups out of the N-Cu-N plane and forming
a hydrogen bond with the N�H group. The acetate groups
are oriented upwards and downwards, respectively, and the
upper apical coordination site of the copper ion is shielded
by the camphor framework. Based on this modeled com-
plex, and the previously reported electronic considera-
tions,[10] we propose a possible transition-state model that
accounts for the absolute configuration of the obtained
products (Figure 2, right). In the active species, the aldehyde
will coordinate the copper(II) ion trans to the less electron-
donating pyridine ligand for maximum electrophilic activa-
tion,[34] whereas the nitronate will occupy the less coordinat-
ing apical position for maximum nucleophilic activation.
Transfer of the nitronate from the less hindered apical posi-
tion to the exposed Re face of the aldehyde carbonyl group
would yield products with an (S) configuration.


Conclusion


In conclusion, we have presented a new class of copper-ami-
nopyridine catalysts for the highly enantioselective Henry
reaction. A modular design of the catalyst is possible by
varying the starting chiral ketone and the pyridylalkylamine.
The most effective ligand for this reaction is readily pre-
pared (two steps) from very cheap starting materials, and it
can be obtained in both enantiomeric forms starting from
the suitable camphor enantiomer, both of which are com-
mercially available.


This Henry reaction is general in scope and provides the
expected products with high-to-quantitative yields and ex-


Table 2. Asymmetric addition of nitroalkanes to aldehydes catalyzed by
copper(II) acetate and ligands 2–5.


Entry[a] L Aldehyde 9 R’ t
[h]


Yield[b]


[%]
anti/syn[c]


[%]
ee[c]


[%]


1 2 6a Me 47 99 80:20 95/91
2 3 6a Me 48 97 53:47 15/3
3 4 6a Me 48 95 53:47 5/3
4 5 6a Me 24 90 63:37 9/35
5 2 6b Me 19 95 82:18 95/94
6 2 6c Me 46 95 79:21 91/91
7 2 6 i Me 49 91 66:34 91/85
8 2 6k Me 44 99 81:19 95/84
9 2 6 l Me 49 97 80:20 92/63
10[d] 2 6p Me 53 75 47:53 77/80
11 2 6a Et 64 97 71:29 94/92
12 2 6b Et 64 96 70:30 93/95
13 2 6c Et 45 96 75:25 89/90
14 2 6 i Et 40 90 61:39 89/93
15 2 6k Et 46 96 65:35 91/87
16 2 6 l Et 48 95 74:26 91/75
17[d] 2 6p Et 72 73 39:61 80/80
18 2 6a PhCH2 52 90 68:32 83/54


[a] Reactions were carried out on a 0.5 mmol scale of aldehydes in mix-
ture of EtOH (2 mL) and the nitroalkane (10.0 equiv) at �40 8C. [b] Iso-
lated yield. [c] Determined by HPLC analysis. The absolute configura-
tions were established by comparison with literature data or with one an-
other (see the Supporting Information). [d] Reaction carried out at
�20 8C.


Scheme 4. Enantioselective synthesis of (S)-miconazole (15). i) Zn, HCl,
EtOH/H2O, reflux, 82%; ii) glyoxal, 38% aqueous formaldehyde,
NH4OAc, MeOH, reflux, 70%; iii) 1. NaH, THF/DMF, RT, 2. 2,4-di-
chloro-1-(chloromethyl)benzene, tetrabutylammonium iodide, RT, 76%.


Figure 2. Optimized geometry for the [Cu(2) ACHTUNGTRENNUNG(OAc)2] complex (left) and a
possible transition state (right) that shows the addition of the nitronate
to the Re face of the aldehyde.
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cellent enantioselectivities with a broad range of aromatic,
heteroaromatic, aliphatic, and unsaturated aldehydes, by
using nitromethane and other nitroalkanes in the presence
of a moderate catalyst loading (5 mol%). The operational
procedure is very simple and does not require special care
with respect to the exclusion of air or moisture. As a conse-
quence of all these features, the present catalytic system is
one of the most convenient procedures for the synthesis of
nitroalkanols. The applicability of the procedure has been
demonstrated with the synthesis of miconazole, a known an-
tifungal agent.


Experimental Section


General methods : Commercial reagents were used as purchased. Re-
agent quality absolute EtOH without additional drying was used for all
enantioselective reactions, which were carried out in test tubes stoppered
with a septum. No special precautions were observed for the exclusion of
air or moisture. Reactions were monitored by TLC analysis with Merck
silica gel 60F-254 thin-layer plates. Flash column chromatography was
performed on Merck silica gel 60 (0.040–0.063 mm). Specific optical rota-
tions were recorded by using a Perkin–Elmer 241 polarimeter with
sodium light (D line 589 nm). NMR spectra were recorded by using
Bruker Avance spectrometers in the deuterated solvents as stated. Resid-
ual non-deuterated solvent was used as the internal standard and CFCl3
as the internal standard for 19F NMR. J values are given in Hz. The
carbon type was determined by DEPT experiments. Mass spectra were
recorded by using a Fisons Instruments VG Autospec GC 8000 series
spectrometer. EI mass spectra were run at 70 eV and FAB mass spectra
were run at 30 kV in a meta-nitrobenzyl alcohol (MNBA) matrix. Chiral
HPLC analyses were performed by using a Hitachi Elite Lachrom instru-
ment equipped with a Hitachi UV diode array L-4500 detector with
chiral stationary columns from Daicel. Retention times are given in min.


Compound 2 : Sodium borohydride (1.59 g, 4.13 mmol) was added por-
tionwise to a solution of 1 (1.00 g, 4.13 mmol) and NiCl2 (1.09 g,
8.26 mmol) in MeOH (60 mL) at �30 8C under a nitrogen atmosphere
over a period of 1 h. After 2 h, the solvent was evaporated under reduced
pressure. Column chromatography (eluent=EtOAc) gave 2 as an oil
(624 mg, 62%). [a]25


