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Chemistry changes with size


The picture shows a traditional Indian rangoli filled with colors of differently sized CdSe
nanoparticles. Schematic illustrations of size dependent reactivity, self-assembled two-
dimensional arrays and Coulomb staircases adorn the rangoli.







Introduction


Steric effectsÐarising from bulky groupsÐare well known as
key factors in determining the reactivity of organic molecules.
Otherwise, we do not ordinarily concern ourselves with the
physical dimension of a system as a factor in determining its
intrinsic properties except in intercalation chemistry or some
such situation where the pore or cavity in a host lattice
molecule can accommodate guest species of a particular size.
Size, however, becomes the sole controlling factor while
dealing with the science and application of the so-called


nanoparticles, that cover a size range between 1 ± 100 nm.
Nanoparticles within this size domain are thus intermediate
between the atomic and molecular size regimes on one hand,
and the macroscopic, bulk on the other. In this regime, size-
dependent properties manifest themselves when the size of an
individual particle is sufficiently small. A key aspect of the
rapidly developing area of nanoscience and nanotechnology
concerns itself with the size dependence of intrinsic properties
of materials. It is, therefore, instructive to look at typical
properties of metals and semiconductors in the size-depen-
dent regime of nanoparticles. We shall discuss three important
aspect of the nanocrystals of these materials, electronic
structure and properties, chemical reactivity and self-assem-
bly. Size dependent structural and thermodynamic properties
of nanoparticles such as bond lengths, melting point and
specific heat have already been reviewed[1] in the literature
and will not be discussed in any detail in the present article.


Two centuries ago the study of nanoscale solid particles,
dispersed within a liquid host, played a pivotal role in
establishing colloid science. During the final decades of the
last century, colloid science was, perhaps, something of an
intellectual backwaterÐwith one or two notable exceptions.
However, significant advances in both experimental and
theoretical aspects of the subject, and, of course, the
emergence of, and explosion of interest in, the broad area of
nanoscience and nanotechnology, have now set the scene for a
renaissance in colloid science. Interestingly, it does appear
that many scientists in the modern field of nanoscience may
not even recognize its colloidal source. This is unfortunate,
since there is a wealth of information and expertise in that old
and venerable science.


An important example of the parentage of the modern
subject of metal nanoparticles derives from the work of
Faraday in the 1850s. During that period, Faraday carried out
groundbreaking studies of nanoscale gold particles in aqueous
solution. He established the first quantitative basis for the
area, noting that these colloidal metal sols (ªpseudosolu-
tionsº) are thermodynamically unstable, and that the individ-
ual gold nanoparticles must be stabilized kinetically against
aggregation. Once the nanoparticles coagulate, the process
cannot be reversed. Remarkably, Faraday also identified the
very essence of the nature of colloidal, nanoscale particles of
metals; specifically, for the case of gold, he concluded (in


Size-Dependent Chemistry: Properties of Nanocrystals


C. N. R. Rao,*[a] G. U. Kulkarni,[a] P. John Thomas,[a] and Peter P. Edwards*[b]


Abstract: Properties of materials determined by their
size are indeed fascinating and form the basis of the
emerging area of nanoscience. In this article, we examine
the size dependent electronic structure and properties of
nanocrystals of semiconductors and metals to illustrate
this aspect. We then discuss the chemical reactivity of
metal nanocrystals which is strongly dependent on the
size not only because of the large surface area but also a
result of the significantly different electronic structure of
the small nanocrystals. Nanoscale catalysis of gold
exemplifies this feature. Size also plays a role in the
assembly of nanocrystals into crystalline arrays. While we
owe the beginnings of size-dependent chemistry to the
early studies of colloids, recent findings have added a new
dimension to the subject.


Keywords: colloids ´ nanostructures ´ self-assembly ´
semiconductors


[a] Prof. Dr. C. N. R. Rao, Prof. Dr. G. U. Kulkarni, P. J. Thomas
Chemistry and Physics of Materials Unit
Jawaharlal Nehru Center for Advanced Scientific Research
Jakkur P.O., Bangalore, 560 064 (India)
E-mail : cnrrao@jncasr.ac.in


[b] Prof. Dr. P. P. Edwards
School of Chemistry
University of Birmingham, Edgabaston,
Birmingham, B15 2TT (UK)
E-mail : p.p.edwards@bham.ac.uk


CONCEPTS


Chem. Eur. J. 2002, 8, No. 1 � WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0029 $ 17.50+.50/0 29







CONCEPTS C. N. R. Rao, P. P. Edwards et al.


� WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0030 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 130


1857!) . . . ªthe gold is reduced in exceedingly fine particles
which becoming diffused, produce a beautiful fluid ... the
various preparations of gold whether ruby, green, violet or blue
.. . consist of that substance in a metallic divided stateº.


During that century, colloidal phenomena played a pivotal
role in the genesis of physical chemistry by establishing a
connection between descriptive chemistry and theoretical
physics. For example, Einstein provided the relationship
between Brownian motion and diffusion coefficient of
colloidal particles.


Today, the overwhelming importance now associated with
the nanoscale in both science and technology means that the
scene is once again set for this key subject to impact upon the
development of not only chemistry, but also physics and
materials science. In the following sections we attempt to
highlight a few of the key issues relating to nanparticles where
size determines their properties.


Electronic structure and properties : The electronic structure
of a nanocrystal critically depends on its very size. For small
particles, the electronic energy levels are not continuous as in
bulk materials, but discrete, due to the confinement of the
electron wavefunction because of the physical dimensions of
the particles (see Figure 1). The average electronic energy
level spacing of successive quantum levels, d, known as the so-
called Kubo gap, is given by, d� 4Ef/3n, where Ef is the Fermi
energy of the bulk material and n is total number of valence
electrons in the nanocrystal. Thus, for an individual silver
nanoparticle of 3 nm diameter containing approximately one


Figure 1. Density of states for metal (a) and semiconductor (b) nano-
crystals. In each case, the density of states is discrete at the band edges. The
Fermi level is in the center of a band in a metal, and so kT may exceed the
electronic energy level spacing even at room temperatures and small sizes.
In contrast, in semiconductors, the Fermi level lies between two bands, so
that the relevant level spacing remains large even at small sizes. The
HOMO ± LUMO gap increases in semiconductor nanocrystals of smaller
sizes.


thousand silver atoms, the value of d would be 5 ± 10 meV.
Since the thermal energy at room temperature, kT� 25 meV,
a 3 nm particle would be metallic (kT> d). At low temper-
atures, however, the level spacings specially in small particles,
may become comparable to kT, rendering them nonmetallic.[2]


Because of the presence of the Kubo gap in individual
nanoparticles, properties such as electrical conductivity and
magnetic susceptibility exhibit quantum size effects.[3] The
resultant discreteness of energy levels also brings about
fundamental changes in the characteristic spectral features of
the nanoparticles, especially those related to the valence
band.


Extensive investigations of metal nanocrystals of various
sizes obtained, for example by the deposition of metals on
amorphised graphite and other substrates, by X-ray photo-
electron spectroscopy and related techniques[4, 5] have yielded
valuable information on their electronic structure. An im-
portant result from these experiments is that as the metal
particle size decreases, the core-level binding energy of metals
such as Au, Ag, Pd, Ni and Cu increases sharply. This is shown
in the case of Pd in Figure 2, where the binding energy


Figure 2. Variation of the shift, DE, in the core-level binding energy
(relative to the bulk metal value) of Pd with the nanoparticle diameter. The
diameters were obtained from HREM and STM images (reproduced with
permission from ref. [3]).


increases by over 1 eV at small size. The variation in the
binding energy is negligible at large coverages or particle size,
since the binding energies are close to those of the bulk,
macroscopic metals. The increase in the core-level binding
energy in small particles occurs due to the poor screening of
the core-hole and is a manifestation of the size-induced metal-
nonmetal transition in nanocrystals. Further evidence for the
occurrence of such a metal-nonmetal transition driven by the
size of the individual particle is provided by other electron
spectroscopic techniques such as UPS, BIS.[5±7] All these
measurements indicate that an electronic gap manifests itself
for a nanoparticle having diameters of 1 ± 2 nm possessing
300� 100 atoms.


Photoelectron spectroscopic measurements[6] on mass-se-
lected Hgn nanoparticles (n� 3 to 250) in the gas phase reveal
that the characteristic HOMO ± LUMO (s ± p) energy gap
decreases gradually from�3.5 eV for n� 3 to�0.2 eV for n�
250, as shown in Figure 3. The band gap closure is predicted at
n� 400. The metal ± nonmetal transition in gaseous Hg nano-
particles was examined by Rademann and co-workers[7] by
measuring the ionization energies (IE). For n< 13, the
dependence of IE on n suggested a different type of bonding.
A small Hg particle with atoms in the 6s26p0 configuration
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Figure 3. Photoelectron spectra of Hg clusters of varying nuclearity. The
6p feature moves gradually towards the Fermi level, emphasizing that the
band gap shrinks with increase in cluster size (reproduced with permission
from ref. [6]).


held together by relatively weak van der Waals forces, is
essentially nonmetallic. As the nanoparticle grows in size, the
atomic 6s and 6p levels broaden into bands and an insulator ±
metal transition appears to occurÐdriven by the physical
dimensions of the individual particle. Note that this is the
same element, Hg, behaving as either a metal or a nonmetal,
depending upon its physical size!


The electronic absorption spectrum of metal nanocrystals in
the visible region is dominated by the plasmon band. This
absorption is due to the collective excitation of the itinerant
electron gas on the particle surface and is characteristic of a
metal nanocrystal of the given size. In colloids, surface
plasmon excitations impart characteristic colours to the metal
sols, the beautiful wine-red colour of gold sols being well-
known. Gold nanocrystals of varying diameters between 2 and
4 nm exhibit distinct bands around �525 nm, the intensity of
which increases with size.[9, 10] The intensity of this feature
becomes rather small in the case of 1 nm diameter particles
basically due to a reduced less number of ªitinerantº electrons
in the electron cloud. With a change in temperature, the
intensity of the plasmon band decreases as seen in the case of
Au nanocrystals.[10] In contrast to the situation for metals,
exciton peaks dominate the absorption of semiconductor
nanocrystals in the visible region.[11, 12a] Thus CdS, a yellow
solid, exhibits an exciton peak around 600 nm, which gradu-
ally shifts into the UV region as the nanocrystal diameters are
varied below 10 nm (see Figure 4).[12b] Similar effects have
been observed in the case of PbS and ZnO.[12b]


Direct information on the gap states in nanocrystals of
metals and semiconductors is obtained by scanning tunneling
spectroscopy (STS). This technique provides the desired
sensitivity and spatial resolution making it possible to carry
out tunneling spectroscopic measurements on individual
particles. A systematic STS study of Pd, Ag, Cd and Au
nanoparticles of varying sizes deposited on a graphite
substrate has been carried out under ultrahigh vacuum
conditions, after having characterized the nanoparticles by
XPS and STM.[13] The I-V spectra of bigger particles were
featureless while those of the small particles (<1 nm) showed
well-defined peaks on either side of zero-bias due to the
presence of a gap. Ignoring gap values below 25 meV (�kT),
it is seen that small particles of �1 nm diameter are in fact


Figure 4. a) Absorption spectra of CdSe nanocrystals (at 10 K) of various
diameters (reproduced with permission from ref. [12a]). b) Wavelength of
the absorption threshold and band gap as a function of the particle
diameter for various semiconductors. The corresponding energy gap in the
bulk state is given in parenthesis (reproduced with permission from
ref. [12b]).


nonmetallic! (Figure 5a) From the various studies discussed
hitherto, it appears that the size-induced metal ± insulator
transition in metal nanocrystals (Figure 1) occurs in the range
of 1 ± 2 nm diameter or 300� 100 atoms. The band gap of CdS
nanocrystals estimated by the above method yielded a value
of 2.9 eV for a 3.1 nm diameter nanocrystal[14] and the gap
increases with the decrease in size (Figure 5b).


Theoretical calculations of the electronic structure of metal
and semiconductor nanocrystals throw light on the size-


Figure 5. a) Variation of the nonmetallic band gap with nanocrystal size,
b) in CdS nanocrystals (reproduced with permission from refs. [13, 14]).
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induced changes in the electronic structure. Rosenblit and
Jortner[15] calculated the electronic structure of a model metal
cluster and predicted electron localization to occur in a cluster
of diameter �0.6 nm. A molecular orbital calculation on Au13


cluster[16] in icosahedral and cuboctahedral structures shows
that the icosahedral structure undergoes Jahn ± Teller distor-
tion while the cuboctahedral structure does not distort. The
onset of the metallic state is barely discernible in the Au13


cluster. Relativistic density functional calculations of gold
clusters,[17] with n� 6 to 147 show that the average interatomic
distance increases with the nuclearity of the cluster. The
HOMO ± LUMO electronic gap decreases with particle size
from 1.8 eV for Au6 (�0.5 nm diameter) to 0.3 eV for Au147


(�2 nm diameter). Ab initio molecular dynamics simulations
of aluminum clusters,[18] with n� 2 ± 6, 12, 13, 55 and 147
reveal that the minimum energy structures of Al13 and Al55 to
be distorted icosahedra whereas Al147 is a near cuboctahe-
dron. The HOMO ± LUMO gap increases from �0.5 eV for
Al2 to �2 eV for Al13; the gap is around 0.25 eV for Au55 and
decreases to �0.1 eV for Au147. In the case of semiconductor
nanocrystals, it is shown using tight binding approximation
that the band gaps nearly reach the bulk values at sizes of
around 5 nm.[19] The convergence of the cluster properties
towards those of the corresponding bulk materials with
increase in size is noteworthy.


In a bulk metal, the energy required to add or remove an
electron is its work function. In a molecule, the corresponding
energies, electron affinity and ionization potential, respec-
tively, are, however, nonequivalent. Nanocrystals being inter-
mediary, the two energies differ only to a small extent,[20] the
difference being the charging energy, U. This is a Coulombic
energy and is different from electronic energy gap. Further,
Coulombic states can be similar for both semiconductor and
metallic nanocrystals unlike the electronic states. A manifes-
tation of single electron charging is the Coulomb staircase
behaviour observed in the tunneling spectra,[21] when a
nanocrystal, covered with an insulating ligand shell is held
between two tunnel junctions. A typical staircase along with
its theoretical fit is shown in Figure 6a. Such measurements
have also been carried out on Pd and Au nanocrystals in the
size range, 1.5 ± 6.5 nm.[22] The charging energies follow a
scaling law[23] of the form, U�A�B/d, where A and B are
constants, characteristic of the metal and d is the particle
diameter(see Figure 6b).


Magnetic properties of nanoparticles of transition metals
such as Co, Ni show marked variations with size. It is well
known that in the nanometric domain, the coercivity of the
particles tends to zero.[23] Thus, the nanocrystals behave as
superparamagnets with no associated coercivity or retentivity.
The blocking temperature which marks the onset of this
superparamagnetism also increases with the nanocrystal size.
Further, the magnetic moment per atom is seen to increase as
the size of a particle decreases[25] (see Figure 7).


Chemical reactivity : The surface area of nanocrystals in-
creases markedly with the decrease in size. Thus, a small metal
nanocrystal of 1 nm diameter will have �100 % of its atoms
on the surface. A nanocrystal of 10 nm diameter on the other
hand, would have only 15 % of its atoms on the surface. A


Figure 6. a) I-V characteristics of an isolated 3.3 nm Pd nanocrystal
(dotted line) and the theoretical fit (solid line) obtained at 300 K using a
semiclassical model according to which, the observed capacitance (C) may
be resolved into two components C1 and C2 and the resistance (R) into R1
and R2, such that C�C1�C2, R�R1�R2. For C1�C2 and R1�R2, the
model predicts steps in the measured current to occur at critical voltages,
Vc� nce/(C�(1/C)q0�e/2), where q0 is the residual charge. b) Variation of
the charging energies of Pd and Au nanocrystals with inverse diameters (d)
(reproduced with permission from ref. [22]).


Figure 7. Variation of the magnetic moment per atom as a function of the
number of atoms in Co clusters at T� 170 K and H� 0.53 T. The
continuous curve is the theoretical value and the solid circles are the
experimental results (reproduced with permission from ref. [25b]).


small nanocrystal with a higher surface area would be
expected to be more reactive. Furthermore, the qualitative
change in the electronic structure arising due to quantum
confinement in small nanocrystals will also bestow unusual
catalytic properties on these particles, totally different from
those of the bulk metal. We illustrate these important aspects
with a few examples from the recent literature.


A low temperature study[26] of the interaction of elemental
O2 with Ag nanocrystals of various sizes (Figure 8) has
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Figure 8. Change in the O(1s) spectra of Ag clusters exposed to 500 L O2


at 80 K.The diameters of the clusters have been estimated from metal
coverage. The lower binding energy peak at 531 eV corresponds to Oÿ


while that at 533 eV arises due to molecular oxygen (reproduced with
permission from ref. [26]).


revealed the capability of smaller nanocrystals to dissociate
dioxygen to atomic oxygen species. On bulk Ag, the adsorbed
oxygen species at 80 K is predominantly O2


ÿ. This interaction
of O2 with AgÐdependent on its particle sizeÐis remarkable.
Another important example is the reaction of H2S with Ni
nanocrystals giving rise to S2ÿ species, with nanocrystals of
different sizes exhibiting different temperature profiles (see
Figure 9). Unlike bulk nickel, small nanocrystals show less
dependence in their catalytic activity on ambient temperature.


Figure 9. Variation of the normalized areas of the signal for the core-level
transitions of S2ÿ with temperature for different sizes of Ni clusters
deposited on graphite (reproduced with permission from ref. [26]).


The ability of Cu, Pd and Ni nanoparticles to absorb CO has
been thoroughly investigated. Carbon monoxide from a bulk
Cu surface desorbs above 250 K. Small Cu particles, however,
retain CO up to much higher temperatures (Figure 10).[27] A
similar observation has been made in case of Pd particles.[28]


The results obtained with Ni particles are more even
interesting. In addition to showing a trend similar to the
above, small Ni particles are also capable of dissociating CO
to form carbidic species on the particle surface (Figure 11).[29]


Figure 10. Change in the C(1s) spectra of CO adsorbed on Cu. The feature
at 286 eV corresponds to molecularly adsorbed CO (reproduced with
permission from ref. [27]).


Figure 11. Change in the C(1s) spectra of CO adsorbed on Ni clusters with
temperature. The feature at 286 eV corresponds to molecularly adsorbed
CO while that at 284 eV arises due to the formation of carbidic species
(reproduced with permission from ref. [27]).


This could be due to the Ni(3d) level in small clusters coming
close to the anti-bonding energy level of CO(2p*).


Bulk Au is a noble metal. Goodman and co-workers,[30]


however, found that Au nanocrystals supported on a titania
surface show a marked size-effect in their catalytic ability for
CO oxidation reaction, with Au nanoparticles in the range of
3.5 nm exhibiting the maximum chemical reactivity (Fig-
ure 12a). A metal to non-metal transition as observed in the
I-V spectra (Figure 12b), as the cluster size is decreased below
3.5 nm3 (consisting of ca. 300 atoms). This result is quite
similar to that obtained with Pd particles supported on oxide
substrate.[31] In another study of Au particles supported on a
zinc oxide surface, smaller particles (<5 nm) exhibited a
marked tendency to adsorb CO while those with diameters
above 10 nm did not significantly adsorb CO (Figure 13).[32]


The increased activity of these metal particles is attributed to
the charge transfer between the oxide support and the particle
surface.


Self-assembly of nanocrystals : Just as individual atoms
aggregate to form crystals, nanocrystals themselves act as
building units to form particle superlattices. Thus, monodis-
persed nanocrystals suitably covered by ligands such as alkane
thiols, when transferred to a flat substrate, spontaneously
assemble into two-dimensional lattices.[33±37] In Figure 14, we
show typical arrays of 2.5 and 3.2 nm Pd nanocrystals coated
with octane thiol. The diameter of the nanocrystal, d, and the
length of the protecting ligand, l, play an important role in
determining the very nature of the assembly.[38, 39] A study of
the two-dimensional arrays formed by Pd nanocrystals of
varying diameters covered with alkane thiols of different
chain lengths has enabled to obtain an experimental stability
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Figure 12. a) Cluster band gap measured by STS as a function of Au cluster
size. The band gaps were obtained while the corresponding topographic
scan was acquired on various Au coverages ranging from 0.2 to 4.0 ML.
two-dimensional clusters *; three-dimensional clusters, two atom layers in
height &; three-dimensional clusters with three atom layers or greater in
height ~. b) The activity (CO atoms/total Au atoms) for CO oxidation at
350 K as a function of the Au cluster diameter supported on a TiO2 surface.
The CO/O2 mixture was 1:5 at a total pressure of 40 Torr (reproduced with
permission from ref. [30]).


Figure 13. C(1s) core-level spectra of CO adsorbed on Au particles
supported on a ZnO substrate. The feature at �285 eV corresponds to
molecularly absorbed CO. The diameters have been obtained from the
metal coverages.


diagram (Figure 15) of the superlattices in terms of d and l.[40]


In this Figure, the bright area in the middle is the most
favourable d/l regime, corresponding to extended close
packed organization, such as those illustrated in Figure 14.
The d/l values for the most favorable regions are in the range
1.5 ± 3.8. The area shaded dark in Figure 15 includes d/l regime
giving rise to various short-range organizations; these are
formed when the particles are small and the chain length is
large or vice versa. The experimental results have been
compared with empirical calculations based on a soft sphere


Figure 14. TEM micrograph showing hexagonal arrays of thiolized Pd
nanocrystals: a) 2.5 nm, octane thiol, b) 3.2 nm, octane thiol (reproduced
with permission from ref. [40]).


Figure 15. The d ± l phase diagram for Pd nanocrystals thiolized with
different alkane thiols. The mean diameter, d, was obtained from the TEM
measurements on as-prepared sols. The length of the thiol, l, is estimated by
assuming an all-trans conformation of the alkane chain. The thiol is
indicated by the number of carbon atoms, Cn. The bright area in the middle
encompasses systems which form close-paced organizations of nanocrys-
tals. The surrounding darker area includes disordered or low-order
arrangements of nanocrystals. The area enclosed by the dashed line is
derived from calculations from the soft sphere model (reproduced with
permission from ref. [40]).


model,[41] involving an attractive van der Waals term and a
repulsive steric term (see Figure 15).


The ability to synthesize lattices of nanocrystals have led to
explorations of their collective physical properties. Thus, it is
observed in the case of Co nanocrystals (5.8 nm) that,
accompanying lattice formation, the blocking temperature
increases.[42] FePt alloy nanocrystals yield ferromagnetic
assemblies for which the coercivity is tunable by controlling
the parameters such as Fe:Pt ratio and the particle size.[43] The
evolution of collective electronic states in CdSe nanocrystals
have been followed by optical spectroscopic methods. Com-
pared with isolated nanocrystals, those in the lattice exhibited
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broader bands.[44] Various investigations have been carried out
on the electrical transport properties of nanocrystalline
lattices.[45, 46] Heath and co-workers have successfully demon-
strated a reversible Mott ± Hubbard metal ± nonmetal transi-
tion with Ag nanocrystals (3 nm) capped with octane thiol.[47]


Since then, this has been a subject of intense theoretical
study.[48]


Conclusion


We have hitherto discussed in the earlier sections, electronic
structure and properties, chemical reactivity and self-assem-
bly of nanocrystals, particularly those of metals. The discus-
sion should suffice to illustrate how size if a crucial factor in
deciding the chemistry in the nano regime. These size
dependent properties form the basis of nanoscience, where
the properties are exploited for possible applications.
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Introduction


The aldol addition reaction, that is the addition of an
enolizable carbonyl compound to an aldehyde (or ketone)
leading to an aldol product, is a classical transformation in
organic synthesis.[1] As a result of this reaction, a new CÿC
bond is formed and up to two new adjacent stereocenters can
be generated simultaneously (Figure 1). Because of the
presence of the aldol structural motifÐand other structures
derived therefromÐin many molecules of interest, the aldol
addition reaction has been one of the most widely used
synthetic operations for the construction of stereochemically
complex natural and nonnatural products.[2] The most ele-
mental, simple, direct base or acid promoted aldol reactions[3]


involve intermediate species such as the nucleophiles I and II
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Figure 1. The general aldol reaction, and the nucleophilic and electrophilic
species involved.


and the electrophile either aldehyde or acid-activated alde-
hyde III, and usually suffer from reversibility, dehydration
side reaction, and lack of chemo-, regio-, and stereoselectivity.


To make the reaction practical, and therefore selective,
ªdirectedº stepwise aldol methodologies that use preformed
species I or II have been developed.[4] In this way impressive
achievements in asymmetric aldol methodology have been
reached, which basically rely on the use of chiral auxiliaries,
ligands and catalysts as the main stereochemical controllers.[5]


These modern methods involve increasing sophistication,
which might be rather interesting for academia, but at the
same time less attractive for industrial implementation. To
fulfill the new demands of the market, operationally simple
and general, economical, non-polluting procedures are re-
quired, which must be capable of accessing each individual
stereoisomer in high efficiency. Driven precisely by these
demands, new concepts have recently emerged in the field, in
both ªdirectedº and ªdirectº versions, and further refine-
ments for the near future can be predicted. The aim of this
concept article is to critically summarize these advances,
pointing out the gaps that challenge future investigations with
special focus on practical concerns.


Discussion


Directed aldol reactions under stoichiometric conditions :
Aldol addition reactions under the assistance of stoichiomet-
ric amounts of a chiral inductor are inherently less atom
efficient than catalytic methods. Under certain circumstances,
however, this handicap can be counterbalanced by the
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benefits that may apply to the stoichiometric methods. In this
sense, covalently bound chiral auxiliaries have become
popularly used not only in academia but also in large scale
work.[6] Auxiliaries usually are more straightforward to
prepare from commercial sources than catalysts, and often
facilitate the adduct isolation ± separation ± purification proc-
esses, which can be of fundamental practical importance.
From a conceptual point of view, auxiliaries can allow for a
more efficient fine tuning of the regio- and stereochemistry
than in catalytic systems. Yet, since the catalyst-substrate link
is based on noncovalent interactions, catalytic methods are
more susceptible to the structural shape of each individual
substrate, resulting in a greater variability. Prototype chiral
auxiliaries useful in aldol and other reactions are the a-amino
acid derived oxazolidin-2-ones developed by Evans almost 20
years ago, Scheme 1.


NO


O O


NO


O O


R


OH


Me


1 2
~90%


a, b


Scheme 1. Boron-mediated aldol reactions of a N-acyl 2-oxazolidinone
and aldehydes to give syn-aldol products:[7] a) Bu2BOTf, iPr2EtN, CH2Cl2,
0 8C; b) RCHO, ÿ78!0 8C.


Conceptually, this development consists of the irreversible
and quantitative generation of a Z-enolate from 1 that
presumably reacts through a well ordered, closed transition
state, with aldehydes to yield syn-aldol products 2 in a highly
predictable manner. The chiral auxiliary can be efficiently
recovered from the aldol adducts for reuse, and the method
offers a convenient access to each syn isomer by the proper
choice of the commercial source of chiral information.[7] A
significant practical and conceptual advance in this type of
auxiliaries has recently been documented by Crimmins, based
on a mechanistic model. This approach provides both the
ªEvansº 4 and ªnon-Evansº 5 syn-aldol product (Scheme 2)
from the same source of chiral information as a result of a
stereodivergent control of the reaction stereochemistry by
adjusting the amount of TiCl4, and the amount and nature of
the amine base. Of practical importance, the reactions work
efficiently at temperatures as high as 0 8C and with just one
equivalent of the aldehyde substrate.[8]
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Scheme 2. Stereodivergent route to both syn-aldols from the same
substrate reagent:[8] a) TiCl4 (1 equiv), TMEDA or (ÿ)-sparteine
(2.5 equiv), 0 8C; b) TiCl4 (2 equiv), iPr2EtN (1 equiv), ÿ78 8C.


Despite these advances, two long standing problems
associated with the aldol addition reaction in general, and
the chiral auxiliary mediated methodologies in particular, are
the production of anti aldol products and the ªacetateº aldol
reaction, respectively. Most of the auxiliaries developed to
date preferentially give syn-aldol products. In some instances,
the use of an extra amount of a Lewis acid can serve to switch
the stereochemical outcome of the reaction to afford mainly
anti isomers.[9] Nevertheless, a waste of costly reagents can be
predicted for large scale preparations and these methods are,
therefore, hardly of any atom economy. Here, the main
problem arises from the fact that E-configured enolates,
needed in the closed transition state to give the anti products,
are not favored. Thus, one important future direction of
organic chemistry is the development of practical and
inexpensive reagents which induce preferential formation of
E-enolates. One potential class of such reagents has been
presented recently by Abiko and Masamune starting from the
commercially available (ÿ)-norephedrine (Scheme 3).[10] Un-
der optimized conditions, the boron E-enolate of 6 is obtained
exclusively which subsequently reacts with a broad range of
aldehyde substrates, including aliphatic, aromatic, a,b-unsa-
turated, and functionalyzed aldehydes, to afford aldols 7/8 in
up to 99:1 anti :syn selectivity ratio. Yet, auxiliary detachment
(three days of reaction) may be a problem, while the
stereodivergent access to both anti aldols from the same
source of chirality remains unexplored.
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Scheme 3. Norephedrine-derived propionate ester designed for E-enolate
generation en route to anti-aldols.[10] a) (cHex)2BOTf, Et3N; b) RCHO.


As mentioned above, ªacetateº aldol reactions deserve
special attention. While Mukaiyama-type aldol reactions of
acetate equivalents are well developed (see below), as a
matter of fact, most of the chiral auxiliaries perform poorly in
ªacetateº aldol reactions.[11] To compensate the absence of
substituents at Ca of the enolate as one of the main
stereocontrol elements of the CÿC bond forming process,
chiral auxiliaries featuring high conformational rigidity and/or
very crowded stereoelectronic environments can be designed.
This, however, may be detrimental to the reactivity of the
enolate, and a balance in between stereodiscriminating ability
and reactivity should be approached sharply. The chiral
acetate esters 9 and 10, derived from the Braun�s (R)-1,2,2-
triphenylethylene glycol,[12] and 2,6-bis(2-isopropylphenyl)-
3,5-dimethylphenol of Yamamoto[13] (Figure 2) meet these
criteria, and their lithium enolates do react with aldehydes in
good enough chemical yields and very high diastereoselectiv-
ities.


A conceptually different, but in practice equivalent,
strategy for carrying out highly efficient asymmetric aldol
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Figure 2. Sterically crowded chiral acetate esters that display high
diastereoselectivity in lithium-mediated aldol reactions.[12, 13]


reactions is the use of chiral a-hydroxy alkyl ketones, which
also are readily affordable from natural sources in few
steps.[14] Although excellent levels of diastereoselectivity can
be attained,[15] the destruction/immolation of the chiral
information source during the a-ketol cleavage step to give
the desired aldols hampers their use for large scale. In this
context, Palomo and co-workers have recently designed the
first chiral a-hydroxy methyl ketone that works under non-
destructive conditions, which is very attractive for ªacetateº
aldols. In such an approach, acetylene is used as the
elementary source of carbon (acetyl) and (1R)-(�)-camphor
(11) as the recyclable source of chiral information,[16] both of
which are bulk material. The method is highly selective for a
broad range of aldehydes, and allows the access to the
corresponding either aldehyde, ketone, or carboxylic acid
aldols as a function of the sequence employed for the cleavage
of the a-ketol moiety in 13 (Scheme 4). The method is quite
simple, and a minimal production of waste material accom-
panies the entire process.
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Scheme 4. Chiral acetate equivalent affordable from acetylene and (1R)-
(�)-camphor and its lithium-mediated aldol reactions:[16] a) HC�CLi,
90%; b) H2O/Hg2� ; c) N-trimethylsilyl oxazolidinone, TfOH cat., 85%
(two steps); d) LDA, THF, ÿ78 8C, RCHO; e) BH3 ´ THF; f) CAN;
g) R1M; h) NaIO4.


Here, as in most of the methods for generating lithium
enolates, LDA or a related lithium amide base have to be
used, which implies a consumption of an alkyllithium and a
secondary amine. It would be more atom efficient if the
lithium enolates were available using only alkyllithium
reagents as the base. Chiral auxiliaries and conditions for this
development still are unprecedented. To further progress in
the development of efficient lithium enolate systems for aldol
addition and other reactions, it would be of great help to
better understand the complex structures that lithium eno-
lates adopt in solution[17] and to identify the actual active
species in each type of reaction.


The benefits derived from the use of chiral auxiliary-
mediated strategies are slighty narrowed as there is the need
for extra operational steps, such as the attachment/detach-
ment of the covalently bound auxiliary from the adduct. Two
different alternatives which can overcome such a requirement
are the use of chiral lithium amide bases and the use of metal
enolates bearing chiral ligands, both of which make use of
stoichiometric amounts of the chiral components. Although
boron and, to a lesser extent, tin(ii), tin(iv), and titanium(iv)
enolates are the standard in the field,[14] enantioselective aldol
reactions can also be carried out by the assistance of chiral
lithium amide bases. Here, while the chiral amide ligand is
easily recoverable by acid/base aqueous work-up extractions,
low levels of enantioselectivity are generally attained, and still
more refinement is needed.[18] On the other hand, metal
enolates of ketones and esters[14, 19] bearing chiral ligands also
provide the ªfreeº aldol product without the need of any
auxiliary detachment. The separation of the ligand by-product
from the target aldol and the restoration of the original metal/
ligand reagent from the ligand by-product can, however, be a
cumbersome task on large scale. Certainly, methods that are
based upon the use of substoichiometric amounts of the
asymmetric inductor are more preferable: A small amount of
a chiral material can provide large quantities of single
enantiomer product in an inherently ªatom-economicº man-
ner, whilst generating minimal waste.[20] Major concepts
associated to these methods are disclosed in subsequent
sections.


Directed catalytic aldol reactions with preformed enolates :
With the discovery of the Lewis acid promoted addition
reaction of an enolsilane to an aldehyde to yield an aldol,
namely the Mukaiyama aldol reaction,[21] new oportunities for
development emerged. This reaction has rapidly moved from
the use of a stoichiometric amount of the (chiral) Lewis acid
promoter to the more recent substoichiometric/catalytic
versions.[22] Since stoichiometric generation of a trialkylsilyl
enol ether or acetal (thio)ketene in a separate and distinct
chemical operation is a prerequisite, the Mukaiyama reaction
is only catalytic in metal promoter, but stoichiometric with
respect to silicon. In this regard, a number of Lewis acids
which consist of a metal, including early and late transition
elements, and chiral ligands bearing nitrogen, oxygen, and
phosphorous donors have been documented.[22, 23, 24] None-
theless, the Lewis acid-catalyzed aldol reactions still are
considerably sensitive to subtle variations in the preparative
details of catalyst generation, the solution-state structure of
the catalytically active species, and minor variations in
reaction conditions. In many cases, for example in tin(ii)
triflate ± chiral diamine complexes[25] and acyloxyborane and
oxazaborolidine[26] mediated Mukaiyama reactions, Lewis
base solvents such as propionitrile or nitromethane elicit
optimum catalyst efficiency, while both relatively high catalyst
loadings (�20 mol %) and the slow addition of the nucleo-
phile to the reacting mixture are generally required for
success. Similar trends can also be observed in most of the
reactions promoted by chiral titanium complexes bearing
BINOL ligands.[27] In these cases, the necessity to precisely
adhere to the procedures used for reproducibility is remarked
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by the authors themselves, as far as both unpredictable solvent
effects on chemical yield and enantioselectivity, and unusual
concentration effects (lower and higher concentration of the
catalyst gives rise to decreased yields and/or ee�s) are
encountered.[28] Catalyst activity is, therefore, a fundamental
concern, specially with respect to large scale preparative work
wherein reproducibility is a crucial factor. The search for
more active catalytically systems can, in principle, be oriented
toward 1) the addition of ªexternalº activators to the preex-
isting catalyst, or 2) the design of de novo catalytic systems
that may also be effective in other chemical transformations.
Alternative 1), which may start from catalysts with well
established scope, appears to be the most straightforward to
study. Here, the concept of asymmetric activation of the
catalyst by the aid of additional chiral or achiral activators can
be applied to the Mukaiyama reaction with some success.[29]


Nonetheless, the activator reagent is in general a ligand that is
added to the reaction mixture, and therefore removal of the
catalyst/activator residues from the final product can in some
instances be difficult on a large scale and introduces addi-
tional constraints.


On the other hand, as an example of the above mentioned
strategy 2), newly and very active cationic CuII and SnII


complexes, incorporating chiral bidentate bisoxazoline and
pyridine-bisoxazoline ligands, have been recently introduced
by Evans (Scheme 5).[30] While the activity of these catalysts is
remarkable (typically, a 5 mol % of the catalyst suffices for
excellent yields and enantioselectivities), the method exhibit a
strong specificity to substrates capable of engaging in five-
membered chelates with the catalyst, such as a-heteroatom-
substituted aldehydes and, noticeable, pyruvic esters.
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Scheme 5. A SnII-bisoxazoline complex as efficient catalyst for the
enantioselective Mukaiyama reaction, and comparison with the chiral
auxiliary approach:[30c] a) nBu2OTf, Et3N, CH2Cl2, ÿ78 8C; b) 10 mol % 14,
CH2Cl2, ÿ78 8C.


Catalyst not only must be chemically and stereochemically
efficient, but also general in substrate acceptance. Towards
this end, the structural modification of the ligand(s) of a
preexisting catalytic system characterized by a wide substrate
generality may be the right choice for development. Structural
modification of ligands can be carried out on the basis of
combinatorial chemistry[31] or, in a more directed way, by
applying rational concepts inferred from the knowledge of the


reaction mechanism. It is believed that the catalyst activity in
Mukaiyama reactions depends on how fast the intra- or
intermolecular silyl group transfer to the aldolate oxygen with
simultaneous liberation of the active catalyst occurs. Under
low catalyst turnover conditions, both the requirement for
higher catalyst loadings and an attenuation of the reaction
enantioselectivity as a consequence of the ªsilicon-catalyzedº
achiral aldol pathway can be predicted. Taking into account
this working hypothesis, ligands bearing functional groups
that may act as a silyl group shuttle should be beneficial for
the catalyst turnover and, therefore, for the catalyst activity.
Guided by this design elements, Carreira has found the most
prominent metal complex catalyst for the Mukaiyama type
aldol addition, the titanium(iv)-Schiff base catalyst 15
(Scheme 6).[32] This catalyst is characterized by a high activity
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Scheme 6. Hihgly active TiIV-based catalyst for the Mukaiyama reaction.[32]


a) RCHO, (R)-15 (0.5 ± 5 mol %), Et2O, ÿ10!0 8C, 4 h.


and tolerance of a wide array of nucleophiles and electro-
philes. Under optimized conditions, the simple methyl ace-
tate-derived enol silane 16 adds to aldehydes in the presence
of as little as 0.5 mol % of 15 at 0 8C to give adducts 17 in high
yields and up to 99 % ee. Here, slow addition of substrates to
the catalyst solution at low temperature is not necessary, and
catalyst loadings of less than 5 mol % are usually required for
success.[33] On the other hand, this system works efficiently
with commercially available 2-methoxypropene as the latent
enolate,[34] thus precluding the procedural requirement for
generating the enolate equivalent in a separate operation.


Enhancement of the asymmetric induction by the assistance
of simple (achiral) additives is another conceptual approach
that can be employed for catalyst optimization.[35] The
implementation of this concept to the Mukaiyama reaction
is nicely demonstrated in the reaction of acetal ketenes 19
with aldehydes promoted by the zirconium catalyst 18, where
the addition of an alcohol (50 mol % to the catalyst) to yield
each aldol 20 in good yields and enantioselectivities is critical
(Scheme 7).[36] In addition, the reaction proceeds at 0 8C and is
highly anti selective, while the majority of the catalysts for the
Mukaiyama reaction lead to preferential formation of the
corresponding syn aldols irrespective of the configuration of
the enolsilane involved.


All the above catalytic Mukaiyama reactions imply the
participation of a metal-based catalyst. Usually, an amount
within about 1 ± 20 mol % of the metal containing catalyst is
employed, and often its recovery is not reported or is difficult.
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Scheme 7. Zirconium-based catalyst for anti-aldol reactions:[36] a) RCHO,
18 (2 ± 10 mol %), nPrOH (50 mol %), toluene, 0 8C.


For environmental and other practical reasons, reaction
systems which do not involve metals are desirable, specially
when the presence of even traces of a metal in the product can
be prohibitive, as for example in pharmaceutical compounds.
The group of Denmark has developed some chiral Lewis
bases (phosphoramides) which efficiently promote the reac-
tion of trichlorosilyl enolates 22, readily available from
trimethylsilyl enol ethers, with aldehydes to give 23 in high
ee values (Scheme 8). Here, the metal-free catalyst, for
example 21, activates the nucleophilic silyl enolate rather
than the electrophilic carbonyl. The reactions proceed
through a closed transition state, with participation of
hexacoordinate silicon species, and the method is particularly
suitable for alkyl(aryl) methyl ketones,[37] a case that is not
well solved in the context of the typical Mukaiyama proce-
dures. The need for an extra step to convert the initial
trimethylsilyl enol ethers into the required trichlorosilyl enol
ethers can represent, however, a disadvantage from a practical
standpoint.
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Scheme 8. Chiral Lewis base catalyst designed for aldol reactions with
trichlorosilyl enolates:[37] a) R1CHO, (S,S)-21 (5 mol %), CH2Cl2, ÿ78 8C;
b) NaHCO3(aq).


Besides the problems associated with the search of an
ªidealº catalyst for the Mukaiyama type reactions, many
technological improvements still remain to be addressed. For
example, to integrate the ªenolizationº and the subsequent
ªaldolizationº steps into a sole operation, by generating the
enolsilane in situ, would be of high practical interest. Such a
development has been recently achieved by Morken, who has
demonstrated that in the presence of excess (R)-BINAP (1.3:1
ligand/metal; 2.5 mol % [(cod)RhCl]2) the reaction between
phenyl acrylate 24, aldehydes, and diethylmethylsilane pro-
vides a mixture of syn and anti b-hydroxy esters 25 in good ee
values for some cases (Scheme 9).[38] Aromatic and aliphatic
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Scheme 9. Reductive asymmetric aldol reaction:[38] a) RCHO, Et2MeSiH,
[(cod)RhCl]2 (2.5 mol %), (R)-BINAP (6.5 mol %); b) H3O�.


aldehydes are tolerated, but a,b-unsaturated aldehydes are
not good substrates for this reaction. Although further
refinement is needed, this three component coupling reaction
is operationally rather simple and, most notably, occurs at
ambient temperature, which are two requirements for tech-
nically feasible catalytic processes.


With regard to developing cost-effective processes, the
search of reactions that may proceed in water as solvent may
provide some benefits. Incipient results on the Mukaiyama
reaction by means of water-tolerant Lewis acids have recently
been achieved in protic solvents including water.[39] Although
most of the organic materials have limited solubility in water,
these findings have shown that protic, less volatile solvents or
mixtures of protic solvents and water are suitable for aldol
reactions, and have opened the way for exciting research in
this area.


Yet, an additional challenge is the development of immo-
bilized catalytic systems,[40] where the recyclability of the
catalyst is not longer a problem that otherwise affects the
procedural costs and the products purity.


Unmodified ketones at work (direct catalytic aldol reactions):
The search for efficient methods which combine unmodified,
therefore often commercial, carbonyl substrates as nucleo-
philes, and chiral, catalytic reagents for chirality transfer is a
priority in the field. A partial advance in controlling the
aldolization of a,b-unsaturated ketones and esters has been
realized by means of (over)stoichiometric amounts of bulky
triaryloxy aluminium (ATPH) reagents.[41] The main concept
is that selective complexation of ATPH with the unsaturated
carbonyl is followed by sterically/conformationally directed g-
deprotonation and aldolization steps. Although the asymmet-
ric variant of this reaction system still remains unrealized, this
development represents the first ªdirectº vinylogous aldol
reaction.[42] An attempt to control regiochemistry during
aldolization of unsymmetrical ketones for the cross-aldol
reaction with aldehydes has been realized with substoichio-
metric amounts (10 mol %) of TiCl4 at 0 8C.[43] Nevertheless,
the asymmetric variant of this strategy,[44] which uses binary
combinations of titanium-BINOL complexes and nonracemic
a-hydroxy acids, still requires stoichiometric quantities of the
chiral ligands.