D =�80.6 (c=1.01 in CHCl3);
1H NMR (300 MHz,


CDCl3): d =8.53 (ddd, J ACHTUNGTRENNUNG(H,H)=5.0, 1.8, 0.6 Hz, 1H; pyr), 7.63 (td, J-
ACHTUNGTRENNUNG(H,H)=7.8, 1.8 Hz, 1H; pyr), 7.32 (d, J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; pyr), 7.14
(ddd, J ACHTUNGTRENNUNG(H,H)=7.5, 5.0, 0.6 Hz, 1H; pyr), 3.92 (d, J ACHTUNGTRENNUNG(H,H)=14.4 Hz, 1H;
CH2N), 3.88 (d, J ACHTUNGTRENNUNG(H,H)=14.4 Hz, 1H; CH2N), 2.64 (dd, J ACHTUNGTRENNUNG(H,H)=8.0,
4.3 Hz, 1H; 2n-H), 2.26 (br s, 1H; NH), 1.69 (s, 1H; 4-H), 1.70–1.56 (m,
3H; 3n-H, 3x-H, 5x-H), 1.09 (s, 3H; 1-Me), 1.05 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H;
5n-H, 6n-H), 0.95 (s, 3H; 7s-Me), 0.80 ppm (s, 3H; 7a-Me); 13C NMR
(75.5 MHz, CDCl3): d=160.4 (C), 149.0 (CH), 136.3 (CH), 122.2 (CH),
121.7 (CH), 66.4 (CH), 53.9 (CH2), 48.4 (C), 46.7 (C), 45.2 (CH), 38.5
(CH2), 36.8 (CH2), 27.3 (CH2), 20.5 (CH3), 20.5 (CH3), 12.2 ppm (CH3);
MS (EI, 70 eV): m/z(%): 244 (0.8)[M]+ , 152 (100), 135 (29), 95 (41), 93
(92); HRMS: calcd for C16H24N2 [M]+ : 244.1939, found: 244.1936.


General procedure for the catalytic enantioselective Henry reaction : A
solution of 2 (6.7 mg, 0.025 mmol) in absolute EtOH (2 mL) was added
to Cu ACHTUNGTRENNUNG(OAc)2·H2O (5.0 mg, 0.025 mmol) in a test tube. The test tube was
stoppered with a septum, and the solution was stirred for 1 h to give a
blue solution. The aldehyde (0.5 mmol) was added, and the tube was
placed in a bath at the reaction temperature. After 5 min, the nitroalkane
(5 mmol) was added followed by DIPEA (87.1 mL, 0.5 mmol). After the
indicated time, the solvent was removed under reduced pressure and the
product was isolated by column chromatography.


(S)-2-Amino-1-(2,4-dichlorophenyl)ethanol (13): Zn powder (314 mg,
4.78 mmol) was added to a solution of 8m (100 mg, 0.212 mmol, 98% ee)
in ethanol/H2O (3.4:0.8 mL) followed by concentrated HCl (0.66 mL).
The mixture was heated at reflux for 1 h. Aqueous saturated NaHCO3


(10 mL) and water (10 mL) were added, and the mixture was extracted
with EtOAc (3T25 mL). The organic phase was dried (MgSO4), concen-
trated under reduced pressure, and the residue chromatographed on
silica gel (EtOAc/EtOH 99:1 to 7:3) to give 13 (72 mg, 82%). [a]25


D =++


73.5 (c=0.51 in CHCl3, 98%ee); 1H NMR (300 MHz, CDCl3): d=7.51
(d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 7.32 (d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H), 7.25 (dd, J-
ACHTUNGTRENNUNG(H,H)=8.4, 2.1 Hz, 1H), 4.98 (dd, J ACHTUNGTRENNUNG(H,H)=7.8, 3.3 Hz, 1H), 3.07 (m,
4H), 2.66 ppm (dd, J ACHTUNGTRENNUNG(H,H)=12.6, 7.8 Hz, 1H); 13C NMR (75.5 MHz,
CDCl3): d=138.5 (C), 133.5 (C), 132.2 (C), 129.0 (CH), 128.3 (CH),
127.3 (CH), 69.9 (CH), 46.8 ppm (CH2); MS (FAB, 30 kV): m/z (%): 206
(4) [M+1]+ ; HRMS calcd for C8H10NOCl2 [M+1]+ : 206.0139, found:
206.0147.


(S)-1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethanol (14): 40% Aque-
ous glyoxal (73.2 mL, 0.64 mmol), ammonium acetate (50.9 mg,
0.64 mmol), and 38% aqueous formaldehyde (48.4 mL, 0.64 mmol) were
added to a solution of 13 (66 mg, 0.32 mmol) in methanol (0.75 mL). The
mixture was heated at reflux for 4 h. After this time, the volatile com-
pounds were removed under reduced pressure and the residue was treat-
ed with 2m aqueous KOH (15 mL). The mixture was extracted with
CH2Cl2 (5T20 mL), and the organic layer was dried (MgSO4) and con-
centrated under reduced pressure. Column chromatography (CH2Cl2/
MeOH, 100:0 to 95:5) gave 14 (57.5 mg, 70%). [a]25


D =++87.3 (c=0.89 in
CHCl3, 98% ee ; lit. :[29] [a]25


D =++83.8); 1H NMR (300 MHz, CDCl3): d=


7.58 (d, J ACHTUNGTRENNUNG(H,H)=8.4, 2.1 Hz, 1H), 7.39 (m, 2H), 7.29 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
1H), 6.89 (br s, 1H), 6.81 (br s, 1H), 5.21 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 5.20
(br s, 1H), 4.20 (d, J ACHTUNGTRENNUNG(H,H)=14.1 Hz, 1H), 3.87 ppm (dd, J ACHTUNGTRENNUNG(H,H)=14.1,
8.1 Hz); 13C NMR (75.5 MHz, CDCl3): d=137.5 (C), 137.3 (CH), 134.1
(C), 131.9 (C), 129.0 (CH), 128.7 (CH), 128.0 (CH), 127.7 (CH), 119.6
(CH), 69.5 (CH), 53.5 ppm (CH2); MS (EI, 70 eV): m/z (%): 256 (2.8)
[M]+ , 221 (30), 174 (38), 111 (25), 82 (100), 81 (39); HRMS: calcd for
C11H10N2OCl2 [M]+ : 256.0170, found: 256.0174; the ee value (98%) was
determined by HPLC on a Chiralpack AD-H column, hexane/iPrOH
(90:10), flow rate=1.0 mLmin�1, major enantiomer (S) tr =10.1 min,
minor enantiomer (R) tr =15.5 min.