Two different approaches can be taken toward the realiza-
tion of direct asymmetric catalytic aldol reactions: those that
use biochemical catalysts such as aldolases and catalytic
antibodies, and those that use chiral chemical catalysts such as
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chiral Lewis acids and bases or nonmetallic small organic
molecules. Enzymes are generally chemo-, regio-, diastereo-,
and enantioselective, and during their use protecting group
chemistry can be kept to a minimum. In addition, most of the
enzymes operate at ambient temperature under very mild
conditions and enable to combine several enzymes in one-pot,
multistep operations in an environmentally advantageous
option. Nevertheless, in certain cases the reaction is limited to
a narrow range of substrates. The achievements in this field
are summarized in the literature.[45] On the other hand, the
finding or invention of simple catalysts that hold broad
substrate acceptance is a key challenge in the field, and would
help aldol reactions to be more amenable to scale-up.
Undoubtedly, a promising approach to this goal is the design
of low molecular weight catalysts that mimic enzymes (Fig-
ure 3). The first catalyst which meets this criterium just
appeared four years ago as a result of the seminal inves-
tigation of Shibasaki�s group on asymmetric catalysis.[46]
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Figure 3. Chemically designed bimetallic complexes for the asymmetric
direct aldol reaction with unmodified ketones.


The concept[47] is based on the use of bifunctional catalysts
such as the heterobimetallic LaLi3tris(binaphthoxide) (LLB)
26, which bear both a Lewis acidic site and a Brùnsted basic
site, and is capable of simultaneously activating the nucleo-
philic ketone and the electrophilic aldehyde. Reactions of
methyl ketones with aldehydes under the presence of a
20 mol % of LLB in THF atÿ30/ÿ 20 8C give, after 3 ± 10 days
of reaction, the aldol adducts in good yield and high ee
(Scheme 10). The reaction with ketones incorporating a'-
hydrogens also works well provided that a large excess of the
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Scheme 10. Direct aldol reactions of methyl ketones promoted by a La/Li
heterobimetallic complex.[47] a) (R)-LLB-26 (20 mol %), THF, ÿ20 8C.


ketone (up to 50 mol %) is used. Most notably, the incorpo-
ration of KOH, generated from KN(SiMe3)2 and H2O, to the
catalyst lead to a more active heteropolymetallic species,
which is able to promote aldol reactions at considerably lower
catalyst loadings (8 mol%) and more reasonable reaction
times (5 h).[47b] Thus, one important advantage of using
chemically designed catalysts is that their structure can easily
be modified to improve their efficiency.


Catalysts, on the other hand, are often expensive and thus
one of the first steps during reaction optimization is, certainly,
to reduce catalyst loadings. For example, the semicrown ZnII


complex 27,[48] which has been designed by Trost on the basis
of the recognition ability of crown compounds and the
behavior of aldolase II-type enzymes, works very efficiently
in the direct aldol reaction of ketones with aliphatic a-
branched aldehydes with loadings as little as 5 mol %
(Scheme 11).
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Scheme 11. Direct aldol reactions of aryl methyl ketones promoted by a
semicrown-ZnII complex:[48] a) 27 (5 mol %), Ph3P�S (15 mol %), THF,
5 8C, 2 d.


Besides the need to develop robust and reliable catalyst
systems for a wider range of donors and acceptors, another
significant challenge in asymmetric aldol reactions is discov-
ering new catalytic reactions. In this respect, List, Barbas III,
and co-workers,[49] have identified proline[50] as an amine-
based asymmetric class I aldolase mimic that efficiently
catalyzes the direct aldol addition of acetone and a variety
of aldehydes. A distinguishing feature of the method is that no
metal intervention is required for the reaction to proceed.
Thus, under optimized conditions, a 30 mol% of l-proline
promotes the reaction between acetone and aromatic alde-
hydes in a DMSO/acetone 4:1 mixture at room temperature in
good to excellent yield and good enantioselectivities. The
method is also suitable for aliphatic a-branched aldehydes
(isobutyraldehyde; 90 % yield, 96 % ee), but is less effective
for a-unbranched aldehydes (Scheme 12).[51]
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Scheme 12. l-Proline as a cheap catalyst for the direct aldol reaction of
acetone:[49] a) DMSO, RT, 4 h.


The scope of these three distinct methodologies has been
subsequently broadened for the use of a-hydroxy ketones 29
as nucleophiles, in almost parallel developments by the groups
involved (Table 1). Shibasaki�s LLB assisted reaction of a-
hydroxy ketones and aldehydes affords preferentially anti
diols, while the new Zn-BINOL homobimetallic catalyst 28
(Figure 3) yields syn products.[52] Meanwhile, the proline
triggered reaction of hydroxyacetone with aldehydes gives
anti aldols in high ee values.[49b, 53] In a complementary fashion,
the corresponding a-hydroxy methyl ketones upon reaction
with aldehydes in the presence of as little as 5 mol % of the
Trost ZnII-crown catalyst 27, give the syn diols in high yields
and very high ee values at ÿ30 8C.[54]
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These somewhat complementary contributions provide
among the most promising platforms for the development of
truly catalytic aldol addition reactions in a selective and cost-
effective way.[55] Obviously, the degree of development is still
far from being optimum, since important limitations in
substrate specificity and catalyst loading are still present.
Another important unresolved issue concerns chemoselectiv-
ity when cross aldol reactions between both enolizable
aldehyde acceptor and ketone donor are involved. Undoubt-
edly, new catalytic systems for the direct aldol reaction will be
soon unveiled. Taking into account that coupling between an
electrophilic (aldehyde) and a nucleophilic (ketone or equiv-
alent) component must take place, the principle of asymmet-
ric two-center catalysis[56] may be useful during design.


Conclusion


Although the aldol addition reaction is known for long time
and extensive studies have been devoted over the years, new
concepts have appeared very recently that deserves attention.
From an overview of the literature, it is clear that often
intellectually very interesting contributions are difficult for a
practical implementation. Diastereomeric approaches under
stoichiometric conditions have reached high standards as a
consequence of long studying, and despite the need of extra
attachment/detachment steps, still are in force because of
their reliability, reproducibility, and generality. Investigations
to improve chiral auxiliaries and ligands for stoichiometric
usage that better adhere to the industrial requirements should
be sustained. The Mukaiyama aldol reaction has represented
a big breakthrough in the field, which has shifted much
attention from the ªstoichiometricº arena. While progress
towards the development of catalytic, reproducible Mukaiya-
ma methodologies has been done, still there is the need for a
better understanding of the complete set of experimental
parameters that govern the reactions, and further studies can
be predicted for the near future. Finally, it appears that,
because of obvious practical reasons, the not very far future
will be dominated by the direct, catalytic asymmetric aldol
methodologies. Relatively high degrees of chemo-, regio-, and
stereocontrol have been achieved very recently by direct
catalytic methods, but still they lack substrate generality. The


search of new catalytic systems must be urgently supported by
studies directed to the understanding of the actual role that
the catalyst/promoter play in the reaction mechanism, some-
thing which is little known about. In addition, the develop-
ment of multicomponent coupling reactions and methods that
use ecologically benign reaction media and innovative
separation techniques is another issue to be addressed, while
some topics, such as the stereocontrolled creation of quater-
nary centers by means of aldol reactions still remain virtually
unexplored.
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Abstract: The preparation of a series
of new macrocyclic carbodiazasilane
molecules functionalized with the
monoanionic [2,6-(CH2NMe2)2C6H3]ÿ


� N,C,N-pincer ligand has been accom-
plished. Palladation of these systems was
possible through oxidative addition with
[Pd(dba)2] affording exclusive formation
of the meso diastereoisomer. The X-ray
crystal structures of these novel ligands
and of the palladium(ii) complex 10 were


determined and confirmed the stereo-
chemistry of the organopalladium cage.
Attachment of the para-OH functional-
ized carbodiazasilane macrocycle 16 to a
central core led to the formation of the
dendritic structure 18 which was palla-


dated to afford the novel multimetallic
dendritic system with encapsulated cat-
alytic sites 1. This cyclopalladated car-
bosilane dendrimer (1) as well as the
mononuclear organopalladium cage 10
can be conveniently converted into ac-
tive Lewis acid catalysts for the aldol
condensation reaction. The catalytic da-
ta showed higher reaction rates for the
dendritic structure than for the corre-
sponding mononuclear systems.


Keywords: cage compounds ´ cata-
lysts ´ dendrimers ´ macrocycles ´
macrocyclic ligands


Introduction


In the past few years the chemistry of dendrimers has
experienced spectacular developments and, very recently,
functionalized dendrimers have received substantial atten-
tion.[1, 2] In this regard, attractive new materials with interest-
ing chemical, physical and catalytic properties have been
prepared consisting of dendrimers or dendritic wedges which
contain organometallic functional groups.[3, 4]


One of the most interesting applications of these metal-
lodendrimers is their use in catalysis. Dendrimers having
nanoscopic dimensions can be molecularly dissolved. Thus,
soluble dendrimers carrying a defined number of catalytic
sites can be removed from homogeneous reaction mixtures by
simple nanofiltration techniques. The combination of these
properties makes them suitable to bridge the gap between
homo- and heterogeneous catalysts. Moreover, the use of


dendrimers instead of polymers for anchoring catalytic sites
leads to well-defined nanosized species in which the number
and location of the catalytic sites can be controlled.


In 1994, our group reported on the first carbosilane
dendrimer;[5] its periphery is functionalized with catalytic
sites based on the monoanionic pincer ligand [2,6-
(CH2NMe2)2C6H3]ÿ (N,C,N).[6] This metallodendritic system
was successfully applied as a homogeneous catalyst in organic
synthesis and turned out to be suitable for separation by
nanomembrane filtration techniques. This multimetallic car-
bosilane dendrimer was the starting point of our studies in the
synthesis and applications of new dendrimers with reactive
sites based on N,C,N-pincer and [2-(CH2NMe2)C6H4]ÿ (C,N)
ligands.[7]


Over the last five years, numerous metallodendritic cata-
lysts have been reported which contain the catalytically active
sites on the outer surface[4, 5, 7, 8] or at the core[9] of the
molecule. However, such structures can also have their
limitations. Recently, it has been reported that only low
generations of peripherally functionalized dendrimers can be
suitable carriers of catalytically active sites in atom transfer
radical addition reactions.[7a, b] When the catalytic units are
placed in a densely packed surface (of a higher generation
dendrimer) they can interfere with each other resulting in
decreased activity. On the other hand, catalytic sites residing
at the core (focal point) of the dendrimer (or dendritic wedge)
can be used to change, for example, the solubility properties of
the catalyst[10] and it can also result in beneficial interactions
between the substrate and the dendritic branches around the
catalyst.[11] However, when the catalytic site is located inside a
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higher generation dendrimer, the branches can prevent access
of the substrate to the reactive center.[12] To date, the
introduction of regio- or stereocontrol in a chemical reaction
by using dendrimers with an interior isolated catalytic site has
not been straightforward. The molecular network of the
dendrimers studied have been too flexible and thus unable to
impose distinct spatial constraints on the course of the
reaction. We therefore considered that progress in this field
seems to require specific combinations of dendrimers and
encapsulated catalytic sites to encourage regio- and stereo-
control. Following this approach, we set out to develop new
multimetallic dendritic systems with catalytically active tran-
sition metal complexes placed neither at the periphery nor at
the core but encapsulated in a dendritic branch.[13] As a first
model, we designed the molecule 1 shown in Figure 1.
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N NPd
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PhPh
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N


N


SiPh
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Br


N
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Si Ph
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O O
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Figure 1. Multimetallic dendritic system with encapsulated catalytic sites 1.


In this model, the N,C,N-pincer moiety is linked on one side
to the core (branching point) and on the other side it is used to
coordinate the active metal atom as well as to provide the next
branching point (Si) for further extension of the dendritic
structure. An interesting aspect of this structure is that 1 has
an estimated size of approximately 1.5 nm. Recently we
showed that even species of this size could be removed after
catalysis from the product-containing solution for reuse by
nanomembrane filtration techniques.[7a]


In this paper we report the synthesis of 1 following a
convergent procedure compromising first the synthesis of the
new macrocyclic carbodiazasilane ligands 8 (see Scheme 2)
and the para-OH functionalized 16 (see Scheme 5) as the
cages, then their attachment to a central core and the
subsequent formation of the corresponding palladium(ii)
complexes by oxidative addition.


We also describe the preliminary results obtained in the use
of the aqua complexes of 1 and 10 as homogeneous catalysts
using the aldol condensation reaction of benzaldehyde and
methyl isocyanoacetate.[14]


Results and Discussion


Synthesis of the macrocyclic carbodiazasilane ligands 8 a and
8 b : Several approaches to the synthesis of macrocycles have
been reported.[15] One of these, described by Kellogg et al.,[16]


uses Cs2CO3 as a template in an aprotic solvent such as DMF.
Depending on the nature of the starting materials, sometimes
the use of other salts such as Na2CO3 or K2CO3 or other
solvents such as acetonitrile gave better results. We therefore
pursued this strategy to obtain the desired carbodiazasilanes 8
(Scheme 2), utilising the bisbenzylic bromide 5 and the
diamines 7 a and 7 b, as precursors (Scheme 1).
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Scheme 1. Synthesis of the bisbenzylic bromide 5 and diamines 7a and 7b.
i) tBuLi, Et2O, ÿ78 8C, then Ph2SiCl2, 12 h; ii) AcOH/THF/H2O 3:1:1,
50 8C, 3 h; iii) PBr3, C6H6, RT, 3 h; iv) MeNH2, Et2O, 0 8C, 1.5 h.


Treatment of a solution of 3-bromobenzyl tert-butyldi-
methylsilyl ether (2) in diethyl ether with tBuLi (2.0 equiv) at
ÿ78 8C followed by addition of dichlorodiphenylsilane
(0.45 equiv) afforded after work-up the protected benzylic
alcohol 3 in good yield (Scheme 1). Deprotection of 3 with a


Abstract in Dutch: Dit onderzoek beschrijft de synthese van
een reeks nieuwe, macrocyclische carbodiazasilaan moleculen,
die het monoanionisch drievoudig-gecoördineerde tangligand
[2,6-(CH2NMe2)2C6H3]ÿ � N,C,N bevatten. Deze systemen
kunnen door oxidatieve additie met [Pd(dba)2] gepalladeerd
worden, waarbij selectief de meso-diastereoisomeren gevormd
worden. De structuren van de nieuwe liganden en van het
palladium(ii)complex 10 zijn kristallografisch onderzocht.
Deze kristalstructuuranalyse bevestigt de meso-stereochemie
van complex 10. Het gebruik van de para-OH gefunctionali-
seerd macrocyclische carbodiazasilaan verbinding 16 in een
convergente synthese-route leidde tot de vorming van de
dendritische structuur 18. Het multi-metallo-dendritische sys-
teem 1 met ingekapselde katalytische centra werd gesyntheti-
seerd door palladering van verbinding 18. Het cyclopalla-
deerde carbosilanedendrimeer 1 en de mononucleaire orga-
nopalladium-kooi 10 kunnen eenvoudig omgezet worden in
kationische (Lewis zure) centra en zijn getest als katalysatoren
in de aldol-condensatiereactie. De katalytische activiteit van de
dendritische structuur blijk hoger te zijn dan die van de
mononucleaire systemen.
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mixture of AcOH/THF/H2O 3:1:1 gave rise to the formation
of the bisbenzylic alcohol 4 which was easily transformed to
the corresponding bisbenzylic bromide 5 by treatment with
PBr3 (0.7 equiv) in benzene at room temperature (81 % over
two steps). The meta-bis(bromomethyl)aryl bromide 6 a and
the meta-bis(bromomethyl)arene 6 b were prepared according
to literature procedures,[17] and subsequently treated with
methylamine which afforded the diamines 7 a and 7 b. The
building blocks for the synthesis of 8 were then used in the
[2� 2]-macrocyclization reactions shown in Scheme 2. Thus,
deprotonation of the bisamino compounds 7 a and 7 b by an
alkali metal carbonate followed by reaction of the bisamine
with 5 afforded the desired macrocyclic carbodiazasilanes 8 a
and 8 b, respectively, by a sequence of two nucleophilic
substitutions. Interestingly, formation of dimer 9 was only
observed for the reaction of the bisaminoaryl 7 a with 5
(Scheme 2).


Several experimental procedures involving different alkali
metal carbonates and solvents were tested in order to
establish the best reaction conditions (see Table 1). The best
protocol discovered is the dropwise addition of a solution of 5
in DMF to a suspension of 7 and Na2CO3 over a period of 2 h


N NR2


Si
Ph Ph


R2 HNNHSi
Ph Ph


Br Br


Si
Ph Ph


N N


Si
PhPh


NN


Br Br


R1


R1


R1 R1


7a R1= H, R2= Br
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+


i


Scheme 2. Synthesis of carbodiazasilane ligands 8 a, 8 b and 14 by a [2�2]-
macrocyclization reaction of the benzylic dibromide 5 and diamines 7a, 7b
and 13. i) Na2CO3, DMF, 50 8C, 14 h.


(entry 3).[18] The preferred initial concentration of 7 appeared
to be 1.3� 10ÿ2m. More concentrated solutions gave lower
yields of the reaction products. The use of CH3CN as solvent
(entry 4) inverts the ratio monomer (8)/dimer (9) providing a
suitable synthetic route to the dimer 9 in a 41 % yield. It is
important to note that the absence of bromide, that is the use
of the bisaminoarene 7 b as the starting material, leads to the
selective formation of the monomer 8 b (entry 5) in a much
higher yield than in the corresponding other cases (entries 1 ±
4) which most probably is due to steric interference of the
bromine atom with the cyclization process.


Synthesis of the palladium(iiii) complex 10 : Reaction of the aryl
bromide 8 a with [Pd(dba)2][19] in refluxing benzene for 12 h
gave rise to the formation of the desired macrocyclic PdII


complex 10, which was isolated as a yellow solid in 47 % yield
(Scheme 3). However, alternative synthesis from macrocycle
8 b, following electrophilic palladation procedures developed
for related hydrocarbons[20] were unsuccessful.


N NBr
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N NPd
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Scheme 3. Transformation of the new carbodiazasilane ligand 8a into the
corresponding PdII complex 10 by oxidative addition. i) [Pd(dba)2], C6H6,
D, 12 h.


The structure of 10 was identified on the basis of elemental
analysis, MALDI-TOF and 1H, 13C{1H} and two-dimensional
NMR spectroscopic data. It is important to note that in 10 the
nitrogen atoms are stereogenic centers. As a consequence,
four stereoisomers could be formed (RR, SS, RS, SR); the RS
and SR forms are identical, when ring flipping of the two fused
five membered chelate rings is fast on the NMR time scale,
they represent the meso compound with an apparent internal
mirror plane. The RR and SS isomers are enantiomers and
therefore indistinguishable by 1H NMR. Therefore, if the
palladation reaction of 8 a would give rise to the four possible


Table 1. Yields of monomer 8 and dimer 9 using different alkali metal
carbonates.[a]


Yield [%][b]


Entry 7 Base Solvent 8 9 overall


1 7 a Cs2CO3 DMF 21 12 33
2 7 a K2CO3 DMF 26 23 49
3 7 a Na2CO3 DMF 30 16 46
4 7 a Na2CO3 CH3CN 8 41 49
5 7 b Na2CO3 DMF 63 ± 63


[a] Reaction conditions: Dropwise addition of a solution of 5 in DMF to a
suspension of the metal carbonate and 7 also in DMF, at 50 8C over a period
of 2 h. [b] Isolated yield after column chromatography.
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stereoisomers of 10, two sets of signals should be observed,
one attributable to the meso compound and one correspond-
ing to the RR/SS diastereoisomer. Interestingly, the 1H NMR
spectrum of complex 10 shows only one group of resonances,
indicating the formation of only one diastereomeric form.
Definitive proof for the structure of 10 in the solid state was
obtained from a single crystal X-ray diffraction study (see
below, Figure 3).


Molecular structures of 8 a, 8 b and 10 in the solid state : To
obtain more structural information concerning the conforma-
tional preferences of the macrocyclic ring in the arylpalladium
compound 10, the structures of both 10 and the ligands 8 a and
8 b were studied by single crystal X-ray techniques. The
molecular geometries of 8 a, 8 b and 10 are shown in Figures 2,
3, respectively, while in Table 2 some pertinent bond lengths
and bond and torsion angles have been listed.


Figure 2. Displacement ellipsoid plots (50 % probability) and numbering
schemes of the molecular structures of the macrocyclic ligands a) 8 a and
b) 8b. Hydrogen atoms have been omitted for clarity.


The molecular structure of the macrocyclic aryl bromide 8 a
(Figure 2 a) shows that in the solid state the phenyl groups
forming part of the cavity have similar orientations. Thus,
protons bound at carbons C2 and C22 which are only 2.38 �
apart from each other and the bromine atom are orientated to
the same focal point. The torsion angles for C25-Si-C1-C2
[ÿ56.46(18)8] and C25-Si-C21-C22 [59.52(17)8] indicate sim-
ilar orientations of the benzylic rings attached to the Si atom.


This disposition may be caused by a repulsive effect between
the bromine and the two nitrogen atoms. The fixed config-
uration of the nitrogen centers (R and S for the N1 and N2,
respectively, for the molecule shown[21]) in the solid state (the
nitrogen inversion process typical for tertiary amines in
solution was not observed) forces the bromine atom to tilt out
of the macrocyclic ring and situates the CÿBr bond in an
assumed suitable disposition to react with [Pd(dba)2].


A different situation is found in the case of macrocyclic
arene 8 b. Although the respective configurations of the
nitrogen centers in this molecule are the same as those for
these centers in 8 a, the absence of the bromine atom gives
more flexibility to the macrocycle. The benzylic rings bonded
to the Si atom now exhibit conformations leading to a
different orientation of the protons at C2 and C22 (distance
2.54 �). Likewise, the torsion angles C25-Si-C1-C2 and C25-
Si-C21-C22 differ significantly (ÿ98.90(10) and 55.64(11)8,
respectively).


The molecular structure of the macrocyclic arylpalladium
compound 10 (Figure 3) shows the palladium atom bound to
the two nitrogen atoms, to C14 (i.e. , Cipso of the monoanionic
h3-N,C,N bonded moiety) and to the bromine atom trans to
Cipso. The square-planar coordination geometry is only slightly
distorted, in particular the N1-Pd-N2 angle of 161.80(8)8,
which is a result of the intrinsically small N-Pd-C14 bite angles
of the two neighboring five-membered chelate rings, 81.02(9)
and 80.81(9)8, respectively. As a result of the coupled
puckering of the two five-membered rings, the N and methyl
C atoms are at opposite sides of the plane containing the aryl-
Pd portion of the molecule. This puckering conformation is
similar to that found for, namely the simple complex
[PdBr(2,6-{CH2NMe2}2C6H3)].[22]


The two five-membered chelate rings are puckered in such
a way that the rest of the macrocycle is orientated perpen-
dicular to the coordination plane. Consequently, several
structural features can be observed: i) the bromine atom in
10 is tilted out of the Pd-coordination plane, Br-Pd-C14
174.62(7)8, whereas in other cases such as 1,3,5-C6H3-
[4'-(PdBr)(2',6'-{CH2NMe2}2C6H3)]3 this atom is in the coor-
dination plane,[23] ii) one of the methyl groups is in an axial
position while the other methyl group is placed equatorially,
which is a feature that the structure of 10 has in common with
other organoplatinum macrocyclic compounds reported ear-
lier, that is, [PtI{CH2NMe(CH2)10MeNCH2C6H3}],[24] iii) the
aromatic rings from the macrocycle which do not belong to
the N,C,N moiety are now orientated in opposite directions.
This is in contrast to what is observed for the molecular
structure of 8 a in which these aromatic rings are orientated
towards the same focal point. However, comparison of
conformations of the nitrogen centers in 8 a and 10 show
various striking similarities which indicate that these con-
formations are largely determined by the macrocyclic ring.


NMR Spectroscopy of ligands 8 a, 8 b and PdII complex 10 :
Ligands 8 a and 8 b and arylpalladium complex 10 have been
characterized in solution by 1H, 13C{1H} and two-dimensional
NMR techniques. The NMR data reveal a high degree of
symmetry for these compounds in solution, due to an
apparent molecular symmetry plane which contains the
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Figure 3. Displacement ellipsoid plot (50 % probability) and numbering
scheme of the molecular structure of the PdII complex 10. Hydrogen atoms
have been omitted for clarity.


C14 ± C11 axis and the Si atom and it is perpendicular to the
C9 ± C13 axis (see Figure 2 and Figure 3).


1H NMR spectra : As mentioned above, from the four possible
stereoisomers that could be formed in 10 (RR, SS, RS, SR)
only the RS/SR pair was observed in the solid state (both RS


and SR pair of enantiomers are
present in the unit cell). For-
mation of the RR/SS pair is less
likely because the aromatic
rings of the macrocycle are
constrained to one side of the
palladium coordination plane,
and consequently the methyl
groups are positioned at the
opposite side. Furthermore,
the puckering of the two fused
five-membered chelate rings
represent another chiral ele-
ment, which makes the RS and
SR enantiomers unique stereo-
isomers. However, this is only
the case when the chelate ring-
flip process is slow on the NMR
time scale. When this process
becomes fast on the NMR time
scale the RS and SR forms
become identical and they then
represent the meso compound
having an internal mirror plane.


The 1H NMR spectrum of the
aryl bromide ligand 8 a
(300 MHz, CD2Cl2, 298 K)
shows a singlet for the NMe
protons at d� 2.30 and a very
broad signal for the benzylic
protons in the range d� 3.20 ±
3.80. The aromatic protons
were all found as multiplets
between d� 7.12 and 7.52 ex-


cept for those bound to C2 and C22 (cf. Figure 2 a) which
appear as an apparent singlet at d� 7.80.


On the other hand, in the 1H NMR (300 MHz, CD2Cl2,
298 K) of the arene ligand 8 b the resonance for the NMe
protons is a singlet at d� 2.24 while the benzylic protons also
appear as a singlet at d� 3.53. The aromatic region is again
characterized by the presence of an apparent singlet at d�
8.07 corresponding to the aromatic protons bound to C2 and
C22 (cf. Figure 2 b) and several multiplets between d� 7.06
and 7.59.


These NMR data indicate that in the case of 8 b, pyramidal
inversion at the nitrogen centers is a fast process on the NMR
time scale. Accordingly, the potentially diastereotopic ben-
zylic protons appear as a singlet. The decoalescence of the
benzylic protons could not be noted, even at 183 K where only
very broad resonances at d� 3.04, 3.43 and 3.53 for such
benzylic protons were observed. This indicates that the
inversion of configuration at the nitrogen centers has a very
small activation barrier and this process reaches the inter-
mediate exchange rate on the NMR time scale.


A different situation was found for macrocycle 8 a, in which
at room temperature broad signals are observed for the
protons of the diastereotopic benzylic protons. At low
temperatures (203 K) the inversion process at the nitrogen
centers is reaching the slow exchange limit shown by the


Table 2. Selected bond lengths [�] and bond and torsion angles [8] for the ligands 8a, 8b, 14, 16 and the PdII


complex 10.


8 a 8b 10 14 16


bond lengths
BrÿC14 1.905(2) 1.9110(6) 1.9081(17)
N1ÿC7 1.459(3) 1.4670(15) 1.506(3) 1.458(2) 1.457(2)
N1ÿC8 1.468(3) 1.4620(15) 1.510(3) 1.457(2) 1.461(2)
N1ÿC23 1.459(3) 1.4605(15) 1.481(3) 1.460(2) 1.455(2)
C3ÿC7 1.513(3) 1.5060(16) 1.511(3) 1.513(2) 1.517(2)
C8ÿC9 1.514(3) 1.5113(16) 1.501(4) 1.509(2) 1.509(2)
C9ÿC10 1.390(3) 1.3958(16) 1.387(4) 1.390(2) 1.391(2)
C9ÿC14 1.399(3) 1.3947(16) 1.400(3) 1.400(2) 1.401(3)
PdÿBr 2.5480(3)
PdÿN1 2.127(2)
PdÿN2 2.132(2)
PdÿC14 1.919(2)
C11ÿO 1.366(2) 1.357(2)
Si2ÿO 1.6673(12)
bond angles
Br-Pd-N1 100.04(6)
Br-Pd-N2 97.97(5)
Br-Pd-C14 174.62(7)
N1-Pd-N2 161.80(8)
N1-Pd-C14 81.02(9)
N2-Pd-C14 80.81(9)
Pd-N1-C7 109.12(15)
Pd-N1-C8 107.68(15)
C7-N1-C8 112.04(16) 109.61(9) 105.67(19) 112.53(13) 113.55(14)
Pd-N2-C15 109.04(14)
Pd-N2-C16 117.93(15)
C15-N2-C16 112.49(17) 111.55(10) 110.1(2) 112.78(12) 112.26(13)
O-C11-C10 117.52(15) 117.47(16)
Si2-O-C11 128.32(11)
torsion angles
C25-Si-C21-C22 59.52(17) 55.64(11) 91.3(2) ÿ 94.81(15) 83.23(16)
C25-Si-C1-C2 ÿ 56.46(18) ÿ 98.90(10) ÿ 159.6(2) 54.45(14) ÿ 48.30(15)
C31-Si-C21-C22 176.27(15) 172.64(9) ÿ 144.6(2) 143.89(14) ÿ 156.17(15)
C31-Si-C1-C2 ÿ 174.12(16) 144.49(10) 78.6(2) 176.68(12) ÿ 169.92(13)
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observation of two AB patterns at d� 2.14 and 3.80 and 3.22
and 3.63, respectively, corresponding to the diastereotopic
benzylic protons. The presence of the bromine atom in 8 a
apparently slows down the inversion process at the nitrogen
centers, as this process involves also a movement of the
macrocyclic ring.


Evidence for a rigid nitrogen ± palladium interaction in the
arylpalladium complex 10 on the NMR time scale comes from
the observation of diastereotopic resonance patterns of the
prochiral methylene protons (1H NMR at 300 MHz, C6D6,
298 K). The benzylic protons appear as two AB patterns,
protons bound to C7 and C16, at d� 2.87 and 4.39 while
protons bound to C8 and C15 appear at d� 3.03 and 3.92,
respectively (cf. Figure 3). These patterns establish that the
nitrogen atoms are stereogenic centers with a stable config-
uration. This stability arises from the strong Pd ± N coordina-
tion, which efficiently blocks the inversion process at the
nitrogen centers.


Notably 10 exists as stable RS and SR enantiomers in the
solid state. In these stereoisomers, the NMe groups take
different positions, that is, one axial and one equatorial, while
also the respective protons bound to carbons C2 and C22 have
non-equivalent chemical environments. If these distinct
orientations were to be maintained in solution, one would
expect the 1H NMR spectrum of 10, for example, to show two
resonances for the Me groups and another two for the
respective protons bound to carbons C2 and C22. Thus, the
chelate ring-flip process involving inversion of the five-
membered chelate ring conformations by wagging of the aryl
plane about the C11-C14-Pd axis has a low activation barrier
and is fast on the NMR time scale.[24b] When low temperature
1H NMR spectra of 10 (300 MHz, CD2Cl2, 188 K) were
performed, the slow exchange limit for the ring-flip process
could not be reached. At 188 K three broad signals for the
benzylic protons between d� 3.30 and 5.00 and a broad
singlet at 3.14 for the protons of the methyl group were
observed. This spectrum corresponds to the situation in which
ring flipping is at an intermediate exchange rate on the NMR
time scale.


13C NMR spectra : APT, DEPTand 13C{H1} NMR experiments
were carried out for solutions of the ligands 8 a and 8 b in C6D6


and CD2Cl2, respectively, while a 1H,13C COSY spectrum was
also obtained from a solution of complex 10 in C6D6, in order
to assign all signals. Although for macrocycles 8 a and 8 b the
13C NMR data reveal high symmetry, a different result is
observed for compound 10. The 13C NMR of the arylpalla-
dium macrocycle 10 shows six signals for tertiary carbons and
another two for quaternary carbons corresponding to the
phenyl rings bound to the silicon atom which do not belong to
the macrocycle. This result is not only further evidence for the
strong Pd ± N coordination, which blocks the inversion
process at the nitrogen centers, but also reveals that part of
the 12-membered macrocycle, which does not include the
N,C,N moiety, is now orientated perpendicular to the
coordination plane (cf. Figure 3). As a result, the two phenyl
rings of the Ph2Si moiety have also now become diastereo-
topic, that is, the 12-membered macrocycle has a distinct
puckering at this temperature.


Synthesis and characterization of the multimetallic dendritic
system 1: Having optimized the conditions for the synthesis of
the metallic cage 10, we pursued the synthesis of the desired
dendrimer 1 following a convergent procedure. For the
coupling of this cage to the core benzenetricarbonyl trichlor-
ide 17 we prepared the new functionalized cage 16 with a
phenol group as a binding site (Scheme 5). For the synthesis of
the macrocycle 16 the same synthetic procedure was used as
for the synthesis of ligands 8, that is, a [2� 2]-macrocyclization
reaction between the bisbenzylic bromide 5 and the bisami-
noaryl bromide 13 (see Scheme 2). Compound 13 was
prepared following the route shown in Scheme 4. Treatment
of a solution of 11[7g] in methanol with PyH ´ Br3 (1 equiv) in
the presence of iron powder afforded the brominated
bisbenzylic alcohol 12.[25] Reaction of 12 with mesyl chloride
using Et3N as a base followed by nucleophilic attack of
methylamine on the resulting mesylate led to the bisamine 13
(88 % yield, two steps).


OHHO


OTBDMS


Br OHHO


OTBDMS


Br HNNH


OTBDMS


i ii, iii


11 12 13


Scheme 4. Synthesis of diamine 13. i) PyH ´ Br3, Fe powder, CH2Cl2, RT,
1 h; ii) MsCl, Et3N, CH2Cl2, ÿ78 8C, 1.5 h; iii) MeNH2, Et2O, ÿ78 8C, 1 h.


The [2� 2]-macrocyclization reaction between compounds
5 and 13 was carried out following the best protocol found for
the preparation of ligands 8 a and 8 b (see above). Thus,
dropwise addition of a solution of 5 in DMF to a suspension of
13 and Na2CO3 also in DMF over a period of 2 h afforded the
desired carbodiazasilane ligand 14 and the dimer 15 in a 30 %
and 4 % yield, respectively (Scheme 2). When this reaction
was performed using K2CO3 as a base in addition to monomer
14 and dimer 15, formation of the deprotected phenol 16 was
also observed. Further deprotection of macrocycle 14 to yield
the para-functionalized carbodiazasilane ligand 16 took place
by treatment of a solution of 14 in THF with tetrabutylam-
monium fluoride (1.3 equiv) for 1 h (Scheme 5).


Molecular structures of 14 and 16 : Unequivocal confirmation
of the proposed connectivity was obtained from single crystal
structure determinations of 14 and 16 (see Figure 4 and
Table 2). The overall structural features of 14 were expected
to be similar to those found for macrocycle 8 a. However, the
configuration of one of the nitrogen centers in 14 is different
than in 8 a thus, the two nitrogen centers in 14 have the same
configuration S and therefore the benzylic rings in this
molecule have a different orientation than in 8 a (torsion
angles for C25-Si-C1-C2 and C25-Si-C21-C22 are 54.45(14)
and ÿ94.81(15)8, respectively).


In the solid state, ligand 16 forms dimers resulting from the
formation of intermolecular hydrogen bonds between the
phenolic hydrogen atom and one of the nitrogen atoms of the
adjacent molecule. This hydrogen bonding brings about a
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Scheme 5. Synthesis of the multimetallic dendritic system 1. i) Bu4NF,
THF, RT, 1 h; ii) Et3N, THF, RT, 12 h; iii) Pd(dba)2, toluene, D, 12 h.


Figure 4. Displacement ellipsoid plots (50 % probability) and numbering
schemes of the structures of the macrocyclic ligands a) 14 and b) the
hydrogen bonded dimer of 16. Hydrogen atoms have been omitted for
clarity, except H1O in 16.


change in the configuration of the nitrogen centers relative to
those in the bromine ligand 8 a (N1 and N2 have R and S
configuration in 8 a, respectively, while the configuration in 16
for N1 is R and for N2 is S). Therefore, the disposition of the
benzylic rings attached to the Si atom in 14 is again not
comparable to the one in 8 a (torsion angles for C25-Si-C1-C2
and C25-Si-C21-C22 are ÿ48.30(15) and 83.23(16)8, respec-
tively).


We attempted the palladation of ligands 14 and 16 by
oxidative addition to [Pd(dba)2]. Unfortunately, when the
respective solutions of the carbodiazasilanes 14 and 16 in
benzene were heated under reflux overnight in the presence
of [Pd(dba)2] the desired palladated species were not formed
and only starting material could be recovered. Attempts to
increase the reactivity of these compounds by using other
solvents such as toluene or 1,2-dichlorobenzene failed. The
low reactivity of macrocycles 14 and 16 compared with that of
ligand 8 a is probably due to the presence of an electron
donating group in the N,C,N moiety. Therefore, we decided to
prepare the dendritic compound 18 (Scheme 5) in order to
obtain cages functionalized with more electron withdrawing
groups, such as ester moieties, expecting to have a more
reactive system towards palladation. Treatment of a solution
of freshly recrystallized 1,3,5-benzenetricarbonyl chloride
(15) in THF with the phenolic ligand 16 (3.5 equiv), in the
presence of Et3N afforded the dendritic molecule 18 in an
88 % yield. The 1H NMR spectrum of 18 shows a similar
pattern to that observed for compound 16 with the most
remarkable difference being the singlet at d� 9.50 corre-
sponding to the three aromatic protons of the triester core.


The final step in the synthesis of 1 was the palladation
reaction of 18 which indeed took place readily by oxidative
addition to [Pd(dba)2]. Thus, refluxing of a solution of the
multicage dendritic system 18 in toluene overnight in the
presence of [Pd(dba)2] gave rise to 1 as a yellow solid in a 60 %
yield. A notable feature of 1 is the two diagnostic downfield
singlets in the 1H NMR spectrum which are assigned to the
three protons of the central aromatic triester ring (d� 9.44)
and to the hydrogens bound to C2 and C22 (d� 10.00, cf.
Figure 3), respectively.


Molecular mechanics calculations[26] suggest that the overall
geometry of dendrimer 1 is best described as a helix (see
Figure 5). The average distance between two of the three
palladium centers of 1 is�1.5 nm. Although this molecule has
a fairly low molecular weight of 2334 Da its helical structure
gives it true nanoparticle size dimensions and thus, appro-
priate properties for retainment by (nano)membrane filtra-
tion materials.[27]


Catalysis : The macrocyclic PdII complex 10 and dendrimer 1
were used as catalyst precursors in the aldol condensation
reaction of benzaldehyde and methyl isocyanoacetate to form
oxazolines (Scheme 6). Their catalytic preformance was
compared with the activity of the corresponding mononuclear
and model compounds [PdBr(2,6-{CH2NMe2}2C6H3)] (19),
[PdI(4-CO2Me-2,6-{CH2NMe2}2C6H2)] (20) and [PdBr(2,6-
{CH2NMeBn}2C6H3)] (21).


Consequently, 1, 10, 19, 20 and 21 were converted in their
corresponding (poly)cationic analogues by abstracting the
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Figure 5. Molecular modelling structure of 1 (MMFF94).
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Scheme 6. Aldol condensation reaction of benzaldehyde and methyl
isocyanoacetate yielding oxazolines.


halide anion using AgBF4 in wet acetone.[28] After appropiate
work-up involving a thorough filtration of the solutions
containing the cationic complexes through a path of Celite
to remove the insoluble silver halide salts[29] active catalytic
species were isolated and used without further purification in
the aldol condensation reaction.


These preliminary experiments were carried out with
iPr2EtN (Huenig�s base, 10 mol %) as a base, using 1 mol %
of the catalyst, methyl isocyanoacetate (100 mol %) and
benzaldehyde (100 mol %) in dichloromethane at room
temperature. The results obtained with different PdII com-
plexes are shown in Table 3.


The polycationic dendritic system derived from 1 turned
out to have a higher catalytic activity than the other
mononuclear model compounds tested (entry 2). The pres-
ence of an ester moiety at the para-position of the catalytic
site seems to play an important role in the activity of these
systems (entries 3 and 4). An interesting difference on the
reaction rate was noted between compounds 19 and 21
(entries 3 and 5). Apparently the alkyl substituents at the
nitrogen centers seem to influence the reactivity of these
catalysts for the acyclic compounds. Interestingly, this de-


crease in the reaction rate is not observed for the case of the
cyclic analogue 10 (entry 1) demonstrating the positive
influence of the cage. Unfortunately, the steric environment
around the Pd site caused by the presence of the cavity in 10
does not have an influence on the diastereoselectivity of the
reaction.


Conclusion


In the present investigation, we have developed the synthesis
of two new macrocyclic carbodiazasilane molecules contain-
ing the monoanionic N,C,N-ligand 8 a and 8 b. Macrocycle 8 a
was successfully transformed to the organometallic PdII


complex 10 by oxidative addition to [Pd(dba)2]. A remarkable
aspect in the synthesis of complex 10 is the formation of only
the meso compound from all the possible stereoisomers.


Modification of the macrocycles 8 a by introduction of a
phenol group at the para-position of the N,C,N moiety
afforded the ligands 14 and 16. The attachment of cage 16
to a central core gave rise to the novel multicage dendritic
structure 18 which was palladated in order to obtain the novel
multimetallic dendrimer 1. The cationic derivative of 1
obtained by halide abstraction with AgBF4 was successfully
applied as homogeneous catalyst showing higher reaction
rates than the mononuclear analogues.


Experimental Section


General : All sensitive manipulations were performed under a dry and
deoxygenated dinitrogen atmosphere using standard Schlenk techniques
unless otherwise stated. All solvents were carefully dried and distilled prior
to use. All standard chemicals were purchased from Acros Chimica or
Aldrich and used without further purification. 1,3,5-Benzenetricarboxylic
acid chloride was recrystallized from hot hexanes prior to use. Flash
chromatography was performed using 230 ± 400 mesh silica (Merck). The
starting materials 1,3-bis(hydroxymethylbenzene) tert-butyldimethylsilyl
ether,[30] [Pd2(dba)2],[19b] 19[19, 24a] and 20[31] were synthesized according to
literature procedures. 1H (200 or 300 MHz), 13C (50 or 75 MHz) and 29Si
(75 MHz) NMR spectra were recorded on a Varian Inova spectrometer.
Chemical shifts are given in ppm using TMS as an external standard.
Elemental analyses were performed by Dornis and Kolbe, Mikroanaly-
tisches Laboratorium (Mülheim a.d. Ruhr, Germany). MALDI-TOF-MS
spectra were acquired using a Voyager-DE BioSpectrometry Workstation
(PerSeptive Biosystems Inc., Framingham, MA) mass spectrometer
equipped with a nitrogen laser emitting at 337 nm. The instrument was
operated in the linear mode at an accelerating voltage in the range 22 000 V.
External calibration was performed using C60/C70, and detection was
performed by means of a linear detector and digitizing oscilloscope
operating at 500 MHz. Sample solutions with �10 mg mLÿ1 in THF were
used, and the matrix was 3,5-dihydroxybenzoic acid in THF (10 mg mLÿ1).
A solution of silver(i) trifluoroacetate in THF was added to the sample in
order to improve the peak resolution. The sample solution (0.2 mL) and the
matrix solution (0.2 mL) were combined and placed on a gold MALDI
target and analyzed after evaporation of the solvents.