(S)-1-(2-(2,4-Dichlorobenzyloxy)-2-(2,4-dichlorophenyl)ethyl)-1H-imida-
zole (miconazole, 15): NaH (60% dispersion in mineral oil, 6.7 mg,
0.17 mmol) was added to a solution of 14 (17.3 mg, 0.067 mmol) in THF/
DMF (1 mL, 10:1) at 0 8C, under nitrogen. After 15 min, 2,4-dichloro-1-
(chloromethyl)benzene (14 mL, 0.10 mmol) was added followed by tetra-
butylammonium iodide (2.5 mg, 0.0067 mmol). After stirring for 5 h at
RT, water (10 mL) was added. The mixture was extracted with CH2Cl2
(3T15 mL), dried (MgSO4), and concentrated under reduced pressure.
Column chromatography (hexane/EtOAc, 5:5 to 1:9) gave 15 (21.1 mg,
76%). [a]25


D =++57.9 (c=1.3 in CHCl3, 98% ee); 1H NMR (300 MHz,
CDCl3): d=7.54 (br s, 1H), 7.45 (d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H), 7.36 (d, J-
ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H), 7.31–7.29 (m, 2H), 7.24 (dd, J ACHTUNGTRENNUNG(H,H)=8.4, 1.8 Hz,
1H), 7.18 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 7.05 (br s, 1H), 6.91 (br s, 1H), 5.02
(dd, J ACHTUNGTRENNUNG(H,H)=7.2, 2.7 Hz, 1H), 4.49 (d, J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.34 (d, J-
ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.25 (dd, J ACHTUNGTRENNUNG(H,H)=14.7, 2.7 Hz), 4.08 ppm (dd, J-
ACHTUNGTRENNUNG(H,H)=14.7, 7.2 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d=137.8 (CH),
135.0 (C), 134.3 (C), 133.68 (C), 133.64 (C), 133.24 (C), 133.21 (C), 130.0
(CH), 129.7 (CH), 129.3 (CH), 129.2 (CH), 128.3 (CH), 128.0 (CH),
127.3 (CH), 119.8 (CH), 77.6 (CH), 68.2 (CH2), 51.3 ppm (CH2); MS
(EI): m/z (%): 414 (6.2) [M]+ , 334 (18), 161 (65), 159 (100); HRMS:
calcd for C18H14N2OCl4 [M]+ : 413.9860, found: 413.9865; the ee (98%)
was determined by HPLC on a Chiralcel OD-H column, hexane/iPrOH
(90:10), flow rate=1.0 mLmin�1, major enantiomer (S) tr =20.8 min,
minor enantiomer (R) tr =19.6 min.
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Synthesis, Characterization, and Field-Effect Transistor Properties of
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Introduction


Organic semiconductors have been the focus of intense in-
vestigation for the past decade because of their potential
electronic applications.[1] Due to their capability of trans-
porting charge, organic semiconductors can act as active


layers instead of traditional silicon in field-effect transistors
(FETs).[2] Furthermore, organic materials possess many ad-
vantages over silicon, such as low cost, flexibility, and easier
tailoring of the functional properties of the materials by
modification of their molecular structures.[2] Some organic
semiconductors may be deposited by low temperature solu-
tion processing, which allows industrial methods, such as
spin coating, printing and stamping to be used.[3] Therefore,
they provide alternative approaches towards the realization
of low cost electronics. To date, significant progress has
been made in increasing the performance of organic semi-
conductors in FETs in all respects of charge-carrier mobility,
on/off ratio, and stability.[2,4] However, it is still a major chal-
lenge to understand the relationship between molecular
structures and properties, and there are no definite guide-
lines for molecular designs to facilitate the charge trans-
port.[5]


Carbazole-based materials have been widely studied for
their unique electrical and optical properties.[6] They have


Abstract: Two cyclic carbazolenevinyl-
ACHTUNGTRENNUNGene dimers 1 and 2 were synthesized
by McMurry coupling reactions. A
linear compound 3 was also prepared
for comparison. Compounds 1–3 were
fully characterized by means of NMR
spectroscopy, HRMS, elemental analy-
sis, and UV/Vis absorption spectrosco-
py. Quantum chemical simulations
showed that the cyclic compounds pos-
sessed smaller HOMO–LUMO gaps
and more extended conjugation. The
UV/Vis absorption spectra of the cyclic
compounds showed blueshifts com-
pared with that of the linear compound
3. Time-dependent DFT (TD-DFT)
analysis revealed that this was due to
the different selection rules for mole-
cules with cyclic and linear architec-


tures. The cyclic conformation also sig-
nificantly affected the molecular order-
ing in the solid state. The X-ray crystal
structure of 1 showed partial p–p over-
lapping between the adjacent mole-
cules. Thin films of 1–3 were fabricated
by the vacuum-deposition method on
Si/SiO2 substrates. Multicrystalline thin
films were obtained from compounds 1
and 2, but only amorphous thin films
could be obtained for the linear com-
pound 3. Another important difference
between the cyclic and linear com-


pounds was the reduced reorganization
energy for the cyclic compounds. These
two facts have resulted in improved
field-effect transistor (FET) mobilities
for the cyclic compounds compared
with the linear compound. In addition,
as the substrate temperature has a sig-
nificant influence on the morphology
and the degree of crystallinity of the
thin films deposited, the device perfor-
mance could be optimized by varying
the substrate temperature. The FET
devices based on 2 gave the highest
mobility of 0.013 cm2V�1 s�1. The re-
sults showed that carbazole derivatives
with cyclic structures might make
better FETs.
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been used as hole-transporting materials in a variety of
fields, such as organic photoconductors,[6] organic light-emit-
ting diodes,[7] and nonlinear optics[8] . Due to their excellent
hole transporting characteristics and air-stability, carbazole
derivatives have also been used in FETs.[2d,9] Recently,
Drolet et al. fabricated organic FETs based on thin films of
2,7-carbazolenevinylene-based oligomers and obtained high
hole mobilities (0.3 cm2V�1 s�1).[9d] Ong and co-workers have
also reported a series of indolo ACHTUNGTRENNUNG[3,2�b]carbazole derivatives
that can be used to fabricate high-mobility FETs under am-
bient conditions.[9b, c] This research indicates that carbazole-
based materials can be attractive candidates for FET appli-
cations.
Conjugated macrocyclic oligomers have become a topic of


growing interest in several fields of research, including
supramolecular chemistry, organic materials science, and
nanotechnology.[10] The cyclic structure of these compounds
represents a defect-free and well-defined p-conjugated
chain, which ideally combines an infinite polymer with the
structural features of a well-defined oligomer, but without
any perturbing end-effects.[11] Cyclic oligomers based on car-
bazole have been synthesized and investigated.[12] Impor-
tantly, several carbazolylacetylene-derived macrocycles have
been reported that have unique fluorescence-quenching-
based chemical detection,[13] self-assembly,[14] and photoin-
duced charge-transfer properties.[15] However, their synthesis
is always complicated, and their potential use in FETs has
been scarcely studied so far. Furthermore, comparing the
properties of the cyclic oligomers with those of the linear
oligomers will provide useful information for molecular
design in the development of
novel molecular materials.
Based on previous work on


the synthesis of the triphenyl-
ACHTUNGTRENNUNGamine dimer and carbazolyl-
acetylene-derived macrocy-
cles,[15,16] we planned to apply
the McMurry reaction for the
synthesis of cyclic carbazolene-
vinylene oligomers. Carbazole
units were linked by two ethyl-
ene groups resulting in two
cyclic dimers (compounds 1
and 2). The introduction of
carbon–carbon double bonds
in organic conductors is
deemed to reduce the band
gap and tune the electrical
properties with an extended p-
conjugated length.[9d,17] For
comparison, a linear carbazole
dimer (compound 3) was also
synthesized. The optical and
electronic properties of 1–3
were fully characterized. To in-
vestigate their hole-transport-
ing properties, FET devices


were fabricated and tested in detail. They all worked as p-
type semiconductors. The film morphologies and molecular
structures were discussed in relation to the device perform-
ances.


Results and Discussion


Synthesis : The procedure for the synthesis of compounds 1–
3 is shown in Scheme 1. Compounds 1 and 2 were synthe-
sized by a similar process to that we have reported previous-
ly.[16] Two formyl groups were introduced into carbazole to
give the precursor of 1 in high yield by direct Vilsmeier–
Haack formylation employing DMF and phosphorus oxy-
chloride.[18] However, for phenyl-substituted carbazole 6, the
yield was very low. Thus, 6 was brominated, followed by


Scheme 1. i) TBAI, NaOH; ii) POCl3, DMF; iii) TiCl4, Zn, pyridine, 80 8C; iv) K2CO3, CuI, [18]crown-6;
v) NBS; vi) �78 8C, nBuLi, DMF. TBAI= tetrabutylammonium iodide; NBS=N-bromosuccinimide
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lithiation and reaction with DMF, which afforded the di-
formyl compound 8 in a satisfactory yield. Compounds 1–3
were realized by McMurry coupling reactions.[16,19] The reac-
tions of 9-n-butyl-carbazole-3,6-dicarbaldehyde and 9-
phenyl-carbazole-3,6-dicarbaldehyde with TiCl4, Zn powder,
and pyridine in THF at reflux under nitrogen gave 1 and 2
in yields of 8.1 and 5.6%, respectively. Although the yields
were low, the syntheses were simple and could be operated
on a large scale. Compound 3 was also synthesized by
McMurry reactions in 58.0% yield. Compounds 1 and 3
were soluble in common organic solvents, such as dichloro-
methane and toluene, with a high solubility (>10 mgmL�1),
but 2 had very low solubility in organic solvents
(<1 mgmL�1 in chloroform or toluene at room tempera-
ture). All compounds were characterized by HRMS, NMR
spectroscopy, and elemental analysis. Compound 2 could not
be characterized by 13C NMR spectroscopic analysis due to
its poor solubility. Thermogravimetric analysis (TGA) meas-
urements gave thermal decomposition temperatures (Td) of
466, 406, and 420 8C for 1, 2, and 3, respectively. Their melt-
ing points were all above 200 8C, which showed that they all
possessed excellent thermal stability.


Crystal structure : Single crystals of 1 for X-ray analysis
were obtained by slow evaporation of its dichloromethane
solution. The crystal belongs to a crystal system of ortho-
rhombic space group Pbca with unit-cell parameters of a=


15.618(3), b=8.4122(17), c=19.403(4) M. As shown in Fig-
ure 1a, molecule 1 has a symmetric center located at the
center of the cyclic structure. The carbazole moieties band
to a nonplanar comformation with a dihedral angle of about
128 between the five-membered ring and fused six-mem-
bered ring. Molecules stacked in a column along the b-axis
can be observed when the structure is viewed along the c-
axis (Figure 1b). There is partial p–p overlapping between
the adjacent molecules in the same column, as the inter-
plane distance between two N-hetero rings is about 3.25 M.
This column-stacking manner may favor efficient hole trans-
portation.


Optical and electrochemical properties : The UV/Vis spectra
of 1–3 in dichloromethane and in neat films are shown in
Figure 2. Their spectra in solution showed absorption peaks
at 298, 300, and 343 nm, respectively. In thin films prepared
by the vacuum-deposition method, the absorption maxima
of 1 and 2 were at 304 and 307 nm, exhibiting a small red-
shift and broadening in comparison with that in solution.
This indicated the formation of J-aggregates in the solid
state. The spectrum of compound 3 as a film showed a
smaller shift, which indicated loose congregation. From the
absorption edges of the thin film spectra, optical band gaps
of 1, 2, and 3 were estimated as 3.51, 3.21, and 2.88 eV, re-
spectively. The band gaps in 1 and 2 were much larger than
in the linear analogue 3, which showed that they might be
more stable. This is in conflict with the HOMO–LUMO
gaps (HLGs) obtained from the quantum simulation, which
is discussed below.


Cyclic voltammetric measurements have been carried out
on compounds 1–3. We used a conventional three-electrode
cell with Pt working electrodes, a platinum wire counter
electrode, and an Ag/AgCl reference electrode at room tem-
perature. The experiments were calibrated with the ferro-
cene/ferrocenium (Fc/Fc+) redox system. They all showed
two reversible oxidation waves corresponding to the oxida-
tion of each of the nitrogens (Figure 3). The two oxidation
peaks of 1 were found at 0.804 and 1.079 V (vs. Ag/AgCl),
whereas 2 had peaks at 0.928 and 1.142 V. They were all a
little higher than the potentials of 3 (0.791, 1.128 V). The
large separation of the redox potentials indicated that the
two carbazole units were strongly electronically coupled. We
used the onset oxidation potentials to determine the
HOMO levels based on the internal standard ferrocene
value of �4.8 eV with respect to the zero vacuum level.[20]


The HOMO levels could be estimated by using the equation
HOMO=�(Eonset


ox + 4.4) eV.[21] Therefore, the HOMO
levels of 1–3 were estimated by using the oxidation onsets
(0.69 V for 1, 0.82 V for 2, and 0.70 V for 3) and were found
to be �5.09, �5.22, and �5.10 eV, respectively. These values
were very low, which implies high oxidative stability. The
appropriate HOMO level of 1 and 3 also matched well with
the work function of metallic gold (�5.1 eV). This might en-
hance the hole injection between the electrode and p-chan-
nel type semiconductor, and thus improve the device perfor-


Figure 1. a) Molecular structure of compound 1 with 50% possibility el-
lipsoids. b) Stacking pattern of 1 in the crystal view along the c-axis, inter-
molecular p–p interactions are indicated by a (hydrogen atoms were
omitted for clarity).
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mance. On the contrary, the HOMO level of 2 was a little
larger than the work function of metallic gold.