Ph2Si(C6H4CH2OSiMe2tBu)2 (3): A sample of 3-bromobenzyl tert-butyldi-
methylsilyl ether (2) (20.15 g, 66.87 mmol) was dissolved in Et2O (250 mL)
and the solution cooled to ÿ78 8C. tert-Butyllithium (85 mL of a 1.5m
solution in pentane, 127.06 mmol) was added dropwise and the mixture
was stirred for 30 min, followed by the addition of dichlorodiphenylsilane
(7.62 g, 6.33 mL, 30.09 mmol). The yellow suspension was allowed to warm
slowly to room temperature and then stirred overnight. To the resulting
white suspension was added an extra amount of tBuLi (4.25 mL). After
stirring for 10 min, the reaction mixture was quenched with a saturated


Table 3. Aldol condensation reaction of methylisocyanate and benzaldehyde.[a, b]


Entry PdII complex Time
[h]


Conver-
sion[b] [%]


trans/
cis[b]


1 10 (Pd1 species) 7 89 71/29
2 1 (Pd3 species) 4 > 99 61/39
3 [PdBr(2,6-{CH2NMe2}2C6H3)] (19) 7 83 62/38
4 [PdI(4-CO2Me-2,6-{CH2NMe2}2C6H2)] (20) 7 > 99 62/38
5 [PdBr(2,6-{CH2NMeBn}2C6H3)](21) 7 40 63/37


[a] Reaction carried out in CH2Cl2 (5 mL) at RT with ca. 10 mol % Hüning�s base
[Et(iPr)2N]. [b] In all catalytic rounds the amount of palladium was kept constant
(i.e., ca. 1 mol %). [c] Conversion and trans/cis ratio calculated using specific signal
integration in the 1H NMR spectra.
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aqueous solution of NH4Cl until a clear two-phase system was obtained.
The aqueous layer was separated and washed with Et2O (2� 100 mL). The
combined organic layers were washed with H2O (2� 50 mL) and brine
(50 mL), and then dried over MgSO4. This solution was filtered and
reduced under vacuum to a crude yellow oil, which was purified by flash
column chromatography (EtOAc/hexanes 1:2). The product was obtained
as a colorless oil (16.36 g, 87 %). 1H NMR (300 MHz, C6D6, 25 8C): d�
ÿ0.03 (s, 12 H; SiMe2), 0.89 (s, 18 H; SitBu), 4.52 (s, 4 H; ArCH2), 7.13 ± 7.24
(m, 8H; ArH), 7.39 (d, 3J(H,H)� 7.8 Hz, 2H; ArH), 7.62 (d, 3J(H,H)�
7.2 Hz, 2 H; ArH), 7.70 ± 7.74 (m, 4 H; ArH), 7.78 (s, 2 H; ArH); 13C NMR
(50 MHz, C6D6, 25 8C): d�ÿ5.10 (SiMe2), 18.5 [SiC(CH3)3], 26.18
[SiC(CH3)3], 65.15 (ArCH2), 127.81, 128.28, 128.32, 129.88, 134.42, 134.71
(C), 134.92 (C), 135.62, 136.92, 141.36 (C); 29Si NMR (75 MHz, C6D6,
25 8C): d�ÿ13.3 (Ar2Si), 20.0 (SiO); MS (MALDI-TOF): m/z : calcd
for: 732.9; found: 732.8 [M�Ag]� ; elemental analysis calcd (%) for
C38H52O2Si3 (625.07): C 73.02, H 8.39, Si 13.48; found C 73.10, H 8.49, Si
13.57.


Ph2Si(C6H4CH2OH)2 (4): A solution of 3 (3.53 g, 5.65 mmol) in a mixture of
AcOH/THF/H2O (3:1:1, 30 mL) was warmed to 50 8C and stirred for 3 h.
After this time, the reaction mixture was cooled to room temperature and
all volatiles were removed in vacuo. The residue obtained was dissolved in
Et2O (30 mL) and an aqueous solution of NaOH (1m) was added until
neutral pH was reached. The organic layer was separated, washed with H2O
(2� 10 mL) and brine (1� 10 mL), and then dried over MgSO4. This
solution was filtered and the volatiles were removed in vacuo to yield a
crude yellow oil, which was purified by flash column chromatography
(EtOAc/hexanes 2:1). The product was obtained as a colorless oil (1.99 g;
89%). 1H NMR (200 MHz, C6D6, 25 8C): d� 3.39 (br s, 2H; OH), 4.20 (s,
4H; ArCH2), 7.04 ± 7.18 (m, 10H; ArH), 7.57 (d, 3J(H,H)� 6.2 Hz, 2H;
ArH), 7.66 ± 7.69 (m, 4H; ArH), 7.76 (s, 2H; ArH); 13C NMR (50 MHz,
C6D6, 25 8C): d� 64.83 (ArCH2), 128.37, 128.43, 128.90, 129.99, 134.75 (C),
134.82 (C), 135.24, 135.90, 136.89, 141.33 (C); FAB-MS: m/z : 396.1 [M]� ;
elemental analysis calcd (%) for C26H24O2Si (396.55): C 78.75, H 6.10, Si
7.08; found C 78.64, H 6.14, Si 7.02.


Ph2Si(C6H4CH2Br)2 (5): A solution of PBr3 (0.94 g, 3.45 mmol) in benzene
(10 mL) was slowly added (15 min) to a solution of 4 (1.99 g, 4.97 mmol) in
benzene (20 mL) at room temperature. After stirring the reaction mixture
for 3 h, the solvent was removed in vacuo. The residue obtained was
purified by flash column chromatography (EtOAc/hexanes 0.25:9.75) to
afford the desired bisbenzyl bromide 7 as a colorless oil (2.13 g, 91%).
1H NMR (300 MHz, C6D6, 25 8C): d� 3.87 (s, 4H; ArCH2), 7.02 (t,
3J(H,H)� 7.2 Hz, 2 H; ArH), 7.10 ± 7.22 (m, 8H; ArH), 7.47 ± 7.50 (m, 2H;
ArH), 7.60 ± 7.63 (m, 6 H; ArH); 13C NMR (50 MHz, C6D6, 25 8C): d� 33.41
(ArCH2), 128.45, 128.75, 130.21, 130.90, 134.00 (C), 135.23 (C), 136.71,
136.80, 137.00, 138.10 (C); 29Si NMR (75 MHz, C6D6, 25 8C): d�ÿ13.59;
FAB-MS: m/z : 521/523/525 [M�H]� ; elemental analysis calcd (%) for
C26H22Br2Si (522.35): C 59.78, H 4.25, Si 5.38; found C 59.72, H 4.18, Si 5.41.


1-Bromo-2,6-bis[(methylamino)methyl]benzene (7 a): A solution of 2-bro-
mo-1,3-bis(bromomethyl)benzene (6 a) (2.07 g, 6.04 mmol) in Et2O
(20 mL) was cooled to 0 8C. MeNH2 was bubbled through this solution
for a period of 4 min. The reaction mixture was then stirred for 20 min and
MeNH2 gas was again bubbled through the reaction for 4 min. Formation of
a white precipitate was observed. The suspension was allowed to warm to
room temperature and stirred for 1 h. After this time, water was added and
the organic layer was separated. The obtained organic layer was washed
with brine (10 mL), dried over MgSO4 and concentrated to afford the
desired diamine 7a as a yellow oil (1.00 g, 68%). 1H NMR (200 MHz, C6D6,
25 8C): d� 0.92 (br s, 2 H; NH), 2.21 (br s, 6H; NCH3), 3.74 (br s, 4H;
ArCH2), 7.05 (t, 3J(H,H)� 5.0 Hz, 2 H; ArH), 7.23 (d, 3J(H,H)� 5.0 Hz,
1H; ArH); 13C NMR (75 MHz, CDCl3, 25 8C): d� 35.73 (NCH3), 56.11
(ArCH2), 125.57 (C), 126.94, 128.95, 139.46 (C).


Synthesis of ligands 8a and 9 : The following is an example of the
experimental conditions used for the performance of the [2�2]-macro-
cyclization reaction. A suspension of 2-bromo-1,3-bis[(methylamino)me-
thyl]benzene (0.19 g, 0.80 mmol) and Na2CO3 (0.21 g, 2.01 mmol) in DMF
(60 mL) was stirred for 15 min at 50 8C. A solution of 5 (0.42, 0.80 mmol) in
DMF (20 mL) was then added dropwise over 2 h and the reaction mixture
was stirred overnight at this temperature. DMF was removed in vacuo and
the crude product was dissolved in CH2Cl2 (80 mL). The organic layer was
washed with H2O (2� 40 mL) and brine (2� 40 mL), dried over MgSO4,
filtered and concentrated. The residue obtained was purified by flash


column chromatography (EtOAc/hexanes 1:4) to afford two products: the
desired macrocycle 8a (0.14 g, 30%) and the dimer 9 (20 mg, 4%).
Macrocycle 8 a : 1H NMR (300 MHz, CD2Cl2, 25 8C): d� 2.30 (s, 6H;
NCH3), 3.20 ± 3.80 (br m, 8H; ArCH2), 7.12 ± 7.23 (m, 6H; ArH), 7.29 ± 7.52
(m, 13 H; ArH), 7.80 (s, 2 H; ArH); 1H NMR (300 MHz, C6D6, 25 8C): d�
2.20 (s, 6 H; NCH3), 3.10 ± 3.70 (br m, 8 H; ArCH2), 6.89 ± 6.94 (m, 1H;
ArH), 7.02 ± 7.21 (m, 12 H; ArH), 7.57 (d, 3J(H,H)� 6.9 Hz, 2H; ArH),
7.66 ± 7.73 (m, 4H; ArH), 8.09 (s, 2 H; ArH); 13C NMR (75 MHz, C6D6,
25 8C): d� 42.48 (NCH3), 58.36 (ArCH2), 61.75 (ArCH2), 126.05, 127.44,
128.10 (C), 128.88 (C), 129.72, 130.07, 130.42, 135.04, 135.34 (C), 137.21 (2�
ArH), 137.56, 138.78 (C), 140.24 (C); 29Si NMR (75 MHz, C6D6, 25 8C): d�
ÿ14.47; MS (MALDI-TOF): m/z: calcd for: 603.7; found: 603.3 [M]� , 523.7
[MÿBr]� ; elemental analysis calcd (%) for C36H35BrN2Si (603.67): C 71.63,
H 5.84, N 4.64, Si 4.65; found C 71.80, H 5.76, N 4.54, Si 4.55.


Dimer 9 : 1H NMR (300 MHz, C6D6, 25 8C): d� 2.00 (s, 12 H; NCH3), 3.36
(s, 8 H; ArCH2), 3.55 (s, 8H; ArCH2), 6.99 (t, 3J(H,H)� 7.5 Hz, 2H; ArH),
7.16 ± 7.22 (m, 16 H; ArH), 7.31 (d, 3J(H,H)� 7.8 Hz, 4H; ArH), 7.39 (d,
3J(H,H)� 7.5 Hz, 4H; ArH), 7.65 (d, 3J(H,H)� 7.2 Hz, 4H; ArH), 7.75 ±
7.79 (m, 8H; ArH), 7.93 (s, 4 H; ArH); 13C NMR (75 MHz, C6D6, 25 8C):
d� 42.18 (NCH3), 61.81 (ArCH2), 62.41 (ArCH2), 126.72 (C), 127.16,
127.91, 128.34, 129.19, 129.90, 130.60, 134.84 (C), 135.05 (C), 135.66, 136.96,
137.40, 139.29 (C), 139.37 (C); 29Si NMR (75 MHz, C6D6, 25 8C): d�
ÿ13.46; MS (MALDI-TOF): m/z : calcd for 1207.3; found: 1207.6 [M]� ,
1128.0 [MÿBr]� ; elemental analysis calcd (%) for C72H70Br2N4Si2 (1207.3):
C 71.63, H 5.84, N 4.64, Si 4.65; found C 71.41, H 5.98, N 4.39, Si 4.48.


Synthesis of macrocycle 8 b : This compound was prepared as described for
8a, starting from 7b in 63% yield as a white solid. 1H NMR (300 MHz,
CD2Cl2, 25 8C): d� 2.24 (s, 6H; NCH3), 3.53 (s, 8 H; ArCH2), 7.07 (d,
3J(H,H)� 7.5 Hz, 2H; ArH), 7.18 ± 7.23 (m, 1 H; ArH), 7.30 ± 7.49 (m, 12H;
ArH), 7.56 ± 7.59 (m, 5 H; ArH), 8.07 (s, 2H; ArH); 1H NMR (200 MHz,
C6D6, 25 8C): d� 2.05 (s, 6H; NCH3), 3.32 (s, 4 H; ArCH2), 3.41 (s, 4H;
ArCH2), 6.96 (d, 3J(H,H)� 7.4 Hz, 4H; ArH), 7.10 ± 7.20 (m, 9 H; ArH),
7.62 ± 7.65 (m, 2H; ArH), 7.72 ± 7.76 (m, 4H; ArH), 7.96 (s, 1H; ArH), 8.42
(s, 2 H; ArH); 13C NMR (75 MHz, CD2Cl2, 25 8C): d� 43.12 (NCH3), 60.72
(ArCH2), 61.77 (ArCH2), 128.00, 128.04, 128.16, 128.44, 129.01 (C), 130.14,
131.24, 134.91 (C), 135.23 (C), 135.68, 136.98, 137.12, 139.72 (C); MS
(MALDI-TOF): m/z : calcd for: 524.8; found: 524.0 [M]� ; elemental
analysis calcd (%) for C36H36N2Si (603.67): C 82.40, H 6.91, N 5.34, Si 5.35;
found C 82.46, H 6.85, N 5.28, Si 5.29.


Synthesis of the PdII complex 10 : [Pd(dba)2] (66 mg, 0.11 mmol) was added
to a solution of 8 a (63 mg, 0.10 mmol) in benzene (5 mL). The resulting
solution was refluxed overnight, during which time the color changed from
deep purple to yellow. The reaction mixture was filtered through Celite and
the solvent removed under reduced pressure. The solid residue was
dissolved in wet acetone (8 mL) and AgBF4 (21 mg, 0.11 mmol) was added,
the suspension was stirred for 1 h. After this time, the resulting cloudy
suspension was filtered through Celite, and the solvent was concentrated to
ca. 2 mL. Et2O was added to this solution in order to precipitate the
product. The precipitate was purified by washing several times with Et2O.
The precipitate was then dissolved in CH2Cl2 and an excess of LiBr was
added to the solution, which was stirred for 2 h. Filtration of the suspension
through Celite and revomal of the solvent in vacuo afforded compound 10
which was isolated as an air and temperature-stable yellow crystalline solid
(35 mg, 47%). 1H NMR (300 MHz, CD2Cl2, 25 8C): d� 3.21 (s, 6H; NCH3),
3.40 (d, 3J(H,H)� 11.8 Hz, 2H; ArCH2), 3.63 (d, 3J(H,H)� 14.8 Hz, 2H;
ArCH2), 4.23 (d, 3J(H,H)� 14.8 Hz, 2H; ArCH2), 4.50 (d, 3J(H,H)�
11.8 Hz, 2 H; ArCH2), 6.70 (d, 3J(H,H)� 7.5 Hz, 2H; ArH), 6.88 (m, 1H;
ArH), 7.28 ± 7.59 (m, 16H; ArH), 9.58 (s, 2H; ArH); 1H NMR (300 MHz,
C6D6, 25 8C): d� 2.87 (d, 3J(H,H)� 12.0 Hz, 2H; ArCH2), 2.91 (s, 6H;
NCH3), 3.03 (d, 3J(H,H)� 14.6 Hz, 2H; ArCH2), 3.92 (d, 3J(H,H)�
14.6 Hz, 2 H; ArCH2), 4.39 (d, 3J(H,H)� 12.0 Hz, 2H; ArCH2), 6.46 (d,
3J(H,H)� 7.5 Hz, 2H; ArH), 6.80 (t, 3J(H,H)� 7.4 Hz, 1 H; ArH), 6.87 (d,
3J(H,H)� 7.5 Hz, 2 H; ArH), 7.06 ± 7.25 (m, 8H; ArH), 7.69 (d, 3J(H,H)�
7.2 Hz, 4 H; ArH), 7.87 ± 7.90 (m, 2 H; ArH), 10.09 (s, 2H; ArH); 13C NMR
(50 MHz, C6D6, 25 8C): d� 52.49 (NCH3), 66.97 (ArCH2), 69.71 (ArCH2),
119.79, 124.35, 127.60, 128.34, 128.44, 129.90, 129.99, 133.24, 134.01 (C),
134.77 (C), 134.94 (C), 135.63 (C), 136.78, 137.05, 137.31, 140.64, 145.46 (C),
157.87 (C); MS (MALDI-TOF): m/z : calcd for 630.2; found: 630.5 [Mÿ
Br]� , 524.7 [MÿPdBr]� ; elemental analysis calcd (%) for C36H35BrN2PdSi
(710.09): C 60.89, H 4.97, N 3.95, Si 3.96; found C 61.00, H 4.90, N 3.99,
Si 3.87.
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1-Bromo-2,6-bis(hydroxymethyl)benzene tert-butyldimethylsilyl ether
(12): A solution of PyH ´ Br3 (3.66 g, 11.44 mmol) in MeOH (30 mL) was
added dropwise at room temperature to a suspension of 3,5-bis(hydroxy-
methyl)benzene tert-butyldimethylsilyl ether (11) (3.07 g, 11.44 mmol) and
iron powder in CH2Cl2 (30 mL). After 1 h, the reaction mixture was
filtered, washed with water (2� 15 mL) and brine (2� 15 mL) and dried
over MgSO4. The solvent was concentrated to afford the desired dialcohol
12 as a white solid (2.88 g, 73 %). 1H NMR (200 MHz, CDCl3, 25 8C): d�
0.20 (s, 6H; SiMe2), 0.98 (s, 9 H; SitBu), 2.19 (s, 2H; OH), 4.67 (s, 4H;
ArCH2), 6.92 (s, 2H; ArH); 13C NMR (50 MHz, CDCl3, 25 8C): d� 4.38
(SiMe2), 18.17 [SiC(CH3)3], 25.64 [SiC(CH3)3], 64.91 (ArCH2), 119.31 (C),
141.33, 155.57 (C), 164.63 (C); elemental analysis calcd (%) for C14H23BrO3-
Si (347.34): C 48.41, H 6.67, Si 8.09; found C 48.44, H 6.59, Si 8.27.


1-Bromo-2,6-bis((methylamino)methyl)benzene tert-butyldimethylsilyl
ether (13): Et3N (2.80 mL, 20.15 mmol) was added to a solution of 12
(1.00 g, 2.88 mmol) in CH2Cl2 (20 mL) under nitrogen at ÿ78 8C and
subsequently mesyl chloride (1.65 g, 1.11 mL, 14.40 mmol). The reaction
was stirred for 1.5 h at this temperature and then MeNH2 was bubbled
through the reaction for a period of 5 min. Formation of a white precipitate
was observed. The suspension was allowed to warm up to room temper-
ature and stirred for 1 h. After this time, water was added (10 mL) and the
organic layer was separated. The obtained organic layer was washed with
brine (10 mL), dried over MgSO4 and concentrated to afford the desired
diamine 13 as a yellow oil (0.95 g, 88%). 1H NMR (200 MHz, C6D6, 25 8C):
d� 0.17 (s, 6 H; SiMe2), 0.99 (s, 9 H; SitBu), 2.22 (br s, 6 H; NCH3), 3.71
(br m, 4 H; ArCH2), 7.07 (s, 2H; ArH); 13C NMR (50 MHz, C6D6, 25 8C):
d�ÿ4.18 (SiMe2), 18.49 [SiC(CH3)3], 26.10 [SiC(CH3)3], 35.98 (NCH3),
56.13 (ArCH2), 116.78 (C), 120.24, 141.51 (C), 155.37 (C).


Synthesis of macrocycles 14 and 15 : Macrocycles 14 and 15 were prepared
as described for 8 a, starting from 5 and 13. Yields: 30% for 14 and 4 % for
15. Macrocycle 14 : 1H NMR (200 MHz, C6D6, 25 8C): d� 0.11 (s, 6H;
SiMe2), 0.95 (s, 9H; SitBu), 2.18 (s, 6H; NCH3), 2.80 ± 3.90 (br s, 8H;
ArCH2), 6.96 ± 7.18 (m, 12 H; ArH), 7.53 (d, 3J(H,H)� 7.0 Hz, 2H; ArH),
7.64 ± 7.67 (br m, 4H; ArH), 8.01 (s, 2 H; ArH); 13C NMR (75 MHz, C6D6,
25 8C): d�ÿ4.25 (SiMe2), 18.43 [SiC(CH3)3], 25.87 [SiC(CH3)3], 42.66
(NCH3), 58.10 (ArCH2), 61.26 (ArCH2), 119.88 (C), 122.12, 127.45, 127.74
(C), 128.38, 129.71, 130.24, 135.12, 135.23 (C), 137.21, 137.73, 138.31 (C),
141.22 (C), 154.39 (C); 29Si NMR (75 MHz, C6D6, 25 8C): d�ÿ14.28
(Ar4Si), 21.30 (SiO); MS (MALDI-TOF): m/z : calcd for: 732.2; found:
730.9 [M]� , 649.8 [MÿBr]� ; elemental analysis calcd (%) for
C42H49BrN2OSi2 (733.96): C 68.73, H 6.73, N 3.82, Si 7.65; found C 68.49,
H 6.85, N 3.67, Si 7.64.


Dimer 15 : 1H NMR (200 MHz, C6D6, 25 8C): d� 0.09 (s, 12H; SiMe2), 0.92
(s, 18H; SitBu), 2.01 (s, 12 H; NCH3), 3.35 (s, 8 H; ArCH2), 3.51 (s, 8H;
ArCH2), 7.11 ± 7.24 (m, 20 H; ArH), 7.49 (d, 3J(H,H)� 7.8 Hz, 4H; ArH),
7.59 (d, 3J(H,H)� 7.4 Hz, 4 H; ArH), 7.69 ± 7.74 (m, 8 H; ArH), 7.78 (s, 4H;
ArH); 13C NMR (75 MHz, C6D6, 25 8C): d�ÿ4.20 (SiCH3), 18.51
[SiC(CH3)3], 25.96 [SiC(CH3)3], 42.26 (NCH3), 61.65 (ArCH2), 62.44
(ArCH2), 118.18 (C), 121.06, 128.34, 129.90 130.58, 134.65 (C), 135.10
(C), 135.77, 136.96 (2�ArH), 137.38, 139.19 (C), 140.55 (C), 155.28 (C); 29Si
NMR (75 MHz, C6D6, 25 8C): d�ÿ13.55 (Ar4Si), 21.61 (SiO); MS
(MALDI-TOF): m/z : calcd for: 1467.9; found: 1468.0 [M]� , 1387.7
[MÿBr]� .


Synthesis of ligand 16 : Tetrabutylammonium fluoride (1m, 0.04 mL,
0.04 mmol) was added to a solution of 14 (0.20 g, 0.03 mmol) in THF
(5 mL). The reaction was stirred at room temperature for 1 h. After this
time, the solvent was removed in vacuo and the residue was dissolved in
CH2Cl2 (10 mL), washed with a saturated aqueous solution of NH4Cl
(5 mL) and brine (5 mL), dried over MgSO4 and evaporated to dryness.
The phenol 16 was obtained as a white powder (160 mg, 85%) which was
crystallized by diffusion of pentane into a concentrated solution of 16 in
CH2Cl2. 1H NMR (200 MHz, C6D6, 25 8C): d� 2.21 (s, 6H; NCH3), 2.80 ±
3.90 (br m, 8 H; ArCH2), 6.56 (s, 2H; ArH), 7.01 ± 7.22 (m, 10 H; ArH), 7.58
(d, 3J(H,H)� 6.8 Hz, 2H; ArH), 7.70 (br m, 4 H; ArH), 8.04 (s, 2 H; ArH);
13C NMR (75 MHz, CDCl3, 25 8C): d� 42.76 (NCH3), 57.63 (ArCH2), 60.65
(ArCH2), 117.02, 117.82 (C), 126.94, 127.62, 129.34, 129.98, 134.60, 136.32
(C), 136.37 (C), 136.67, 137.23, 137.46 (C), 140.39 (C), 154.13 (C); MS
(MALDI-TOF): m/z : calcd for: 619.7; found: 619.3 [M]� , 539.2 [MÿBr]� ;
elemental analysis calcd (%) for C36H35BrN2OSi (619.67): C 69.78, H 5.69,
N 4.52, Si 4.53; found C 69.86, H 5.63, N 4.40, Si 4.68.


Synthesis of dendrimer 18 : Et3N (0.20 mL, 1.44 mmol) was added to a
solution of 16 (67 mg, 0.11 mmol) in THF (5 mL) under nitrogen at room
temperature. The reaction mixture was stirred for 15 min and then 1,3,5-
benzenetricarboxylic acid chloride (91 mg, 0.03 mmol) was added. The
resulting solution was allowed to stir overnight. After this time, the solvent
was removed in vacuo, the residue was dissolved in CH2Cl2 (10 mL) and
washed with water (5 mL) and brine (5 mL). The organic layer was then
dried with MgSO4 and evaporated to afford 18 as a white solid (61 mg,
88%). 1H NMR (200 MHz, C6D6, 25 8C): d� 2.20 (s, 18 H; NCH3), 2.80 ±
3.90 (br m, 24H; ArCH2), 7.04 ± 7.22 (m, 30 H; ArH), 7.28 (s, 6H, ArH), 7.55
(d, 3J(H,H)� 6.8 Hz, 6H; ArH), 7.70 (br m, 12H; ArH), 7.93 (s, 6H; ArH),
9.50 (s, 3 H, ArH); 13C NMR (75 MHz, C6D6, 25 8C): d� 42.87 (NCH3),
58.36 (ArCH2), 60.73 (ArCH2), 123.16, 124.82 (C), 126.67 (C), 126.98 (C),
127.22 (C), 129.77, 130.43, 131.85 (C), 135.14, 135.27, 136.12 (C), 137.19,
137.69, 137.96, 141.77, 149.46 (C), 163.09 (C�O); MS (MALDI-TOF): m/z :
calcd for 2015.1; found: 2123.9 [M�Ag]� , 2014.3 [M]� , 1934.6 [MÿBr]� ;
elemental analysis calcd (%) for C117H105Br3N6O6Si3 ´ 3�2CH2Cl2 (2142.6): C
66.43, H 5.08, N 3.92; found C 66.28, H 5.19, N 3.56.


Synthesis of dendrimer 1: [Pd(dba)2] (66 mg, 0.11 mmol) was added to a
stirred solution of 18 (59 mg, 0.03 mmol) in toluene (10 mL). The resulting
solution was heated under reflux overnight, during which time the color
changed from deep purple to yellow. The reaction mixture was diluted with
CH2Cl2, filtered through Celite and the solvent removed under reduced
pressure. The solid residue was dissolved in CH2Cl2 (5 mL) and hexanes
were added in order to precipitate the product. The precipitate was purified
by washing first with hexane (2� 20 mL) and then with Et2O (20 mL) to
afford 1 as yellow powder (40 mg; 60 %). 1H NMR (300 MHz, C6D6, 25 8C):
d� 2.75 ± 2.84 (m, 6H; ArCH2 and 18 H; NCH3), 2.92 (d, 3J(H,H)�
15.0 Hz, 6 H; ArCH2), 3.81 (d, 3J(H,H)� 15.0 Hz, 6H; ArCH2), 4.32 (d,
3J(H,H)� 12.6 Hz, 6 H; ArCH2), 6.40 (d, 3J(H,H)� 6.3 Hz, 6H; ArH),
6.80 ± 6.82 (m, 6H; ArH), 7.03 ± 7.16 (m, 24 H; ArH), 7.38 (s, 6 H; ArH), 7.68
(m, 12H; ArH), 7.84 ± 7.87 (m, 6 H; ArH), 9.44 (s, 3H; ArH), 10.02 (s, 6H;
ArH); 13C NMR (50 MHz, C6D6, 25 8C): d� 52.60 (CH3), 67.05 (ArCH2),
69.60 (ArCH2), 113.26, 123.15, 127.91, 128.59, 129.82 (C), 130.02, 131.83 (C),
132.19 (C), 133.22, 133.87 (C), 134.60, 134.85 (C), 135.72 (C), 136.76, 137.15,
137.29, 140.66, 146.13, 148.48 (C), 154.65 (C), 163.31 (C�O); MS (MALDI-
TOF): m/z : calcd for 2254.5; found: 2254.9 [MÿBr]� , 2148.8
[MÿPdBr]� , 1961.6 [Mÿ 2(PdBr)]� ; elemental analysis calcd (%) for
C117H105Br3N6O6Pd3Si3 ´ 3 C6H6 (2568.8): C 63.12, H 4.83, N 3.27; found C
63.05, H 4.12, N 3.31.


Procedure for the PdII-catalyzed aldol reaction : The following is an
example of the experimental conditions used for the PdII catalyzed aldol
condensation reaction. A suspension of 10 (10 mg, 0.016 mmol) and AgBF4


(4 mg, 0.020 mmol) in CH2Cl2 (5 mL) was stirred for ca. 30 min at room
temperature. The resulting cloudy solution was filtered through Celite.
Solvent was removed under reduced pressure to give the active catalyst
which was dissolved in CH2Cl2 (5 mL). To this solution were sequentially
added benzaldehyde (173 mg, 1.63 mmol), diisopropylethylamine (21 mg,
0.16 mmol) and methyl a-isocyanoacetate (161 mg, 1.62 mmol). The
mixture was stirred at room temperature for 24 h. From the clear and
completely homogeneous, stirred reaction mixture samples (0.1 mL) were
taken after regular time intervals and analyzed by 1H NMR spectroscopy in
CDCl3 after careful removal of the solvent. 1H NMR (300 MHz, CDCl3,
25 8C): d� 3.19 (s, 3H, CO2CH3, cis isomer), 3.83 (s, 3H, CO2CH3 , trans
isomer), 4.62 (dd, 3J(H,H)� 7.8, 4J(H,H)� 2.2 Hz, 1H; -CHCO2Me, trans
isomer), 5.08 (dd, 3J(H,H)� 11.1, 4J(H,H)� 1.8 Hz, 1H; -CHCO2Me, cis
isomer), 5.68 (d, 3J(H,H)� 7.8 Hz, 1H; ArC(H)O), 5.73 (d, 3J(H,H)�
11.1 Hz, 1H; ArC(H)O), 7.11 (d, 3J(H,H)� 2.2 Hz, 1 H; HC�N trans
isomer, other signal not visible due to overlap), 7.22 ± 7.43 (m, 11 H; ArH).


Crystal structure determinations : X-ray intensities were measured on a
Nonius KappaCCD diffractometer with rotating anode (l� 0.71073 �) at a
temperature of 150(2) K. The structures were solved with the automated
Patterson program DIRDIF[32] (compound 10) and the direct methods
programs SIR97[33] (compound 16) and SHELXS97[34] (compounds 8a, 8b,
and 14). The structures were refined with SHELXL97[35] against F 2 of all
reflections. Non-hydrogen atoms were refined with anisotropic displace-
ment parameters, hydrogen atoms were refined as rigid groups. Structure
calculations, checking for higher symmetry and preparations of molecular
plots were performed with the PLATON[36] package. Further experimental
details are given in Table 4.
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Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 162 098 (8a),
162 099 (8b), 162 100 (10), 162 101 (14), and 162 102 (16). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).
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Table 4. Crystallographic data for the compounds 8a, 8b, 10, 14, 16.


8 a 8b 10 14 16


formula C36H35BrN2Si C36H36N2Si C36H35BrN2PdSi C42H49BrN2OSi2 C36H35BrN2OSi[37]


MW 603.66 524.76 710.06 733.92 619.66
crystal size [mm3] 0.50� 0.25� 0.09 0.45� 0.29� 0.21 0.38� 0.38� 0.25 0.35� 0.18� 0.11 0.30� 0.30� 0.18
crystal colour pale yellow colourless yellow colourless colourless
crystal system triclinic triclinic monoclinic monoclinic monoclinic
space group P1Å (No. 2) P1Å (No. 2) P21/c (No. 14) P21/c (No. 14) C2/c (No. 15)
a [�] 9.9087(4) 9.9722(1) 11.3370(4) 11.3853(1) 27.7378(3)
b [�] 11.6169(5) 12.1487(2) 13.7887(5) 11.8896(1) 18.5891(1)
c [�] 14.4548(5) 13.2232(1) 19.4084(7) 29.2089(2) 15.7505(1)
a [8] 67.583(2) 82.8613(7) 90 90 90
b [8] 88.335(2) 71.5698(8) 92.3084(9) 95.5501(4) 120.0925(4)
g [8] 79.043(2) 74.0779(6) 90 90 90
V [�3] 1508.36(10) 1460.27(3) 3031.51(19) 3935.38(5) 7026.67(10)
Z 2 2 4 4 8
1 [g cmÿ3] 1.329 1.193 1.556 1.239 1.172[37]


m [mmÿ1] 1.430 0.108 1.998 1.139 1.232[37]


abs. correction PLATON[36] PLATON[36] PLATON[36] none none
(MULABS) (MULABS) (MULABS)


transmission 0.78 ± 0.87 0.94 ± 0.99 0.60 ± 0.72 ± ±
measured refl. 13 623 30139 21 404 98696 76492
unique refl. 6887 6512 6924 9028 8051
param./restraints 363/0 354/0 372/0 440/0 374/0
R1/wR2 (all refl.) 0.0523/0.0864 0.0427/0.0973 0.0390/0.0746 0.0437/0.0854 0.0453/0.0975
R1/wR2 (obs. refl.) 0.0375/0.0805 0.0367/0.0933 0.0307/0.0717 0.0332/0.0804 0.0405/0.0947
GoF 1.031 1.026 1.085 1.021 1.093
1 (max/min) [eÿ�ÿ3] ÿ 0.43/0.35 ÿ 0.27/0.28 ÿ 0.59/0.51 ÿ 0.40/0.30 ÿ 0.51/0.50
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Metal-Template-Directed Synthesis of Diphosphorus Compounds through
Intramolecular Phosphinidene Additions


Mark J. M. Vlaar,[a] Sander G. A. van Assema,[a] Frans J. J. de Kanter,[a] Marius Schakel,[a]


Anthony L. Spek,[b] Martin Lutz,[b] and Koop Lammertsma*[a]


Abstract: Heating the nonchelating cis-
bis-7-phosphanorbornadiene-[Mo(CO)4]
complex (13) results in the thermal
decomposition of one of the 7-phospha-
norbornadiene groups. The phosphini-
dene thus generated adds intramolecu-
larly to a C�C bond of the other ligand
to give the novel diphosphorus complex
14. This reaction constitutes a metal-
template-directed synthesis. Likewise,
the intramolecular phosphinidene addi-
tion to the C�C bond of a Mo-phospho-


lene ligand affords the diphos complex
18. Its crystal structure exhibits an
extremely small P-Mo-P bite-angle for
a five-membered chelate ring. The sim-
ilar intramolecular 1,2-addition to a
C�C bond of a phosphole ligand gives


a highly strained, unstable intermediate
product. Scission of its PÿMo bond
generates a free coordination site, which
is then occupied by either CO or a
phosphole to yield complexes 22 and 23,
respectively. The analogous intermolec-
ular addition of [PhPW(CO)5] to a
[phosphole-W(CO)5] complex gives the
di-[W(CO)5] complexed adduct 28. The
directing effect of the metal on the intra-
and intermolecular additions is dis-
cussed.


Keywords: cage compounds ´
molybdenum ´ P ligands ´
phosphinidene complexes ´
phosphorus heterocycles


Introduction


The first phosphorus analogues of carbenes were reported two
decades ago. Mathey and Marinetti[1] demonstrated that the
transition metal group [M(CO)5] (M�W, Mo, Cr) stabilizes
the phosphinidenes RP to provide viable synthons. The
electrophilic reactivity of these transient species, which are
generated in situ from 7-phosphanorbornadienes (1), has
been amply demonstrated. Most prominent are the additions
to C�C and C�C bonds. The key question we address in this
paper is whether phosphinidenes can also be used to generate
new diphosphorus compounds (Scheme 1).


Multiple [RPM(CO)5] additions are possible, but they are
rare. Only selected dienes and diynes yield the corresponding
bisphosphiranes (2)[2] and bisphosphirenes (4).[3] More typical
is a PÿC insertion of the second complexed phosphinidene
into a phosphirene ring, formed by the first [RPM(CO)5]
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Scheme 1. Synthesis of new diphosphorus compounds.


addition, to give expanded four-membered 1,2-dihydro-1,2-
diphosphete rings (3) (Scheme 2).


Multiple [RPM(CO)5] additions from a single source
precursor are also known, but these are rare as well. In a
very recent study, Huy et al.[4] explored precursor 5, in which
the two P centers are separated by a 2-butene chain
(Scheme 3).


P


W(CO)5


P


P


W(CO)5


R


(OC)5WR


P
W(CO)5


R


R


P
(OC)5W


∆ ∆


R


RPh Ph
Ph


Ph
Ph


4


1 1


3


Scheme 2. Typical PÿC insertion to expanded four-membered 1,2-dihydro-
1,2-diphosphete rings and C�C addition to bisphosphirenes.
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Scheme 3. Multiple [RPM(CO)5] additions investigated by Huy et al.[4]


Both phosphinidene centers add sequentially and only
intermolecularly to C�C and C�C bonds to give, for example,
6 in the case of 3-hexyne. Although Yoshifuji et al. reported
on an intramolecular coupling of two uncomplexed phosphi-
nidenes,[5] such P�P bond formation has not been observed on
heating 5 in the absence of trapping reagents. Whereas formal
P�P addition products, such as 6 B, have been observed to
result from 5, a stepwise mechanism was considered more
plausible.[4]


Thus, no hard evidence was found for the intermediacy of
bisphosphinidene 7, which would result if both phosphanor-
bornadiene tails were to undergo cheletropic elimination
simultaneously. Earlier, Mathey�s group reported their inves-
tigations of chelating bisphosphinidenes.[6] For example,
transient 8 was considered to be generated from the corre-
sponding bis-P-norbornadiene precursor because trapping
with simple alkenes, alkynes, methanol, and amines gave the
corresponding di-adducts. However, these di-adducts can be
equally well explained to result from the consecutive for-
mation and reaction of the two phosphinidene centers. The
same researchers also reported on mixed carbene-phosphini-
dene complexes.[7] These transient species 9 could be trapped
with methanol and aniline, but not with alkynes. Clearly, the
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phosphinidene center dominates the stability and reactivity of
9. Stable cis- and trans-biscarbene-[M(CO)4] complexes (M�
W, Mo, Cr)[8] have been known for some time as well.
Illustrative is an early X-ray crystal structure of cis-
[(OC)4W[C(NiPr2)OEt]2] (10) by Fischer and co-workers.[8b]


In contrast, we consider the corresponding cis-bisphosphini-


dene complexes [(RP)2M(CO)4] (11) to be an unlikely
synthon. Instead, we anticipate that the two phosphinidene
centers will be generated consecutively at best; however, no
attempts have been reported to demonstrate this so far.


In this paper we report on the behavior of 13, which must be
considered to be a potential precursor for a bisphosphinidene.
We will show, in fact, that only one transient P center is
generated, which subsequently undergoes a rapid intramolec-
ular cycloaddition. This chemistry, the intramolecular cyclo-
addition between two P ligands, is then further explored with
the aim of generating novel diphosphorus compounds.


Results and Discussion


In our approach we make use of i) the 7-phosphanorborna-
diene unit, which is a convenient precursor for phosphini-
denes, and ii) the [Mo(CO)4] group, because of the facile
synthesis of cis-[Mo(CO)4L2] complexes.[9]


A cis-bis-7-phosphanorbornadiene-[Mo(CO)4] complex : As
a starting point, we chose the known cis-bis-h1-3,4-dimethyl-
phosphole-[Mo(CO)4] complex (12) and performed a double
Diels ± Alder reaction with dimethylacetylene dicarboxylate
to obtain the desired cis-bis-7-phosphanorbornadiene com-
plex 13 in high yield (90 %) as a single isomer (Scheme 4). The
cis-configuration of 13 is evident from i) its IR carbonyl
frequencies at nÄ � 2027, 1927, and 1902 cmÿ1, ii) its 13C NMR
carbonyl resonances at d� 213.4 and 207.5, and iii) its
characteristic 31P NMR singlet at d� 246.0.
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Scheme 4. Double Diels ± Alder reaction with 12.


The single-crystal X-ray analysis of 13 (Figure 1) shows that
the dimethylacetylene dicarboxylate has, as usual, approach-
ed both phospholes from the sterically least hindered side,
namely, anti from the transition metal group. In solution, this
is reflected in the small 2J(P,C) coupling of �3.1 Hz of the
CCO2Me carbons.[4, 10] In the crystal, the octahedral geometry
of the molybdenum atom in 13 is slightly distorted with a
normal P1-Mo1-P2 angle of 89.231(17)8 ; however, it has a
somewhat deviating C39-Mo1-C40 angle of 173.05(9)8. The
PÿC, CÿC, and C�C bond lengths in the 7-phosphanorborna-
diene units are almost identical to those reported for a
[Cr(CO)5]-complexed 7-phosphanorbornadiene.[9] It is note-
worthy that crystals of 13 were enantiomerically pure. The
7-phosphanorbornadiene ligands are meso-ligands; however,
because the rotations around the MoÿP bonds are ªfrozenº in
the crystal, the complex becomes chiral. Since 13 is obtained
from nonchiral building blocks, a racemic mixture of crystals
must result.
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Figure 1. Displacement ellipsoid plot of 13 drawn at the 50 % probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [�]
and angles [8]: Mo1ÿP1 2.5038(5), Mo1ÿP2 2.4844(5), P1ÿC1 1.8872(19),
P2ÿC19 1.881(2), P1ÿC4 1.886(2), P2ÿC22 1.879(2), P1ÿC13 1.8242(19),
P2ÿC31 1.827(2), C1ÿC2 1.536(3), C19ÿC20 1.537(3), C3ÿC4 1.533(3),
C21ÿC22 1.534(3), C2ÿC3 1.338(3), C20ÿC21 1.332(3), C1ÿC7 1.523(3),
C19ÿC25 1.520(3), C4ÿC8 1.521(3), C22ÿC26 1.520(3), C7ÿC8 1.344(3),
C25ÿC26 1.339(3), P1-Mo1-P2 89.231(17), P1-Mo1-C38 179.09(6), P2-Mo1-
C37 177.37(6), C39-Mo1-C40 173.05(9), Mo1-P1-C13 114.96(6), Mo1-P2-
C31 114.80(6), C1-P1-C4 78.60(9), C19-P2-C22 78.58(9), P1-C1-C2
96.24(12), P2-C19-C20 96.94(12), P1-C4-C3 96.55(13), P2-C22-C21
97.05(12), P1-C1-C7 100.65(12), P2-C19-C25 101.29(13), P1-C4-C8
101.21(13), P2-C22-C26 101.08(13), C1-C2-C3 110.42(17), C19-C20-C21
109.46(17), C2-C3-C4 109.65(18), C20-C21-C22 110.47(17), C1-C7-C8
109.91(17), C19-C25-C26 109.88(17), C4-C8-C7 110.26(17), C22-C26-C25
110.18(17).


Thermal decomposition of complex 13 in toluene at 60 8C in
the presence of olefins or alkynes, such as trans-stilbene,
phenylacetylene, and diphenylacetylene, with CuCl as a
catalyst did not give any complexed (bis)phosphirane nor
(bis)phosphirene. Instead, intramolecular addition results to
give 14 as sole product in 73 % isolated yield (Scheme 5). The
same product is obtained even when the decomposition
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Scheme 5. Compound 14 as sole product of the Cu-catalyzed intramolec-
ular addition.


is conducted with an olefin as the solvent. Thus, in 2,3-
dimethyl-1,4-butadiene more than 60 % of 13 is converted to
14, as evidenced by 31P NMR spectroscopy. The 31P NMR
resonance at d� 159.7 is characteristic for a chelating
7-phosphanorbornene,[11] while that at d�ÿ79.7 is at rather
low field for a phosphirane compared to those for other
[Mo(CO)5]-complexed phosphiranes (d�ÿ115 to ÿ135).[12]


However, similar deshieldings have been observed for related
phosphiranes, such as 15 obtained from the addition of
[PhPW(CO)5] to norbornadiene.[13] This effect has been
attributed to negative hyperconjugation between the phos-
phorus group and the C�C bond. Complex 14 is remarkably


stable. Heating at 110 8C in
toluene in the presence of dppe
for 10 hours does not result in
decomplexation nor in any sig-
nificant degradation. Evidently,
14 is a rather strong chelating
complex in which the chele-
tropic formation of the ªsecondº phosphinidene center does
not occur.


The formation of 14 is remarkable for two reasons. Firstly,
intermolecular addition of a phosphinidene to the C�C bond
of the generally employed 7-phosphanorbornadiene complex
1 has never been observed. Instead, formation of phosphini-
dene dimers, trimers, and higher oligomers occurs when
[RPM(CO)5] is generated in the absence of substrates.[14]


Secondly, an intramolecular reaction with another ligand of
the same complexing metal group has not been reported as
yet. So far, only intramolecular addition to a C�C bond within
the phosphinidene substituent is known (Scheme 6).[15] The
ease by which 14 is formed encouraged us to further
investigate the applicability of phosphinidene chemistry in
metal-template-directed synthesis. All that may be needed is
the correct ligand substitution of [Mo(CO)6]. We pursue two
cases: both contain the 7-phosphanorbornadiene ligand to
generate the phosphinidene, while the other is a C�C-
containing ligand for which we chose a phospholene and a
phosphole.
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Scheme 6. Intramolecular addition to a C�C bond within the phosphini-
dene substituent.