Thin films : Thin films of 1–3 were fabricated by a
vacuum-deposition method on Si/SiO2 substrates. The Si/
SiO2 substrate was highly n


+-doped Si with a 450 nm ther-
mally oxidized SiO2 layer on it. Before the deposition of the
organic semiconductor, an octadecyltrichlorosilane (OTS)
self-assembled monolayer was preformed on the surface of
SiO2. We used several substrate temperatures (Tsub) during
the deposition process. Atomic-force microscopy (AFM)
was used to investigate these films (Figures 4 and 5). The


films of compound 1 deposited at room temperature (20 8C)
showed a smoother morphology than those deposited at
higher temperatures, but with a small grain size. While the
grain size grew as the substrate temperature increased, the
films became discontinuous bundlelike structures at 40 and
60 8C. At a substrate temperature of 100 8C, crystalline belts
linking these bundles could be observed. A similar trend in
film morphologies was observed for compound 2. At a sub-
strate temperature of 20 8C, the film was very even and con-
tinuous. The substrate was covered by the material and a
good network interconnection was formed between the crys-
tallites. When the substrate temperature increased, the films
became very rough and discontinuous. At 60 8C, besides sep-
arated bundlelike structures at the film surface, a continuous
smooth film could be observed underneath these bulges.


Figure 2. UV/Vis absorption spectra of a) 1, b) 2, and c) 3 in dichlorome-
thane (c) and as thin films (a). Thin films of 1–3 about 50 nm thick
were fabricated by a vacuum-deposition method on quartz substrates at
room temperature.


Figure 3. Cyclic voltammograms of 1–3 in dichloromethane at room tem-
perature (scan rate=50 mVs�1).


Figure 4. AFM images of the films of compound 1 on OTS treated Si/
SiO2 deposited at a) 20, b) 40, c) 60, and d) 100 8C (~50 nm thickness).
Each image is 5 mmO5 mm.
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This might account for the high mobility observed at this
temperature. At 100 8C, the films showed clewlike structures
with bigger boundaries between the clews. For compound 3,
we fabricated thin films at room temperature (20 8C), and
they showed a similar morphology to that observed for com-
pound 2 at the same Tsub (Figure 6).
These films were also characterized by XRD (Figure 7).


The XRD patterns of thin films of 1 exhibited weak diffrac-
tion peaks at all temperatures, and thus showed low crystal-
linity. Although films obtained at a substrate temperature of
40 and 100 8C showed relatively stronger diffractions than
that obtained at 20 8C, they showed less continuity. This
should account for the higher FET mobility observed in the
films deposited at 20 8C. For compound 2, diffraction peaks
could only be observed on films deposited at 60 8C. This in-
dicated that the films with a relatively high degree of order-
ing and crystallinity were formed at this temperature. The


optimized thin films of 3 exhibited no XRD peaks, and thus
showed amorphous properties.


FET Measurements : FET devices were fabricated by using
top-contact geometry. The thin films (~50 nm) of 1, 2, and 3
were deposited on OTS treated Si/SiO2 substrates by using
the vacuum-deposition method as noted above. Subsequent-
ly, gold electrodes were deposited by vacuum evaporation
on the organic layer through a shadow mask. The character-
istics of the FETs were obtained at room temperature in air.
The mobilities were extracted in the saturation regime from
the gate sweep by using Equation (1):


IDS ¼ ð
mWCi


2L
ÞðVG�VTÞ2 ð1Þ


in which IDS is the drain-source current, m is the field-effect
mobility, W is the channel width, Ci is the capacitance per
unit area of the gate dielectric layer, L is the channel length,
and VG and VT are the gate voltage and threshold voltage,
respectively. The FET characteristics of the devices based


Figure 5. AFM images of the films of compound 2 on OTS treated Si/
SiO2 deposited at a) 20, b) 40, c) 60, and d) 100 8C (~50 nm thickness).
Each image is 5 mmO5 mm.


Figure 6. AFM image of a thin film of compound 3 on OTS treated Si/
SiO2 deposited at 20 8C (~50 nm thickness). The image is 5 mmO5 mm.


Figure 7. XRD patterns of vacuum-deposited thin films of a) 1 and b) 2
on OTS treated Si/SiO2 substrate at various substrate temperatures
(Tsub).
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on 1–3 at different substrate temperatures are summarized
in Table 1. As examples, the output and transfer characteris-
tics of the devices are shown in Figure 8. These compounds
all displayed p-type accumulation FET behaviors. They all
showed well-defined linear and saturation-regime output
characteristics.


From Table 1, we can see that the carrier mobilities of the
FETs were dependent on the substrate deposition tempera-
tures. With the increase of Tsub, the mobility of compound 1
decreased. This was not surprising because film discontinui-
ties and large gaps increased as well, which had a large neg-
ative effect on charge-transporting ability. No field effect
was found at 100 8C, which may result from the discontinuity
of the thin film as mentioned above. For compound 2, the
highest mobility of 0.013 cm2V�1 s�1 was measured at a Tsub


of 60 8C. The on/off current ratio was also excellent with an
order of magnitude of 107. This was because a more ordered
thin film was formed at this temperature, which was evident
from AFM and XRD. The decrease in mobility (1.8O
10�3 cm2V�1 s�1) at a Tsub of 100 8C was possibly due to the
large boundaries between grains.
Similar to what was observed with triphenylamine dimers


of linear and cyclic architectures,[16] the FET performance of
linear compound 3 was worse than that of cyclic compounds
1 and 2. Two facts should account for such differences be-
tween the mobilities for the cyclic and linear compounds.
First, the cyclic structure significantly improved the molecu-
lar ordering and p–p stacking in vapor deposited thin films.
Only amorphous films could be obtained from compound 3
as indicated by XRD analysis. For compound 1 and 2 multi-
crystalline thin films could be prepared by the vapor evapo-
ration method. Second, the cyclic structure led to a signifi-
cant reduction in molecular reorganization energy.[16]


Quantum chemical calculations : To gain an insight into the
relationship between the molecular structures and proper-
ties of these cyclic compounds, we performed quantum-
chemical calculations by using the Gaussian 03 program.[27]


The geometry optimization, frequency, and reorganization
energy were calculated at the DFT level by using the
B3LYP functional with 6-31G* basis sets. TD-DFT was used


in the calculation of transition energies at the B3LYP/6-
31G* level.
In the UV/Vis spectra of compounds 1, 2, and 3


(Figure 2), the first intensive absorptions of cyclic dimers
are blueshifted by about 40 nm with respect to the linear
compound. This conflicts with the HLG determined by
quantum simulation. To understand such phenomena, we
have calculated the transition energy by using TD-DFT. The
results are collected in Table 2. The calculated maxima are
in good agreement with experimental observations. It can be
seen that the transition-energy differences for these com-
pounds are due to the different assignments of these transi-
tions, which mainly belong to HOMO�1–LUMO and
HOMO–LUMO+3 transitions for the cyclic compounds and
to the HOMO–LUMO transition for the linear analogue.
Such different selection rules for linear and cyclic conjugat-
ed oligomers have also been noted by BQuerle and co-work-
ers in cyclic and linear oligothiophenes.[22]


At room temperature, the charge mobility of organic ma-
terials is often determined by a hopping transport process,[23]


and two major parameters determine the charge mobility:
the intermolecular electronic coupling and the reorganiza-
tion integral.[24] In previous work, we found that, for a tri-
phenylamine dimer, the reorganization energy could be sig-
nificantly reduced from a linear molecule to a cyclic archi-
tecture. To validate such a structure–property relationship,
we also calculated the reorganization energy for these car-
bazole derivatives. Similar to that observed for triphenyla-
mine dimers, the cyclic compounds 1 and 2 possess lower re-
organization energy (0.177 and 0.180 eV) compared with
that of linear molecule 3 (0.275 eV). It is known that the re-
organization energy is dependent on the conjugation
degree.[25] From the calculated HLGs of compounds 1, 2,
and 3, we can see that the cyclic molecules possess lower
HLGs referring to an extended conjugation in the cyclic ar-
chitecture. From the difference between the bond lengths of
neutral molecules and cations we can also get some clues
about the trends in the reorganization energies of these car-
bazole derivatives. The bond length changes for compounds
1 and 3 are shown in Figure 9. It can be seen that the bond
length changes upon oxidation for compound 1 are signifi-
cantly smaller (average difference 0.0084 M) than those of
compound 3 (average difference 0.0172 M). This is consis-
tent with the reorganization energy difference between com-
pounds 1 and 3. In conclusion, the extended conjugation
and restricted cyclic conformation have limited the confor-
mation changes of the cyclic oligomers before and after oxi-
dation and resulted in the reduction of the reorganization
energy in comparison with that of the linear analogue.


Conclusion


We have synthesized three carbazolenevinylene oligomers
by McMurry coupling reactions, the linear compound 3 and
the cyclic compounds 1 and 2. They were fully characterized
by means of NMR spectroscopy, HRMS, and elemental


Table 1. The performance of FETs based on compounds 1, 2, and 3 pre-
pared at different deposition temperatures of the substrate (Tsub).


Compound Tsub


[8C]
Mobility
[cm2V�1 s�1]


On/Off
ratio


Threshold voltage
[V]


1 20 5.3O10�3 106 �4.7
40 2.6O10�4 105 �28.9
60 1.2O10�4 104 �26.3
100 – – –


2 20 1.5O10�4 104 �20.4
40 2.7O10�3 106 �23.6
60 1.3O10�2 107 �22.0
100 1.8O10�3 106 �26.8


3 20 3O10�4 104 �6.4
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Figure 8. Plots of drain-to-source current (IDS) versus drain-to-source voltage (VDS) for the FET device of a) 1 at Tsub=20 8C (*: �40 V, !: �30 V, ~:
�20 V, &: �10 V, ^: 0 V); b) �IDS and (�IDS)1/2 versus VG plots for the same device as a) at VDS of �100 V; c) plots of IDS versus VDS for the FET of 2 at
Tsub=60 8C (&: �100 V, +: �80 V, ~: �60 V, *: �40 V, !: �20 V, ^: 0 V); d) �IDS and (�IDS)1/2 versus VG plots for the same device as c) at VDS of
�100 V; e) plots of IDS versus VDS for the FET of 3 at 20 8C (*: �40 V, !: �30 V, ~: �20 V, &: �10 V, ^: 0 V); f) �IDS and (�IDS)1/2 versus VG plots for the
same device as e) at VDS of �100 V.


Table 2. The calculated HOMO–LUMO gap (HLG), reorganization and transition energies (lmax), oscillator strengths (f), and composition of the first in-
tense transition of compounds 1, 2, and 3.


Compound HLG
[eV]


Reorganization
energy [eV]


lmax [nm] f Composition[a]


Calcd Exptl


1 3.48 0.177 308.13 298 1.1162 0.44157c(131!133) +0.45203c(132!136)
2 3.54 0.18 337.58 300 0.6899 0.52955c(139!141)+ 0.25805c(140!144) +0.28929c(140!148)
3 3.82 0.275 356.68 343 0.7375 0.53878c(126!127) +0.12840c(124!127)+ 0.37717c(126!128)


[a] Orbital 131 is the HOMO�1 of compound 1, orbital 139 is the HOMO�1 of compound 2, and orbital 126 is the HOMO of compound 3.
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analysis. Quantum chemical simulations showed that the
cyclic compounds possessed lower HLGs and more extend-
ed conjugation. However the UV/Vis absorption spectra of
the cyclic compounds showed blueshifts compared with that
of linear compound 3. TD-DFT analysis revealed that this
was due to the different selection rules for molecules with
cyclic and linear architectures. The cyclic conformation also
significantly affected the molecular ordering in the solid
state. Only amorphous thin films could be obtained from
compound 3, whereas multicrystalline thin films were ob-
tained from compounds 1 and 2 by using the thermal evapo-
ration method. Another important difference between these
cyclic and linear compounds was the reorganization energy
reduction for the cyclic compounds. These two differences
resulted in improved FET mobilities for the cyclic com-
pounds versus the linear compound. In addition, the sub-
strate temperature has a significant influence on the mor-
phology and the degree of crystallinity of the thin films de-
posited, and the device performance could be optimized by
varying the substrate temperature. The FET devices based
on 2 gave the highest mobility of 0.013 cm2V�1 s�1. The mo-
bilities of devices based on 1 and 2 were higher than that of
the linear compound 3. The results showed that the carba-
zole derivatives with cyclic structures might fit better for
FETs.