A cis-7-phosphanorbornadiene phospholene-[Mo(CO)4]
complex : We started our approach by simplifying one of the
7-phosphanorbornadiene ligands of 13 for a phospholene.
That is, if the reaction proceeds in a similar manner to that
described for 13! 14, this should result in a simplified diphos
ªbasketº. Starting material 17 was generated from a Diels ±
Alder reaction of dimethylacetylene dicarboxylate with 16,
which was obtained from cis-[{bis(piperidine)}Mo(CO)4] by
successive exchange of the piperidine ligands for 1-phenyl-
3,4-dimethylphospholene and 1-phenyl-3,4-dimethylphos-
phole (Scheme 7). Heating a toluene solution of 17 at 80 8C
gives the desired intramolecular addition product 18 in 54 %
isolated yield. This reaction is equally remarkable as that
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Scheme 7. Preparation of diphos ªbasketº 18.
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described for 13. Interestingly, intermolecular addition of
[PhPW(CO)5] to a [phospholene-W(CO)5] complex is slug-
gish at best, while reaction with an uncomplexed phospholene
only results in the transfer of the [W(CO)5] group.[16] The
chelating complex 18 is very stable. Even attempts to chemi-
cally liberate its metal complex were not successful, neither by
reaction with sulfur[11a] nor by iodine oxidation followed by
ligand exchange.[17]


Similar to 14, the phosphirane phosphorus of complex 18
has a relatively low-field 31P NMR resonance at d�ÿ101.7,
although it is deshielded to a smaller extend because of the
absence of the C�C bond and hence the lack of negative
hyperconjugation. However, a downfield shift is generally
also observed for five-membered chelates in [M(L2)(CO)4]
complexes (M�W, Mo, Cr).[18]


A single crystal X-ray structure determination (Figure 2)
provided conclusive structural characterization of this new
ligand system. The octahedral Mo-coordination of 18 is


Figure 2. Displacement ellipsoid plot of 18 drawn at the 50 % probability
level. Selected bond lengths [�], angles and torsion angles [8]: Mo1ÿP1
2.5030(5), Mo1ÿP2 2.4958(5), P1ÿC1 1.856(2), P1ÿC4 1.847(2), P2ÿC2
1.8596(19), P2ÿC3 1.8696(19), C1ÿC2 1.531(2), C2ÿC3 1.533(3), C3ÿC4
1.523(3), P1-Mo1-P2 69.732(16), P1-Mo1-C20 102.52(6), P1-Mo1-C19
96.03(6), P1-Mo1-C22 89.06(6), P2-Mo1-C21 94.22(6), P2-Mo1-C19
88.32(6), P2-Mo1-C22 95.88(6), Mo1-P1-C7 129.11(7), Mo1-P2-C13
132.57(6), C1-P1-C4 89.42(9), C2-P2-C3 48.53(8), P2-C2-C3 66.08(10),
P2-C3-C2 65.39(10), P2-C2-C1 109.19(13), P2-C3-C4 112.76(13), C1-C2-
C3-P2 ÿ102.78(14), P2-C2-C3-C4 106.23(15), P1-C1-C2-P2 ÿ41.80(14),
P2-C3-C4-P1 37.02(16).


significantly distorted. The P1-Mo-P2 bond angle of
69.732(16)8 is very small for a five-membered chelate ring,
as compared to the 80.2(1)8 for [(dppe)Mo(CO)4] (19),[19] and
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is only 2.48 larger than for the four-membered chelate ring of
[(dppm)Mo(CO)4] (20).[20] Consequently, both cis-P-Mo-C
angles are significantly widened: the P1-Mo-C20 angle
(102.52(6)8) is much larger than the P2-Mo-C21 angle


(94.22(6)8). The two P1ÿMo and P2ÿMo bond lengths of
2.5030(5) and 2.4958(5) �, respectively, are almost identical.


A cis-7-phosphanorbornadiene phosphole-[Mo(CO)4] com-
plex : Can the metal-template-directed reaction also be
employed for the synthesis of other diphosphorus compounds
that are even more strained than the five-membered chelates
14 and 18? A logical and simple approach to verify this is to
replace the phospholene in 17 for a phosphole, if indeed the
phosphinidene center will react with one of its C�C bonds.


Precursor complex 21 is easily obtained by following the
same procedure as that described for the synthesis of 13, but
with a reduced reaction time of 10 hours; this illustrates that
the Diels ± Alder cycloadditions occur sequentially. Much to
our surprise, thermal decomposition of 21 at 80 8C yielded a
4:1 ratio of the products 22 and 23, in which an additional CO
and a phosphole ligand, respectively, are incorporated into the
formal 1,2-adduct (Scheme 8).
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Scheme 8. Thermal decomposition of compound 21.


The 31P NMR spectrum of complex 22 shows a character-
istic AX pattern with resonances at d�ÿ138.7 and 41.7 for
the phosphirane and phospholene phosphorus, respectively,
with a 2J(P,P) coupling constant of 64.8 Hz. The absence of
95/97Mo,31P couplings at the higher field resonance indicates
that the three-membered ring phosphorus is not coordinated
to the molybdenum. Moreover, the carbonyl resonances in the
13C NMR spectrum at d� 210.2 and 206.0 and their IR
frequencies at nÄ � 2071 and 1944 cmÿ1 show that the molyb-
denum carries five CO ligands. Recently, saturated analogues
of 22 have been obtained as phospholane oxides by a
zirconocene-mediated synthesis (Scheme 9). The 31P NMR
chemical shifts for its phosphirane ring range from d�ÿ175
to ÿ192.[21]
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Scheme 9. Zirconocene-mediated synthesis of phospholane oxides.


Complex 23 is readily characterized by the three 31P NMR
resonances at d�ÿ140.0, 33.4, and 43.1 with coupling
patterns typical for an AMX system. The cis-configuration is
evident from its 13C NMR spectrum (four CO resonances) and
the IR frequencies at nÄ � 2020, 1909, and 1880 cmÿ1. Com-
pared to other uncomplexed phosphiranes, which generally
oxidize rapidly upon contact with air, the insensitivity of
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compounds 22 and 23 toward oxidation is startling. Both are
air stable in solution for days and in the solid state for months.


The formation of 22 and 23 can be rationalized by an
intramolecular addition to one of the C�C bonds of 21 to
furnish the highly strained 24 (Scheme 10). Because of the
unfavorable overlap between the phosphorus lone-pair and
the d orbitals of molybdenum, the Moÿphosphirane bond
breaks. The resulting free Mo coordination site is subsequent-
ly occupied by either a carbon monoxide or a phosphole,
which may be present in solution from the decomposition of
21, 24, or 25, to give products 22 and 23, respectively. Hence, a
more selective reaction is expected when one of the ligands is
present in excess. Indeed, thermal decomposition of 21 in the
presence of additional phosphole gives 23 as the sole product
in 48 % yield.
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Scheme 10. Mo-mediated conversion of 21.


Interestingly, the analogous intermolecular reaction with
1-phenyl-3,4-dimethylphosphole (26) follows a different path:
[PhPW(CO)5], generated in situ from complex 1,[10] adds to
the phosphole phosphorus instead of to one of its C�C bonds,
to give the [W(CO)5]-complexed phosphole 27 via a dimeric
phosphoranylidene phosphine complex and elimination of
[PhP-CuCl] (Scheme 11).[16] This reaction looks deceptively
simple, as if only a [W(CO)5] transfer has taken place.
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Scheme 11. Cu-catalyzed synthesis of [W(CO)5]-complexed phosphole 27.


This complementary finding suggests that intermolecular
addition to the C�C bonds of phospholes may be achieved
only when the phosphorus center is blocked, for example, by a
bulky complexing group. To test this, we reacted the
[PhPW(CO)5] precursor 1 with the [W(CO)5]-complexed
phosphole 27 (Scheme 12). Indeed, the 1,2-addition product
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Scheme 12. Intermolecular addition to the C�C bonds of phospholes as a
result of a blocked phosphorus center to yield 28.


28 was obtained in 17 % isolated yield. Compared with
complexes 22 and 23, the 31P NMR resonance of the
phosphirane ring of 28 at d�ÿ89.5 is deshielded by
�49 ppm and shows a very small 2J(P,P) coupling of only
16 Hz with the phospholene phosphorus at d� 41.2.


The structural assignment of 28 has been ascertained by a
single-crystal X-ray structure determination (Figure 3). As
expected, the phosphinidene is added to the sterically least-
hindered side of the [W(CO)5]-complexed phosphole. In
contrast to 22 and 23, the phenyl group of 28 is located above


Figure 3. Displacement ellipsoid plot of 28 drawn at the 50 % probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [�]
and angles [8]: W1ÿP1 2.4964(9), W2ÿP2 2.4960(9), P1ÿC1 1.845(4), P1ÿC2
1.853(3), P1ÿC7 1.823(4), C1ÿC2 1.540(5), P2ÿC1 1.823(3), P2ÿC4 1.804(4),
P2ÿC13 1.812(3), C2ÿC3 1.492(4), C3ÿC4 1.332(5), C1-P1-C2 49.23(14),
P1-C1-C2 65.64(18), P1-C2-C1 65.13(18), C1-P2-C4 91.70(16), C1-P1-C7
112.50(15), C2-P1-C7 113.10(16), W1-P1-C7 118.77(11), W2-P2-C13
116.02(12), C1-P2-C13 108.52(16).


the ring at the side opposite to the phospholene [M(CO)5]
group. The two phenyl groups are virtually periplanar to each
other. The structure has two equivalent phosphirane PÿC
bonds of 1.845(4) � for P1ÿC1 and 1.853(3) � for P1ÿC2,
which are similar to those of the 1,2-addition adduct of
cyclopentene.[22] The steric congestion is reflected in the
relatively large C1-P1-C7 and C2-P1-C7 angles of 112.50(15)
and 113.10(16)8, respectively, which are usually not larger
than 1108.[23] The C1ÿC2 bond length of 1.540(5) � and the
C1-P1-C2 bond angle of 49.23(14)8 are as expected.


Conclusions


Thermally induced cheletropic elimination occurs for only
one of the reactive centers of cis-bis-7-phosphanorbornadiene
13, rather than giving a double elimination to a bis-phosphi-
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nidene complex. The thus-generated single phosphinidene
center only adds intramolecularly to the remaining 7-phos-
phanorbornadiene unit to give the chelating diphos-[Mo-
(CO)4] complex 14. This reaction constitutes a metal-template-
directed synthesis with one ligand of the cis-[Mo(CO)4L2]
complex reacting with another ligand. Intramolecular 1,2-
addition to a cis-phospholene ligand likewise results in the
formation of the very stable chelating complex 18, which has
an extremely small P-Mo-P bite-angle of 69.732(16)8. Intra-
molecular reaction with a cis-phosphole ligand gives a
transient 1,2-adduct. Scission of one of its PÿMo bonds, on
account of a too small bite angle, results in a free Mo
coordination site, which is occupied by either CO or a
phosphole to yield complexes 22 and 23, respectively.


Albeit in lower yield and with a different configuration, the
1,2-adduct 28 is obtained from the intermolecular addition of
[PhPW(CO)5] to a [W(CO)5]-complexed phosphole. How-
ever, intermolecular addition of [PhPW(CO)5] to uncom-
plexed phospholenes and phospholes occurs only with a net
transfer of the [W(CO)5] group, while no addition (exo nor
endo) to any complexed 7-phosphanorbarnadiene complexes
has been observed to our knowledge.


The difference between intra- and intermolecular additions
of the phosphinidene illustrates that the metal is not
necessarily an innocent, stabilizing bystander. Rather, it can
participate in the reaction, acting as a template that brings the
reactants in close vicinity, thereby enabling selective addi-
tions. It can do so by the correct use of its coordination sphere.
As a result, we have been able to synthesize novel bidentate
diphosphorus ligands with extremely small P-M-P bite-angles.
The use of other metals, which are more easily expelled, can
expand this work to novel free diphos ligands, which can
readily be made chiral by the correct substitution.


Experimental Section


General remarks : All experiments were performed under an atmosphere of
dry nitrogen. Solvents were used as purchased, except for toluene which
was distilled over sodium. 1-Phenyl-3,4-dimethylphospholene,[24] 1-phenyl-
3,4-dimethylphosphole (26),[25] cis-[{bis-(piperidine)}Mo(CO)4],[9] and cis-
[{bis(1-phenyl-3,4-dimethylphosphole)}Mo(CO)4][11a] (12) were prepared
according to literature procedures. NMR spectra were recorded on a
Bruker AC200 (1H, 13C) and Avance 250 spectrometers (31P) with SiMe4


(1H, 13C) and 85% H3PO4 (31P) as external standards. IR spectra were
recorded on a Mattson-6030 Galaxy FT-IR spectrophotometer, and high-
resolution mass spectra (HR-MS) on a Finnigan Mat 90 spectrometer.


Synthesis of cis-bis-7-phosphanorbornadiene complex 13 : A mixture of
complex 12 (0.97 g, 1.7 mmol) and dimethylacetylene dicarboxylate
(3.1 mL, 25 mmol) was allowed to stand at room temperature for 25 d.
Chromatography (silica gel, i) dichloromethane (to regenerate excess
dimethylacetylene dicarboxylate), ii) dichloromethane/diethylacetate 9:1)
gave complex 13 (1.25 g, 86%) as a yellow solid. (The reaction time can be
reduced to 24 h by stirring complex 12 and a large excess dimethylacetylene
dicarboxylate at 50 8C with only a slight decrease in yield.) M.p. 149 ± 150 8C
(decomp.); 31P NMR (CDCl3): d� 246.0; 1H NMR (CDCl3): d� 1.67 (s,
12H; CCH3), 3.54 (s, 4 H; CH), 3.57 (s, 12 H; OCH3), 7.05 ± 7.42 (m, 10H;
Ar); 13C NMR (CDCl3): d� 15.5 (s; CCH3), 52.0 (s; OCH3), 59.7 (m,
(1�3)J(P,C)� 17.2 Hz; CH), 127.7 ± 129.1 (m; Ar), 137.5 (m; ipso-Ph), 141.9
(m, (2�4)J(P,C)� 2.1 Hz; CCH3), 145.8 (m, (2�4)J(P,C)� 1.6 Hz; CCO2CH3),
165.0 (m, (3�5)J(P,C)� 3.1 Hz; CO2CH3), 207.5 (t, 2J(P,C)� 9.5 Hz; COax),
213.2 (m; COeq); IR (CH2Cl2): nÄ(CO)� 2027 (m), 1927 (s), 1902 (sh) cmÿ1.


Synthesis of 14 by thermal decomposition of 13 : A solution of complex 13
(0.19 g, 0.22 mmol) in toluene (3 mL) with CuCl as the catalyst was stirred


at 60 8C for 45 min. Evaporation to dryness and chromatography (silica gel,
dichloromethane) gave complex 14 (0.10 g, 73 %) as a yellow solid. M.p.
145±146 8C (decomp.); 31P NMR (CDCl3): d�ÿ79.7 (s; phosphirane P),
159.7 (s; phosphanorbornene P); 1H NMR (CDCl3): d� 1.31 (d, 3J(P,H)�
8.81 Hz, 6 H; CCH3), 3.63 (s, 6 H; OCH3), 3.75 (s, 2 H; CH), 7.18 ± 7.43 (m,
10H; Ar); 13C NMR (CDCl3): d� 15.1 (d, 2J(P,C)� 6.6 Hz; CH3), 41.0 (dd,
1�2J(P,C)� 11.9 Hz, 2J(P,C)� 8.5 Hz; CCH3), 52.4 (s; OCH3), 61.4 (dd,
1J(P,C)� 21.7 Hz, 2J(P,C)� 10.2 Hz; PCH), 128.5 ± 132.7 Ar, 142.5 (dd,
2J(P,C)� 8.8 Hz, 3J(P,C)� 1.0 Hz; CCO2Me), 164.6 (d, 3J(P,C)� 1.9 Hz;
CO2Me), 206.1 (dd, 2J(P,C)� 9.2 Hz, 2J(P,C)� 11.4 Hz; COax), 214.8 (dd,
2J(P,C)� 8.6 Hz, 2J(P,C)� 30.5 Hz; COeq), 215.7 (dd, 2J(P,C)� 9.9 Hz,
2J(P,C)� 24.2 Hz; COeq); HR-MS: calcd for C28H24O8P2Mo: 648.00016;
found: 648.00117 (d� 3� 10ÿ3); IR (CH2Cl2): nÄ(CO)� 2025 (m), 1917
(s) cmÿ1.


Synthesis of complex 16 : A mixture of cis-[{bis(piperidine)}Mo(CO)4]
(0.62 g, 1.6 mmol) and 1-phenyl-3,4-dimethylphospholene (0.31 g,
1.6 mmol) was stirred in refluxing dichloromethane (20 mL) for 10 min.
1-Phenyl-3,4-dimethylphosphole (0.31 g, 1.6 mmol) was added and the
mixture was stirred at reflux for an additional 3 h. Evaporation to dryness
and chromatography (silica gel, pentane/dichloromethane 4:1) gave com-
plex 16 (0.86 g, 90 %) as a yellow solid. M.p. 113 ± 114 8C; 31P NMR
(CH2Cl2): d� 33.0 (d, 2J(P,P)� 23.2 Hz; phosphole-P), 18.0 (d, 2J(P,P)�
23.2 Hz; phospholene-P); 1H NMR (CDCl3): d� 1.66 (s, 6H; phospholene-
CH3), 2.03 (s, 6H; phosphole-CH3), 2.34 ± 2.94 (m, 4H; CH2), 6.31 (d,
1J(P,H)� 36.2 Hz; PCH), 7.23 ± 7.49 (m, 10 H; Ar); 13C NMR (CDCl3): d�
16.2 (d, 3J(P,C)� 6.7 Hz; phospholene-CH3), 17.2 (d, 3J(P,C)� 10.0 Hz;
phosphole-CH3), 44.2 (dd, 3J(P,C)� 2.0 Hz, 1J(P,C)� 21.2 Hz; CH2), 128.2
(d, 1J(P,C)� 17.6 Hz; CH),128.8 ± 131.3 (m; Ar), 129.5 (d, 2J(P,C)� 3.0 Hz;
CH2CCH3), 132.7 (dd, 3J(P,C)� 2.4 Hz, 1J(P,C)� 33.2 Hz; phosphole ipso-
Ph), 139.5 (dd, 3J(P,C)� 1.5 Hz, 1J(P,C)� 24.5 Hz; phospholene ipso-Ph),
148.6 (d, 2J(P-C)� 7.8 Hz; CHCCH3), 209.5 (dd, 2J(P,C)� 9.0 Hz, 2J(P,C)�
9.6 Hz; COax), 214.5 (dd, 2J(P,C)� 1.3 Hz, 2J(P,C)� 9.1 Hz; COeq), 214.9
(dd, 2J(P,C)� 3.0 Hz, 2J(P,C)� 9.1 Hz; COeq); HR-MS: calcd for
C28H28O4P2Mo: 588.051797; found: 588.052260 (d� 2� 10ÿ3); IR (CH2Cl2):
nÄ(CO)� 2020 (m), 1908 (s), 1883 (sh) cmÿ1.


Synthesis of complex 17: A mixture of complex 16 (0.86 g, 1.5 mmol) and
dimethylacetylene dicarboxylate (2.0 mL, 16 mmol) was stirred at 45 8C for
24 h. Chromatography (silica gel, starting with pentane and gradual change
to pure dichloromethane) gave recovered dimethylacetylene dicarboxylate
followed by 17 (0.54 g, 50 %) as a yellow oil. Recrystallization (dichloro-
methane/hexane) gave yellow crystals. M.p. 123 ± 124 8C; 31P NMR
(CDCl3): d� 19.6 (d, 2J(P,P)� 26.4 Hz; phospholene-P), 252.0 (d,
2J(P,P)� 26.4 Hz; phosphanorbornadiene-P); 1H NMR (CDCl3): d� 1.65
(s, 6 H; phospholene-CH3), (d, 3J(P,H)� 0.86 Hz, 6 H; phosphanorborna-
diene-CH3), 2.84 (m, 4H; CH2), 3.53 (d, 2J(P,H)� 3.15 Hz, 2 H; CH), 3.59
(s, 6H; OCH3), 6.93 ± 7.48 (m, 10H; Ar); 13C NMR (CDCl3): d� 15.7 (d,
3J(P,C)� 2.0 Hz; phosphanorbornadiene-CH3), 16.1 (d, 3J(P,C)� 6.8 Hz;
phospholene-CH3), 44.0 (dd, 3J(P,C)� 1.9 Hz, 1J(P,C)� 21.8 Hz; CH2), 51.9
(s; OCH3), 59.7 (dd, 3J(P,C)� 2.1 Hz, 1J(P,C)� 14.5 Hz; CH), 127.7 ± 129.4
(m; Ar), 129.5 (s; CH2CCH3), 137.3 (d, 1J(P,C)� 17.3 Hz; phosphanorbor-
nadiene ipso-Ph), 140.1 (dd, 3J(P,C)� 1.7 Hz, 1J(P,C)� 24.9 Hz; phospho-
lene ipso-Ph), 141.9 (d, 2J(P,C)� 3.7 Hz; CHCCH3), 145.8 (d, 2J(P,C)�
3.5 Hz; CCO2CH3),165.1 (d, 3J(P,C)� 2.3 Hz; CO2CH3), 208.6 (dd,
2J(P,C)� 8.1 Hz, 2J(P,C)� 10.0 Hz; COax), 214.0 (dd, 2J(P,C)� 9.0 Hz,
2J(P,C)� 21.3 Hz; COeq), 214.5 (dd, 2J(P,C)� 10.0 Hz, 2J(P,C)� 16.3 Hz;
COeq); IR (CH2Cl2): nÄ(CO)� 2023 (m), 1915 (s), 1891 (sh) cmÿ1.


Synthesis of 18 by thermal decomposition of 17: A solution of 17 (0.35 g,
0.48 mmol) in toluene (3 mL) was stirred at 80 8C for 3 h. Evaporation to
dryness and chromatography (silica gel, dichloromethane/pentane 2:1)
followed by recrystallization from dichloromethane/hexane gave 18 (0.13 g,
54%) as colorless crystals. M.p. 134 ± 136 8C (decomp.); 31P NMR (CDCl3):
d�ÿ101.7 (d, 2J(P,P)� 8.1 Hz; phosphirane-P), 15.4 (d, 2J(P,P)� 8.1 Hz;
phospholane-P); 1H NMR (CDCl3): d� 1.49 (d, 3J(P,H)� 8.83 Hz, 6H;
CH3), 2.28 ± 2.67 (m, 4 H; CH2), 7.24 ± 7.80 (m, 10H; Ar); 13C NMR
(CDCl3): d� 16.5 (dd, 3J(P,C)� 1.6 Hz, 2J(P,C)� 8.9 Hz; CH3), 36.2 (dd,
2J(P,C)� 5.7 Hz, 1�2J(P,C)� 10.9 Hz; CCH3), 45.5 (dd, 2J(P,C)� 10.5 Hz,
1J(P,C)� 26.1 Hz; CH2), 128.7 ± 133.9 (m; Ar), 208.0 (dd, 2J(P,C)� 9.3 Hz,
2J(P,C)� 11.6 Hz; COax), 216.1 (dd, 2J(P,C)� 9.2 Hz, 2J(P,C)� 22.9 Hz;
COeq), 217.5 (dd, 2J(P,C)� 8.9 Hz, 2J(P,C)� 31.5 Hz; COeq); HR-MS: calcd
for C22H20O4P2Mo: 507.98907; found: 507.99067 (d� 1.6� 10ÿ2); IR
(CH2Cl2): nÄ(CO)� 2020 (m), 1904 (s) cmÿ1.
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Synthesis of complex 21: A mixture of complex 12 (3.00 g, 5.2 mmol) and
dimethylacetylene dicarboxylate (12.5 mL, 0.1 mol) was stirred at 50 8C for
9 h. Chromatography (silica gel, starting with pentane and gradual change
to pure dichloromethane) gave recovered dimethylacetylene dicarboxylate
followed by 21 (1.92 g, 52 %) as yellow crystals and complex 13 (0.61 g,
14%). M.p. 107 ± 108 8C; 31P NMR (CH2Cl2): d� 33.2 (d, 2J(P,P)� 19.8 Hz;
phosphole-P), 249.8 (d, 2J(P,P)� 19.8 Hz; phosphanorbornadiene-P);
1H NMR (CDCl3): d� 1.90 (s, 6 H; phosphanorbornadiene-CH3), 2.12 (s,
6H; phosphole-CH3), 3.55 (m, 8 H; OCH3, phosphanorbornadiene-CH),
6.37 (d, 2J(P,H)� 36.4 Hz, 2 H; phosphole-CH), 6.94 ± 7.41 (m, 10H; Ar);
13C NMR (CDCl3): d� 15.7 (d, 3J(P,C)� 1.7 Hz; phosphanorbornadiene-
CH3), 17.4 (d, 3J(P,C)� 10.0 Hz; phosphole-CH3), 51.9 (s; OCH3), 59.4 (dd,
3J(P,C)� 1.7 Hz, 1J(P,C)� 14.8 Hz; phosphanorbornadiene-CH), 127.6 ±
131.2 (m; Ar), 131.6 (d, 1J(P,C)� 35.4 Hz; phosphole-CH), 137.2 (d,
1J(P,C)� 17.4 Hz; phosphanorbornadiene ipso-Ph), 142.0 (d, 2J(P,C)�
3.7 Hz; phosphanorbornadiene CHCCH3), 145.7 (d, 2J(P,C)� 3.6 Hz;
CCO2CH3), 148.6 (d, 2J(P,C)� 7.9 Hz; phosphole CHCCH3), 165.1 (d,
3J(P,C)� 2.3 Hz; CO2CH3), 208.4 (dd, 2J(P,C)� 8.0 Hz, 2J(P,C)� 9.3 Hz;
COax), 213.6 (m; COeq); HR-MS: calcd for C34H32O8P2Mo: 728.063217;
found: 728.062755 (d� 2� 10ÿ3); IR (CH2Cl2): nÄ(CO)� 2025 (m), 1919 (s),
1894 (sh) cmÿ1.


Synthesis of complexes 22 and 23 by thermal decomposition of 21: A
solution of 21 (0.40 g, 0.55 mmol) in toluene (5 mL) was stirred at 80 8C for
5 h. Evaporation to dryness and chromatography (silica gel, dichloro-
methane/pentane 3:1) gave 22 (77 mg, 26%) as a white solid and 23 (25 mg,
7%) as a yellow solid. Both products were recrystallized from dichloro-
methane/hexane.


Compound 22 : M.p. 147 ± 148 8C (decomp.), colorless crystals; 31P NMR
(CDCl3): d�ÿ138.7 (d, 2J(P,P)� 64.8 Hz; phosphirane-P), 41.7 (d,
2J(P,P)� 64.8 Hz; phospholene-P); 1H NMR (CDCl3): d� 1.23 (d,
4J(P,H)� 4.04 Hz, 3H; C�CCH3), 2.11 (s, 3 H; PCCH3), 2.80 (d, 2J(P,H)�
8.8 Hz, 1 H; PCH), 5.65 (d, 2J(P,H)� 39.0 Hz, 1 H; C�CH), 7.24 ± 7.62 (m,
10H; Ar); 13C NMR (CDCl3): d� 16.7 (d, 3J(P,C)� 2.6 Hz; C�CCH3), 17.4
(2J(P,C)� 9.7 Hz; PCCH3), 40.0 (dd, 1J(P,C)� 26.8 Hz, 1J(P,C)� 40.0 Hz;
PCP), 51.6 (dd, 2J(P,C)� 6.5 Hz, 1�2J(P,C)� 40.5 Hz; PCCH3), 120.7 (dd,
3J(P,C)� 8.2 Hz, 1J(P,C)� 37.9 Hz; PC�C), 128.5 ± 136.3 (m; Ar), 159.6 (dd,
2J(P,C)� 3.5 Hz, 2J(P,C)� 10.4 Hz; PC�C), 206.0 (dd, 2J(P,C)� 1.8 Hz,
2J(P,C)� 9.5 Hz; COax), 210.2 (d, 2J(P,C)� 23.4 Hz; COeq); HR-MS calcd
for C23H18O5P2Mo: 533.96832; found: 533.96756 (d� 6� 10ÿ3); IR
(CH2Cl2): nÄ(CO)� 2071 (w), 1944 (s) cmÿ1.


Compound 23 : M.p. 79 ± 80 8C, yellow crystals; 31P NMR (CDCl3): d�
ÿ140.0 (d, 2J(P,P)� 63.3 Hz; phosphirane-P), 33.4 (d, 2J(P,P)� 24.3 Hz;
phosphole-P), 43.1 (dd, 2J(P,P)� 63.3 Hz, 2J(P,P)� 24.3 Hz; phospholene-
P); 1H NMR (CDCl3): d 1.14 (d, 3J(P,H)� 4.0 Hz, 3H; PCCH3), 1.96 (s, 6H;
C�CCH3), 2.04 (s, 3H; C�CCH3), 2.62 (d, 2J(P,H)� 8.7 Hz, 1H; PCH), 5.26
(d, 2J(P,H)� 38.1 Hz, 1H; C�CH), 6.33 (dd, 2J(P,H)� 36.0 Hz, 4J(P,H)�
20.8 Hz, 2 H; C�CH), 7.24 ± 7.52 (m, 15 H; Ar); 13C NMR (CDCl3): d� 16.6
(d, 2J(P,C)� 2.6 Hz; PCCH3), 17.2 (d, 3J(P,C)� 10.0 Hz; C�CCH3), 17.5 (d,
3J(P,C)� 9.3 Hz; C�CCH3), 41.1 (ddd, 4J(P,C)� 3.6 Hz, 2J(P,C)� 24.3 Hz,
2J(P,C)� 44.3 Hz; PCP), 51.1 (dd, 2J(P,C)� 6.9 Hz, 1�2J(P,C)� 39.9 Hz;
PCCH3), 121.4 (ddd, 3J(P,C)� 1.3 Hz, 3J(P,C)� 8.1 Hz, 1J(P,C)� 34.2 Hz;
PC�C), 128.2 ± 133.4 (m; Ar), 131.6 (dd, 3J(P,C)� 2.1 Hz, 1J(P,C)�
35.4 Hz; PC�C), 136.5 (dd, 3J(P,C)� 4.7 Hz, 1J(P,C)� 50.1 Hz; ipso-Ph),
141.0 (dd, 3J(P,C)� 4.7 Hz, 1J(P,C)� 15.2 Hz; ipso-Ph), 148.5 (dd, 2J(P,C)�
7.9 Hz, 4J(P,C)� 16.1 Hz; PC�C), 158.4 (dd, 2J(P,C)� 3.0 Hz, 4J(P,C)�
10.2 Hz; PC�C), 209.2 (ddd, 4J(P,C)� 2.8 Hz, 2J(P,C)� 9.1 Hz, 2J(P,C)�
18.4 Hz; COax), 210.1 (dd, 2J(P,C)� 8.1 Hz, 2J(P,C)� 9.1 Hz; COax), 214.7
(dd, 2J(P,C)� 8.2 Hz, 2J(P,C)� 26.0 Hz; COeq), 215.0 (ddd, 4J(P,C)�
2.1 Hz, 2J(P,C)� 9.8 Hz, 2J(P,C)� 21.4 Hz; COeq); IR (CH2Cl2): nÄ(CO)�
2020 (w), 1909 (s), 1880 (sh) cmÿ1.


Thermal decomposition of 21 in the presence of 27: A solution of 21 (0.64 g,
0.88 mmol) and 26 (0.24 g, 1.28 mmol) in toluene (5 mL) was stirred at
80 8C for 5.5 h. Evaporation to dryness and chromatography (silica gel,
dichloromethane/pentane 4:1) gave 23 (0.30 g, 48%) as a yellow solid.


Synthesis of complex 28 : A solution of complex 1 (0.64 g, 1.0 mmol) and a
fivefold excess of complex 27 in toluene was heated at 120 8C for 3 h. Excess
27 was separated from the product by chromatography (hexane). Elution
with hexane/dichloromethane 4:1 followed by crystallization from hexane
gave 28 (0.16 g, 17 %) as colorless crystals. M.p. 110 ± 111 8C; 31P NMR
(CDCl3): d�ÿ89.5 (d, 2J(P,P)� 16 Hz, 1J(W,P)� 262 Hz; phosphirane-P),


41.2 (d, 2J(P,P)� 16 Hz, 1J(W,P)� 231 Hz; phospholene-P); 1H NMR
(CDCl3): d� 1.81 (d, 3J(P,H)� 17.6 Hz, 3 H; PC�CCH3), 2.16 (s, 3H;
PCCH3), 2.41 (dd, 2J(P,H)� 7.1 Hz, 2J(P,H)� 17.1 Hz, 1H; C-CH), 5.72 (d,
2J(P,H)� 35.1 Hz, 1 H; C�CH), 6.4 ± 7.3 (m, 10 H; Ar); 13C NMR (CDCl3):
d� 18.5 (d, 2J(P,C)� 11.4 Hz; PCCH3), 20.2 (dd, 3J(P,C)� 7.2 Hz, 3J(P,C)�
1.9 Hz; PC�CCH3), 36.2 (dd, 1J(P,C)� 26.8 Hz, 1J(P,C)� 21.7 Hz; PCP),
49.5 (dd, 1�2J(P,C)� 16.9 Hz, 2J(P,C)� 4.3 Hz; PCCH3), 120.4 (dd,
1J(P,C)� 40.7 Hz, 3J(P,C)� 2.7 Hz; C�CH), 127.7 ± 131.8 (m; Ar), 129.4
(dd, 1J(P,C)� 25.6 Hz, 3J(P,C)� 3.5 Hz; ipso-Ph), 136.9 (dd, 1J(P,C)�
40.7 Hz, 3J(P,C)� 2.7 Hz; ipso-Ph), 150.9 (dd, 2J(P,C)� 7.7 Hz, 2J(P,C)�
5.6 Hz; C�CCH3), 195.2 (d, 2J(P,C)� 7.9 Hz, COeq),196.5 (d, 2J(P,C)�
6.7 Hz, COeq), 197.6 (d, 2J(P,C)� 31.6 Hz, COax), 200.2 (d, 2J(P,C)�
20.3 Hz, COax); elemental analysis calcd (%) for C28H18P2W2O10: C 35.62,
H 1.92; found: C 35.64, H 1.93.


Crystal structure determinations : X-ray intensities were measured on a
Nonius Kappa CCD diffractometer with rotating anode (MoKa , l�
0.71073 �) at a temperature of 150 K. The structures were solved with
automated Patterson methods with the program DIRDIF 97[26] and refined
with the program SHELXL 97[27] against F 2 for all reflections. The
drawings, structure calculations, and checking for higher symmetry was
performed with the program PLATON.[28]


Complex 13 : C40H38MoO12P2, Fw� 868.58, yellow needle, 0.60� 0.15�
0.12 mm3, orthorhombic, P212121 (No. 19), a� 12.0822(1), b� 13.2106(1),
c� 25.2055(2) �, V� 4023.13(6) �3, Z� 4, 1� 1.434 gcmÿ3. Of the 74068
reflections measured, 9238 were unique (Rint� 0.068). The absorption
correction was based on multiple measured reflections (program PLA-
TON,[28] routine MULABS, m� 0.47 mmÿ1, 0.80 ± 0.95 transmission), 648
refined parameters, no restraints. Flack x parameter: ÿ0.031(16). R values
[I> 2 s(I)]: R1� 0.0253, wR2� 0.0524. R values [all refl.]: R1� 0.0337,
wR2� 0.0548. GoF� 1.036. Residual electron density between ÿ0.26 and
0.41 e�3.


Complex 18 : C22H20MoO4P2, Fw� 506.26, colorless cube, 0.48� 0.48�
0.42 mm3, monoclinic, P21/c (No. 14), a� 9.6689(1), b� 13.4545(2), c�
18.6736(2) �, b� 115.8894(6)8, V� 2185.45(5) �3, Z� 4, 1� 1.539 gcmÿ3.
Of the 36 380 reflections measured, 4996 were unique (Rint� 0.046). The
absorption correction was based on multiple measured reflections (pro-
gram PLATON,[28] routine MULABS, m� 0.77 mmÿ1, 0.58 ± 0.68 trans-
mission), 342 refined parameters, no restraints. R values [I> 2s(I)]: R1�
0.0240, wR2� 0.0619. R values [all refl.]: R1� 0.0248, wR2� 0.0623.
GoF� 1.247. Residual electron density between ÿ0.43 and 0.34 e�3.


Complex 28 : C28H18O10P2W2, Fw� 944.06, colorless block, 0.60� 0.39�
0.30 mm3, monoclinic, P21/c (No. 14), a� 10.8278(1), b� 12.1630(1), c�
24.1488(2) �, b� 106.4655(3)8, V� 3049.94(5) �3, Z� 4, 1� 2.056 gcmÿ3.
Of the 44 378 reflections measured, 6973 were unique (Rint� 0.067). The
absorption correction was based on multiple measured reflections (pro-
gram PLATON,[28] routine MULABS, m� 7.70 mmÿ1, 0.05 ± 0.09 trans-
mission), 389 refined parameters, no restraints. R values [I> 2s(I)]: R1�
0.0257, wR2� 0.0630. R values [all refl.]: R1� 0.0285, wR2� 0.0641. GoF�
1.148. Residual electron density between ÿ2.17 and 1.35 e �3.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-172 780
(complex 13), 172 781 (complex 18), and 172 782 (complex 28). Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax. (�44) 1223-336-033; e-mail :
deposit@ccdc.am.ac.uk).
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Zirconocene-Mediated, High-Yielding Macrocyclizations
of Silyl-Terminated Diynes


Laurel L. Schafer, Jonathan R. Nitschke, Shane S. H. Mao, Feng-Q. Liu, Gabriele Harder,
Markus Haufe, and T. Don Tilley*[a]


Abstract: A series of silyl-terminated diynes of varying lengths and substitution
patterns have been prepared. These diynes undergo zirconocene coupling with
selective formation of trimeric macrocycles from linear alkynes, while nonlinear
diynes give cyclodimeric products. The length of the linear diynes can be increased
for the preparation of macrocycles with large nanoscale cavities. Reaction of the
zirconium-containing macrocycles with acid results in the synthesis of metal-free
cyclophanes. All of these macrocycles were prepared in multigram quantities, in the
absence of high-dilution conditions, to give products in �75% yield that are easily
purified as crystalline solids.


Keywords: alkynes ¥ cyclodimeriza-
tion ¥ cyclophanes ¥ cyclotrimeriza-
tion ¥ macrocycles


Introduction


Macrocycles are important synthetic targets with applications
in a wide range of fields including host ± guest chemistry,[1]


molecular sensors,[2] supramolecular chemistry,[3] and ion
separation.[4] These cyclic molecules are typically prepared
using high dilution and/or metal templates to promote
macrocycle formation and reduce the amount of unwanted
oligomeric by-products.[5] However, such strategies often
result in low yields and are not amenable to large-scale
preparations. Furthermore, isolation of the macrocyclic
products often requires laborious separations of complex
product mixtures. To address these challenges, previous
reports from our laboratories have described zirconocene
coupling as an efficient strategy in the assembly of C�C
bonded macrocyclic compounds in high yields,[6] however the
potential of this synthetic route remains to be fully exploited.


Negishi has described a simple procedure for the generation
of zirconocene, stabilized as a 1-butene adduct, by addition of
two equivalents of n-butyllithium to a solution of [Zr(Cp)2Cl2]
in THFat �78 �C.[7] The coupling of alkynes with zirconocene
generated by this method produces zirconacyclopentadienes


in high yields. We have utilized this powerful carbon�carbon
bond-forming reaction in the construction of macromolecules
with novel structures.[8] The coupling of diynes bearing silyl
substituents allows for controlled regiochemistry, as it is
known that alkynyl silanes are coupled exclusively to �-silyl-
substituted zirconacyclopentadienes.[9] It is also known that
the zirconocene coupling of silyl-substituted alkynes is readily
reversible.[9] Thus, use of silyl-substituted bis-alkynes allows
the preparation of oligomeric and macrocyclic products upon
zirconocene coupling [Eq. (1)].[6a] Furthermore, the revers-
ibility of alkyne coupling provides a low-energy pathway for
the conversion of oligomeric products to the thermodynamic
product, which is the smallest strain-free ring that can form.
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For the efficient preparation of macrocycles we have shown
that both internally[6a, c] and terminally[6b] substituted silyl


[a] Prof. T. D. Tilley, L. L. Schafer, J. R. Nitschke, S. S. H. Mao, F.-Q. Liu,
G. Harder, M. Haufe
Center for New Directions in Organic Synthesis
Department of Chemistry, University of California
and The Chemical Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, California, 94720 (USA)
Fax: (�1)510-642-8940
E-mail : tilley@cchem.berkeley.edu


FULL PAPER


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0074 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 174







74±83


Chem. Eur. J. 2002, 8, No. 1 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0075 $ 17.50+.50/0 75


diynes can be used. In the case of internally substituted silyl
bis-alkynes, cyclophanes were isolated in excellent yields, in
cases where small diynes were employed. However, this
synthetic strategy was not useful for the preparation of
macrocycles with large cavities.[6c] In contrast, preliminary
investigations revealed that terminally substituted silyl diynes
have a greater tendency to form macrocyclic (vs. polymeric)
structures.[6b] Given the demonstrated potential of the zirco-
nocene coupling of silyl-terminated bis-alkynes to produce
new macrocycles in a highly efficient manner, we have
embarked upon a systematic study to explore the synthetic
possibilities and limitations of this method. This study has
involved the preparation of a series of silyl-terminated bis-
alkynes of varying lengths and alkyne substitution geometries.
Upon zirconocene coupling, the various diyne spacers allowed
the selective preparation of trimeric and dimeric macrocyclic
products in high yields. Here we discuss a variety of cyclo-
phane targets easily accessed with this efficient synthetic
strategy.


Results


Syntheses of linear diynes : Linear diynes of various lengths
were desirable starting materials to probe the size of macro-
cycles that could be prepared. These diynes (1 ± 3) were
synthesized using the general Pd-catalyzed coupling route
outlined in Scheme 1. The monophenylene diyne, 1,4-bis(tri-
methylsilylethynyl)benzene (1)[10] and the biphenylene diyne,


II
H SiMe3


[PdCl2(PPh3)2], CuI
NEt3, THF


SiMe3Me3Si
n n


1 - n = 1
2 - n = 2
3 - n = 3


Scheme 1. Synthesis of diynes 1 ± 3 by the general Pd-catalyzed
coupling route.


4,4�-bis(trimethylsilylethynyl)biphenyl (2),[10] have been pre-
viously reported. In a similar fashion, 4,4��-bis(trimethylsilyl-
ethynyl)terphenyl (3, n� 3) was prepared using a modified
Sonogashira ±Hagahara route to couple sparingly soluble
4,4��-diiodoterphenyl[11] with trimethylsilylacetylene. The final
product was more soluble than the iodinated starting material
and could be purified and isolated by recrystallization from
hot toluene in 86% yield.


As the length of the phenyl-
ene spacer was increased, the
decreased solubility of the halo-
genated phenylene starting ma-
terial in the general approach
outlined in Scheme 1 became
problematic. Therefore, for
preparation of the tetraphenyl-
ene diyne (4), the modified
synthetic route given in
Scheme 2 was employed. Here,
4,4�-diiodobiphenyl was cou-
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Scheme 2. The preparation of tetraphenylene diyne 4.


pled using a modified Stille protocol[12] with 1-(trimethyl-
stannyl)-4-(trimethylsilylethynyl)benzene (5)[13] in dry DMF
at 70 �C for 4 days to give the desired tetraphenylene diyne 4.
The crude material could be purified by recrystallization from
hot toluene to give a white solid in 50% yield.


Zirconocene coupling of linear diynes : Diynes 1 ± 3 were used
in a general zirconocene coupling protocol for the high-yield
preparations of zirconocene-containing macrocycles
(Scheme 3).[6] The zirconocene reagent was generated in situ
using the Negishi protocol.[7a] This procedure employs a 1:1
stoichiometry of the requisite diyne and Negishi zirconocene
in THF at �78 �C, with subsequent warming to room temper-
ature and further heating at 65 �C to generate the correspond-
ing metal-containing macrocycles. Diyne 4 was coupled
successfully using an alternative [ZrII(Cp)2] reagent[14]


(Scheme 4). In all cases, the resultant macrocycles could be
effectively demetallated by reaction with a mild acid (such as
acetic acid or benzoic acid) to give the metal-free macrocycles
(e.g., Scheme 3).