Experimental Section


General : All air/moisture-sensitive materials were handled under a nitro-
gen atmosphere by using Schlenk techniques. THF was distilled over
sodium/benzophenone. Pyridine was distilled over NaOH. All reagents
were used as received unless otherwise noted. 9-n-Butylcarbazole (4) was
prepared as we have reported previously.[15] 9-Phenyl-carbazole (6) and
3,6-dibromo-9-phenylcarbazole (7) were synthesized according to litera-
ture procedures.[26] Melting points were recorded on a BRCHI melting
point B-500 apparatus. 1H NMR and 13C NMR spectra were obtained on
Bruker Advance 300 or 400 MHz spectrometers. EIMS measurements
were performed on UK GCT-Micromass or SHIMADZU G-MS-QP2010
spectrometers. HRMS measurements were performed on a Bruker
APEX II FTICRMS spectrometer.


Thermogravimetric (TGA) and differ-
ential thermal (DTA) analyses were
performed by using a Shimadzu DTG
60 Thermal Analyzer. A heating rate
of 10 8C min�1 under flowing N2 was
used with runs being conducted from
room temperature to 550 8C.


UV/Vis spectra were recorded on a
JASCO V-570 spectrometer. Cyclic
voltammetric measurements were re-
corded on a CHI660C voltammetric
analyzer (CH Instruments, USA).
They were carried out in a conven-
tional three-electrode cell by using Pt
button working electrodes of 2 mm
diameter, a platinum wire counter
electrode, and a Ag/AgCl reference
electrode at room temperature. Con-
ditions: 0.1m (nBu)4NPF6 in dichloro-
methane.


XRD measurements of thin films
were performed in the reflection mode at 40 kV and 200 mA with CuKa


radiation by using a 2 kW Rigaku X-ray diffractometer.


AFM images of the organic thin films were obtained on a Nanoscope
IIIa AFM (Digital Instruments) in tapping mode.


X-ray structures : X-ray crystallographic data were collected with a
Bruker Smart CCD diffractometer by using graphite-monochromated
MoKa radiation (l=0.71073 M). The data were collected at 113 K and the
structure was resolved by the direct method and refined by full-matrix
least-squares on F 2 The computation was performed with the SHELXL-
97 program. All non-hydrogen atoms were refined anisotropically.


Rodlike single crystals of 1 were obtained by slow evaporation of its di-
chloromethane solution. Crystallographic data for 1: Crystal size: 0.12O
0.10O0.08 mm3; orthorhombic; Pbca ; Z=4; a=15.618(3), b=8.4122(17),
c=19.403(4) M; V=2549.1(9) M3; 1calcd=1.289 gcm�3 ; of 14602 reflec-
tions, 2243 were unique (Rint=0.0943); GOF=1.240; 173 parameters;
R1=0.0840, wR2=0.1529 (for all reflections). CCDC 676722 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Device fabrication : Thin-film transistors were made in a top-contact
device configuration. Prior to the deposition, 1–3 were purified twice by
vacuum sublimation. The substrate was highly n+-doped Si with a 450 nm
thermally oxidized SiO2 layer on it. Before the deposition of the organic
semiconductor, OTS treatment was performed on the gate dielectrics
which were placed in a vacuum oven with OTS at a temperature of
120 8C to form an OTS self-assembled monolayer. Then, the treated sub-
strates were rinsed with heptane, ethanol, and chloroform, and then
dried with nitrogen. Under a base pressure of 4~6O10�4 Pa, thin films of
1, 2, and 3 about 50 nm thick were deposited on the OTS treated Si/SiO2


at a rate of 1 Ms�1. On the surfaces of the prepared thin films, 20 nm
thick gold was vacuum deposited through a shadow mask to give the
source (S) and drain (D) electrodes. The channel length L was 0.05 mm
and the width W was 3 mm. The FET characteristics of the devices were
obtained at room temperature in air by using a Hewlett–Packard (HP)
4140B semiconductor parameter analyzer.


Quantum chemical calculations : DFT and TD-DFT calculations were car-
ried out by using the Gaussian 03 program.[27] All geometries and elec-
tronic properties were calculated by assuming the target molecules to be
isolated molecules in the gas phase.


9-n-Butyl-carbazole-3,6-dicarbaldehyde (5): Phosphorus oxychloride
(51.56 mL, 0.553 mol) was added dropwise to DMF (43.06 mL, 0.559
mol) at 0 8C, and the mixture was stirred for 1 h at this temperature. 9-n-
Butylcarbazole (6.624 g, 0.0297 mol) was added and the reaction mixture
was stirred at 100 8C for 6 h. Then, the mixture was cooled to room tem-
perature, poured into ice water and carefully neutralized with sodium hy-
droxide. The solution was extracted with dichloromethane(3O150 mL).


Figure 9. Bond lengths [M] of neutral and oxidized compounds a) 1 and b) 3.
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The organic phase was washed with water (2O100 mL) and dried over
anhydrous sodium sulfate. After filtration, the solvent was removed. The
crude product was purified by column chromatography on silica gel
(20% CH2Cl2 in petroleum ether) to give 5 (6.082 g, 73.4%). 1H NMR
(400 MHz, CDCl3): d=10.14 (s, 2H), 8.67 (s, 2H), 8.10 (d, J=8.5 Hz,
2H), 7.57 (d, J=8.5 Hz, 2H), 4.42 (t, J=7.2 Hz, 2H), 1.95–1.87 (m, 2H),
1.48–1.38 (m, 2H), 1.00 ppm (t, J=7.3 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d =191.19, 144.47, 129.35, 127.59, 123.81, 122.83, 109.51, 43.29,
30.75, 20.22, 13.56 ppm; MS (EI): m/z : 279 [M]+ ; HRMS (GCT-MS):
calcd for C18H17NO2: 279.1259; found: 279.1260 [M]


+ .


Compound 1: Zn powder (9.32 g, 143 mmol) was suspended in THF
(200 mL) under N2. A solution of TiCl4 (7.76 mL, 71.6 mmol) in CH2Cl2
(50 mL) was added carefully to the suspension with stirring and then the
suspension was heated to reflux at 80 8C for 1 h. A solution of 5 (2 g,
7.17 mmol) and pyridine (5 mL) in THF (100 mL) was added dropwise to
the reaction mixture. The mixture was stirred and heated at reflux for
10 h, and after cooling to room temperature, saturated aqueous NaHCO3


(200 mL) was added and the reaction mixture was stirred for a further
0.5 h. The reaction mixture was filtered and most of the filtrate was re-
moved under reduced pressure. The residual mixture was extracted with
dichloromethane(3O100 mL) and the combined organic extracts were
dried over anhydrous sodium sulfate, filtered, and concentrated under re-
duced pressure. The residue was purified by flash chromatography on
silica gel (20% CH2Cl2 in petroleum ether) to afford the crude product.
Recrystallization from CH2Cl2/hexane gave 1 as a yellow powder
(135 mg, 8.1%). M.p. 260 8C; 1H NMR (400 MHz, CDCl3): d=9.79 (s,
4H), 7.25–7.18 (m, 8H), 6.36 (s, 4H), 4.20 (t, J=7.1 Hz, 4H), 1.90–1.82
(m, 4H), 1.49–1.40 (m, 4H), 1.00 ppm (t, J=7.3 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d=140.85, 129.71, 128.08, 127.75, 123.54, 119.93,
108.78, 42.86, 30.95, 20.43, 13.77 ppm; MS (EI): m/z : 494 [M]+ ; HRMS
(GCT-MS): calcd for C36H34N2: 494.2722; found: 494.2720 [M]


+ ; elemen-
tal analysis calcd (%) for C36H34N2: C 87.41, H 6.93, N 5.66; found: C
87.19, H 7.01, N 5.80.