In the case of the linear, rigid diynes 1 ± 4, the macrocyclic
products 6 ± 9 are due to cyclotrimerization. With 1H NMR
spectroscopy, the formation of macrocyclic products is
displayed as a characteristic upfield shift of the trimethylsilyl
peak due to a shielding effect of the nearby phenyl rings. For
example, in [D6]benzene the SiMe3 peak of diyne 2 at �� 0.27
shifts to ���0.26 in macrocycle 7. Also, the new Cp peak at
approximately �� 6 integrates to 10H, while the trimethyl-
silyl peak integrates to 18H, and the peaks confirm the
incorporation of zirconocene in a 1:1 ratio with the spacer
unit. The fact that we obtained macrocyclic products due to
trimerization was established using a combination of mass
spectrometry analyses and X-ray crystallography (vide in-
fra).[6]


Isolated macrocycle 6was treated with acetic acid in THFat
room temperature over 12 h to give the metal-free macro-
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Scheme 3. Use of diynes 1 ± 3 for the preparation of 10 ± 12.
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cycle 10 in 92% yield as a colorless crystalline solid. X-ray
quality crystals of 10 were grown from toluene, and the
resulting molecular structure confirmed the trimeric nature of
the macrocycle (Figure 1). Upon demetallation the bulk
material no longer has a Cp peak in the 1H NMR spectrum,
but a new signal appears, which is indicative of a vinylic
proton at �� 6.42 (2H). The trimeric nature of the bulk
material was further confirmed by electron-impact mass
spectrometry, in which case the molecular ion at 816 [M]�


was clearly identified. Thus, by inference the trimeric nature
of macrocycle 10 indicates the formation of the trimeric
zirconocene-containing macrocycle 6.


Macrocycle 10 is prepared in 78% overall yield as a
crystalline material from the commercially available 1,4-
bis(trimethylsilylethynyl)-benzene. This product strongly re-
sembles the interesting and commercially available [2,2,2]-
paracyclophane that has been shown to be of interest for
cation complexation, both in the interior cavity and on the
external faces of the arene rings.[15] Note that [2,2,2]-para-
cyclophane is prepared in one step from commercially
available 1,4-�,��-dibromobenzene to give a mixture of cyclic
products in �20% yield.[16]


Macrocycles 7 and 11 have been fully characterized and
discussed in a preliminary communication.[6b] Macrocycles 8
and 9 were characterized by 1H NMR spectroscopy and
elemental analysis. The data were consistent with the


Figure 1. ORTEP depiction of the solid-state molecular structure of 10.


formation of macrocycles, and further characterization of 12
(demetallated 8) by mass spectrometry confirmed its cyclo-
trimeric structure (1274, [MH]�). Treatment of 9 with benzoic
acid resulted in poorly soluble material that is consistent with
the formation of 13 (by 1H NMR spectroscopy and mass
spectrometry), however we did not further pursue its isolation
and purification.


Synthesis of nonlinear diynes : In addition to varying the
length of the phenylene spacer, we were interested in probing
the effect of the geometry of the diyne unit to give macro-
cycles of different shapes. Thus, an alternative biphenyl
diyne 14 was prepared from 3,3�-dibromobiphenyl[17] and


Me3Si


Me3Si


SiMe3


SiMe3


14 15


trimethylsilylacetylene using a Pd0 catalyst in toluene at 80 �C
for 14 h. The crude product was purified by silica gel column
chromatography using hexanes as an eluent to give the
desired compound 14 in good yield as a white crystalline solid.
This investigation was extended to include the preparation of
an alternative terphenyl diyne 15 using the same Stille
coupling protocol outlined in the preparation of compound 4.
Pale yellow crystalline 15 was isolated in 74% yield by
removing solvent under reduced pressure and washing the
resultant material with minimal pentane.


Another strategy for varying the geometry of the diyne
included the incorporation of an sp3 hybridized center as
shown in Equation (2). Diyne 16 was prepared using a
lithium/halogen exchange reaction of 1-bromo-4-trimethyl-
silylethynylbenzene[18] in a 1:1 mixture of THF/Et2O with
dropwise addition of 1.6� n-butyllithium at �78 �C. After
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Scheme 4. Coupling of diyne 4 by an alternative [ZrII(Cp)2] reagent and preparation of 13.
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stirring this mixture for 30 minutes, the resulting anion was
quenched with dichlorodimethylsilane, and the reaction
solution was warmed to room temperature over 6 h. The
crude material was isolated by removal of all volatile
materials and extraction into a 1:1 mixture of dichloro-
methane/hexanes. This solution was reduced in volume, and
the desired product was purified by silica gel column
chromatography to give 16 in excellent yield as a white
crystalline material.
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Zirconocene coupling of nonlinear diynes : In the case of
nonlinear diynes (14 ± 16) the observed macrocyclic products
(17 ± 19) were dimeric. As in the previous cases, the dimeric
nature of the resulting macrocyclic products was confirmed by
both mass spectrometry and X-ray crystallography of either
the Zr-containing cyclophanes or their demetallated ana-
logues.


Once again, an upfield shift of the 1H NMR resonance for
the trimethylsilyl peak to ���0.05 indicated formation of a
macrocycle (17). This macrocycle displays solution-phase
behavior consistent with molecular C2 (rather than D2)
symmetry. In the 1H NMR spectrum there are two inequiva-


lent Cp peaks at �� 6.19 and 6.14, each integrating to 5H.
These inequivalent signals are proposed to arise from a
conformationally constrained, boatlike structure that has one
Cp in a pseudoequatorial orientation and the other in a
pseudoaxial position. Usually the zirconacyclopentadiene
units are coplanar in the resultant macrocycles, however in
this case, the 3,3�-alkyne substitution pattern of diyne 14
precludes this possibility. The dimeric nature of this macro-
cycle was suggested by FAB mass spectrometry with the
observation of a peak corresponding to the molecular ion at
1136 m/z. The demetallated macrocycle 20 was isolated in
75% yield after treating 17 with benzoic acid in toluene at
room temperature for 16 h. X-ray quality crystals were grown
by slow evaporation from a solution in benzene, and the
crystals thereby confirmed a dimeric structure (Figure 2).


Figure 2. ORTEP depiction of the solid-state molecular structure of 20.


Macrocycle 18 was prepared
using Negishi zirconocene cou-
pling conditions to give the
anticipated dimeric macrocycle
in good yield as a pale yellow
powder. The 1HNMR spectrum
displayed a Cp signal at ��
6.21, and the SiMe3 signal was
observed at �� 0.01. Yellow
X-ray quality crystals of this
compound were grown by slow
evaporation from a solution in
benzene (Figure 3). The deme-
tallated macrocycle was pre-
pared by reaction of 18 with
benzoic acid in toluene to give
macrocycle 21 in excellent
yield. The preparation of a
dimeric metal-free macrocycle
was confirmed by NMR spec-
troscopy (loss of the Cp peak
and appearance of a singlet in
the vinylic region) and elec-
tron-impact mass spectrometry,
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Figure 3. ORTEP depiction of the solid-state molecular structure of 18.


in which case the major peak was that corresponding to the
molecular ion at 848 m/z.


Finally, macrocycle 19, which was prepared from the diyne
with an sp3 hybridized center, was shown to be the product of
cyclodimerization. In this case, the zirconocene-containing
macrocycle 19, which was prepared in the standard fashion,
was not isolated and characterized, but rather was treated in
situ with HCl (6�) to give macrocycle 22 as a white solid in
94% yield. This macrocycle was shown to be dimeric by
electron-impact mass spectrometry, which allowed observa-
tion of a molecular ion at 814 m/z.


Discussion


Previous results from these laboratories have demonstrated
the usefulness of terminally substituted diynes as building
blocks for the preparation of macrocyclic products in excep-
tionally high yields.[6b] Here, we discuss the utility of
terminally substituted diynes for the preparation of macro-
cycles of various sizes. We have also investigated the effect of
precursor diyne geometry on the shape of the resulting
macrocyclic products.


The use of linear, rigid-rod spacers allows the preparation
of trimeric macrocycles of variable size. In contrast to
previously published work on internally substituted silyl
alkynes,[6c] the application of this strategy toward the synthesis
of increasingly larger trimeric macrocycles by increasing the
length of the precursor diyne works efficiently, and the
synthetic protocol has proven to be very general. Conse-
quently, zirconocene coupling of diynes 1 ± 4 resulted only in
cyclotrimerization products (6 ± 13). We have investigated a
range of spacer lengths from 6 to 19 ä,[19] and were able to
consistently prepare the resulting macrocycles in excellent
yield (�80%) with no modification of the experimental
procedure. In contrast, for the internally substituted cases, as
the spacer became larger, an equilibrium between oligomeric
and macrocylic structures was observed, in which case dilute
solutions favored the preparation of macrocycles.[6c]


Here, the range of spacer lengths has allowed the prepa-
ration of macrocycles with variable cavity sizes. For example,


the tetraphenyl spacer permits the preparation of macrocycles
with a cavity of nanoscale dimensions in which the distance
from the center of the molecular cavity to the tetraphenylene
spacer group is estimated to be approximately 7 ä.[20]


As the length of the rigid-rod spacer increases, the solubility
of both the diyne precursor and resultant macrocycle de-
creases significantly. Thus, as in the case of diyne 4, the
Negishi zirconocene reagent[7] was not useful, since removal
of the desirable organic products from the LiCl by-product
became problematic. This difficulty was overcome by using an
alternative zirconocene reagent (Scheme 4).[14] In this case,
the inorganic salt by-products and the solubility problems
associated with the requisite low temperatures (�78 �C) for
Negishi zirconocene were avoided. Even with this alternative
zirconocene coupling reagent, the larger macrocycle was
isolated in a somewhat smaller yield, undoubtedly due to
isolation and purification challenges associated with reduced
solubility of the resultant macrocyclic product 9. We are
currently exploring the synthesis of very large macrocycles
from even longer spacers.[21] In these cases, the synthetic
challenge is the preparation of soluble oligophenylene diyne
precursors for use in subsequent zirconocene-mediated mac-
rocyclizations.


The ORTEP diagram presented in Figure 1 shows the key
features associated with these cyclotrimerized products. The
phenyl substituents are not conjugated with the diene units of
the demetallated macrocycles, as they are perpendicular to
the diene moiety as a result of steric factors. The diene units of
the demetallated species are not coplanar; instead they
display a torsion angle about the C�C single bond that
averages 25�. This torsion is necessary to accommodate both
the vinyl protons and bulky trimethylsilyl groups. These
features are observed for all trimeric macrocycles of this
type.[6]


In contrast to the use of precursor diynes with linear alkynyl
substituents, it was observed that nonlinear diynes (14 ± 16)
enabled the isolation of products due to cyclodimerization
(17 ± 22). The macrocycles that formed from diynes 14 and 15,
were isolated in somewhat reduced yields (75 ± 80%) with the
other by-products being due to complex mixtures of oligo-
mers. However, because of the crystalline nature of macro-
cycles 17 and 18, we were able to easily obtain the purified
products of cyclodimerization. In the solid-state molecular
structure of 20, the macrocycle adopts a twisted conformation,
with the biphenyl units having a dihedral angle of approx-
imately 47�, while the C�C single bond of the diene unit
displays a torsion angle of approximately 25�. The distance
across the cavity of this small macrocycle is approximately
4.3 ä (as measured from the C�C single bond connecting the
phenyl units of one spacer to the C�C single bond connecting
the phenyl units of the opposite side). In the solid state, 20
possesses crystallographically imposed C2 molecular symme-
try, like that observed in the solution phase of its zirconium-
containing precursor (17). However, the 1H NMR data for 20
are consistent with solution-phase C2v symmetry (as seen in
the vinyl region of the spectrum, in which only one signal at
�� 6.55 is observed), which suggests enhanced conforma-
tional mobility in this compound relative to its progenitor, 17.
The zirconium-containing dimeric macrocycle 17 also dis-
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played increased air and mois-
ture sensitivity in comparison
with the cyclotrimeric macro-
cycles. These observations and
the somewhat reduced synthet-
ic yield for 17 suggest the pres-
ence of more ring strain com-
pared with the cyclotrimeric
macrocycles previously dis-
cussed.


The effect of nonlinear
diynes on the shape of the
resultant macrocycle was also noted in the coupling of bis-
alkyne 15 ; as predicted, crystalline dimeric macrocycles were
obtained upon zirconocene coupling (Figure 3). The distance
across the cavity of this macrocycle is 5.6 ä with the two
protons that are pointing toward the center of the cavity being
slightly out of the plane of the zirconacyclopentadiene groups.


In the case of diyne 8, in which an sp3 hybridized Si center
was incorporated into the spacer to give a modified angle
between the nonlinear alkynyl substituents, the yields were
much improved (94%) for the isolation of macrocycle 22. In
this case demetallation was achieved with HCl (6�). These
reaction conditions are not general for demetallation, and in
particular, dimeric macrocycles 20 and 21 are known to
decompose under these harsh reaction conditions. Thus, the
observed higher yields and chemical robustness of this system
are believed to be due to the reduced ring strain of this
cyclodimeric product.


The effect of ring strain on macrocycle formation was
further noted in our attempt to prepare monophenylenemeta-
substituted macrocycle 23 [Eq. (3)]. Here, the 1H NMR
spectra obtained for isolated products from use of both
zirconocene reagents were consistent with complex mixtures
of oligomeric materials. In the case of the ortho-substituted
substrate it has been reported that an alkyne �-complex of
zirconocene is the isolable product.[22] However, with a
methylene spacer unit the cyclodimeric macrocycle was
obtained in low yield.[23]


SiMe3
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SiMe3Me3Si


Me3Si SiMe3


"Cp2Zr"
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All the results presented are consistent with the fact that
the shape and size of the resultant macrocycle can be
predicted based on the geometry of the precursor diyne,
given that these reaction conditions favor formation of the
smallest strain-free ring that can form. However, it should be
noted that functionality can be an important factor in
determining the structure of the macrocyclic products.[24] In
contrast to the cyclodimeric product formed upon zircono-
cene coupling of diyne 6, its bipyridine analogue (24) yields
the product of cyclotrimerization (Scheme 5).[24] This differ-


ence may be attributed to the preference of the bipyridyl
diyne for adopting an anti-geometry, and the alkyne units are
placed in the requisite linear arrangement for cyclotrimeriza-
tion to take place. This example represents a case, in which the
energy gained from the entropically favored formation of the
smallest macrocyclic ring is not sufficient to overcome the
preferred anti-conformation of the diyne precursor.


These new zirconium-containing macrocycles are also
attractive intermediates in the synthesis of a range of
functionalized macrocycles through substitution chemistry at
the zirconocene site of the zirconacyclopentadiene units.[25]


However, such substitution chemistry has proven difficult in
the presence of the �-silyl substituents of the zirconacyclo-
pentadienes. Current investigations are focusing on develop-
ment of general reagents to effect these desirable trans-
formations.


Conclusion


We have prepared a range of new cyclophanes from various
terminally substituted silyl bis-alkynes. The geometry of the
initial diyne has been shown to determine the shape of the
resultant macrocyclic product in a predictable fashion. Thus, it
is possible to selectively prepare cyclotrimeric products from
linear, rigid spacers, while cyclodimeric materials are accessed
with nonlinear spacers. The size of the spacer can be increased
to access large cyclophanes with nanoscale cavities. The
application of this strategy in the preparation of very large
macrocycles has been shown to proceed with no appreciable
loss in yield for the larger substrates. The product yields for
this synthetic methodology are remarkably high in all the
cases presented, with a slight reduction in yield being
observed when the resultant macrocyclic products are some-
what strained. The Negishi protocol for generating zircono-
cene[7] in situ is preferred for the preparation of these
unfunctionalized macrocycles as a result of the ease of
generation of the zirconocene. However, in cases, in which
substrate and/or product solubility is low, the alternative
zirconocene reagent (Rosenthal×s complex) has proven to be
the reagent of choice.[14]


All of these macrocycles can be prepared on a multigram
scale, in the absence of high dilution conditions, and are
isolated and purified as crystalline solids. Consequently, this
synthetic method provides a simple and versatile method for
the preparation of cyclophanes of different sizes and shapes
by simple, strategic modifications of the diyne precursor.
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Scheme 5. Cyclotrimerization with diyne 24.
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Experimental Section


All manipulations were performed under an inert atmosphere of nitrogen
using either standard Schlenk techniques or a Vacuum Atmospheres glove
box. Dry, oxygen-free solvents were employed throughout. All solvents
were distilled from sodium/benzophenone ketyl. [D6]Benzene was purified
by vacuum distillation from Na/K alloy. Elemental analyses were per-
formed by the UCBMicroanalytical Laboratory or Desert Analytics. NMR
spectra were recorded on a BrukerAMX (300 MHz), a Varian Bruker-
AMX (400 MHz), or a BrukerDRX (500 MHz) spectrometer at 25 �C and
referenced to residual solvent resonances. 13C spectra were proton
decoupled. Mass spectrometry was carried out on a VGProSpec or a
VGZAB using electron-impact or FAB sources. Zirconocene dichloride
(Strem), n-butyllithium solution (Aldrich), 4,4�-dibromobiphenyl (Aldrich),
4,4�-diiodobiphenyl (Aldrich), and trimethylsilylacetylene (GFS) were used
as received. The compounds 1,4-bis(trimethylsilylethynyl)benzene 1,[10]


4,4�-bis(trimethylsilylethynyl)biphenyl 2,[10] 1-bromo-4-(trimethylsilylethyn-
yl)benzene,[13] 4,4��-diiodoterphenyl,[12] 4-(trimethylsilylethynyl)-1-(tri-
methylstannyl)benzene 5,[13] and 3,3�-dibromobiphenyl[17] were prepared
by literature procedures.


4,4��-Bis(trimethylsilylethynyl)terphenyl (3): A PTFE-stoppered Schlenk
flask (1 L) was charged with 1,4��-diiodoterphenyl[12] (30.0 g, 62.2 mmol),
[Pd(PPh3)4] (0.180 g, 0.156 mmol), and CuI (0.0593 g, 0.311 mmol). iPr2NH
(100 mL) and dry THF (400 mL) were added to these reagents, followed by
trimethylsilylacetylene (17.0 mL, 131 mmol). The reaction was stirred
overnight at 50 �C, and the solvents were removed in vacuo. The product
mixture was suspended in toluene (2 L), filtered on a Buchner funnel, and
passed through a plug of silica (100 mL) that was washed with additional
toluene (200 mL). The resulting light yellow solution was reduced in
volume to 100 mL, and the cream-colored solid was collected by filtration.
The crude product was recrystallized from hot toluene to give white crystals
(22.5 g, 86% yield).
1H NMR (500 MHz, CDCl3): �� 7.68 (s, 2H; ArH), 7.59 (d, J(H,H)�
8.5 Hz, 2H; ArH), 7.56 (d, J(H,H)� 8.5 Hz, 2H; ArH), 0.29 (s, 9H;
Si(CH3)3); 13C NMR (125 MHz, CDCl3): �� 140.7, 139.8, 132.7, 127.6, 126.9,
122.4 (ArC), 105.1, 95.3 (C�C), 0.2 (SiCH3); elemental analysis calcd (%)
for C28H30Si2 (422.2): C 79.56, H 7.15; found: C 79.76, H 7.06.


4,4���-Bis(trimethylsilylethynyl)tetraphenyl (4): In a Schlenk flask (100 mL)
equipped with a stir bar, [Pd2(dba)3] (0.340 g, 0.371 mmol) and AsPh2


(0.454 g, 1.48 mmol) were loaded in the glove box. In a separate Schlenk
flask (100 mL) Me3SnC6H4C�CSiMe3 5[13] (2.50 g, 7.42 mmol) and 4,4�-
diiodobiphenyl (1.00 g, 2.46 mmol) were loaded. This Schlenk flask was
evacuated and backfilled before suspending the organics in dry DMF
(30 mL). This mixture was transferred by cannula to the reaction flask
containing the catalyst mixture. The flask with the organic reagents was
washed with dry DMF (20 mL), and this solution was transferred to the
reaction flask as well. This flask was then sealed and heated to 70 �C with
stirring for 4 days, and a dark gray suspension of white precipitate resulted.
The precipitate was collected by vacuum filtration on a Buchner funnel and
redissolved into boiling toluene (600 mL). The solution was then filtered
hot, and the collected precipitate was washed with hot toluene (2�
100 mL). The resulting yellow solution was concentrated to 600 mL, at
which point a hazy solution developed. The heating was stopped, and the
product was permitted to crystallize overnight. The resulting white waxy,
flaky material was collected by filtration (0.600 g, 50% yield). This
compound required no further purification.
1H NMR (300 MHz, CDCl3): �� 7.74 ± 7.67 (m, 8H; ArH), 7.62 ± 7.54 (m,
8H; ArH), 2.72 (s, 18H; SiCH3); No 13C data could be collected because of
poor solubility; MS (70 eV):m/z (%): 498 [M]� , 483 [M�CH3]� ; elemental
analysis calcd (%) for C34H34Si2 (498.2): C 81.87, H 6.87; found: C 81.74, H
6.74.


Trimeric macrocycle (6): A PTFE-stoppered Schlenk flask (100 mL) was
charged with [Zr(Cp)2Cl2] (2.16 g, 7.39 mmol) and dissolved in dry THF
(20 mL). A separate Schlenk flask (100 mL) was loaded with 1,4-
bis(trimethylsilylethynyl)benzene (1) (2.00 g, 7.39 mmol), to which THF
(20 mL) was added. The [Zr(Cp)2Cl2] flask was cooled to �78 �C, and a
solution of nBuLi in hexane (2.46�, 6.0 mL, 14.78 mmol) was added
dropwise. The reaction was stirred at �78 �C for 20 min, and then the 1,4-
bis(trimethylsilylethynyl)benzene solution was added dropwise. The reac-
tion mixture was warmed to room temperature and heated to 60 �C for 12 h.


The THF was then removed in vacuo, and distilled water (90 mL) was
added to dissolve the by-product LiCl. The yellow suspension was stirred
vigorously for 1 h. The solid product was collected using a Hirsch funnel.
The water wash was repeated, and the (highly insoluble) product was then
washed similarly with Et2O (90 mL) and toluene (90 mL). Care was taken
to ensure that the isolated product was finely divided, as chunks of material
can occlude H2O. The yellow microcrystalline product was dried under
vacuum to give of the desired material (3.05 g, 85% yield).
1H NMR (300 MHz, C6D6): �� 6.54 (s, 2H; C4H4), 6.19 (s, 5H; C5H5),
�0.06 (s, 9H; Si(CH3)3); elemental analysis calcd (%) for C78H96Si6Zr3
(1474.2): C 63.48, H 6.56; found: C 63.42, H 6.18.


Trimeric macrocycle (7): A round-bottom flask (250 mL) was charged with
[Zr(Cp)2Cl2] (2.3 g, 8.0 mmol), 4,4�-bis(trimethylsilylethynyl)biphenyl (2)
(2.8 g, 8.0 mmol), and THF (150 mL). The flask was cooled to �78 �C, and
a solution of nBuLi in hexanes (1.6�, 10 mL, 16 mmol) was added
dropwise. The reaction mixture was warmed to room temperature then
stirred for 16 h, and then heated to reflux for a further 24 h. All volatile
materials were removed in vacuo, and the residue was washed with hexanes
(3� 40 mL). The hexane-insoluble residue was then extracted with hot
toluene (5� 40 mL), and the toluene extracts were combined and cooled to
�40 �C to afford 7 as yellow crystals (4.1 g, 90%).
1H NMR (300 MHz, C6D6): �� 7.16 (d, J(H,H)� 8.1 Hz, 4H; ArH), 6.71
(d, J(H,H)� 8.1 Hz, 4H; ArH), 6.13 (s, 10H; C5H5), �0.26 (s, 18H;
SiCH3); 13C NMR (100.6 MHz, C6D6): �� 206.1 (ZrC4(Si(CH3)3)2), 149.4
(ZrC4(Si(CH3)3)2), 142.7, 134.2, 128.6, 128.2 (ArC), 111.4 (C5H5), 3.00
(SiCH3); elemental analysis calcd (%) for C96H108Si6Zr3 (1702.2): C 67.66, H
6.39; found: C 66.93, H 6.36.


Trimeric macrocycle (8): A PTFE-stoppered Schlenk flask (100 mL) was
charged with [Zr(Cp)2Cl2] (0.692 g, 2.37 mmol) that was dissolved in dry
THF (20 mL). A separate Schlenk flask (100 mL) was loaded with 4,4��-
bis(trimethylsilylethynyl)terphenyl (3) (1.00 g, 2.37 mmol), to which was
added THF (50 mL). The [Zr(Cp)2Cl2] flask was cooled to �78 �C, and a
solution of nBuLi in hexane (1.6�, 2.96 mL, 4.73 mmol) was added
dropwise. The reaction was stirred at �78 �C for 20 min, and then the 4,4��-
bis(trimethylsilylethynyl)terphenyl solution was added dropwise by can-
nula. The reaction mixture was warmed to room temperature, and heated
to 60 �C for 12 h. The THF was then removed in vacuo, and distilled water
(90 mL) was added to dissolve the by-product LiCl. The yellow suspension
was stirred vigorously for 1 h. Then the solid product was collected using a
Hirsch funnel. The water wash was then repeated, and the (highly
insoluble) product was washed similarly with Et2O (50 mL), and toluene
(50 mL). Care was taken to ensure that the isolated product was finely
divided, as chunks of material can occlude H2O. The product was dried
under vacuum to give yellow microcrystalline material (1.39 g, 91%).
1H NMR (300 MHz, CD2Cl2): �� 7.55 (s, 2H; ArH), 7.22 (d, J(H,H)�
8.5 Hz, 2H; ArH), 6.76 (d, J(H,H)� 8.5 Hz, 2H; ArH), 6.39 (s, 10H; C5H5),
�0.29 (s, 9H; Si(CH3)3); No 13C NMR data were obtained because of poor
solubility; elemental analysis calcd (%) for C114H120Si6Zr3 (1930.2): C 70.86,
H 6.26; found: C 70.72, H 6.04.


Trimeric macrocycle (9): A Schlenk flask (50 mL), equipped with stir bar,
was charged with crystalline [Zr(Cp)2(pyr)(Me3SiC�CSiMe3)][14] (94 mg,
0.20 mmol) and diyne 4 (100 mg, 0.200 mmol). The mixture was suspended
in toluene (15 mL). This solution was heated to 65 �C for 36 h to give a pale
yellow solution. The solvent was removed under vacuum to give a dark
yellow powder that was further purified by recrystallization from benzene,
and this afforded pale yellow crystals (119 mg, 82% yield).
1H NMR (300 MHz, C6D6): �� 7.36 (m, 12H; ArH), 6.93 (d, J(H,H)�
8 Hz, 4H; ArH), 6.23 (s, 10H; C5H5), �0.06 (s, 18H; SiCH3); No 13C NMR
data were obtained because of poor solubility; elemental analysis calcd (%)
for C132H132Si6Zr3 (2160.8): C 73.31, H 6.11; found: C 73.70, H 6.47.


Trimeric cyclophane (10): A Schlenk flask (100 mL) was charged with
monophenylene trimer (6) (0.500 g, 1.02 mmol), and it was then suspended
in dry THF (50 mL). Glacial acetic acid (1.16 mL, 20.3 mmol) was added to
this yellow suspension, and the mixture was stirred for 12 h at room
temperature. Over this time, the color gradually became white, and all
solids dissolved. The THF and excess acetic acid were removed in vacuo,
and the residue was dissolved in toluene (100 mL). The slightly hazy,
colorless solution was passed through a plug of silica (20 mL) and washed
through with toluene (40 mL). The toluene was removed in vacuo, and the
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product was washed with hexanes (20 mL). The yield of tiny colorless
crystals was 0.255 g, 92%.
1HNMR (500 MHz, C6D6): �� 6.81 (s, 2H; ArH), 6.42 (s, 1H; HC�C), 0.09
(s, 9H; Si(CH3)3); 13C NMR (125 MHz, C6D6): �� 164.4, 140.7, 130.6, 129.4,
(ArC and C�C), 1.1 (Si(CH3)3); MS (70 eV): m/z (%): 816 [M]� , 801 [M�
CH3]� , 743 [M� Si(CH3)3]� ; elemental analysis calcd (%) for C48H72Si6
(816.5): C 70.51, H 8.88; found: C 70.47, H 9.00.


Trimeric cyclophane (11): A round-bottom flask (100 mL) was charged
with macrocycle 7 (0.95 g, 1.9 mmol) and THF (20 mL). An aqueous HCl
solution (6�, 20 mL) was added to the flask, and the resulting mixture was
stirred for 2 h at room temperature. The reaction mixture was poured into
methanol (200 mL), and the white powder 11 was collected (0.52 g, 98%).
Crystals were obtained by cooling of a saturated solution (ca. 0.5 g/50 mL)
in toluene/acetonitrile (ca. 3:1) to �10 �C.
1H NMR (300 MHz, C6D6): �� 7.05 (s, 8H; ArH), 6.54 (s, 2H; C4(Si-
Me3)H2), 0.03 (s, 18H; SiCH3); 13C NMR (100.6 MHz, C6D6): �� 162.6
(C4(SiMe3)2H2), 140.8 (C4(SiMe3)2H2), 138.0, 130.5, 130.0, 125.9 (ArC),
111.4 (C5H5), 0.43 (SiCH3); MS (70 eV): m/z (%): 1045 [M]� ; elemental
analysis calcd (%) for C66H84Si6 (1044.5): C 74.79, H 8.10; found: C 73.52, H
8.43.


Trimeric cyclophane (12): A Schlenk flask (100 mL) was charged with
trimeric macrocycle 8 (0.236 g, 0.366 mmol) and dry benzene (50 mL).
Glacial acetic acid (0.2 mL, 3.6 mmol) was added to this yellow suspension,
and the mixture was vigorously stirred for 24 h at room temperature. Over
this time the yellow suspension gradually became white. The benzene and
excess acetic acid were removed in vacuo, and the residue was dissolved in
toluene (100 mL). The slightly hazy colorless solution was passed through a
plug of silica (10 mL) and washed through with toluene (100 mL). The
toluene was removed in vacuo, and the product was washed with methanol
(20 mL) to give colorless microcrystals (0.14 g, 90%).
1H NMR (500 MHz, C6D6): �� 7.29 (d, J(H,H)� 8.5 Hz, 2H; ArH), 7.28 (s,
2H; ArH), 7.22 (d, J(H,H)� 8.5 Hz, 2H; ArH), 6.59 (s, 1H; HC�C), 0.09 (s,
9H; Si(CH3)3); 13C NMR (125 MHz, C6D6): �� 163.5, 141.3, 139.7, 130.6,
129.7, 128.9, 127.7, 126.4 (ArC and C�C), 0.8 (Si(CH3)3); MS (70 eV): m/z
(%): 1274 [MH]� , 1260 [M�CH3]� , 1202 [M� Si(CH3)3]� ; elemental
analysis calcd (%) for C84H96Si6 (1272.5): C 79.18, H 7.59; found: C 78.96, H
7.39.


3,3�-Bis(trimethylsilylethynyl)biphenyl (14): A PTFE-stoppered Schlenk
flask (500 mL) was charged with copper(�) iodide (26.0 mg, 0.135 mmol)
and [Pd(PPh3)4] (104 mg, 0.0898 mmol) in the glove box. In a separate
Schlenk flask 3,3�-dibromobiphenyl[17] (1.4 g, 4.49 mmol) was dissolved in
toluene (20 mL) and transferred by cannula to the reaction flask containing
the catalyst mixture. Degassed diisopropylamine (15 mL) was added by
cannula to this suspension. The reaction mixture was stirred for 15 minutes,
after which it was transparent. Finally, trimethylsilylacetylene (3.20 mL,
2.20 g, 22.4 mmol) was added by syringe. The reaction mixture was stirred
for 14 h at 80 �C. The resulting mixture was cooled and filtered by gravity
before removal of the volatile material under vacuum. The resulting solid
was suspended in hexanes (60 mL) and filtered through a silica plug. The
silica plug was washed with hexanes (3� 30 mL), and the combined
filtrates were dried under vacuum and purified by silica gel column
chromatography using hexanes as a eluent. The resulting white crystalline
material was isolated in 70% yield (1.1 g).
1H NMR (400 MHz, CDCl3): �� 7.70 (s, 2H; ArH), 7.54 (m, 2H; ArH), 7.41
(m, 2H; ArH), 7.30 (m, 2H; ArH), 0.28 (s, 18H; Si(CH3)3); 13C NMR
(100.6 MHz, CDCl3): �� 140.4, 131.0, 130.7, 128.8, 127.3, 123.7 (ArC),
104.9, 94.5 (C�C), �0.1 (Si(CH3)3); MS (70 eV) m/z (%): 346 [M]� , 331
[M�CH3]� ; elemental analysis calcd (%) for C22H26Si2 (346.2): C 76.23, H
7.56; found: C 75.96, H 7.22.


Diyne (15): A Schlenk flask (100 mL), equipped with stir bar, was charged
with [Pd2(dba)3] (0.124 g, 0.135 mmol) and AsPh3 (0.165 g, 0.540 mmol) in
the glove box. In a separate Schlenk flask (100 mL), 4-(trimethylsilyl-
ethynyl)-1-(trimethylstannyl)benzene (1.00 g, 2.97 mmol) was loaded. The
compound 1,3-dibromobenzene (0.163 mL, 0.318 g, 1.35 mmol) was added
to this Schlenk flask by syringe. This mixture of organic compounds was
evacuated and backfilled with N2 three times before being dissolved in dry
DMF (20 mL). This solution of organic reagents was added to the Schlenk
flask containing the Pd catalyst by cannula. The Schlenk flask containing
the organic reagents was rinsed with dry DMF (15 mL) and added to the
catalyst suspension. The dark suspension was stirred at 65 �C for 3 days, and


this resulted in a greenish/yellow suspension. The reaction mixture was
cooled and diluted with toluene (50 mL). The organic fraction was washed
with NaCO3 (1�, 50 mL), followed by water (3� 50 mL), and finally brine
(50 mL). The solvents were removed in vacuo, and the resultant light brown
oil was redissolved in hexanes (100 mL) and filtered through a silica plug
(30 mL). After the removal of hexanes under vacuum a pale yellow
crystalline solid was isolated in 74% yield (0.42 g). This material was then
washed with minimal pentane to further purify.


1H NMR (300 MHz, CDCl3): �� 7.76 (s, 1H; ArH), 7.60 ± 7.52 (m, 11H;
ArH), 0.26 (s, 18H, SiCH3); 13C NMR (125 MHz, CDCl3): �� 141.0, 140.9,
132.4, 129.4, 126.9, 126.3, 125.8, 122.2 (ArC), 104.9, 95.0 (C�C), 0.0
(SiCH3); MS (70 eV): m/z (%): 422 [M]� , 407 [M�CH3]� ; elemental
analysis calcd (%) for C28H30Si2 (394.1): C 79.56, H 7.15; found: C 79.54, H
7.11.


Diyne (16): A round-bottom flask (250 mL) was charged with 1-bromo-4-
(trimethylsilylethynyl)benzene (6.00 g, 23.7 mmol) and a mixture of THF/
diethyl ether (1:1, 120 mL). The flask was cooled to�78 �C, and then nBuLi
(1.6�/hexane, 14.8 mL, 23.7 mmol) was added dropwise. The mixture was
stirred for 30 min at �78 �C. Me2SiCl2 (1.10 mL, 12.0 mmol) was then
added dropwise, and the temperature of the flask was raised to room
temperature over 6 h. The volatile materials were removed in vacuo, and
the residue was extracted with dichloromethane/hexanes (1:1, 120 mL).
The solution was concentrated to 20 mL and then passed through a silica
gel (15� 4.2 cm) column using a mixture of dichloromethane/hexane (1:7)
as an eluting solvent. The product was obtained as a crystalline solid in
89% yield (4.30 g) after removal of solvents.


1H NMR (400 MHz, C6D6): �� 7.47 (d, J(H,H)� 8.4 Hz, 4H; ArH), 7.21 (d,
J(H,H)� 8.4 Hz, 4H; ArH), 0.27 (s, 6H; Si(CH3)2), 0.19 (s, 18H;
C�CSi(CH3)3); 13C NMR (100.6 MHz, C6D6): �� 136.0, 135.4, 131.0
(ArC), 125.1, 105.1, 96.7 (C�C), �0.1 (C�CSi(CH3)3), �2.5 (SiCH3);
elemental analysis calcd (%) for C24H32Si3 (404.3): C 71.22, H 7.97; found: C
71.08, H 7.74.


Dimeric macrocycle (17): A Schlenk flask (100 mL), equipped with stir bar,
was charged with [Zr(Cp)2Cl2] (0.845 g, 2.89 mmol) dissolved in dry THF
(20 mL). In a separate Schlenk flask diyne 14 (1.00 g, 2.89 mmol) was
dissolved in dry THF (10 mL). The zirconocene dichloride solution was
cooled to �78 �C before the addition of a solution of nBuLi in hexane
(1.6�, 3.61 mL, 5.9 mmol). This reaction mixture was stirred at low
temperature for 15 minutes before addition of the diyne solution by
cannula. The reaction mixture was slowly warmed to room temperature
with stirring and then heated to 60 �C for a further 12 h. All volatile
materials were removed in vacuo, and the residue was extracted with
toluene (30 mL), and the supernatant was removed from the insoluble salts
by cannula filter. The solution in toluene was then evaporated to dryness,
and the crude material was isolated as a dark yellow solid material. This
material was purified by washing with minimum amounts of hexanes (2�
3 mL) to give a bright yellow solid material (1.2 g, 1.1 mmol) which could
be recrystallized from a concentrated solution in toluene (73% yield).


1H NMR (300 MHz, C6D6): �� 6.89 (t, J(H,H)� 9 Hz, 2H; ArH), 6.82 (s,
2H; ArH), 6.57 (d, J(H,H)� 6 Hz, 2H; ArH), 6.19 (s, 5H; CpH), 6.17 (d,
J(H,H)� 3 Hz, 2H; ArH), 6.14 (s, 5H; CpH), �0.05 (s, 18H; Si(CH3)3);
13C data were not obtained because of low solubility; MS (70 eV):m/z (%):
1136 [M]� ; HRMS calcd: 1133.2820; found: 1133.2823; elemental analysis
calcd (%) for C64H72Si4Zr2 (1134.8): C 67.66, H 6.39; found: C 67.66, H 6.63.


Dimeric macrocycle (18): A Schlenk flask (20 mL), equipped with stir bar,
was charged with [Zr(Cp)2Cl2] (51.9 mg, 0.177 mmol) in the dry box. This
material was dissolved in THF (5 mL) and then cooled to �78 �C before
the addition of a solution of nBuLi (2.5�, 0.14 mL, 0.35 mmol) in hexanes.
This solution was stirred for 15 minutes at �78 �C, before the cannula
addition of a solution of diyne 15 (75 mg, 0.177 mmol) in THF (5 mL) from
a separate Schlenk flask. The resulting reaction mixture was stirred for 4 h
while slowly warming to room temperature. Then the solution was heated
to 65 �C for a further 12 h. The deep orange solution was evaporated to
dryness, and the desired product was redissolved in toluene and filtered
away from the insoluble material by cannula filtration. This solution was
evaporated to dryness to isolate the crude product, which was further
purified by washing with dry hexanes to give a pale yellow powder (97 mg,
0.0753 mmol, 85% yield). X-ray quality crystals were grown by slow
evaporation of a solution in benzene.
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1H NMR (400 MHz, C6D6): �� 7.33 (br s, 1H; ArH), 7.20 ± 7.13 (m,
obscured by solvent signal, ArH), 7.04 (t, J(H,H)� 8 Hz, 1H; ArH), 6.79
(d, J(H,H)� 8 Hz, 4H; ArH), 6.21 (s, 10H; CpH), 0.01 (s, 18H; Si(CH3)3);
13C NMR data were not obtained because of poor solubility; repeated
attempts to obtain satisfactory analytical data of crystalline material were
not successful. The X-ray crystal structure (Figure 3) and further reactivity
to compound 21 confirmed its identity.


Dimeric cyclophane (20): In a Schlenk flask (25 mL), equipped with stir
bar, macrocycle 17 (200 mg, 0.176 mmol) and benzoic acid (1.00 g,
8.20 mmol) were dissolved in dry toluene (7 mL). The reaction mixture
was stirred at room temperature overnight, then diluted with toluene
(30 mL) before filtering to remove precipitates. The filtrate was washed
with a Na2CO3 solution (2�, 2� 30 mL) and brine (30 mL). The organic
fraction was dried over MgSO4, then evaporated to dryness to give the
crude product as a pale yellow powder (90 mg, 76% yield). This material
was further purified by recrystallization from a solution in benzene with
slow evaporation to give colorless blocklike crystals.
1HNMR (300 MHz, CDCl3): �� 7.23 (s, 2H; ArH), 7.13 (m, signal obscured
by solvent peak, ArH), 7.05 (d, J(H,H)� 8 Hz, 2H; ArH), 6.91 (t, J(H,H)�
8 Hz, 2H; ArH), 6.55 (s, 2H; C�CH), 0.05 (s, 18H; SiCH3); 13C NMR data
were not obtained because of poor solubility; MS (70 eV): m/z (%): 696
[M]� ; elemental analysis calcd (%) for C44H56Si4 (696.3): C 75.79, H 8.10;
found: C 75.55, H 8.26.


Dimeric cyclophane (21): In a Schlenk flask (25 mL), equipped with stir
bar, macrocycle 18 (75 mg, 0.058 mmol) and benzoic acid (71 mg,
0.58 mmol) were dissolved in dry toluene (5 mL). The reaction mixture
was stirred at room temperature overnight, and then diluted with toluene
(20 mL) before filtering to remove precipitates. The supernatant was
washed with Na2CO3 solution (2�, 2� 30 mL) and brine (30 mL). The
organic fraction was dried over MgSO4, and then evaporated to dryness to
give the crude product (40 mg, 80% yield). The product was further
purified by recrystallization from a solution in hexanes (5 mL) to give
colorless needlelike crystals (30 mg, 61% yield).
1H NMR (300 MHz, CDCl3): �� 7.42 (m, 3H; ArH), 7.21 (d, J(H,H)�
9 Hz, 4H; ArH), 7.19 (s, 1H; ArH), 6.93 (d, J(H,H)� 9 Hz, 4H; ArH), 6.31
(s, 2H; CHSiMe3), �0.06 (s, 18H; SiCH3); MS (70 eV):m/z (%): 848 [M]� ;
elemental analysis calcd (%) for C56H64Si4 (848.4): C 79.18, H 7.59; found: C
79.94, H 7.64.


Dimeric cyclophane (22): A Schlenk tube (250 mL) was charged with
[Zr(Cp)2Cl2] (0.68 g, 2.32 mmol), diyne 16 (0.937 g, 2.32 mmol), and THF
(80 mL). The flask was cooled to �78 �C, and then nBuLi (1.6�/hexane,
2.90 mL, 4.64 mmol) was added dropwise. The flask was allowed to warm to
room temperature over 7 h and was heated for 1 h at 65 �C. An aqueous
HCl solution (6�, 20 mL) was added to the flask, and then the resulting
mixture was stirred for 2 h at room temperature. The reaction mixture was
poured into methanol (150 mL), and the white precipitate was collected
and purified by silica gel chromatography (eluted with hexane/ether, 100:1)
to afford 0.89 g (94%) of 22 as a white solid.
1H NMR (300 MHz, CDCl3): �� 7.12 (d, J(H,H)� 8 Hz, 8H; ArH), 6.77 (d,
J(H,H)� 8 Hz, 8H; ArH), 6.07 (s, 4H; C�CH), 0.46 (s, 12H; Si(CH3)2),
�0.15 (s, 36H; Si(CH3)3); 13C NMR (75.5 MHz, CDCl3): �� 163.6
(C�CHSi), 141.9, 136.9, 132.9 (ArC), 129.2 (C�C), 128.6 (ArC), 0.37
(Si(CH3)3), �2.62 (Si(CH3)2); MS (70 eV): m/z (%): 814 [M]� ; elemental
analysis calcd (%) for C48H68Si6 (813.1): C 70.86, H 8.42; found: C 70.48, H
8.27.


Crystal data for 10 (C48H72Si6): crystal dimensions 0.20� 0.10� 0.22 mm,
triclinic, space group P1≈, a� 10.1899(4), b� 15.9734(7), c� 17.6277(7) ä,
�� 73.955(1)� ; V� 2616.6(2) ä3, �calcd� 1.038 gcm�3, 2�max 51.5�, MoK�


radiation (�� 0.71069 ä), � scans, T��109.0 �C, of 11852 measured
reflections, 8333 were unique, and 3188 were observed with [I� 3.00�(I)],
data corrected for Lorentz and polarization effects, analyzed for agreement
and absorption using XPREP with an empirical absorption correction using
SADABS (Tmax� 0.98, Tmin� 0.68). The structure was solved by direct
methods (SIR92) and developed by least-squares refinement against 	F 2 	 .
No. of parameters, 487; H atoms were included but not refined; R� 0.101
and Rw� 0.128; ��max� 0.71 e�ä�3.


Crystal data for 18 (Zr4Si4C106H95): crystal dimensions 0.21� 0.13�
0.12 mm, monoclinic, space group C2/c, a� 14.8362(1), b� 27.4645(7),
c� 22.5575(3) ä, �� 101.107(2)� ; V� 9019.3(3) ä3, �calcd� 1.225 gcm�3,
2�max 44.3�, MoK� radiation (�� 0.71069 ä), � scans, T��106
 1 �C, of


16363 measured reflections, 5790 were unique, and 2509 were observed
with [I� 3.00�(I)], data corrected for Lorentz and polarization effects,
analyzed for agreement and absorption using XPREP with an empirical
absorption correction using SADABS (Tmax� 0.96, Tmin� 0.74). The
structure was solved by direct methods (SIR92) and developed by least-
squares refinement against 	F 2 	 . No. of parameters, 220; H atoms were
calculated but not refined; R� 0.076 and Rw� 0.088; ��max� 0.80 e�ä�3.


Crystal data for 20 (C44H56Si4): crystal dimensions 0.10� 0.25� 0.35 mm,
triclinic, space group P1≈, a� 6.8221(6), b� 11.775(1), c� 14.192(1) ä, ��
101.088(1)� ; V� 10669(1) ä3, �calcd� 1.085 gcm�3, 2�max 46.5�, MoK� radi-
ation (�� 0.71069 ä), � scans, T��145.0 �C, of 5118 measured reflections,
3026 were unique, and 2565 were observed with [I� 3.00�(I)], data
corrected for Lorentz and polarization effects, analyzed for agreement and
absorption using XPREP with an empirical absorption correction using
SADABS (Tmax� 0.96, Tmin� 0.87). The structure was solved by direct
methods (SIR92) and developed by least-squares refinement against 	F 2 	 .
No. of parameters, 217; H atoms were included but not refined; R� 0.035
and Rw� 0.050; ��max� 0.21 e�ä�3.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-162175,
162176, and 162177. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge, CB21EZ, UK (fax:
(�44)1223-336-003; e-mail : deposit@ccdc.cam.ac.uk).
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Towards the Experimental Decomposition Rate of Carbonic Acid (H2CO3)
in Aqueous Solution


Christofer S. Tautermann, Andreas F. Voegele, Thomas Loerting, Ingrid Kohl,
Andreas Hallbrucker, Erwin Mayer, and Klaus R. Liedl*[a]


Abstract: Dry carbonic acid has recent-
ly been shown to be kinetically stable
even at room temperature. Addition of
water molecules reduces this stability
significantly, and the decomposition
(H2CO3 � n H2O! (n�1)H2O � CO2)
is extremely accelerated for n� 1, 2, 3.
By including two water molecules, a
reaction rate that is a factor of 3000
below the experimental one (10 sÿ1) at
room temperature was found. In order
to further remove the gap between
experiment and theory, we increased
the number of water molecules involved
to 3 and took into consideration differ-
ent mechanisms for thorough elucida-


tion of the reaction. A mechanism
whereby the reaction proceedes via a
six-membered transition state turns out
to be the most efficient one over the
whole examined temperature range. The
determined reaction rates approach ex-
perimental values in aqueous solution
reasonably well ; most especially, a sig-
nificant increase in the rates in compar-
ison to the decomposition reaction with


fewer water molecules is found. Further
agreement with experiment is found in
the kinetic isotope effects (KIE) for the
deuterated species. For water-free car-
bonic acid, the KIE (i.e. , kH2CO3


/kD2CO3
)


for the decomposition reaction is pre-
dicted to be 220 at 300 K, whereas it
amounts to 2.2 ± 3.0 for the investigated
mechanisms including three water mole-
cules. This result is therefore reasonably
close to the experimental value of 2 (at
300 K). These KIEs are in much better
accordance with the experiment than
the KIE for decomposition with fewer
water entities.


Keywords: ab initio calculations ´
carbonic acid ´ environmental chem-
istry ´ isotope effects ´ kinetics ´
proton transfer reactions


Introduction


In a preliminary communication we reported on the influence
of additional water molecules on the decomposition rate of
carbonic acid.[1] Here we provide the details of the reactions
investigated formerly and a further extension to another
additional water entity in this reaction.


Carbonic acid is known to be one of the molecules that have
a fundamental impact on biological systems.[2±5] The hydration
equilibrium is well examined experimentally,[6±10] and there
have been many attempts to interpret it theoretically.[11±16] We
have studied the influence of water molecules on the kinetic
stability of carbonic acid by means of quantum chemistry.[1]


We concluded that dry carbonic acid in the gas phase is
kinetically stable, even at room temperature. Stored in liquid
nitrogen (at a temperature of 77 K), the reaction rate of the
decomposition amounts to 10ÿ28 sÿ1, corresponding to a half


life of 2� 1020 years. Carbonic acid in the gas phase consists of
a mixture of monomers and dimers, with a temperature
depending ratio.[17] Whereas the dimer has been calculated to
be of similar energy with respect to its constituents,[13] the
monomer is thermodynamically unstable and was believed to
decompose immediately.[11, 14, 18]


Despite the usual belief in the nonexistence of carbonic
acid, chemists have generated and isolated the pure com-
pound either by proton irradiation of H2O/CO2 ice mixtures[19]


and solid carbon dioxide[20] or by protonation at low temper-
atures of carbonate or bicarbonate.[21] The formation of
carbonic acid in H2O/CO2 ices could also be achieved by
UV irradiation but to a smaller extent, limited by the
penetration of the photons into the ice.[22] Furthermore, the
stability in the gas phase at temperatures around 200 K could
be proved by sublimation and recondensation experiments.[17]


This remarkable stability gives an indication of the astro-
physical relevance of carbonic acid; H2CO3 is believed to be
present on planets or comets.[17] Especially, the planet Mars
could provide the conditions necessary for the formation of
solid carbonic acid with its frozen polar caps, which mainly
consist of water and carbon dioxide,[23, 24] and the absence of a
magnetic field,[25] in analogy to the experiments of Moore and
Khanna.[19, 22] Comparison of the infrared spectrum of the
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Martian surface to laboratory spectra of H2CO3 suggests that
carbonic acid is present.[17, 23]


A more technical occurrence of carbonic acid is in steam
reactors, where it is shown to be one of the contaminants that
leads to corrosion of the working turbines.[26] Generally, it
appears in all water-based steam ± condensate cycles of
nuclear and fossil-fuel power plants and contributes to the
corrosion of steam and return lines. Special analytical
methods have been developed to quantify even very low
concentrations of carbonic acid in steam.[27] One way of
attempting to understand the process of corrosion in these
systems is to investigate the contributing reaction mecha-
nisms, in which the formation of carbonic acid seems to be one
of the key steps.


Due to the huge impact of the anhydride of carbonic acid,
namely carbon dioxide, on the climate as a greenhouse gas,
there are many attempts to remove it from the atmosphere.[28]


One method of CO2 sequestration is to dispose it at the
bottom of the oceans as solid CO2,[29] where huge amounts of
carbon already occur naturally in the form of solid carbon
dioxide or carbonate.[30] Before this disposal can be carried on
a large scale, the impacts on maritime life have to be
investigated.[31] In ocean carbon-cycle models, the effect of
CO2 sequestration is investigated, and these models require
knowledge of the equilibrium constant of the hydration
equilibrium of carbon dioxide at many different conditions
(temperature, pressure, salinity) in order to consider changes
in the pH value.[32]


However, the mechanisms of dehydration of carbonic acid
in aqueous solution, and the reaction in the backward
direction (that is the hydration of carbon dioxide to carbonic
acid) were for a long time the subject of speculation.[6, 33] By
contrast, the reaction rates (9.2 sÿ1 ± 14.6 sÿ1 at 18 8C[7, 9] and
10 sÿ1 at 20 8C[8] for the decomposition of carbonic acid) as
well as the kinetic isotope effects (kH2CO3


/kH2CO3
� 2, i.e., the


decomposition ratio of deuterated carbonic acid in deuterated
water is twice as slow as carbonic acid in water[6]) are well
known. The main interest in previous studies was on the
water-catalyzed decrease of the energy barrier.[18] Additional
water molecules thus have a very strong effect on the reaction
rate, that is, the decay is tremendously accelerated by water
mediated proton transfer, Equation (1).


H2CO3 � n H2O ÿ! CO2 � (n�1)H2O for n� 0, 1, 2, 3,. . . (1)


We used this reaction as a starting point for a detailed
investigation to get a better understanding of the processes
taking place in aqueous solution.


Computational Methods


Theory : We have applied the variational approach to
transition state theory (TST)[34±41] including quantum chem-
ical effects like tunneling and corner cutting in order to
calculate the reaction rates. The potential energy surface
(PES) was calculated at a lower level of theory by employing
the hybrid density functional method B3LYP with the 6 ± 31�
G(d) basis set. The minimum energy path (MEP), which is the


path of least energy connecting products and reactants in
internal mass-weighted coordinates, was determined by using
the Page ± McIver method.[42, 43] The step size was set to
0.05 Bohr, and every third step along the MEP harmonic
frequencies was calculated.


The stationary points were determined at the CCSD(T)/
aug-cc-pVDZ//MP2/aug-cc-pVDZ (for n� 0 up to the aug-cc-
pVTZ basis set) level of theory and for n� 0, 1 we compared
the energy differences with G2* values.[44±46] The results of
these high-level methods are in excellent agreement with each
other as they deviate by less than 1 kcal molÿ1 (see Table 2,
below). Vibrational frequencies were determined at the
B3LYP/aug-cc-pVDZ level of theory.


The PES was interpolated to the three high-level stationary
points (i.e. , the reactants, the transition state and the
products) according to an interpolation scheme that also
maps the harmonic frequencies and moments of inertia onto
the high-level data.[47]


Quantum chemical corrections were applied to the varia-
tional transition state theory (VTST). We used three different
approaches for taking into account tunneling contributions in
the framework of the semiclassical theory:[48] 1) The zero-
curvature tunneling approach (ZCT), which assumes that
tunneling occurs only along the MEP, 2) the small-curvature
tunneling approach[39, 49] (SCT), which allows moderate cor-
ner-cutting along a curved MEP, and 3) the large-curvature
tunneling approach[37] (LCT), which leads to tunneling paths
far off the MEP in the nonadiabatic region. As large curvature
method we employed the LCG4 method to include anharmo-
nicitiy in the tunneling calculations.[50]


The first two methods do not require any information
additionally to the MEP and the harmonic frequencies along
it, but in the LCT method it is normally necessary (depending
on the curvature of the MEP) to calculate more energy points
in the region between the two branches of the MEP, that is, the
so-called reaction swath. Whereas the ZCT method gives
poor results for the tunneling correction, the other methods
work well. As both the LCT and SCT methods perform well in
quite different situations, mostly depending on the temper-
ature and the masses of the atoms involved in the tunneling
process, the optimum is to use the larger tunneling correction
of the two. This is called the microcanonical-optimized
multidimensional tunneling method,[51] which is an excellent
approach for including tunneling corrections over the full
temperature range.


All stationary points were determined with the Gaussian98
package,[52] and the kinetics calculations were performed with
Polyrate[53] and Gaussrate,[54] this being an interface between
Gaussian98 and Polyrate.


Mechanisms : For determining the kinetics of the reaction, it is
necessary to investigate and understand the reaction mech-
anism thoroughly. In the case of the decay of carbonic acid,
this mechanism is called water-mediated proton transfer.


This mechanism was found for other reactions as well, like
the clockwise or counterclockwise movement of the protons
in neutral cyclic water clusters[55] as an example of synchro-
nous transitions. Systems showing an asynchronous proton
transition behavior are, for example, the hydration equilib-
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rium of SO3,[56±59] which plays a very important role in
atmospherical chemistry, as well as the competing hydration
equilibrium of SO2,[56, 60] and the hydrolysis of N2O5.[61] Other
examples of asynchronous transition behavior are the water-
assisted tautomerizations of formamide[62] and 7-azain-
dole,[63, 64] which play a fundamental role in biological systems.
The formamidine dimer has a concerted, synchronous proton
transfer in the gas phase but a stepwise mechanism is followed
in aqueous solution.[65]


It is also necessary to use diffuse functions in order to get an
adequate representation of the H bonds. When dealing with
reaction dynamics it is crucial to know the energy barrier
accurately in order to get reliable results. According to
Eyring�s theory of the activated complex,[66±68] errors in the
energy barrier of only 1.4 kcal molÿ1 lead to perturbations
larger than one order of magnitude in the reaction rate at
300 K.


In addition, tunneling corrections have to be employed to
conventional Transition State Theory in order to achieve
accurate results in the reaction rates.[35, 37±41, 69±71]


Results and Discussion


Reaction geometries and energetics : The geometries of the
stationary points were optimized at the MP2/aug-cc-pVDZ
level of theory (for the uncatalyzed case up to MP2/aug-cc-
pVTZ level), and for n� 0, 1, 2 good agreement with the
geometries obtained by Nguyen et al.[18] was found. For the
n� 3 case we determined several different reaction channels.
Some of them could be excluded as having a too high reaction
barrier. Therefore, the three pathways with the lowest barriers
were chosen for further investigation. Channel (a) contains a
six-membered transition state, channel (b) involves an eight-
membered one, and channel (c) has a 10-membered one
(Figure 1). Channel (a) can be seen to be similar to the


Figure 1. Transition states of the decomposition of carbonic acid catalyzed
by three additional water molecules. a) transition state with a six-mem-
bered ring, b) with an eight-membered ring, and c) with a 10-membered ring.


decomposition reaction with one water molecule (i.e., n� 1)
and two ªspectatorº water entities, which are not actively
involved in the proton transfer. The importance of these water
molecules lies in their ability to microsolvate the system and,
therefore, stabilize the transition state with respect to the
reactants. This stabilization amounts to more than
6 kcal molÿ1 (see Table 2, below) and leads to a strong
enhancement of the reaction rate.


Similarly, channel (b) may be seen as the decomposition
reaction with two additional water molecules (i.e. , n� 2) and
one ªspectatorº water entity. The lowering of the energy
barrier due to the spectator is only 1.3 kcal molÿ1 in this case,
and thus leads to no strong acceleration of the reaction.


Finally, channel (c) might be seen as a direct extension of
the mechanisms with fewer water entities (see Loerting
et al.[1]), because all the water molecules are actively involved
in the proton transfer. At low level (B3LYP/6 ± 31 � G(d)),
this mechanism yields similar reaction rates as channel (a),
but high-level treatment of the activation barrier reveals its
kinetical inferiority. Although possessing comparable energy
barriers at a low level of theory, at a high level channel (c)
turns out to have a barrier 2.2 kcal molÿ1 higher and also
significantly wider (see Figure 2, below).


The nature of all stationary points was verified by a
harmonic vibrational frequency analysis, that is, the transition
states are required to have one imaginary frequency, whereas
the products and reactants must only possess real frequencies.
Table 1 shows the imaginary frequencies of the transition
states depending on n. Increasing the number of catalytic
water molecules leads to a strong decrease in the magnitude
of the imaginary frequencies. This, in turn, leads to strong
differences in the influence of tunneling effects within the
reactions. Even the crude Wigner approximation[69] for the
tunneling effect differs by more than one order of magnitude
at low temperatures.


The energy barriers and the reaction energies of the
decomposition reaction of carbonic acid (H2CO3 �
nH2O! (n�1) H2O � CO2) were determined at the
CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ level of theory
(for the uncatalyzed system up to CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVTZ level) and they are shown in Table 2. The
energy values for n� 0, 1, 2 are in very good agreement with
those published by Nguyen et al. ,[18] especially, the energy
barriers differ by less than 1 kcal molÿ1. For the n� 3 case no
data at a comparably high level were found in the literature.
Due to the catalytic effect of additional water molecules, the


Table 1. Imaginary frequencies in cmÿ1 at the transition state of the
decomposition reaction of carbonic acid assisted by n� 0, 1, 2, 3 water
entities.


n B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ


0 1724i 1707i
1 1080i 1102i
2 570i
3(a) 601i
3(b) 463i
3(c) 393i







Decomposition of Carbonic Acid 66 ± 73


Chem. Eur. J. 2002, 8, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2002 0947-6539/02/0801-0069 $ 17.50+.50/0 69


barrier decreases with the amount of water entities, whereas
the reaction energy is only slightly influenced. While the first
water entity lowers the barrier by about 16.5 kcal molÿ1, the
addition of further water molecules has a lowering effect of
less than 6.5 kcal molÿ1. This effect can be explained by the
unfavorable geometry of the transition state of the uncata-
lyzed reaction. The four-membered ring suffers from being
much more strained than the 6 ± 10-membered rings of the
catalyzed systems. The extent of the decrease of the barrier
diminishes with each new water entity, so that the barrier
height eventually becomes independent of the amount of
water molecules, that is, convergence against the activation
barrier in aqueous solution is achieved. Determining and
working with the amount of water molecules necessary to
reach bulk properties on a high level of quantum chemical
methods goes beyond today�s technical feasibility.


Reaction paths : Figure 2 shows the dual-level corrected
minimum energy paths of the decomposition reaction of
carbonic acid. The energy values of the stationary points have
been mapped onto the CCSD(T)/aug-cc-pVDZ values (Ta-
ble 2).


Figure 2. Dual-level corrected minimum energy paths of the reaction
H2CO3 � nH2O! (n�1)H2O � CO2 depending on n. s is a metric path
parameter along the minimum energy path, namely the reaction coordi-
nate. Paths with n� 0, 1, 2 were taken from Loerting et al.[1]


As the reaction mechanisms with n� 0, 1, 2 were discussed
earlier,[1] they will be reviewed briefly and we will then
concentrate on the reaction mechanisms with three additional
water molecules.


Reactions with n� 0, 1, 2 : In the case of the uncatalyzed
reaction, one proton is transferred via a four-membered
transition state. With n� 1 two protons are moved, and the
proton transfer is mediated by the additional water molecule.
The protons do not move at the same time, so the transfer
mechanism must be called asynchronous. As there are no
local minima along the reaction path, but only one transition
state, the proton transfer is concerted, that is, energetically
coupled. The transition state has a planar six-membered ring,
which is considerably less strained than the four-membered
ring in the uncatalyzed reaction. On adding another water
molecule, the type of reaction remains the sameÐan asyn-
chronous concerted proton transfer reactionÐbut the amount
of protons being transferred rises to three. Again some strain
may be relieved from the transition state, which contains an
eight-membered ring with H-O-H angles near to 1808.


Reactions with n� 3 : Scheme 1 shows three different reaction
channels that are proposed to be the most efficient ones for
the dehydration reaction.


Again all reaction channels display a concerted asynchro-
nous proton-transition behavior. Pathway (a) involves only
one water entity directly into the proton shuttle mechanism
whereas channel (b) needs two water molecules for a
Grotthus-like proton-jumping mechanism and channel (c)
employs all three water molecules for the proton mediation.


Channel (a), six-membered transition state : After the proton
has moved apart from the carbonic acid, the transition state
contains a strongly polarized hydronium ion like substructure.
Only one water molecule is actually involved in the proton
transition, but the two other water molecules are essential for
lowering the activation-energy barrier. The other water
molecules assist the abstraction of the proton from the
carbonic-acid oxygen in the first step of the reaction and
contribute to the stabilization of the H3O�-like species in the
transition state.


The analogy to the reaction of carbonic acid with one
additional water entity can be seen. Ignoring the two
ªspectatorº water molecules, the reaction mechanisms are
essentially the same. The huge impact of these water
molecules lies in their ability to stabilize the (very polar)
transition state and thus lower the reaction barrier. The
second benefit of these ªspectatorsº is the polarization of the
oxygen of the hydroxy group, which facilitates the abstraction
of the hydrogen.


Channel (b), eight-membered transition state : In analogy to
reaction channel (a), after the movement of the first proton a
transition state is formed that contains an hydronium ion like
substructure. In the subsequent steps, a proton from the
hydronium ion like substructure is transferred to the other
participating water molecule, from which a proton moves


Table 2. Energy barrier and reaction energy of H2CO3 � nH2O!
(n�1) H2O � CO2 at the CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ
level of theory (for n� 0 up to CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ
level) and on the G2* level for n� 0, 1. All values are in kcal molÿ1.


n Method Energy Barrier Reaction Energy


0 CCSD(T)/VDZ 43.6[a] ÿ 9.1[a]


CCSD(T)/VTZ 43.9 ÿ 7.4
G2* 44.8 ÿ 8.0


1 CCSD(T)/VDZ 27.1[a] ÿ 7.6[a]


G2* 27.7 ÿ 6.5
2 CCSD(T)/VDZ 24.0[a] ÿ 7.6[a]


3(a) CCSD(T)/VDZ 20.9 ÿ 8.2
3(b) CCSD(T)/VDZ 22.7 ÿ 7.1
3(c) CCSD(T)/VDZ 23.1 ÿ 9.6


[a] See ref. [1].
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back to the carbonic acid that has already decomposed into
water and carbon dioxide by this stage of the reaction.


Once again one water acts as a ªspectatorº, stabilizing the
polar transition species and facilitating the abstraction of the
proton from the oxygen in the first step of the reaction.
Without this water molecule the whole reaction is essentially
the same as the decomposition reaction of carbonic acid with
two water molecules.


Channel (c), 10-membered transition state : All three water
molecules are actively involved in the proton transfer, as they
form a hydrogen-bonded ring around which the protons can
move in a Grotthus-like manner. Again the transition state is
strongly polarized due to formation of a H5O2


�-like species.
Though the proton transfer is concerted, it is far from being
synchronous; this results in a strong broadening of the energy
barrier.


Figure 3 displays the imaginary frequencies of reactions (a),
(b), and (c) along the reaction path. Each transfer of a single
proton leads to a peak in the magnitude of the imaginary
frequency. Hence, an asynchronous proton-transfer mecha-
nism is observed in both cases. The peaks in the imaginary
frequencies along the reaction path display very accurately
the points in the reaction at which protons are transferred.
Thus, the three reactions can easily be discriminated by just
observing the imaginary frequency along the reaction path. In
the case of channel (a) just two protons are transferred, in
channel (b) three protons are seen to move, and in channel (c)
four protons flip between neighboring oxygens. Another very


important fact can be deduced from Figure 4: as protons are
able to tunnel through barriers quite easily it is advantageous
if all protons are transferred near the top of the energy barrier
in order to increase the tunneling correction. In the case of
channels (a) and (b), the movement of the protons is located
in the reaction path near the top of the barrier, whereas the
transfer of the protons is widespread along the reaction path
in channel (c). Thus we have significantly higher tunneling
corrections for channels (a) and (b) in comparison with
channel (c).


An important feature of all three different reaction
channels is the fact that a polar transition state is formed.
Thinking of the decomposition reaction in aqueous solution,
this might have an enormous impact. As water acts as a polar
solvent, these transition structures become stabilized, and a
lowering of the reaction barrier is expected if polarized
continuum models are applied. As no structural convergence
of the geometries could be achieved by using the polarized
continuum model (PCM) by Tomasi and co-workers,[72] the
PCM-method was applied to the gas-phase structures of the
stationary points. When evaluating PCM(MP2/aug-cc-
pVDZ)//MP2/aug-cc-pVDZ barriers, a lowering of between
1 and 5 kcal molÿ1 in the activation barrier is found in the
three reaction channels. This would lead to an enhancement
of the reaction rate of about 1 ± 3 orders in magnitude and,
therefore, approach the experimental decomposition rate in
aqueous solution. One must be aware that these are just crude
approximations, in particular concerning the geometry of the
stationary points.


Scheme 1. Stationary points of the three reaction channels with three additional water molecules.
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Figure 3. Imaginary frequencies (solid lines) and energy (dashed lines)
along the reaction path of the decomposition of carbonic acid assisted by
three water molecules. Top to bottom: reaction channels (a), (b), and (c).
Imaginary numbers are depicted as negative due to a better presentability,
and s is the reaction coordinate.


Reaction rates : As the reaction rates strongly depend on the
energy barriers, they have to be determined very accurately
when applying transition state theory. (As mentioned before a
small change of 1.4 kcal molÿ1 within the barrier leads to a
change in the reaction rate in the order of one magnitude at
300 K.) First we consider the reaction rates resulting from the
CCSD(T) energy values, which were used for dual-level
dynamics. These rates would correspond experimentally to a
cluster of carbonic acid with three water molecules in the gas
phase. The rates are depicted in Figure 4 together with
previously published ones[1] for better comparison.


When our calculations are compared with experimental
rates it can be seen that they meet the experiment quite well in


Figure 4. Reaction rates of the decomposition of carbonic acid with three
additional water molecules via a) a six-membered, b) an eight-membered,
and c) a 10-membered transition state. Comparison with experiment[8, 7, 9]


and earlier published results[1] with fewer water entities is also given: (´ ´ ´ ´ )
no additional water molecules, (± ´ ± ´ ±) one additional water molecule,
(Ð ±) two additional water molecules; (*) experimental values from Magid
et al. , (^) experimental values from Roughton, (&) experimental values
from Meier et al.


the case of channel (a). At 20 8C we predict a rate of 0.2 sÿ1 for
reaction channel (a); this is in reasonable agreement with the
experimental values of Meier et al. of 10 sÿ1.[8] Therefore, we
have reduced the gap between experiment and theory by a
factor 60 in comparison with our previous study. Astonish-
ingly, there is just a factor of 50 missing to reach the
experimental reaction rate in aqueous solution at 20 8C.


Due to higher energy barriers, channels (b) and (c) yield
reaction rates that are much lower than experimental ones.
Especially, channel (c) reveals surprisingly low reaction rates,
even lower than that those of the decomposition reaction
catalyzed by two water molecules. This may be explained by a
significantly higher reaction barrier and a smaller tunneling
correction due to heavy atom movement near the transition
state. Therefore neither channel (b) nor (c) is able to compete
with channel (a), and the mechanism via a six-membered ring
may be proposed to be the most efficient one over the whole
temperature range.


In contrast to the smaller systems (n� 0, 1, 2) tunneling
does not play a very important role. At temperatures above
150 K the transmission factor k (i.e. , the enhancement of the
reaction rate due to tunneling effects) is lower than 60 (in
reaction channel (c) even lower than two). For comparison k


is about 1020 for the uncatalyzed decomposition of carbonic
acid at 150 K. This may be explained by the narrower and
much higher activation-energy barrier in that case.


Below 150 K in gas phase the mechanisms involving three
water molecules lead to even lower reaction rates than the
reactions catalyzed by fewer water entities. This implies that
there is a significant change in the reaction mechanism due to
tunneling effects on lowering the temperature.


Kinetic isotope effects : To have additional comparison with
experiment, we calculated the kinetic isotope effects for the
decomposition of deuterated carbonic acid catalyzed by n� 0,
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1, 2, 3 deuterated water molecules. Table 3 shows our results
and the experimental one obtained by Pocker et al.[6]


For the uncatalyzed system we predict a very high influence
of isotopic substitution on the reaction rate, especially at low
temperatures. Even at room temperature the KIE amounts to
220 and thus emphasizes the importance of tunneling even at
higher temperatures. This means that the half-life of a
deuterated carbonic acid monomer in the gas phase at room
temperature is 40 million years (Recently, we determined the
half-life for a carbonic acid molecule in the gas phase to be
0.18 million years.[1]).


For the catalyzed reactions, a clear shift toward the
experimental result can be found with an increasing number
of water molecules. Three additional water molecules seem to
be enough to approach the experimental value reasonably
well. This gives evidence that at least three water molecules
are required to explain the reaction mechanism in aqueous
solution. Surprisingly, there are quite strong deviations of the
different KIEs within the reactions employing three water
molecules. While channel (a) approaches the experimental
value quite well, channels (b) and (c) deviate strongly. This
coincides with the observation that channel (a) reproduces the
experimental reaction rates much better than the other
possibilities.


Conclusion


When considering the decomposition of carbonic acid, the
reaction barrier decreases significantly by increasing the
number of additional catalytically active water entities. The
uncatalyzed reaction has a barrier of 43.9 kcal molÿ1, addition
of a single water molecule reduces it to 27.1 kcal molÿ1. More
water molecules lead to a further decrease in the barrier, and
we found the lowest barrier to be 20.9 kcal molÿ1 on partic-
ipation of three additional water molecules.


Reaction rate calculations were done with variational
Transition State Theory including quantum corrections. The
reaction paths were determined at the B3LYP/6 ± 31 � G(d)
level of theory and were mapped in a dual level interpolation
scheme onto high level (CCSD(T)/aug-cc-pVDZ) stationary
points and frequencies (B3LYP/aug-cc-pVDZ). The investi-
gations revealed at best a reaction rate of 0.2 sÿ1 at 20 8C of
carbonic acid with three water entities in the gas phase, with
reaction channel (a).


Investigation of the KIEs of deuterated carbonic acid in
deuterated water showed that they are in reasonable agree-
ment with experiment when considering three water mole-
cules.


Therefore, we propose a mechanism that goes via a
six-membered transition state to be a possible dehydration


mechanism of carbonic acid in neutral aqueous solution at
room temperature. The competing reactions via 8- and 10-
membered transition states exhibit reaction rates 30 and 5000
times smaller, respectively, and are of minor influence. All
mechanisms occur by a stepwise proton transfer chain and
have a wide reaction barrier, so that tunneling does not play a
very important role.


On lowering the temperature, tunneling is expected to
become more relevant. Indeed, at about 125 K, the mecha-
nisms with three water molecules yield lower rates than those
with a smaller number of water molecules. This suggests that
the dehydration mechanism changes completely at low
temperatures, as tunneling compensates for the higher
reaction barriers. At these temperatures, however, there is
still lack of experimentally determined rate constants, and so
far they can only be accessed by theoretical investigations like
this one.
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Abstract: The achiral, nitroxyl-contain-
ing �-amino acid TOAC (TOAC�
2,2,6,6-tetramethylpiperidine-1-oxyl-4-
amino-4-carboxylic acid), in combina-
tion with the chiral �-amino acid C�-
methyl valine [(�Me)Val], was used to
prepare short peptides (from di- to hexa-)
that induced the enantioselective oxi-
dation of racemic 1-phenylethanol to


acetophenone. The best catalyst was an
N�-acylated dipeptide alkylamide with
the �TOAC-(�Me)Val� sequence fold-
ed in a stable, intramolecularly hydro-


gen-bonded �-turn conformation with
large, lipophilic (hydrophobic) N- and
C-terminal blocking groups. We ration-
alized our findings by proposing models
for the diastereomeric intermediates
between (R)-[and (S)]-1-phenylethanol
and the catalyst Fmoc-TOAC-�-
(�Me)Val-NHiPr, based on the X-ray
diffraction structure of the latter.


Keywords: alcohols ¥ asymmetric
catalysis ¥ conformation analysis ¥
oxidation ¥ peptidomimetics


Introduction


TOAC (TOAC� 2,2,6,6-tetramethylpiperidine-1-oxyl-4-ami-
no-4-carboxylic acid) is a member of the family of conforma-
tionally constrained C�-tetrasubstituted �-amino acids, the
prototype of which is �-aminoisobutyric acid (Aib). Aib and
all the Ci


��Ci
�-cyclized �-amino acids of this family, like


Ac6c (Ac6c� 1-amino-1-cyclohexanecarboxylic acid), the cy-
cloaliphatic analogue of TOAC, strongly stabilize �-turn[1±3]


and 310/�-helical[4] conformations in peptide molecules.[5, 6]


The structures of Aib, Ac6c and TOAC are given in Figure 1.


Figure 1. Chemical structures of the C�-tetrasubstituted �-amino acids
Aib, �-(�Me)Val, Ac6c, and TOAC.


TOAC has a saturated heterocyclic structure containing a
paramagnetic probe (a nitroxyl group) stabilized by the
presence of two contiguous tetrasubstituted carbon atoms.[7]


A favourable property of TOAC, over other spin-labelled
amino acids connected to the peptide backbone through a
flexible link, is the very restricted mobility owing to the C�-
tetrasubstitution and hampered rotation about side-chain
bonds; this is a result of the incorporation of the nitroxyl
nitrogen and the C�, C� and C� atoms into a cyclic moiety.
Therefore, TOAC represents an extremely useful tool to
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exploit sensitive electron spin resonance techniques for
peptide and protein studies.[8, 9] In addition, as a free radical,
TOAC is able to induce a dramatic intramolecular quenching
of suitably tailored, fluorescence labelled peptides.[10, 11] We
have also shown that TOAC undergoes a reversible, nitroxide-
based redox process that can be monitored by cyclic
voltammetry.[8]


In the present work we take advantage of the redox
properties of TOAC-containing peptides by exploiting them
as potential catalysts for the enantioselective oxidation of a
secondary alcohol. As TOAC is an achiral amino acid residue,
we incorporated it into short peptides based on the chiral C�-
tetrasubstituted (�Me)Val (C�-methylvaline) (Figure 1). We
chose this chiral residue because: 1) in analogy with Aib, Ac6c
and TOAC, it is a strong �-turn/310-helical inducer,[5±7, 12±17]


2) it contains an intrinsic source of chirality (the asymmetric
�-carbon) and 3) among the chiral C�-tetrasubstituted �-
amino acids, it has the strongest known bias towards a specific
turn/helix screw sense (right-handed for the �-enantiomer)
(peptide overall molecular dissymmetry).[15±17]


We synthesized, by solution methods, a set of linear TOAC/
�-(or �-)(�Me)Val-containing di- to hexapeptides (1 ± 11 and
13 ± 16) with different N�-protecting/blocking groups [Fmoc
(Fmoc� fluoren-9-ylmethoxycarbonyl), Z (Z� benzyloxy-
carbonyl), Boc (Boc� tert-butoxycarbonyl), or Ac (Ac�
acetyl)] and C-blocking/protecting groups (NHtBu, NHiPr,
NHEt, NHMe, or OMe), in which the TOAC residue was
inserted either at the N- or C-terminus, or in an internal
position of the peptide sequence. The reference dipeptides
Fmoc-TOAC-�-Val-NHtBu (12) and cyclo[TOAC-�-(�Me)-
Val] (17) were also prepared. The preferred conformations of
these compounds in CDCl3 were examined by IR spectros-
copy and, for dipeptide 1 and pentapeptide 15, also in the


crystal state by X-ray diffraction. The capability of these
peptides to act as mediators (catalysts) of chemical and
electrochemical enantioselective oxidations was tested on the
racemic secondary alcohol 1-phenylethanol. The results were
interpreted by performing conformational energy computa-
tions on the mechanistically critical reaction intermediate.


Results and Discussion


Synthesis and characterization : The synthesis of TOAC is
described in references [7, 8]. For the large-scale production
of enantiomerically pure �-(�Me)Val, an economically at-
tractive and generally applicable chemo-enzymatic synthesis,
developed by DSM Research, was exploited.[18, 19] This
involved a combination of a partial Strecker synthesis, for
the preparation of the racemic �-amino amide, followed by
the use of the broadly specific �-amino amidase to achieve
optical resolution. All peptides were prepared by solution
methods. The homo-peptide series Z-[�-(�Me)Val]n-NHtBu
(n� 2 ± 4) was synthesized by using the acyl fluoride C-acti-
vation method,[20] which gives good yields for the coupling of
two sterically demanding (�Me)Val residues. Z-�-(�Me)Val-
F[17] was prepared from the N-protected amino acid[13, 16] and
cyanuric fluoride in pyridine. The various Z-��(or �-)(�Me)-
Val-NHR (R�Me, Et, iPr, tBu) derivatives were synthesized
by treating the N�-protected amino acid with the relevant
primary amine in the presence of EDC (EDC� 1-(3-dimeth-
ylamino)propyl-3-ethylcarbodiimide). Benzyloxycarbonyl
N�-deprotection was carried out by catalytic hydrogenolysis.
The TOAC Fmoc,[21] Boc,[22] and Z[23] N� derivatives were
obtained according to published procedures. All coupling
steps involving TOAC were performed by exploiting the
highly efficient EDC/HOAt (HOAt� 1-hydroxy-7-aza-1,2,3-
benzotriazole) C-activation method.[24] Fmoc N�-deprotection
was achieved by treatment with a diethylamine solution
(25% v/v). The N�-acetylated peptide was obtained by
coupling the N�-deprotected synthetic precursor with acetic
anhydride. The N�-free dipeptide ester H-TOAC-�-(�Me)-
Val-OMe was cyclized to the 2,5-dioxopiperazine cyclo-
[TOAC-�-(�Me)Val] (17) by heating at reflux in a toluene/
acetic acid 20:1 (v/v) mixture. The synthesis and character-
ization of the penta- and hexapeptides Fmoc-[�-(�Me)Val]n-
TOAC-[�-(�Me)Val]2-NHtBu (15 : n� 2; 16 : n� 3) are al-
ready published.[11]


All peptides were characterized by melting point and
optical rotatory power determinations, thin-layer chromatog-
raphy (TLC) in three solvent systems and solid-state IR
absorption (Table 1).


Conformational analysis : The preferred conformation adopt-
ed by the linear, N�-acylated TOAC/(�Me)Val dipeptide
amides, in a structure supporting solvent (CDCl3), was
investigated by FTIR spectroscopy. 1H NMR spectroscopy
can not routinely be used with TOAC peptides because the
nitroxyl group broadens the resonances of nearby protons
beyond detection (radical-induced relaxation effect). Figure 2
illustrates the FTIR absorption spectra in the N�H stretching
region of three relevant N�-acylated dipeptide amides. The


[*] Members of the Editorial Board will be introduced to readers with their
first manuscript.


Claudio Toniolo[*] received his Laurea
in chemistry from the University of
Padova, Italy, in 1965. Following post-
doctoral study with Prof. M. Goodman
at the Department of Chemistry, Sec-
tion of Biopolymers, Polytechnic Insti-
tute of Brooklyn, New York, 1967-8, he
joined the Faculty of Sciences, Univer-
sity of Padova, where he has been
Professor of Organic Chemistry since
1980. He has been a Visiting Scholar or Professor at Ports-
mouth Polytechnic, Portsmouth, UK (Prof. E. M. Bradbury),
the State University of New York at Binghamton (Prof. E. S.
Stevens), the Indian Institute of Sciences, Bangalore (Prof. P.
Balaram), University of California at San Diego (Prof. M.
Goodman), Osaka University (Prof. Y. Kobayashi) and the
National University of Somalia, Mogadishu. He is a member of
the editorial board of several peptide-science and bioorganic-
chemistry journals and co-author of over 500 publications on
peptide synthesis, supramolecular chemistry and three-dimen-
sional structure.







FULL PAPER C. Toniolo et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0086 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 186


curves are characterized by two bands, at around 3435 cm�1


(free, solvated NH groups) and 3380 cm�1 (H-bonded NH
groups).[25, 26] The spectra do not vary appreciably with
changing peptide concentration (in the range 10 ± 0.1m�)
(not shown). Therefore, the observed hydrogen bonding
arises almost exclusively from intramolecular C�O ¥¥¥ H�N
interactions. The remarkable intensity of the low-frequency
band shown by all the N�-acylated TOAC/(�Me)Val dipeptide
amides (for peptide 1 see Figure 2, curve A) suggests a
significant population of intramolecularly H-bonded species
in these compounds. Interestingly, this band is: 1) much less


Figure 2. FTIR absorption spectra in the N�H stretching region (3500 ±
3350 cm�1 region) of A) Fmoc-TOAC-�-(�Me)Val-NHtBu (1), B) Fmoc-
TOAC-�-Val-NHtBu (12), and C) Fmoc-�-(�Me)Val-TOAC-NHtBu (14)
in CDCl3 solution (conc. 1m�).


strong in the TOAC/Val analogue 12 (see curve B), high-
lighting the positive effect of C�-tetrasubstitution [cf.(�Me)-
Val vs Val] on intramolecular H-bond formation [6, 26] and 2) of
appreciable intensity in the (�Me)Val/TOAC dipeptide 14
(see curve C) indicating that a set of two consecutive C�-
tetrasubstituted �-amino acids, but not necessarily their
precise sequence, is important for a high content of intra-
molecular H-bonding. The known conformational preferen-
ces of TOAC[7] and (�Me)Val,[12±17] combined with the
position of the low-frequency band, strongly support the view
that the intramolecularly H-bonded species formed by the N�-


Abstract in Italian: L×�-amminoacido achirale TOAC, conte-
nente un gruppo nitrossilico, in combinazione con l×�-ammi-
noacido chirale C�-metil-valina [(�Me)Val] õ stato utilizzato
per sintetizzare peptidi corti (dal di- all×esapeptide) capaci di
indurre ossidazione enantioselettiva del racemato dell×1-feni-
letanolo ad acetofenone. Il miglior catalizzatore õ risultato
essere un dipeptide alchilammide N�-acilato e caratterizzato
dalla sequenza �TOAC-(�Me)Val�, che assume una confor-
mazione ripiegata-� stabilizzata da un legame a idrogeno
intramolecolare C�O ¥¥¥H�N, e da gruppi bloccanti N- e
C-terminali largamente lipofilici (idrofobici). Questi risultati
sono stati razionalizzati sulla base dei modelli degli intermedi
diastereomerici tra l×(R) [e l×(S)]-1-feniletanolo e il catalizza-
tore Fmoc-TOAC-�-(�Me)Val-NHiPr, elaborati partendo dal-
la struttura tridimensionale del dipeptide ottenuta dall×analisi
della diffrazione dei raggi X.


Table 1. Physical properties and analytical data for new TOAC and (�Me)Val derivatives and peptides.


Compound M.p.[�C][a] Recryst. [�]20
D


[c] TLC[e] IR � [cm�1][f]


solvent[b] Rf(I) Rf(II) Rf(III)


Fmoc-TOAC-NHtBu 138 ± 140 EtOAc/PE - 0.95 0.95 0.45 3334, 1727, 1702, 1678, 1523
Z-�-(�Me)Val-NHtBu 116 ± 117 EtOAc/PE 8.1 0.95 0.95 0.50 3417, 3298, 1722, 1663, 1538
Z-[�-(�Me)Val]2-NHtBu 126 ± 127 EtOAc/PE 12.2 0.95 0.95 0.40 3359, 3296, 1713, 1685, 1657, 1522
Z-[�-(�Me)Val]3-NHtBu 162 ± 163 EtOAc/PE 18.4 0.95 0.95 0.35 3343, 3309, 1702, 1673, 1654, 1515
Z-[�-(�Me)Val]4-NHtBu 245 ± 246 DCM/PE 17.8 0.95 0.90 0.30 3340, 1707, 1668, 1528
Z-�-(�Me)Val-NHtBu 115 ± 117 EtOAc/PE � 8.0 0.95 0.95 0.50 3418, 3299, 1718, 1659, 1535
Z-�-(�Me)Val-NHiPr 92 ± 94 EtOAc/PE � 0.4[d] 0.95 0.95 0.50 3383, 3327, 3297, 1727, 1708, 1693, 1660, 1645, 1539
Z-�-(�Me)Val-NHEt oil EtOAc/PE 0.4[d] 0.90 0.90 0.40 3344, 3316, 1708, 1635, 1535
Z-�-(�Me)Val-NHMe oil EtOAc/PE � 0.6[d] 0.80 0.90 0.40 3334, 1708, 1653, 1526
Fmoc-TOAC-�-(�Me)Val-NHtBu (1) 165 ± 167 EtOAc/PE 14.8 0.90 0.95 0.40 3341, 1725, 1652, 1522
Fmoc-TOAC-�-(�Me)Val-NHtBu (2) 165 ± 167 EtOAc/PE � 14.9 0.90 0.95 0.40 3340, 1722, 1652, 1520
Fmoc-TOAC-�-(�Me)Val-NHiPr (3) 155 ± 157 EtOAc/PE 18.8 0.75 0.95 0.40 3371, 1702, 1631, 1527
Fmoc-TOAC-�-(�Me)Val-NHEt (4) 162 ± 164 EtOAc/PE 19.7 0.75 0.95 0.35 3378, 1701, 1636, 1539
Fmoc-TOAC-�-(�Me)Val-NHMe (5) 158 ± 160 EtOAc/PE 23.5 0.70 0.90 0.40 3427, 3319, 1718, 1664, 1523
Z-TOAC-�-(�Me)Val-NHtBu (6) 156 ± 157 EtOAc/PE 41.2 0.75 0.95 0.35 3434, 3378, 3289, 1710, 1684, 1658, 1521
Boc-TOAC-�-(�Me)Val-NHtBu (7) 208 ± 209 EtOAc/PE 40.8 0.80 0.95 0.35 3394, 1707, 1681, 1637, 1523
Boc-TOAC-[�-(�Me)Val]2-NHtBu (8) 213 ± 214 DCM/PE 58.6 0.90 0.95 0.25 3338, 1694, 1669, 1658, 1510
Boc-TOAC-[�-(�Me)Val]3-NHtBu (9) 251 ± 252 DCM/PE 55.2 0.95 0.90 0.20 3351, 3337, 1691, 1671, 1659, 1646, 1532
Boc-TOAC-[�-(�Me)Val]4-NHtBu (10) 244 ± 245 DCM/PE 53.2 0.95 0.85 0.20 3343, 1664, 1523
Ac-TOAC-�-(�Me)Val-NHtBu (11) 181 ± 182 EtOAc/PE 46.4 0.65 0.85 0.30 3441, 3383, 1677, 1660, 1533
Fmoc-TOAC-�-Val-NHtBu (12) 165 ± 167 EtOAc/PE 14.6 0.90 0.95 0.40 3341, 1725, 1652, 1522
Fmoc-TOAC-�-(�Me)Val-OMe (13) 165 ± 167 EtOAc/PE 1.3[d] 0.95 0.95 0.50 3323, 1743, 1721, 1660
Fmoc-�-(�Me)Val-TOAC-NHtBu (14) 131 ± 133 EtOAc/PE 4.3[d] 0.95 0.95 0.40 3365, 1720, 1670, 1525
cyclo[TOAC-�-(�Me)Val] (17) 240 ± 242 hot toluene � 8.9[d] 0.80 0.85 0.40 3426, 3315, 1662, 1557


[a] Determined on a Leitz model Laborlux 12 apparatus (Wetzlar, Germany). [b] EtOAc� ethyl acetate, PE�petroleum ether, DCM�dichloromethane.
[c] Determined on a Perkin ± Elmer model 241 polarimeter (Norwalk, CT) equipped with a Haake model L thermostat (Karlsruhe, Germany): c� 0.5
(methanol). [d] [�]20


546. [e] Silica gel plates (60F-254 Merck), solvent systems: I) chloroform/ethanol 9:1, II) butan-1-ol/water/acetic acid 3:1:1, III) toluene/
ethanol 7:1; the plates were developed with a UV lamp or with the hypochlorite/starch/iodide chromatic reaction, as appropriate; a single spot was observed
in each case. [f] Determined in KBr pellets on a Perkin ± Elmer model 580B spectrophotometer equipped with a Perkin ± Elmer model 3600 IR data station.
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acylated TOAC/(�Me)Val dipeptide amides 1 ± 7 and 11 are
of the �-turn type. It is reasonable to assume that the
conformation of the longer TOAC/(�Me)Val peptides 8 ± 10
(from tri- to hexapeptides) would evolve into two consecutive
�-turns and eventually to the 310-helix. Indeed, this latter
ordered secondary structure has characterized the folding in
solution of the penta- and hexapeptides 15 and 16, respec-
tively.[11]


In addition, we used X-ray diffraction to determine the
preferred crystal-state conformation of the dipeptide amide
Fmoc-TOAC-�-(�Me)Val-NHtBu (1) and the pentapeptide
amide Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-NHtBu
(15). These molecular structures are given in Figures 3 and
4, and relevant backbone torsion angles are given in Table 2.
Table 3 lists the intra- and intermolecular H-bond parameters.
Bond lengths and bond angles (deposited) are in good
agreement with previously reported values for Fmoc-ure-
thane[27] and NHtBu amide groups,[28] the peptide unit,[29, 30]


and the TOAC[7±10, 31, 32] and (�Me)Val[12, 15, 16] residues. In
particular, the N��O� bond length of the TOAC nitroxyl
group (1.277(3) ä for 1 and 1.278(3) ä for 15), the external


Figure 3. X-ray diffraction structure of Fmoc-TOAC-�-(�Me)Val-NHtBu
(1). The intramolecular C�O¥¥¥ H�N hydrogen bond is represented by a
dashed line.