9-Phenyl-carbazole-3,6-dicarbaldehyde (8): A hexane solution of nBuLi
(2.5m, 5.76 mL, 14.4 mmol) was added slowly by using a syringe to a solu-
tion of 7 (3 g, 7.48 mmol) in freshly distilled THF (150 mL) at �78 8C
under N2. The resulting mixture was stirred at this temperature for 1 h.
Then, DMF (5.76 mL, 74.7 mmol) was added and the mixture was stirred
for another 1 h at �78 8C. After this time, the mixture was gradually
warmed to room temperature and stirred overnight. Saturated aqueous
NH4Cl (100 mL) was added. The mixture was extracted with dichlorome-
thane (2O100 mL). The combined organic extracts were dried over anhy-
drous sodium sulfate, filtered, and the solvent was removed under re-
duced pressure. The residue was purified by flash chromatography on
silica gel (dichloromethane) to afford product 8 (1.504 g, 67.2%).
1H NMR (400 MHz, CDCl3): d=10.16 (s, 2H), 8.73 (s, 2H), 8.03 (d, J=


8.5 Hz, 2H), 7.71 (t, J=7.4 Hz, 2H), 7.62 (t, J=7.4 Hz, 1H), 7.55 (d, J=


7.3 Hz, 2H), 7.46 ppm (d, J=8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=191.47, 145.36, 135.85, 130.42, 129.09, 128.13, 127.18, 124.13, 123.44,
110.88 ppm; MS (EI): m/z : 299 [M]+ ; HRMS (GCT-MS): calcd for
C20H13NO2: 299.0946; found: 299.0944 [M]


+ .


Compound 2 : This compound was prepared according to the general pro-
cedure for 1 by using Zn (4.347 g, 66.9 mmol), TiCl4 (3.62 mL,
33.4 mmol), 8 (1 g, 3.34 mmol), and pyridine (2.33 mL) in THF (300 mL).
Column chromatography was performed on silica gel (dichloromethane)
to get the crude product. This was then further purified by gradient subli-
mation. Compound 2 (about 50 mg, 5.6%) was obtained as a yellow
solid. M.p. 363 8C; 1H NMR (400 MHz, CDCl3): d=9.80 (s, 4H), 7.65–
7.58 (m, 8H), 7.52–7.46 (m, 2H), 7.29 (d, J=7.3 Hz, 4H), 7.19 (d, J=


8.5 Hz, 4H), 6.43 (s, 4H); MS (EI): m/z : 534 [M]+ ; HRMS (GCT-MS):
calcd for C40H26N2: 534.2096; found: 534.2103 [M]


+; elemental analysis
calcd (%) for C40H26N2: C 89.86, H 4.90, N 5.24; found: C 89.59, H 4.88,
N 5.29.


9-n-Butyl-carbazole-3-carbaldehyde (9): This compound was prepared ac-
cording to the general procedure for 5 by using 9-n-butylcarbazole
(3.345 g, 13.33 mmol), phosphorus oxychloride (1.568 mL, 16.82 mmol),
and DMF (1.319 mL, 19.50 mmol). The mixture was purified by flash
chromatography on silica gel (50% dichloromethane in petroleum ether)


to afford 9 (6.33 g, 66.9%). 1H NMR (400 MHz, CDCl3): d =10.10 (s,
1H), 8.61 (s, 1H), 8.17 (d, J=7.8 Hz, 1H), 8.02 (d, J=8.5 Hz, 1H), 7.55
(t, J=7.8 Hz, 1H), 7.45 (t, J=7.4 Hz, 2H), 7.34 (t, J=7.4 Hz, 1H), 4.36
(t, J=7.2 Hz, 2H), 1.92–1.84 (m, 2H), 1.46–1.37 (m, 2H), 0.98 ppm (t,
J=7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=191.79, 144.05, 141.16,
128.46, 127.12, 126.71, 123.97, 123.02, 122.97, 120.73, 120.29, 109.42,
108.94, 43.16, 31.05, 20.53, 13.87 ppm; MS (EI): m/z : 251 [M]+ ; HRMS
(GCT-MS): calcd for C17H17NO: 251.1310; found: 251.1313 [M]


+ .


Compound 3 : This compound was prepared according to the general pro-
cedure for 1 by using Zn (5.18 g, 7.97 mmol), TiCl4 (4.415 mL,
40.03 mmol), 9-n-butyl-carbazole-3-carbaldehyde (2 g, 7.97 mmol), and
pyridine (5 mL) in THF (300 mL). Column chromatography was per-
formed on silica gel (CH2Cl2/ petroleum ether 1:2) to give the crude
product. Recrystallization from CH2Cl2/hexane gave 3 (1.086 g, 58.0%)
as a jade-green powder. M.p. 207 8C; 1H NMR (400 MHz, CDCl3): d=


8.28 (s, 2H), 8.16 (d, J=7.7 Hz, 2H), 7.74 (d, J=8.5 Hz, 2H), 7.49–7.40
(m, 6H), 7.37 (s, 2H), 7.26–7.23 (m, 2H), 4.34 (t, J=7.1 Hz, 4H), 1.92–
1.85 (m, 4H), 1.47–1.38 (m, 4H), 0.98 ppm (t, J=7.3 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d=129.21, 127.03, 125.69, 124.24, 123.22, 122.95,
120.45, 118.88, 118.26, 108.89, 108.84, 42.97, 31.20, 20.61, 13.94 ppm; MS
(EI): m/z : 470 [M]+ ; HRMS (GCT-MS): calcd for C34H34N2: 470.2722;
found: 470.2727 [M]+ ; elemental analysis calcd (%) for C34H34N2: C
86.77, H 7.28, N 5.95; found: C 87.00, H 7.44, N 6.06.
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