O�-N�-C� bond angles (in the range 116.0(2) ± 119.7(2)�), and
the internal bond angle at the N� atom (124.6(2)� for 1 and
123.1(2)� for 15) compare well with those published for other
TOAC residues.


All �-(�Me)Val and TOAC residues of the two peptides are
found in the right-handed helical region of the conformational
map. The average � and � values are �57� and �32�,
respectively,[33] and are quite close to those typical for a right-
handed 310-helix (�57, �30�).[4] Dipeptide amide 1 forms a
regular type-III �-turn.[1, 3] The single 1� 4 intramolecular
C�O ¥¥¥H�N hydrogen bond has the NT±O0 distance at the
upper limit of the expected range (2.8 ± 3.2 ä).[34±36] The
pentapeptide amide 15 is folded in a right-handed 310-helical
structure stabilized by four consecutive 1� 4 intramolecular
C�O ¥¥¥H�N hydrogen bonds (the N± O distances are in the
range 3.049(4) ± 3.235(3) ä).


All urethane, peptide and amide groups of the two
compounds are in the trans disposition. Interestingly, in
peptide 15 the N-terminal urethane �0 , the peptide�3 and the
C-terminal amide�5 torsion angles deviate significantly


(��� �� 11�) from the trans pla-
narity (180�). In both compounds
the Fmoc-urethane group (	1 and
�0 torsion angles) is in the usual
trans,trans conformation.[27]


Relevant torsion angles
for the TOAC piperidine
ring[7±10, 31, 32] of the two peptides
are listed in Table 4. Two sets of
values are observed for the tor-
sion angles relating the piperidine
ring to the peptide chain N-C�-C�-
C� (
1) and C�-C�-C�-C�. In the
conformation 60�,� 60�/180�,180�
adopted by dipeptide 1, the �-
amino group occupies the axial
position and the �-carboxyl group
occupies the equatorial position.


Figure 4. X-ray diffraction structure of Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-NHtBu (15). The intra-
molecular C�O ¥¥¥ H�N hydrogen bonds are represented by dashed lines.


Table 2. Relevant backbone torsion angles [�] for Fmoc-TOAC-�-(�Me)-
Val-NHtBu (1) and Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-NHtBu
(15) with esds in parentheses.


Torsion angle Dipeptide 1 Pentapeptide 15


	2 � 116.7(3) � 152.8(3)
	1 � 175.8(2) 178.7(2)
�0 � 178.4(2) � 157.9(2)
�1 � 59.5(3) � 62.8(3)
�1 � 31.7(3) � 32.9(3)
�1 � 173.6(2) � 173.1(2)
�2 � 57.6(3) � 54.8(3)
�2 � 32.4(4) � 28.2(3)
�2 � 175.5(3) � 174.2(2)
�3 � 50.5(3)
�3 � 36.4(3)
�3 � 168.8(2)
�4 � 55.9(3)
�4 � 29.9(3)
�4 � 175.0(2)
�5 � 61.8(3)
�5 � -31.7(4)
�5 164.9(4)
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In the other conformation 90�,� 150�/� 150�,90�, exhibited
by pentapeptide 15, the �-amino and �-carboxyl substituents
are located at intermediate positions between axial and
equatorial, the latter being characterized by the torsion angles
180�,180�/� 60�,60�. Except for the 	1, 	1�, 	3 and 	3� torsion
angles of pentapeptide 15, all other endocyclic torsion angles
for the two peptides show values in the �39 ± 58� range, close
to those of piperidine and cyclohexane. These findings
indicate that the piperidine ring of pentapeptide 15 is more
flattened than that of dipeptide 1 in both the C� and N�


regions. The piperidine ring of dipeptide 1 adopts an
approximate chair conformation with the following puckering
parameters:[37] QT� 0.46(1) ä, �2� 172(2)� and 	2� 13(1)�,
while that of pentapeptide 15 adopts an approximate twist-
boat conformation, with one C� atom above and the other C�


atom below the average plane of the ring, with the following
puckering parameters: QT� 0.66(1) ä, �2� 91(1)� and 	2�
92(1)�. The angle between the N��O� bond and the C�-N�-C��


plane is 18.8(3)� for dipeptide 1 and 3.9(3)� for pentapeptide
15. Therefore, the C(C)-N-O group adopts a pyramidal shape
in the chair form of dipeptide 1 only. The angles between the
normals to the average planes of the Fmoc and TOAC rings
are 35.4(1)� in dipeptide 1 and 56.8(1)� in pentapeptide 15.


In the crystals of dipeptide 1, molecules pack in the unit cell
in rows parallel to the a direction through weak (urethane)
N1�H ¥¥¥O2�C2 (amide) hydrogen bonds. The peptide N2�H
moiety does not seem to be involved in the hydrogen bonding
array. Along the b direction, the helical molecules of
pentapeptide 15 are connected by hydrogen bonds between
the urethane N1�H donor and the nitroxyl O3D�N3D
acceptor groups.


Enantioselective chemical oxidation of a secondary alcohol :
Efficient methods for the chemical oxidation of alcohols
mediated by a nitroxyl derivative have been reported.[38±40]


The one-electron oxidation of a nitroxyl compound (I) by
OBr� (arising from the reaction of bleach with a bromide ion)
affords an N-oxoammonium cation (II) to which a secondary
alcohol, such as 1-phenylethanol (III), can add (Scheme 1).
The resulting intermediate IV undergoes elimination through
a cyclic dipolar mechanism, thereby producing the ketone V
and the hydroxylamine derivativeVI. Re-oxidation ofVI to II
completes the catalytic cycle. Enantioselective chemical
oxidations of racemic secondary alcohols, using optically
active nitroxyl radicals as catalysts, have recently been
performed.[41±43] However, in general, the synthesis of the
chiral nitroxyl compound is very laborious and some of these
catalysts undergo facile racemization.[44]


Scheme 1. Catalytic cycle for the oxidation of a secondary alcohol using a
bulk oxidant and a nitroxyl catalyst.


The results of the enantioselective chemical oxidation of
racemic 1-phenylethanol to acetophenone, by means of the
chiral, non-racemizable TOAC/(�Me)Val peptides as cata-
lysts, are listed in Table 5. As expected, the enantiomeric
dipeptide catalysts 1 and 2 give the same enantiomeric excess
of recovered alcohol [the (R)-alcohol enantiomer is oxidized


Table 3. Intra- and intermolecular hydrogen bond parameters for Fmoc-TOAC-�-(�Me)Val-NHtBu (1) and Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-
NHtBu (15).


Type of H-bond Donor (D) Acceptor (A) Symmetry Distance [ä] Distance [ä] Angle [�]
operation D ¥¥¥ A H ¥¥¥ A D�H ¥¥¥ A


1 intramolecular NT�H O0 x, y, z 3.255(3) 2.459(2) 154.1(2)
intermolecular N1�H O2 x� 1³2, 3³2� y, 2� z 3.205(3) 2.610(2) 127.3(2)


15 intramolecular N3�H O0 x, y, z 3.151(4) 2.305(4) 168.0(3)
N4�H O1 x, y, z 3.235(3) 2.380(3) 173.0(3)
N5�H O2 x, y, z 3.163(3) 2.329(3) 163.7(3)
NT�H O3 x, y, z 3.049(4) 2.214(4) 163.9(3)


intermolecular N1�H O3D 1� x, y� 1³2, 1� z 2.976(4) 2.136(4) 165.3(3)


Table 4. Relevant torsion angles [�] for the piperidine ring of the TOAC
residue in Fmoc-TOAC-�-(�Me)Val-NHtBu (1) and Fmoc-[�-(�Me)Val]2-
TOAC-[�-(�Me)Val]2-NHtBu (15).


Torsion angle Dipeptide 1 Pentapeptide 15


N-C�-C�-C� (
1) � 73.6(3) � 145.3(2)
69.7(3) 87.0(3)


C�-C�-C�-C� 167.6(2) 96.1(3)
� 167.6(2) � 151.2(3)


O�-N�-C�-C� � 162.1(3) 160.8(3)
160.9(3) 148.1(3)


C�-C�-C�-C�� (	1, 	1�) 51.0(3) � 24.1(3)
� 52.4(3) � 31.9(3)


C�-C�-C�-N� (	2, 	2�) � 43.6(3) 51.3(3)
45.8(3) 57.3(3)


C�-C�-N�-C�� (	3, 	3�) 39.0(4) � 23.6(4)
� 40.1(4) � 27.4(4)
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preferentially by the �-(�Me)Val peptide]. Therefore, it is
possible to get a mixture enriched in either one of the two
enantiomeric alcohols by using the catalyst of the appropriate
chirality. The highest enantiomeric excesses (ee) and selec-
tivity factors (S) were obtained when both N- and C-blocking
groups were highly lipophilic (hydrophobic) (compare the
catalyst series 1, 3 ± 5 and 6, 7, 11). Replacement of the turn-
inducer (�Me)Val (in catalyst 1) with Val, which is more
prone to adopt partially extended conformations, results in a
dramatic decrease in the efficiency of the kinetic resolution
(see catalyst 12). An analogous result is obtained when the
alkylamide moiety at the C-terminus (of catalyst 1) is replaced
by an ester functionality, which precludes intramolecularly
H-bonded �-turn formation (see catalyst 13). Interestingly, in
this case the final mixture was enriched in the (R)-alcohol and
not in the (S)-alcohol as was found for catalysts 1 and 3 ± 12.
Also, the �-turn-forming (�Me)Val/TOAC sequence permu-
tation (catalyst 14) produced a low R enantiomeric excess.
Lengthening the main-chain of the peptide with two, three
and four �-(�Me)Val residues at the C-terminus (catalysts 8 ±
10), does not improve enantioselectivity with respect to the
parent dipeptide 7. Modest enantioselectivities were observed
for the long penta- and hexapeptides with an internal TOAC
residue (catalysts 15 and 16). The TOAC-based cyclic dipep-
tide 17 was a poor catalyst.


The main conclusion drawn from this investigation is that
the best peptide catalysts investigated have large lipophilic
(hydrophobic) blocking groups at either terminus, an N-ter-
minal TOAC residue and are folded in a stable, intramolec-
ularly C�O ¥¥¥H�N hydrogen-bonded �-turn conformation.


Enantioselective electrochemical oxidation of a secondary
alcohol : Some results on the electrochemical kinetic resolu-
tion of racemic secondary alcohols have been reported, either
by use of synthetically complex, optically active nitroxyl
mediators or nitroxyl-modified electrodes.[45±48] Aprotic media
and divided cells are usually employed in these experiments,
probably because the N-oxoammonium salts are labile in
water. Only recently, however, an aqueous/organic, two-phase
system has efficiently been exploited in enantioselective


electro-oxidations.[49] Such a procedure, in which electrolysis
is carried out in an undivided cell under constant current
conditions, combines the advantages of practical simplicity
and low environmental stress. Indeed, in this case the use of
highly concentrated supporting electrolyte solutions (quater-
nary ammonium salts), which are required to carry out the
process in divided cells, is unnecessary. Very recently, a further
improvement has been described in which the organic solvent
is replaced by an aqueous silica-gel disperse system.[50]


The indirect electro-oxidation in an undivided cell is based
on a CH2Cl2/H2O two-phase system employing two mediators.
A systematic investigation of the different factors that affect
the efficiency of the oxidation under these conditions has
been carried out.[51] The reaction conditions have been
optimized by using a concentration of NaBr in the aqueous
solution �15w%, a pH of 8.6 (saturated NaHCO3 buffer
solution), a concentration of the nitroxyl mediator in the
organic phase �1 mol% with respect to the alcohol and a
current density of 10 ± 140 mAcm�2 with a Pt electrode. It has
been observed, however, that the current efficiency is not
unitary and that oxidations are essentially completed after
consumption of 2.2 ± 2.6 Fmol�1 of charge.


In our electrochemical experiments we used a 20 w% NaBr
aqueous solution saturated with NaHCO3, a nitroxyl/alcohol
ratio of about 0.017 and a current density of 10 mAcm�2.
Bromide ions in the aqueous solution undergo electro-
oxidation at the Pt anode and subsequently oxidize the
nitroxyl in the organic phase; electron transfer takes place at
the CH2Cl2/H2O interface. The active form of the mediator
can then oxidize the racemic alcohol. The use of a two-phase
electrochemical system allowed us to carry out the electro-
chemical experiments under conditions that better resembled
those described above for the chemical oxidations.


The catalytic behaviour of the Boc-TOAC-�-(�Me)Val-
NHtBu mediator was analyzed at 0 �C by measuring the ee of
the alcoholic mixture at different degrees of conversion (C).
The results (Table 6) display some scatter of the selectivity
factor (S) values. However, a reasonably good plot of ee
against Cwas obtained leading to a calculated average S value
of 1.8. As reported by Tanaka and co-workers,[49] an increase


Table 5. Enantioselective chemical oxidation of racemic 1-phenylethanol with the TOAC/(�Me)Val peptide catalysts.


Catalyst ee [%] Configuration[a] Conversion (C) [%] S[b]


1 Fmoc-TOAC-�-(�Me)Val-NHtBu 67 S(�) 83 2.3
2 Fmoc-TOAC-�-(�Me)Val-NHtBu 67 R(�) 82 2.3
3 Fmoc-TOAC-�-(�Me)Val-NHiPr 69 S(�) 82 2.4
4 Fmoc-TOAC-�-(�Me)Val-NHEt 52 S(�) 83 1.9
5 Fmoc-TOAC-�-(�Me)Val-NHMe 50 S(�) 84 1.8
6 Z-TOAC-�-(�Me)Val-NHtBu 75 S(�) 82 2.7
7 Boc-TOAC-�-(�Me)Val-NHtBu 70 S(�) 82 2.5
8 Boc-TOAC-[�-(�Me)Val]2-NHtBu 62 S(�) 79 2.1
9 Boc-TOAC-[�-(�Me)Val]3-NHtBu 74 S(�) 81 2.7
10 Boc-TOAC-[�-(�Me)Val]4-NHtBu 68 S(�) 81 2.4
11 Ac-TOAC-�-(�Me)Val-NHtBu 60 S(�) 85 2.0
12 Fmoc-TOAC-�-Val-NHtBu 33 S(�) 81 1.5
13 Fmoc-TOAC-�-(�Me)Val-OMe 13 R(�) 82 1.2
14 Fmoc-�-(�Me)Val-TOAC-NHtBu 10 R(�) 83 1.1
15 Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-NHtBu 36 S(�) 80 1.6
16 Fmoc-[�-(�Me)Val]3-TOAC-[�-(�Me)Val]2-NHtBu 38 R(�) 79 1.6
17 cyclo[TOAC-�-(�Me)Val] 18 S(�) 81 1.2


[a] Of recovered alcohol. [b] S� ln[(1�C)(1� ee)]/ln[(1�C)(1�ee)].
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of selectivity can be induced by decreasing the temperature.
Indeed, we obtained an S value of 3.1 at �10 �C. The trend of
selectivity for the three mediators tested resembles that
resulting from the corresponding chemical oxidations, but in
general a lower efficiency of the alcohol resolution was
observed under the electrochemical conditions.


Conformational energy calculations : To understand the
factors playing a role in the stereoselectivity of 1-phenyl-
ethanol oxidation catalyzed by chiral peptides that contain
TOAC residues, we performed energy minimization calcula-
tions. As a first step, we investigated the conformational
behaviour of Fmoc-TOAC-�-(�Me)Val-NHtBu (1) and com-
pared the results with those of the simple dipeptide reference
compound Ac-�-Ala-�-Ala-NHtBu. Our data indicated that
the minimized Fmoc-TOAC- �-(�Me)Val-NHtBu (1) back-
bone structure (�1��62.1�,
�1��14.1� ; �2��45.8�, �2�
�38.5�) is characterized by a
type-III �-turn conformation,
closely resembling the crystal-
state structure described above,
with a root-mean-square devia-
tion for all heavy atoms of
0.53 ä. In contrast, the analysis
of the minimized structure of
the Ac-�-Ala-�-Ala-NHtBu re-
vealed the absence of the �-turn
conformation which was instead
replaced by a more stable (�E�
1.5 Kcalmol�1) structure with
two consecutive �-turns (�1�
69.9�, �1��63.9� ; �2��83.8�,
�2� 82.8�).[2] These findings
agree with the known strong
preference of the two sterically
demanding, C�-tetrasubstituted
�-amino acids in the Fmoc-
TOAC-�-(�Me)Val-NHtBu di-
peptide for the �-turn conforma-
tion.


Subsequently, we obtained
rigid rotor maps for the torsion
angles around the N�O and
O�C bonds of the diastereomer-
ic intermediates IV (Scheme 1)
between (R) [and (S)]-1-phenyl-


ethanol and Fmoc-TOAC-�-(�Me)Val-NHtBu. Models were
constructed for the diastereomers considering the two possi-
ble directions of addition of alcohol (III) to the TOAC N-
oxoammonium double bond of (II). The maps show that the
two diastereomeric intermediates IV, with addition of the
alcohol to the TOAC ring on the side away from the Fmoc
group, exhibit the same energy (within experimental error). In
contrast, the two diastereomeric intermediates (IV) from
addition to the ring side close to the Fmoc group are more
stable than those discussed above, and the intermediate from
(R)-1-phenylethanol presents a conformation with an energy
4.4 Kcalmol�1 lower than that computed for the other
diastereomer. These findings are confirmed by the mini-
mum-energy conformations obtained after a full minimization
procedure of the low-energy conformations for the two
models. Figure 5 illustrates the stereoviews for the minimum
energy structures of the ™close∫ diastereomeric intermediates.
Our computational analysis indicates that the phenyl group of
(R)-1-phenylethanol (Figure 5B) is involved in a favourable,
intramolecular, edge-to-face, aromatic ± aromatic interaction
with the Fmoc moiety of the dipeptide catalyst (the angle
between the normals to the planes of the phenyl and fluorenyl
systems is 115�).[52] We believe this type of interaction is
important for high diastereoselectivity. Interestingly, this
finding is in excellent agreement with the conclusions recently
put forward to explain the unexpected diastereoselectivity of
the Sharpless asymmetric dihydroxylation of allyl �-xylo-
sides,[53] which highlight the essential role of aromatic or, more


Table 6. Enantioselective electrochemical oxidation of racemic 1-phenyl-
ethanol with the TOAC/(�Me)Val peptide catalysts.


Catalyst ee
[%]


Configura-
tion[a]


Conversion
(C)[%]


S[b]


2 Fmoc-TOAC-�-(�Me)Val-NHtBu 25 R(�) 66 1.6
7 Boc-TOAC-�-(�Me)Val-NHtBu 15 S(�) 53 1.5


25 S(�) 59 1.8
52 S(�) 76 2.1
53 S(�) 84 1.8


13 Fmoc-TOAC-�-(�Me)Val-OMe 2 R(�) 55 1.1


[a] Of recovered alcohol. [b] S� ln[(1�C)(1� ee)]/ln[(1�C)(1�ee)].


Figure 5. Stereoviews of the minimum energy structures of the diastereomeric intermediates IV (Scheme 1)
between Fmoc-TOAC-�-(�Me)Val-NHtBu (1) and A) (S)-1-phenylethanol and B) (R)-1-phenylethanol, with
addition of the alcohol on the TOAC ring side close to the Fmoc group.
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generally, large lipophilic (hydrophobic) moieties of the
substrate and catalyst in interactions leading to preferential
stabilization of one diastereomeric intermediate.


Conclusion


Considerable recent interest has been focused on the enan-
tioselective oxidation of racemic alcohols with chiral nitroxyl
catalysts.[41±51] In this paper we have shown that TOAC-based,
conformationally rigid, stable �-turn forming, very short
peptides are reasonably valuable catalysts in chemical oxida-
tions and, although less efficient, in electrochemical oxida-
tions as well. Longer helical structures are not required. Large
aromatic or aliphatic N- and C-blocking groups and the
N-terminal positioning of TOAC have a positive effect on the
efficiency. We have explained these experimental findings on
the basis of computed models for the intermediate adducts
between the chiral dipeptide amide N-oxoammonium medi-
ator and the enantiomeric secondary alcohol substrates. The
identity of the fast reacting alcohol enantiomer has been
correctly predicted.


However, it is clear that the experimental selectivity factors
(in the range 2.3 ± 2.7 for our best catalysts, which corresponds
to a free-energy difference of only about 0.5 kcalmol�1),
although encouraging for a first-generation peptide system,
are far from optimal, particularly in view of the high
conversion (81 ± 83%) considered in our enantioselective
chemical oxidation experiments. It is our contention that
these results are related to the only chiral centre of the
catalyst, that is, the (�Me)Val �-carbon atom, being too far
removed from the TOAC oxidation site. Current attempts in
our laboratories are aimed at designing and synthesizing
chiral TOAC analogues.


Experimental Section


Materials : The physical properties and analytical data for the new TOAC
and (�Me)Val derivatives and peptides are listed in Table 1. The synthesis
and characterization of Fmoc-[�-(�Me)Val]n-TOAC-[�-(�Me)Val]2-
NHtBu (15 : n� 2; 16 : n� 3) have already been reported.[11]


FTIR spectroscopy : FTIR absorption spectra were recorded with a
Perkin ± Elmer1720X FTIR spectrophotometer, nitrogen flushed, with a
sample-shuttle device, at 2 cm�1 nominal resolution, averaging 100 scans.
Solvent (baseline) spectra were recorded under the same conditions. Cells
with CaF2 windows and path lengths of 0.1, 1.0 and 10 mm were used.
Spectrograde [2H]chloroform (99.8% 2H) was obtained from Fluka.


X-ray diffraction : Crystals of Fmoc-TOAC-�-(�Me)Val-NHtBu (1) and
Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-NHtBu (15) were grown by
slow evaporation from ethyl acetate/petroleum ether and methanol,
respectively. Diffraction data were collected on a Philips PW1100
diffractometer. Crystallographic data are summarized in Table 7.
Both structures were solved by direct methods with the SHELXS97[54]


or SHELXS96[55] programs. Refinements were carried out on F 2


by full-matrix block least-squares, using all data, by application
of the SHELXL97[56] and SHELXL93[57] programs, respectively,
with all non-H atoms anisotropic and allowing their positional parameters
and the anisotropic displacement parameters to refine at alternate
cycles.
H atoms of both compounds were calculated at idealized positions. During
the refinement they were allowed to ride on their carrying atom with Uiso


set equal to 1.2 (or 1.5 for methyl groups) times the Ueq of the parent atom.


The aromatic rings of the Fmoc moiety of dipeptide amide (1) were
constrained to the idealized geometry and restraints were applied to the
C�C bond lengths of the C-terminal tert-butyl moiety. The atoms of the
C-terminal tert-butyl group of pentapeptide amide (15) were refined on two
sets of positions (CT1, CT2, CT3, CT4 and CT1�, CT2�, CT3�, CT4�,
respectively) with a population parameter of 0.50 for each set.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 163805 and
CCDC 163806. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK CB21EZ,
(fax: (�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Chemical oxidation : The experimental procedure was that described by
Anelli et al.[38] The oxidation was performed by using the NaOCl/KBr
system with 1.5 mol equivalents of the nitroxyl catalyst in a rapidly stirred,
two-phase CH2Cl2/H2O (pH 8.6) mixture at 0 �C. The efficiency of the
resolution was given by the selectivity factor S� ln[(1�C)(1� ee)]/
ln[(1�C)(1�ee)], in which ee is the fractional enantiomeric excess and C
is the conversion.[58]


Quantitative analyses of 1-phenylethanol and acetophenone were carried
out with a Varian model3700 gas chromatographic (GC) apparatus based
on a 20-M 15% Carbowax column supported on Chromosorb WAW-
DMCS. 1-Phenylethanol ee was determined by GC analysis with a C. Erba
model HRGC apparatus based on a Chiraldex GTA (30 m	 0.32 mm)
column.


Electrochemical oxidation : The instrumentation employed for the electro-
chemical measurements was an EG&G-PARC173/179 potentiostat-digital
coulometer. Electrochemical measurements were performed in an un-
divided glass cell, with thermostatic control at the required temperature.
The cell was equipped with a thermometer and two Pt electrodes. The
working electrode was a Pt plate, having a surface area of 2 cm2, whereas
the counter electrode was a large surface Pt grid. Argon was continuously
bubbled into the aqueous electrolytic mixture during the experiments to
facilitate the removal of hydrogen evolved at the cathode.


Table 7. Crystallographic data and structure refinement for Fmoc-TOAC-�-
(�Me)Val-NHtBu (1) and Fmoc-[�-(�Me)Val]2-TOAC-[�-(�Me)Val]2-NHtBu
(15).


Peptide 1 Peptide 15


formula C35H49N4O5 C53H82N7O8


Mr 605.8 945.3
T [K] 293(2) 293(2)
� [ä] 1.5418 1.5418
crystal system orthorhombic monoclinic
space group P212121 P21


a[ä] 12.120(3) 11.702(2)
b [ä] 14.743(3) 19.410(3)
c [ä] 19.874(4) 12.731(2)
� [�] 90� 90�
� [�] 90� 108.61(4)�
� [�] 90� 90�
V [ä3] 3551(1) 2740(1)
Z 4 2
�calcd [Mgm�3] 1.13 1.15
 [mm�1] 0.61 0.62
F(000) 1308 1026
crystal size [mm] 0.30	 0.25	 0.20 0.40	 0.30	 0.20
	 range [�] 3.73 ± 59.99 3.66 ± 59.99
index ranges � 1
h
 13 � 13
h
 12


0
 k
 16 0
 k
 21
0
 l
 22 0
 l
 14


reflections collected 3282 4409
independent reflections 3244 [R(int)� 0.030] 4203 [R(int)� 0.049]
data/restraints/parameters 3244/5/384 4198/9/649
goodness-of-fit (on F 2) 0.94 1.01
final R indices [I� 2�(I)] R1� 0.040, wR2� 0.099 R1� 0.038, wR2� 0.101
R indices (all data) R1� 0.060, wR2� 0.109 R1� 0.047, wR2� 0.106
largest diff. peak/hole [eä�3] 0.166/� 0.114 0.185/� 0.158
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Typically, the experiments were carried out according to the following
procedure: A mixture of racemic 1-phenylethanol (0.83 mmol) and the
nitroxyl mediator (0.014 mmol) was dissolved in CH2Cl2 (3.5 mL) and
aqueous NaBr (9 mL, 20w%), saturated with NaHCO3, was added. The
two Pt electrodes were immersed in the upper aqueous layer of the
resulting two-phase solution, and the mixture was electrolyzed under a
constant current flow of 20 mA with moderate magnetic stirring. The
electrolysis was interrupted after consumption of 2 Fmol�1 (usually, after
ca. 2 h) and the mixture was stirred for a further hour to allow complete
consumption of the reactive species. Reaction mixture work-up, quantita-
tive analysis and ee-determination were carried out as described above for
the chemical oxidation.


Conformational energy calculations : The conformational spaces for the
diastereomeric intermediates IV (Scheme 1) between (R) [and (S)]-1-
phenylethanol and Fmoc-TOAC-�-(�Me)Val-NHtBu were mapped by
calculating the energy at 5� intervals for the torsion angles around the N�O
and O�C bonds. Minimum-energy conformations were obtained in the low-
energy regions located in the above search, minimizing the energy with
respect to all geometrical parameters, by using the conjugate algorithms.
The structure of Fmoc-TOAC-�-(�Me)Val-NHtBu used in the computa-
tional analysis was that previously obtained from the X-ray diffraction
analysis described in this paper. The geometry of the acetamido group of
the reference peptide Ac-�-Ala-�-Ala-NHtBu was that proposed by
Scheraga and co-workers.[59] The geometrical parameters for the �-Ala
residue were those reported in the InsightII/Biopolymers module.[60]


Energy minimization calculations were performed with the Insight/
DISCOVER package[60] with the Consistent Valence Force Field
(CVFF).[61±63] Minimum-energy conformations were obtained by minimiz-
ing the energy with respect to all geometrical parameters using the
conjugate algorithms. All conformational energies are expressed as �E�
E�E0 , in which E0 is the energy of the most stable conformation. All
computations were performed on a Silicon GraphicsO2 workstation of the
Biocrystallography Research Centre, CNR, at the University of Naples
™Federico II∫.
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Fluorescence Sensing of Ionic Analytes in Water:
From Transition Metal Ions to Vitamin B13


Luigi Fabbrizzi,*[b] Maurizio Licchelli,[b] Fabrizio Mancin,*[a] Milena Pizzeghello,[a]
Giuliano Rabaioli,[b] Angelo Taglietti,[b] Paolo Tecilla,*[c] and Umberto Tonellato[a]


Abstract: The fluorescence chemosen-
sor ATMCA has been realised by ap-
pending an anthrylmethyl group to an
amino nitrogen of TMCA (2,4,6-triami-
no-1,3,5-trimethoxycyclohexane), a tri-
podal ligand selective for divalent first-
row transition metal ions in water. The
ATMCA ligand can act as a versatile
sensor for ZnII and CuII ions. Its sensing
ability can be switched by simply tuning
the operating conditions. At pH 5,
ATMCA detects copper(��) ions in aque-
ous solutions by the complexation-in-
duced quenching of the anthracene
emission. Metal ion concentrations
�1�� can be readily detected and very
little interference is exerted by other
metal ions. At pH 7, ATMCA signals the
presence of ZnII ions at concentrations


�1�� by a complexation-induced en-
hancement of the fluorescence. Again
the sensor is selective for ZnII over
several divalent metal ions, with the
exception of CuII, CoII and HgII. Most
interestingly, the [ZnII(atmca)]2� com-
plex can act as a fluorescence sensor for
specific organic species, notably selected
dicarboxylic acids and nucleotides, by
the formation of ternary ligand/zinc/
substrate complexes. The oxalate anion
is detected in concentrations �0.1m� ;
however, no effects on the system×s
fluorescence is observed in the presence


of monocarboxylic acids and long-chain
dicarboxylic acids. Among the nucleo-
tides, those containing an imide or
amide function are readily detected
and an unprecedented high sensitivity
for guanine derivatives allows the
determination of this nucleotide for
0.05 ± 0.5m� solutions. Moreover,
[ZnII(atmca)]2� is a very effective and
selective sensor in the case of vita-
min B13 (orotic acid) in sub-micromolar
concentrations. The operative features
of the systems investigated are also
clearly suitable for intracellular analy-
ses. The factors at the source of organic
substrate recognition, here briefly dis-
cussed, are of paramount importance for
further developments in the applicabil-
ity of these sensing systems.


Keywords: chemosensors ¥ fluores-
cence ¥ molecular recognition ¥
nucleotides ¥ orotic acid ¥ zinc


Introduction


During the last years, fluorescent chemosensors have attract-
ed increasing attention as a result of the great interest in their
applications in different fields ranging from environmental


analysis to intracellular probing.[1] Much impetus in the search
for molecular sensors stems from the new perspectives and
novel approaches brought forward by supramolecular chem-
istry. In fact, these systems combine the recognition abilities
of supramolecular receptors with the important sensing
advantages of fluorescence techniques to yield analytical
tools characterised by high sensitivity, specificity and selec-
tivity.[2] So far, several systems have been successfully realised
for the detection of metal ions exploiting the strong inter-
actions with a number of proper ligands.[3] However, many
problems stand in the way of a wider range of chemosensors.
One general obstacle is that the natural medium for most
applications is water and the realisation of water-soluble
sensors is still a difficult goal. A second particularly challeng-
ing problem is the detection of anions and organic mole-
cules.[4] In this case, most of the interactions that can be
exploited for substrate recognition, such as hydrogen bonds or
electrostatic attractions, are too weak to give effective binding
in water. A well-established strategy, based on the so-called
multicomponent or modular approach, suggests the design of
anion sensors by linking together a light-emitting fragment
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and a metal complex acting as receptor subunit.[5] The
recognition of anionic or organic substrates can take place
by means of coordinative interactions, which are stronger than
electrostatic ones. In this way, the metal ion acts as a structural
element that brings a dye-functionalised ligand into contact
with the substrate, allowing an intercomponent process which
signals the recognition event. The study reported here is an
attempt to apply this strategy as well to provide a better
definition of its potentiality and limitations.


The all-cis-2,4,6-triamino-1,3,5-trihydroxycyclohexane
(TACI) is a very versatile ligand[6] that is able to form
complexes with 30 different metal ions by the use of different
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binding sites. It thus appears to be a promising scaffold for the
design of fluorescence chemosensors. Among its peculiar
features, the following may be highlighted: 1) the selective
alkylation of the amino or hydroxy groups allows modulation
of the binding properties,[6] 2) the relatively low basicity of the
amino groups ensures positive binding even at neutral or
slightly acidic pH values,[7] 3) the rigid structure of the ligand
leads to relatively high formation constants for metal
complexes[6] and 4) the facial coordination mode may leave
a large portion of the metal-ion surface available for
interactions with other species. On account of this functional
flexibility, we considered that an appropriate TACI derivative
could act as a fluorescent chemosensor for transition metal
ions and, more importantly, for organic molecules and ions.
Therefore, we selected the hydroxymethylated derivative, the
all-cis-2,4,6-triamino-1,3,5-trimethoxycyclohexane (TMCA)
as a strong ligand for first-row, divalent, transition metal
ions[8] and appended to one of its nitrogen atoms a 9-anthra-
cenyl group as a fluorophore. In accordance with our expect-
ations, a detailed investigation showed that the resulting
anthrylamine derivative (ATMCA) is a sensitive and selective
sensor for CuII and ZnII ions, depending on the operative
conditions. Moreover, the ZnII ion in the [ZnII(atmca)]2�


complex acts as a template for recognition and binding of
organic molecules and ions. As a result, the complex was
found to act as a fluorescent chemosensor of organic anions
and molecules, particularly nucleobase derivatives, with a
remarkable selectivity. The features, the mode of action and
the scope of this sensor are presented and discussed in the
present paper.


Results


Synthesis and properties of ATMCA : ATMCAwas prepared
according to Scheme 1. Condensation of TMCA with 9-an-
thraldehyde in refluxing benzene followed by reduction with
NaBH4 in ethanol gave a mixture of the mono- and
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Scheme 1. Synthesis of ATMCA. a) 9-anthraldehyde, benzene, reflux;
b) sodium borohydride, ethanol, RT.


dialkylated derivatives (7:3 ratio). ATMCA was isolated in
62% yield by column chromatography. An attempt to
improve the synthesis was carried out by means of amino
Z-diprotected or BOC-diprotected TMCA derivatives. The
reaction with 9-anthraldehyde in refluxing benzene led to the
quantitative formation of the desired imine; however, at-
tempts to perform its reduction following several different
methods failed.


ATMCA is soluble up to millimolar concentrations in
slightly acidic water or in the presence of metal ions, such as
CuII or ZnII, and up to 1� 10�4� in neutral or basic solutions.
The features shown in the UV-visible and fluorescence
spectra in aqueous solutions are typical for the anthracene
chromophore.[9]


The protonation constants of ATMCA and the complex
formation constants with Zn2� were determined by potentio-
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metric titrations (see Figure 1 in the Supporting Information).
The results obtained are reported in Table 1 and compared to
those of TMCA.[8] The pK2 and pK3 values for ATMCA (5.8
and 3.7, respectively) are remarkably smaller than the


corresponding values for TMCA. This is probably caused by
a less efficient solvation of ATMCA because of the hydro-
phobic anthracenyl residue.[5d] The other constants are very
similar for the two compounds. Interestingly, the attachment
of the bulky anthracenyl group to ATMCA, which should
disfavour the conformation with the amino groups in the axial
position required for the formation of the complex, does not
imply a significant decrease in the metal binding affinity.


The pH dependence of the ATMCA fluorescence spectra is
reported in Figure 1. The emission intensity at pH� 5 sharply
decreases to a plateau value with �20% of the initial value.
Superimposition of the fluorescence versus pH profile with
the distribution diagram for ATMCA clearly shows that the
decrease of the emission corresponds to the deprotonation of
the second amino group, presumably the anthracenylic one.


Figure 1. pH-Dependence of the fluorescence intensity (�, �exc� 368 nm,
�em� 415 nm) and distribution diagram for ATMCA (1� 10�6�). Condi-
tions: [CTABr]� 1� 10�4�, 25 �C.


Sensing of CuII : Titration of a 1�� aqueous solution of
ATMCA at pH 5.0 (acetate buffer) with Cu(NO3)2 resulted in
a sharp decrease of the emission intensity, reaching a plateau
value of�10% of the initial intensity after the addition of one
equivalent of metal ion (Figure 2). On the other hand, the
ATMCA absorption spectra do not appreciably change


Figure 2. Spectrofluorimetric titrations of ATMCA (1� 10�6�) at pH 5.0
with different metal ions: CoII (�), NiII (�), HgII(�), ZnII (�), FeII (�), CdII


(�), MnII (�), PbII (�), CuII (�), CuII in the presence of all the other metal
ions of each 2� 10�6� (�). n� number of added equivalents. [Acetate
buffer]� 0.01�, [CTABr]� 1� 10�4�, 25 �C.


upon addition of CuII. Interpolation of the emission intensity
versus CuII concentration, assuming a 1:1 binding model, gives
a good fit and allows the estimation of the value of logKapp


[10]


to be 8.0� 0.2.
To test the sensor selectivity, we titrated the ATMCA


solutions with other divalent metal ions (Figure 2): ZnII, CdII


and HgII had no effect on the emission intensity of the system,
while the addition of FeII, MnII, NiII, CoII and HgII gave rise to
a relatively minor decrease in the emission. Even in the case
of HgII, which shows the largest effect, only a decrease of
�30% was observed after addition of two equivalents of the
metal ion. On the other hand, the most relevant feature of the
system is illustrated by the results of the titration with CuII of a
solution containing ATMCA and all the others cations (each
2��). The curve thus obtained (defined by �) is very close to
the one obtained in the presence of the CuII ions alone
(defined by �). This result demonstrates that the presence of
an excess of other divalent metal ions does not interfere in the
CuII determination.


Sensing of ZnII : At pH values �7.0, the fluorescence of
ATMCA is low. Titration of a 1�� aqueous solution of
ATMCA at pH 7.0 (HEPES buffer) with Zn(NO3)2 led to a
strong (up to tenfold) increase of the emission intensity
(Figure 3). No effects on the absorption spectra were ob-
served. Again the data obtained fit well a 1:1 model to give a
logKapp value of 7.0� 0.1.


Titrations of the sensor solution with the other metal ions
showed no effects on the fluorescence of the system (Fig-
ure 3). Only addition of CdII resulted in an emission increase
by 1.3 times. The selectivity in the presence of other metal ions
was not so high as in the case of CuII at pH 5. However, no
interference in the ZnII sensing was observed in the presence
of NiII, FeII, MnII and PbII (Figure 2 in the Supporting
Information), while the presence of HgII, CoII and CuII caused
a remarkably lower fluorescence increase after addition of
ZnII (Figure 3 in the Supporting Information).


Table 1. Ligand deprotonation constants (Kn
[a]), ZnII complex formation


constants (K(ZnL)[b]), and deprotonation constants of ZnII-bound H2O
(Ka(H2O)) for TMCA and ATMCA at 25 �C.


TMCA[c] ATMCA[d]


pK1 9.3 9.1
pK2 6.9 5.8
pK3 5.2 3.7
logK(ZnL) 10.8 10.2
pKa(H2O) 8.5[d] 8.3


[a] Kn� [Hn�1L][H3O�]/[HnL]. [b] K(ZnL)� [ZnL]/[ZnII][L]. [c] Data
from Ref. [8] (0.1� KNO3). [d] This work (0.1� NaCl).
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Figure 3. Spectrofluorimetric titrations of ATMCA (1� 10�6�) at pH 7.0
with different metal ions: CoII (�), NiII (�), HgII(�), FeII (�), CdII (�), MnII


(�), PbII (�), CuII (�), ZnII (�). n� number of added equivalents.
[HEPES]� 0.01�, [CTABr]� 1� 10�4�, 25 �C.


Sensing of organic anions and orotic acid (vitaminB13):
Several experiments were performed to investigate the ability
of the [ZnII(atmca)]2� complex to sense the presence of
organic anions or molecules, assuming the possibility that
these substrates may form ternary complexes with detectable
changes in the fluorescence behaviour. This was studied after
the addition of various mono- and dicarboxylic acids, nucleo-
tides, nucleobases and orotic acid (VitaminB13) to a solution
of [ZnII(atmca)]2� (50��) at pH 7.2. In each case, when a
decrease in the emission intensity was observed, the effects
indicated a 1:1 stoichiometry for the binding of the substrates
to the ZnII complex. The accessible binding constants
(logKapp)[11] are reported in Table 2.


A preliminary scrutiny showed that of the carboxylic acids
only oxalic acid was detected, whereas no effect was observed
in the case of longer chain dicarboxylic acids and mono-
carboxylic acids. Thus, addition of oxalate dianion to a 50��
aqueous solution of [ZnII(atmca)]2� led to a 40% decrease of
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the emission intensity (Figure 4 in the Supporting Informa-
tion). In this case, fitting of the data, assuming the 1:1 model,
gives a ternary complex formation constant (logKapp) of 4.3.


More important are the effects observed by the addition of
some nucleotides under the conditions described above
(Figure 5 in the Supporting Information). Titrations of a
50�� aqueous solution of [ZnII(atmca)]2� with guanosine 5�-
monophosphate (GMP), thymidine 5�-monophosphate
(TMP) and uridine 5�-monophosphate (UMP) result in a
42%, 20% and 23% decrease, respectively, in emission after
the addition of ten equivalents of substrate. The fit of the data
yields apparent formation constants for the ternary complexes
in the range 4.0 ± 4.5 (Table 2).


On the other hand, no effect was observed in the case of
adenosine 5�-monophosphate (AMP), while cytidine 5�-mono-
phosphate (CMP) showed a lower emission decrease (14%)
and a remarkably lower apparent formation constant for the
ternary complexes (logKapp� 2.9). Inspection of the nucleo-
tide structures shows that [ZnII(atmca)]2� is particularly
effective in the case of nucleotides that feature an acidic
amide function. This is supported by the fact that whereas
addition of thymine and uracil leads to a decrease in the
emission, such an effect is not observed in the case of cytosine,
which is a much less acidic amide (Table 2). Unfortunately, we
could not test adenine and guanine, since they are virtually
insoluble in water at pH 7.2.


In order to gain a better insight into the binding selectivity,
we performed UV/Vis titrations with the different nucleo-
tides. In each case, the binding constants determined with
these experiments were in agreement with those obtained by
fluorescence titrations. In the case of AMP, we observed a
different behaviour: this nucleotide did not quench the
[ZnII(atmca)]2� fluorescence, but the UV/Vis titration clearly
indicated the formation of a ternary complex with a smaller
logKapp value (3.5).


The most impressive effect was observed by titration of the
[ZnII(atmca)]2� solution (50��, pH 7.2, HEPES buffer) with
orotic acid (as the orotate anion at the working pH) (Fig-


Table 2. Apparent complexation constants (Kapp
[a]) and relative fluores-


cence quenching for different substrates to [ZnII(atmca)]2� at 25 �C and
pH 7.2 (HEPES buffer 0.01�).


Substrate pKa %Quenching[b] logKapp
[c]


oxalate 40 4.3 ( ± [d])
AMP ± � 5 ±[e] (3.5)
CMP ± 14 2.9[e] (3.0)
GMP 9.3[f] 42 4.2 (4.0)
TMP 10.2[g] 20 4.5 (4.3)
UMP 9.5[g] 23 4.0 (4.0)
uracil 9.4[h] 19 3.6 (3.6)
thymine 9.9[h] 20 3.6 (3.7)
cytosine 12.2[h] � 5 ±[e] ( ± )
orotate 9.45[i] 100 6.6 (6.6)


[a] Kapp� [ZnLS]/[ZnLtot][Stot], see also Ref. [11]. [b] Fluorescence quench-
ing after the addition of 10 equiv of analyte. [c] As determined by
fluorescence and UV/Vis (in parenthesis) titrations. The error in the
binding constants is �0.1 logarithmic units. [d] Not determinable because
the spectral variations are too small. [e] No quenching was detected.
[f] Data from Ref. [12]. [g] Data from Ref. [13]. [h] Data from Ref. [14]. [i]
Data from Ref. [20].
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ure 4). The emission intensity decreased linearly with the
substrate concentrations down to total quenching after the
addition of one equivalent of orotate. The estimated binding
constant (logKapp) is 6.6, the same as that obtained from


Figure 4. Spectrofluorimetric titrations of [ZnII(atmca)]2� (5� 10�5�) in
HEPES buffer 0.01�, pH 7.2 with orotate (�). n� number of added
equivalents.


independent UV/Vis titrations. The effect may be partly the
result of a concomitant aromatic stacking between the
anthracene moiety and the aromatic ring of the substrate.
This was indeed the case as shown by the outcome of a UV/
Vis titration of the [ZnII(tmca)]2� complex with orotate; from
these experiments the resulting binding constant (logKapp)
was calculated to be 4.4, lower than that estimated for
[ZnII(atmca)]2� by 2.2 logarithmic units. Further fluorescence
experiments performed with a 1�� concentration of
[ZnII(atmca)]2� complex (not shown) showed that a sub-
micromolar concentration of orotate can be detected. It was
important to assess that the above effects were the result of
the formation of the [ZnII(atmca)(orotate)] ternary complex
and were not caused by other factors. The most worrying
among them was the possible removal of ZnII ion by orotate
from the [ZnII(atmca)]2� complex which would lead to a
decrease of fluorescence intensity to values approaching that
of the free ligand. Thus, we performed a 1H NMR titration
(Figure 5) on [ZnII(atmca)]2� solutions in D2O (1m�, pD 7,
25 �C) in the presence of increasing amounts of orotate. We
observed the disappearance of [ZnII(atmca)]2� signals and the
appearance of an independent set of peaks. These new signals
are different from those of free ATMCA, indicating the
formation of the ternary complex. The spectral changes are
particularly informative in the aromatic region, in which the
signals pertaining to the anthracenyl protons move upfield
and undergo a significant broadening. Only the signal of the
proton on the C10 atom remains as a sharp singlet. Moreover,
the signal of the orotate proton in the ternary complexes is
also shifted upfield to �� 5.22 from �� 6.04, the chemical
shift of the free species. In fact, two distinct signals appear
when the experiments are carried out in the presence of an
excess of orotate. The upfield shift of both the anthracene and
orotate protons can be attributed to the aromatic stacking of
the two molecules within the ternary complex,[5d] while the
line broadening of most of the anthracene signals is probably
the result of hampered rotation of this moiety owing to the
formation of the ternary complex.


Figure 5. 1H NMR (400 MHz) spectral changes of [ZnII(atmca)]2� (1�
10�3�) in D2O (pD 7.0, phosphate buffer 0.05�) with increasing concen-
trations of orotate at 25 �C. The [ZnII(atmca)]2�/orotate ratio is: a) 1:0,
b) 1:0.25, c) 1:0.5, d) 1:0.75, e) 1:1, f) 1:2. � indicates the signal of
[ZnII(atmca)]2�, � indicates the signals of ternary complex, � indicates
free orotate.


Discussion


In this study, ATMCA appears to act as an extremely versatile
sensor system that is capable of selectively detecting the
presence of CuII, ZnII and, once complexed with the latter
metal ion, some organic species.


The sensitivity of ATMCA fluorescence emission towards
the solution pH or the presence of metal ions can be ascribed
to the well-described behaviour of polyamines with appended
fluorophores.[2a, 3b] The remarkable sensing properties of this
class of molecules are known from the pioneering studies
carried out by Czarnik[15] which are still attracting a great deal
of attention and which will lead to interesting developments.
The fluorescence emission of these species can be reversibly
switched on and off by different mechanisms on simple
modulation of the working conditions. In the free ligand, an
electron transfer from the lone pair of the secondary amino
group quenches the anthracenyl emission. Its protonation
cancels the effect of the amine and allows the restoration of
the fluorescence.[3b, 15] Figure 1 clearly shows that this is also
the case with ATMCA: there are strong changes in the
fluorescence emission following protonation and deprotona-
tion of the benzylic nitrogen (pK2� 5.8).
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CuII detection : When CuII is added (Figure 2) to an ATMCA
solution at pH 5.0, the metal ion is complexed by the TMCA
subunit by displacement of the protons from the amino
groups. This switches off the sensor fluorescence (CHEQ,
chelation-enhanced quenching)[1b] , usually by an energy- or
electron-transfer process.[3b, 3g] The high affinity of the TMCA
moiety toward this metal ion[16] ensures a high sensitivity of
the system, so that sub-micromolar concentrations of CuII can
be easily detected. Also the complexation of other transition
metal ions with partially filled d orbitals, such as FeII or NiII,
produces an analogous fluorescence quenching. However, at
these pH conditions, the affinity of ATMCA toward these
metal ions is much lower than that of CuII and this is at the
source of the high selectivity of the sensor.


ZnII detection : At neutral or basic pH values, the complex-
ation of ZnII, which has filled d orbitals, involves the lone pair
of the secondary amino nitrogen and thus substantially
decreases its reducing properties. This causes a strong
enhancement of fluorescence emission. The effect is known
as CHEF (chelation-enhanced fluorescence)[1b] and has been
exploited in the design of several chemosensors for ZnII, CdII


and alkali metal ions.[1±3, 15] Nevertheless, there is still a great
interest in the realisation of CHEF chemosensors for ZnII.[17]


Since the zinc ion is an essential cofactor in many biochemical
functions,[18] ZnII-specific probes for the study of intracellular
regulation of this metal are greatly sought after. Such probes
should have high affinity and selectivity, low sensitivity to
physiological pH variations, cell permeability and visible light
excitation (�� 350 nm) and emission (�� 500 nm).[1b]


ATMCA positively fits most of these requirements. The
relatively low pKa values of the amino groups, which appeared
to be a sort of weakness in the design of the sensor, are in fact
a bonus, since this property ensures efficacy at physiological
pH and insensitivity to pH variations. ATMCA shows a high
affinity and sensitivity to ZnII ions as it can easily detect sub-
micromolar concentrations of ZnII and suffers no interference
from most metal ions. In addition, interference by CuII, CoII


and HgII, unavoidable for a polyaminic ligand, should not be
of much concern in intracellular applications because of the
low in-vivo concentrations of these metal ions.[19] Finally, the
good solubility in organic solvents should allow membrane
permeability and the need of visible light emission can be
easily met by replacing the anthracene group with a more
appropriate dye.


Organic anions and orotic acid (VitaminB13) detection : As
emphasised above, the ability of the [ZnII(atmca)]2� complex
to detect organic anions and molecules is of particular
interest. In this case, the bound metal ion acts as the specific
substrate recognition site and the TMCA moiety links the
fluorescent dye with the recognition unit. This strategy has
been previously explored for the sensing of carboxylic acids
(in methanol),[5a,c] amino acids (in methanol),[3b] imidazole (in
water)[5b] and thymine (and uracil) derivatives (in water).[5d]


The acridinylmethylcyclen ±ZnII complex investigated by
Kimura can detect the presence of thymidine (and uridine)
in aqueous solutions at pH 7.6 (logKapp� 4.7) and of guano-
sine (logKapp� 3.7).[5d] The difference in binding constants


ensures a good selectivity for imide-containing nucleobase
derivatives (thymidine and uridine) and was attributed to a
multipoint interaction involving a deprotonated imide�ZnII


bond, two hydrogen bonds between the imide carbonyls of the
substrate and the cyclen amino hydrogen, and a � ±� stacking
interaction between the acridine moiety and the nucleobase.


[ZnII(atmca)]2� shows structural analogies and a similar
behaviour. However, this study highlights new intriguing
features, illustrated, as discussed below, by the ability to bind
all five nucleotides and to selectively detect the presence of
the imide- and amide-containing TMP, UMP and GMP. This
ability to recognise not only imide-containing nucleotides
opens the way to wider applications of such systems and is
probably the result of the higher Lewis acidity of the ZnII ion
complexed to the tridentate TMCA moiety. Besides the high
affinity for the imide-containing TMP (logKapp� 4.5 at
pH 7.2) and UMP (logKapp� 4.0), similar to Kimura×s sensor,
[ZnII(atmca)]2� has also a high affinity for the amide-
containing GMP (logKapp� 4.2). The observed fluorescence
quenching can be ascribed to an electron-transfer process
between the aromatic rings of the bound nucleobase and the
anthracene group, as already observed in other fluorescent
sensors for organic anions.[5a,c] The extent of quenching is
particularly significant with GMP (up to 50%) and allows the
determination of this nucleotide in the concentration range
0.05 ± 0.5m�.


Smaller association constants were determined with CMP
(logKapp� 3.0) and AMP (logKapp� 3.5), which are devoid of
an acidic amide function. However, besides the binding
abilities of the [ZnII(atmca)]2� complexes, only the imide- or
amide-containing nucleotides are efficiently detected by the
sensor. The fundamental interactions upon which the selec-
tive fluorescence sensing of these nucleotides is based have to
be ascribed to the bond between ZnII and the deprotonated
amide nitrogen, which reasonably brings the substrate and the
anthracene moiety of ATMCA into the correct position for
the fluorescence-quenching process. On the other hand, in the
case of AMP and CMP, the absence of an amido group on the
substrate is likely to induce a different binding mode, which
causes a lower affinity and does not assure an optimum
communication between the substrate and the signalling
subunit.


The ability of [ZnII(atmca)]2� to signal the presence of
oxalate (Table 2) indicates the possibility of a second effective
recognition mechanism in addition to that involving the
interaction of the zinc ion with a strong donor as an imide-
deprotonated nitrogen. Carboxylate anions, which are weak
ligands for ZnII in water, do not interact effectively with the
sensor unless they have the possibility to form a five-
membered chelate ring. In fact, among the substrates tested,
only oxalate was able to bind the complex and gave a
significant (up to 40%) fluorescence quenching (logKapp� 4.3
at pH 7.2), while more extended dicarboxylic acids, such as
succinic or glutaric acid, did not show any effect.


Orotic acid (vitaminB13), which combines the presence of
a relatively acidic amide function (pKa� 9.45) with the ability
to form five-membered chelates with metal ions,[20] is the ideal
substrate for the [ZnII(atmca)]2� sensor. Orotic acid is an
intermediate metabolite in the biosynthesis of pyrimidine
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nucleotides.[21] High levels of endogenous orotate are con-
nected to various kinds of disorders, particularly metabolic,
and to an increased cancer risk.[22] Moreover, the same
molecule which is present in various foodstuffs, such as cow
milk, seems to have a positive role in heart protection and in
decreasing the cholesterol level.[20, 23] The availability of
analytical tools for the detection of orotate in human fluids
and food is a goal of great interest[23, 24] and [ZnII(atmca)]2�


may prove to be an ideally suitable sensor. The high affinity of
the complex for orotate (logKapp� 6.6 at pH 7.2) is conse-
quence of the two recognition points, namely, the deproto-
nated amide and the carboxylate group, and of an aromatic
stacking between the aromatic systems of the anthracene
moiety and the substrate. The stacking interaction is also
suggested by molecular modelling studies: the energy-mini-
mized structure of the ternary complex reported in Figure 6
shows the anthracene subunit and orotate lying in two almost


Figure 6. Molecular model for the [ZnII(atmca)(orotate)] ternary complex
as obtained by the HyperChem software package (MM� force field).
Hydrogen atoms are omitted for clarity.


parallel planes at a distance ranging from 3.2 to 3.4 ä. NMR
experiments confirm the presence of a stacking interaction
and, by comparison with [ZnII(tmca)]2� complex data, it is
possible to estimate that it contributes 2.2 logarithmic units to
the ternary complex formation constant. The high affinity and
sensitivity of the complex towards orotate (up to 100%
fluorescence quenching) allow it to sense substrate concen-
trations in the sub-micromolar range. More to the point, the
sensor is extremely selective for orotate, even in the presence
of potential competitors such as carboxylic acids, nucleotides
and nucleobases. It thus appears to be suitable for direct in-
situ determination of orotate levels in biological fluids.


Conclusions


The outstanding properties of TACI-derived ligands allowed
us to realise the highly effective sensors ATMCA and
[ZnII(atmca)]2�. The first important feature of these systems
is the versatility; in fact, by tuning the reaction conditions (pH
or the presence of zinc ions), it is possible to selectively
determine the presence of CuII and ZnII ions as well as
relevant organic substrates.


At pH 5, ATMCA can detect CuII in the sub-micromolar
range. Copper is a significant pollutant as a consequence of its


widespread use. The high selectivity of the sensor, coupled
with its ability to operate in slightly acidic solutions, allows a
straightforward CuII determination in samples which have not
been pretreated. At physiological pH values, ATMCA can
signal the presence of ZnII, again in the sub-micromolar range,
and with a good selectivity under conditions that make it
suitable for intracellular ZnII determination. It is emphasised
here that, on account of the well-established selectivity of the
TMCA moiety toward divalent transition metal ions,[8] also
alkaline or alkaline-earth metal ions will not interfere in the
detection of CuII or ZnII ions.


The most important feature of the ATMCA sensing system
is the ability of the [ZnII(atmca)]2� complex to detect the
presence of important organic species in aqueous solutions.
The presence of nucleobases that contain an imide or acidic
amide functionality is signalled by the sensor and this occurs
with an unprecedented sensitivity in the case of guanine
derivatives. Finally, [ZnII(atmca)]2� is a very effective and
selective sensor in the case of vitaminB13 (orotic acid).
Multiple recognition processes are operative for this impor-
tant metabolite: the presence on the substrate of a strong
binding site such as an acidic amide, the ability to form a five-
membered ring by chelation with the bound ZnII ion and
aromatic stacking allow the determination of sub-micromolar
analyte concentrations. Further investigations are under way
to gain a better insight into the factors that are at play in the
mode of binding and sensing of organic substrates with
[ZnII(atmca)]2�.


Experimental Section


General : Solvents were purified by standard methods. All commercially
available reagents and substrates were used as received. TLC analyses were
performed on Merck 60F254 glass plates precoated with silica gel. Column
chromatography was carried out on silica gel60 (70 ± 230 mesh, Macherey ±
Nagel). Melting points were determined with a Buchi510 capillary melting
point apparatus and are uncorrected. NMR spectra were recorded on a
Bruker AC250F (250 MHz) and a Bruker AM400 (400 MHz) spectrom-
eter. Chemical shifts are reported relative to internal Me4Si. Multiplicity is
given as usual. Elemental analyses were performed by the Laboratorio di
Microanalisi of the Inorganic and Analytic Chemistry Department of the
University of Padova (Italy). UV/Vis absorption measurements were
performed on a Perkin ±Elmer Lambda 16 spectrophotometer equipped
with a thermostated cell holder. Fluorescence spectra were recorded on a
Perkin ±Elmer LS-50B spectrometer equipped with a thermostated cell
holder (1 cm quartz cells). Potentiometric titrations were performed with a
Metrohom 716 DMS Titrino dynamic titrator. Cu(NO3)2, Zn(NO3)2,
Ni(NO3)2, CoCl2, HgCl2, Fe(NO3)2, CdCl2, MnSO4 and Pb(NO3)2 were
analytical grade products. Metal-ion stock solutions were titrated against
ethylenediaminetetraacetic acid (EDTA) following standard procedures.[25]


The buffer components were used as supplied by the manufacturers: acetic
acid (Aldrich) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, Sigma). all-cis-1,3,5-Trimethoxy-2,4,6-triaminocyclohexane
(TMCA) was prepared as reported.[8]


Synthesis of all-cis-1,3,5-trimethoxy-2-(9-anthracenyl)methylamino-4,6-di-
aminocyclohexane (ATMCA): Anthracene-9-carbaldehyde (0.23 g,
1.1 mmol) was added to a solution of TMCA (0.26 g, 1.2 mmol) in benzene
(40 mL). The reaction mixture was stirred at reflux for 4 h, then the solvent
was evaporated under reduced pressure. The remaining solid was dissolved
in ethanol (35 mL) and NaBH4 (0.20 g, 5.3 mmol) was added to the
resulting solution. The reaction mixture was stirred at room temperature
for 6 h. Water (20 mL) was added and the aqueous phase extracted with
CH2Cl2 (3� 20 mL). The organic phase was dried (Na2SO4) and the solvent
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evaporated to yield the crude product as a yellow oil. Purification was
performed by gravity column chromatography (silica gel, CHCl3/EtOH/
NH3(aq) 10:2:0.5, Rf� 0.15) to yield ATMCA (0.30 g, 61%) as yellow solid.
M.p. (decomp� 200 �C); 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 2.96
(t, J� 4.1 Hz, 1H), 3.16 (t, J� 3.9 Hz, 2H), 3.44 (s, 3H); 3.50 (s, 6H), 3.67
(t, J� 4.0 Hz, 2H), 3.89 (t, J� 3.8 Hz, 1H), 4.88 (s, 2H), 7.41 ± 7.56 (m, 4H),
7.99 (d, J� 7.8 Hz, 2H), 8.38 (s, 1H), 8.45 (d, J� 8.8 Hz, 2H); 13C NMR
(63 MHz, CDCl3, 25 �C, TMS): �� 47.78, 51.46, 56.41, 56.65, 58.78, 78.99,
79.62, 124.65, 124.86, 125.89, 126.95, 128.90, 130.43, 131.53, 132.45;
elemental analysis calcd (%) for C24H31N3O3 (409.5): C 70.39, H 7.63, N
10.16; found: C 70.05, H 7.58, N 10.09.


Potentiometric titrations : Protonation constants and formation constants
of the ZnII complex with ATMCAwere determined by pH potentiometric
titrations (25 �C, 0.10� NaCl). Solutions of ATMCA ¥ 3HCl (ca. 1� 10�3�)
and when necessary Zn(NO3)2, were titrated with an aqueous NaOH
solution (0.1�). The electrode system was calibrated by titrating an
aqueous solution of HCl (0.01�) so that the pKw value was 13.78. The data
pertaining to the pH and the volume of added NaOH were fitted with the
computer program BEST[26] to obtain the desired protonation constants
and complex formation constants.


Spectrometric titrations : Small volumes of concentrated substrate solutions
were added to a buffered (1� 10�2�) solution of the ligand (1� 10�6�) or
the [ZnII(atmca)]2� complex (5� 10�5), and the UV/Vis or fluorescence
spectra were recorded. From the spectral changes observed upon addition
of the substrate, the Kapp values were obtained by non-linear regression
analyses of the absorbance or fluorescence data (at the selected wave-
length) versus metal ion concentrations.
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Redox-Switchable Direction of Photoinduced Electron Transfer in an
Ru(bpy)32� ±Viologen Dyad**


Reiner Lomoth,[a] Tilmann H‰upl,[a] Olof Johansson,[b] and Leif Hammarstrˆm*[a]


Abstract: Quenching of the 3MLCT
excited state of [Ru(bpy)3]2� (bpy� bi-
pyridine) by the reduction products
(MV.� and MV0) of methyl viologen
(MV2�) was studied by a combination of
electrochemistry with laser flash photol-
ysis or femtosecond pump±probe spec-
troscopy. Both for the bimolecular re-
actions and for the reactions in an
Ru(bpy)32� ±MVn� dyad, quenching by
MV.� and MV0 is reductive and
gives the reduced ruthenium complex
[Ru(bpy)3]� , in contrast to the oxidative


quenching by MV2�. Rate constants of
quenching (kq), and thermal charge
recombination (krec) and cage escape
yields (�ce) were determined for the
bimolecular reactions, and rates of for-
ward (kf) and backward (kb) electron
transfer in the dyad were measured for
quenching by MV2�, MV.� , and MV0.


The reactions in the dyad are very rapid,
with values up to kf� 1.3� 1012 s�1 for
*Ru(bpy)32� ±MV


.� . In addition, a long-
lived (�� 15 ps) vibrationally excited
state of MV.� with a characteristically
structured absorption spectrum was de-
tected; this was generated by direct
excitation of the MV.� moiety both at
460 and 600 nm. The results show that
the direction of photoinduced electron
transfer in a Ru(bpy)3 ±MV molecule
can be switched by an externally applied
bias.


Keywords: electrochemistry ¥ elec-
tron transfer ¥ molecular devices ¥
ruthenium ¥ viologens


Introduction


The reaction of the 3MLCT excited state of [Ru(bpy)3]2�


(bpy� 2,2�-bipyridine) and methyl viologen (N,N�-dimethyl-
4,4�-bipyridinium dication, MV2�) is a paradigm of oxidative
electron-transfer quenching of transition metal complexes.[1]


However, little is known about the reaction between
*[Ru(bpy)3]2� and the reduction products of MV2� : the
radical cation (MV.�) and neutral methyl viologen (MV0).[2]


The quenching mechanism can be expected to change from
oxidative to reductive upon reduction of MV2� to MV.� (or
MV0), since oxidative quenching by MV.� would have a low
driving force (�G0� 0 eV). Due to the expected mechanistic
change, the direction of photoinduced electron transfer in
supramolecular Ru(bpy)3 ±MV systems might be switched by
an external potential bias or by sequential multiple excitation.
An alternating role of a single molecular unit as both electron
donor and acceptor allows the function of a molecular array to
be switched, for use in molecular electronic devices.[3]


Wasielewski et al.[4] explored this type of concept by using
sequential two-photon excitation, in which imides and di-
imides play the multifunctional role by being donors in the
ground state and acceptors in the excited state, or vice versa.
To the best of our knowledge, however, viologen derivatives
have not been investigated for this purpose, and the reduced
forms have not been used as reactants for excited state
electron-transfer reactions.
We have applied a combination of electrochemistry with


laser flash photolysis or femtosecond pump ±probe spectros-
copy to study the quenching of the excited state of
[Ru(bpy)3]2� by MV


.� or MV0 in a bimolecular reaction and
as an intramolecular reaction in a Ru(bpy)3 ±MV dyad. Thus,


we could verify the expected change in electron-transfer
direction as the viologen is reduced prior to excitation. The
Ru(bpy)3 ±MV dyad behaves as a redox-switchable molecular
photodiode, in which the photodiode response (electron-
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transfer direction) is controlled by an externally applied
electronic bias. We report and discuss the kinetics of the
different reaction steps in both the bimolecular system and
the dyad, and provide data on the excited state dynamics of
both the [Ru(bpy)3]2� and MV


.� units. The rapidity of the
reactions in the dyad, down to the subpicosecond timescale,
demonstrates the potential of the system as a basis for a
molecular switch.


Results and Discussion


Electrochemistry : Cyclic voltammograms of Ru(bpy)32� ±
MV2� in acetonitrile show one quasireversible (�Ep�
79 mV) oxidation wave (Epa� 0.92 V vs Fc�/Fc) and five
quasireversible (�Ep� 60 ± 80 mV) reduction waves (Epc(1)�
�0.71, Epc(2)��1.11, Epc(3)��1.77, Epc(4)��1.97,
Epc(5)��2.24 V). Differential pulse voltammograms show
six well-resolved peaks of equal shape and height, each
equivalent to a one-electron transfer. By comparison with the
voltammograms observed for the model compounds
[Ru(bpy)3]2� and MV2� under the same conditions, the
voltammetric waves can be assigned to metal-centered
oxidation (Ru�I�Ru�II) and two subsequent reductions of
MV2�, followed by reductions of the bpy ligands in the
[Ru(bpy)3] moiety.[5] The data for the redox processes in
Ru(bpy)32� ±MV2� are compiled in Table 1 together with the
corresponding data for [Ru(bpy)3]2� and MV2�. While the
redox potentials for oxidation and reduction of [Ru(bpy)3]2�


and the corresponding processes in the dyad are basically
identical, the reductions of the MV moiety in Ru(bpy)32� ±
MV2� are shifted to less cathodic potentials relative to free
MV2�. The shift of 155 mV for MV2��MV.� and 150 mV for
MV.��MV0 can be explained only partly by the effect of the
[Ru(bpy)3]2� moiety in Ru(bpy)32� ±MV2�. This can account
for 40 ± 80 mVof the observed shift according to the results of
Yonemoto et al.[6] The additional potential shift can be
attributed to the electron-withdrawing effect of the bpy
ligand, similar to the results reported for a N-cyanomethyl-
substituted Ru(bpy)3 ±MV dyad.[6]


Spectroelectrochemistry : Spectroelectrochemical measure-
ments on [Ru(bpy)3]2�, MV2�, and Ru(bpy)32� ±MV2� were
performed to obtain accurate reference spectra of the reduced
and oxidized compounds under the conditions employed for
the time-resolved measurements and to check the stability of
the dyad with the reduced methyl viologen moiety. By
exhaustive electrolysis in an OTTLE-type (OTTLE� opti-
cally transparent thin-layer electrode) spectroelectrochemical
cell at �1.03 and �1.48 V the characteristic electronic


absorption spectra of MV.� and MV0, respectively, were
observed. They are shown in Figure 1 together with the
absorption spectrum of MV2�. The spectra observed in
acetonitrile containing 0.1� [N(nC4H9)4]PF6 are in agreement


Figure 1. Spectroelectrochemical absorption spectra of MV2� (�±�±), MV.�


(––), and MV0 (±±±) obtained by reduction of MV(PF6)2 (0.53m� in
CH3CN, 0.1� [N(nC4H9)4]PF6) at �1.03 and �1.48 V vs Fc�/Fc. Inset:
Details of the 400 nm bands of MV.� (––) and MV0 (±±±).


with those of the chloride salt,[7] and in particular no spectral
signature attributable to the dimer (MV.�)2[8] was observed at
the concentration of 0.53m� employed for the spectra shown
in Figure 1. Extinction coefficients in Figure 1 are based on
�260� 20400��1 cm�1 for MV2�.[7] In the course of electrolysis
sharp isosbestic points were observed, and the quantitative
reproduction of the spectra of MV.� and MV2� on reoxidation
proves the stability of MV.� and MV0 under the conditions
employed.
Figure 2 shows spectral changes upon electrochemical


oxidation (1.07 V) and reduction (�1.83 V) of [Ru(bpy)3]2�.
Oxidation to [Ru(bpy)3]3� results in bleaching over the whole
visible region, and increases in absorbance occur only below
330 nm, while reduction to [Ru(bpy)3]� gives rise to increased
absorption around 550 and 350 nm.
The spectral changes observed for the dyad upon the


corresponding interconversions of the methyl viologen
moiety (MV2��MV.��MV0, �0.83 V, �1.28 V) and
the Ru(bpy)3]2� moiety ([Ru(bpy)3]2�� [Ru(bpy)3]� ,
[Ru(bpy)3]2�� [Ru(bpy)3]3�, �1.80 V, 1.07 V) are essentially
identical to those observed with free methyl viologen and


Table 1. Electrochemical data.


E1/2 [V][b] (�Ep [mV])[c]


Compounds[a] [Ru(bpy)3]0/� [Ru(bpy)3]�/0 [Ru(bpy)3]2�/� MV�/0 MV2�/� [Ru(bpy)3]3�/2�


Ru(bpy)32� ±MV2� � 2.180 (80) � 1.920 (66) � 1.730 (54) � 1.060 (57) � 0.665 (69) 0.905 (79)
[Ru(bpy)3]2� � 2.180 (123) � 1.915 (72) � 1.725 (69) 0.895 (73)
MV2� � 1.210 (68) � 0.820 (75)
[a] As PF6� salts. [b] Versus Fc�/Fc in CH3CN solution with 0.1� [N(nC4H9)4]PF6 as supporting electrolyte, �0.02 V. [c] v� 50 mVs�1.
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Figure 2. Difference absorption spectra of [Ru(bpy)3]3� (±±±),[Ru(bpy)3]�


(––), and *[Ru(bpy)3]2� (�) relative to [Ru(bpy)3]2�. Emission from
*[Ru(bpy)3]2� (�). Spectra were recorded in CH3CN (0.1�
[N(nC4H9)4]PF6) by spectroelectrochemistry (1.07 V and �1.83 V vs Fc�/
Fc) and by laser flash photolysis (�ex� 460 nm) of [Ru(bpy)3](PF6)2. Inset:
Ground-state absorption (––) and excited state emission spectrum (±±±)
of [Ru(bpy)3]2�.


[Ru(bpy)3]2� model compounds. Maxima of all absorption
bands agree within ��max� 4 nm, and a significant difference
in extinction coefficients was found only for the 600 nm band
of MV.� (�608� 16600��1 cm�1 for Ru(bpy)32� ±MV


.� , �605�
13000��1 cm�1 for MV.�). Sharp isosbestic points were
observed in the spectra obtained during all interconversions
and the reverse processes.


Bimolecular electron transfer : Figure 2 shows a transient
spectrum of [Ru(bpy)3]2� taken immediately after the exciting
nanosecond laser pulse at 460 nm. The spectrum shows
an absorption of the 3MLCT state of [Ru(bpy)3]2� with
the maximum at 370 nm (�� 21600��1 cm�1, ���
17400��1 cm�1[9]) and a bleaching of the ground state
absorption around 450 nm (�� 14700��1 cm�1, ���
10000��1 cm�1[9]), together with the emission peaking at
610 nm.
Electron-transfer reactions between excited [Ru(bpy)3]2�


and different redox forms of methyl viologen in acetonitrile
solution were studied by electrochemical generation of the
latter in the optical cell prior to flash photolysis. The resulting
flash-generated transient spectra and some transient absorp-
tion traces are shown in Figure 3.
Without an applied potential *[Ru(bpy)3]2� is quenched by


MV2� to give the transient spectrum shown in Figure 3a. The
spectrum can be assigned to the electron-transfer products of
the well-known oxidative quenching reaction[1] [Scheme 1,


Figure 3. Transient spectra (left panel) and absorption traces (right panel) for the bimolecular reactions of *[Ru(bpy)3]2� with MVn� in CH3CN (0.1�
[N(nC4H9)4]PF6). a) MV2� (5m�) at 400 ns, b) MV.� (�1.03 V, 0.2m�) at 1 �s, c) MV0 (�1.48 V, 0.4m�) at 400 ns after the laser pulse.
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Scheme 1. Quencnig of the excited state of [Ru(bpy)3]3� by MV species in
bimolecular reations.


reaction (1a)], that is, MV.�with absorption bands around 400
and 600 nm and [Ru(bpy)3]3� absorbing below 350 nm,
together with bleaching around 450 nm due to the depletion
of [Ru(bpy)3]2�.[10] The transient traces show the generation of
strong absorption from MV.� at 395 and 600 nm. The initial
bleach at 600 nm is due to *[Ru(bpy)3]2� emission.
When methyl viologen was reduced electrochemically to


MV.� prior to laser flashing, the reaction with *[Ru(bpy)3]2�


resulted in the transient absorption spectra shown in Fig-
ure 3b. The spectrum shows the bleached absorption bands of
MV.� and [Ru(bpy)3]2� together with positive absorption
around 350 and 500 nm due to the formation of [Ru(bpy)3]� .
This is clear evidence that the reaction with MV.� represents
reductive quenching [Scheme 1, reaction (1b)]. In particular,
the bleaching at 400 nm due to consumption of MV.� excludes
oxidative quenching, since the absorption of MV0 generated
in that case would completely compensate for this bleaching
(see Figure 1, inset). The transient traces show the disappear-
ance of MV.� absorptions at 395 and 600 nm. After the initial
bleach at 600 nm due to *[Ru(bpy)3]2� emission, the absorp-
tion after excited-state decay is still much smaller than that
prior to the laser flash. A positive absorption around 510 nm
grows in with the same kinetics as the excited-state decay (not
shown), and is attributed to reduced [Ru(bpy)3]� (see
spectrum Figure 3b).
Figure 3c shows a transient spectrum observed after


reaction of electrochemically generated MV0 with
*[Ru(bpy)3]2�, and it is consistent with the reductive elec-
tron-transfer mechanism [Scheme 1, reaction (1c)]. The pos-
itive absorption can be assigned to the formation of
[Ru(bpy)3]� and MV


.� , while the bleaching can be attributed
to the depletion of [Ru(bpy)3]2� and MV0. This is compen-
sated at 400 nm by the absorption of MV.� , as shown by the
narrow absorption peak superimposed on a broader bleach.
The transient traces show the buildup of a positive absorption
from [Ru(bpy)3]� and MV


.� at 520 nm and 600 nm, respectively.
In the absence of methyl viologen the *[Ru(bpy)3]2� excited


state decays with k0� 1.9� 106 s�1. This is somewhat faster
than typical literature values (1.1� 106 s�1[11]) owing to self-
quenching by the relatively high concentration of
[Ru(bpy)3]2� required by the short path length of the OTTLE
cell. Rate constants of the quenching reactions (kq) with
methyl viologen (MV2�, MV.� , and MV0) were determined
from the emission decay rates (kobs) observed for different
concentrations of methyl viologen electrolyzed at different
potentials (Figure 4). In all cases, the emission decay rate


Figure 4. Pseudo-first-order rate constants (kobs) of emission decay from
*[Ru(bpy)3]2� versus concentration of MV2� (circles), MV


.� (squares) and
MV0 (triangles) in CH3CN (0.1� [N(nC4H9)4]PF6). Values obtained from
fits to 600 nm traces starting at t� 0 (filled symbols) or t� 40 ns (open
symbols). Inset: kobs vs concentration of MV2� for [MV2�]� 1m�.


constant agreed with those obtained from transient absorp-
tion traces over the whole spectrum. With increasing concen-
tration of methyl viologen, the emission decay traces show
increasing deviation from single exponential behavior for
MV.� and MV0 and the pseudo-first-order plots of kobs versus
[MVn�] show positive curvature for all viologen forms.
Deviation from pseudo-first-order kinetics is moderate with
MV2�, but more pronounced with MV.� and MV0. Nonlinear
pseudo-first-order plots have been attributed to increasing kq
due to increasing ionic strength or due to ion pairing with the
counterion.[12] In our case, however, none of these effects can
account for the observed nonlinearities, since ionic strength
and ion-pairing environment should not vary with increasing
concentration of methyl viologen up to 1m� due to the excess
of supporting electrolyte (0.1� [N(nC4H9)4]PF6) and the use
of PF6� salts of [Ru(bpy)3]2� and MV2�. Furthermore, cage-
escape yields were found to increase with increasing concen-
tration (see below), and this can not be explained by any of
the aforementioned effects. Note also that we did not observe
any contribution of (MV.�)2 dimers under these conditions in
the spectroelectrochemistry. Finally, ™quenching sphere-of-
action∫,[13] that is, transient effects[14] cannot account for the
nonlinearities at the moderate concentrations (ca. 1m�)
employed and the long timescale involved. It seems that a
simple bimolecular scheme is not quantitatively correct at
higher concentrations; nevertheless, linear pseudo-first-order
plots were obtained by using rate constants from fits of the
slower part of the traces by ignoring the first 40 ns of the decay
amplitude. The values of kq listed in Table 2 were obtained
from these plots.
Values of kq increase with increasingly negative free-energy


changes (Table 2), as expected for reactions (1a) and (1b)
fromMarcus theory.[15] The further increase in kq observed for
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reaction (1c), which can be expected to occur in the inverted
Marcus region (�G0


f (1c)��1.59 eV), must be attributed to
effects on the diffusional rate constants, that is, the absence of
coulombic repulsion between [Ru(bpy)3]2� and MV0 seems to
more than compensate for the effect of driving force on the
rate constant for forward electron transfer in the encounter
complex.[16]


Quantum yields of electron-transfer products (�et) were
determined from absorbance changes at 610 nm (�A610), which
are due to the formation or depletion of MV.� . The�et values,
which can be expressed as the product of quenching efficiency
(fq) and the cage-escape yield of the electron-transfer products
from the solvent cage (�ce), were calculated from the initial
bleaching of the [Ru(bpy)3]2� ground state absorption at
450 nm (��450� 10000��1 cm�1[9]) as an internal actinometer.
With MV2� a linear plot of �et versus fq was obtained, and


�ce(1a)� 0.30 was determined from the slope. This value is in
agreement with earlier studies under comparable condi-
tions.[17] With MV.� and MV0 the plots of �et versus fq show
strong positive curvature for fq� 0.7 ± 0.8, corresponding to
[MV.�]� 0.6 and [MV0]� 0.4m�, respectively (not shown).
Values of �ce(1b)� 0.2 and �ce(1c)� 0.6 were estimated from
the limiting tangents of the curves for fq� 0 and are given in
Table 2.
Values of �ce have been reported to be only weakly


dependent on �G0
b in bimolecular reactions involving Ru�I


sensitizers.[18] In the present case, however, the effect of
coulombic interaction of the differently charged electron-
transfer products on the rate constants of cage escape (kce)
would result in kce(1a)� kce(1b)� kce(1c), which cannot ac-
count for the observed differences in cage-escape yields.
Instead the higher values of �ce for reactions (1a) and (1c)
relative to reaction (1b) probably reflect significant differ-
ences in the rate constants of back electron transfer (kb),
which may be qualitatively explained by the differences in
�G0 of back electron transfer. Values of kb were estimated
(Table 2) from the measured values of �ce and values of kce
calculated with the Eigen equation with an assumed distance
of r� 10 ä[19] between the redox products in the solvent cage.
The relative values of kb follow aMarcus free-energy relation-
ship, reaching a maximum for reaction (1b) at �G0


b(1b)�
�0.91 eV, and decreasing again for reaction (1a), which would
be in the inverted region (�G0


b(1a)��1.72 eV).[16]
The rate constants for bimolecular recombination of the


electron-transfer products that had escaped into the bulk
(krec) were determined from second-order fits to 610 nm traces
monitoring the decay of MV.� . While krec(1a) is almost
diffusion-controlled, krec(1b) and krec(1c) are somewhat slow-


er. The order krec(1a)� krec(1b)� krec(1c) is the opposite to
what is expected from coulombic effects on the diffusional
constants, and this suggests that the higher value for
reaction (1a) is due to a faster electron-transfer step. This
may be rationalized by a larger effective reaction distance for
an inverted-region reaction[20] or by the difference in elec-
tronic states involved.[16]


In addition to the effect of �ce, a competition between
electron and energy transfer might affect �et . While energy
transfer from *[Ru(bpy)3]2� to MV2� can be excluded for
thermodynamic reasons (E*(MV2�)� 3.10 eV[21]), Fˆrster-
type energy transfer to MV.� seems favorable due to the
spectral overlap, and its contribution to the bimolecular
quenching of *[Ru(bpy)3]2� by MV


.� can not be excluded. For
the emission of *[Ru(bpy)3]2� and the absorption of MV


.� an
overlap integral of J� 1.1� 10�13��1 cm3 was calculated.[22]


Taking the distance of r� 9 ä that was determined for the
dyad,[6] which is also a reasonable value for the contact
distance in the bimolecular reaction, an upper limit of the rate
of Fˆrster-type energy transfer of kFE� 9� 109 s�1 can be
estimated with a refractive index of n� 1.342, an emission
quantum yield of �d� 0.04,[23] a donor lifetime of �d� 10�6 s,
and an orientation factor of �2�4. This indicates that energy
transfer to give the short-lived excited MV.� (see below)
cannot be excluded as a quenching mechanism parallel to
electron transfer in the bimolecular reaction. The results from
the dyad (see below) show, however, that energy transfer is
insignificant relative to the rapid electron transfer in the
intramolecular reaction.


Electron transfer in the Ru(bpy)32� ±MVn� dyads : The
electron-transfer reactions in the covalently linked
Ru(bpy)32� ±MVn� dyad in acetonitrile solution were studied
with femtosecond pump ± probe spectroscopy. Basically the
same picture as drawn for the bimolecular reactions holds for
the course of the intramolecular electron transfer, but without
the complications from diffusional reaction steps. The initial
electron-transfer quenching of the *[Ru(bpy)3]2� moiety
changes from oxidative with MV2� to reductive in the case
of MV.� and MV0. Features of the electron-transfer products
appear in the transient absorption spectra (Figure 5). The
transient absorption traces are consistent with the consecutive
reactions (2a) ± (2c), and a few examples are given in Figure 5
(right panel). The transient absorption �A at different probe
wavelengths as a function of the delay time t between pump
and probe pulses was fitted to consecutive first-order reac-
tions (2a ± c). A summary of the rate constants obtained at the
three different potentials applied is given in Table 3.


*Ru(bpy)32� ±MV2� ��kf �2a	 Ru(bpy)33� ±MV
.� ��kb�2a	 Ru(bpy)32� ±MV2� (2a)


*Ru(bpy)32� ±MV
.� ��kf �2b	 Ru(bpy)3� ±MV2� ��kb�2b	 Ru(bpy)32� ±MV


.� (2b)


*Ru(bpy)32� ±MV0 ��kf �2c	 Ru(bpy)3� ±MV
.� ��kb �2c	 Ru(bpy)32� ±MV0 (2c)


The Ru(bpy)32� ±MV2� dyad : Figure 5a shows a spectrum of
Ru(bpy)32� ±MV2� 10 ps after excitation of the [Ru(bpy)3]2�


moiety at 460 nm, with no potential applied to the cell.
Besides the bleaching of the ground state of [Ru(bpy)3]2�


Table 2. Bimolecular quenching of *[Ru(bpy)3]2� by MVn�.[a]


Reac- kq kb[b] kce[c] krec �ce ��Go
f
[d,e] ��Go


b
[e]


tion n [109��1 s�1] [1010 s�1] [1010 s�1] [109��1 s�1] [eV] [eV]


1a 2 2.5 7.7 3.3 18.9 0.30 0.39 1.72
1b 1 15 9.2 2.3 7.7 0.2 1.20 0.91
1c 0 23 0.9 1.4 7.5 0.6 1.59 0.52


[a] As PF6� salts in CH3CN solution with 0.1� [N(nC4H9)4]PF6. [b] Calculated from
�ce and kce. [c] Calculated with r� 10 ä.[19] [d] Calculated with E*� 2.12 eV ([11]).
[e] Neglecting the coulombic work terms �Go


w(a)��Go
w(c)�� 0.04 eV (� for


forward and � for back reactions, with r� 10 ä), �G0
w(b)� 0.
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moiety around 450 nm, increases in absorption at 400 nm and
around 600 nm are observed that can be assigned to the
formation of MV.� by oxidative quenching of the 3MLCT
state of [Ru(bpy)3]2�, in agreement with conclusions for
similar dyads.[6] Plots of the absorption change versus the
delay between pump and probe pulses for three informative
wavelengths are shown next to the spectrum. The traces at 398
and 600 nm both evolve with the same kinetics due to
formation (�f� 4.5� 0.5 ps) and decay (�b� 30� 2 ps) of the
radical ion MV.� . The bleach magnitudes at 450 nm for the
excited and oxidized [Ru(bpy)3]2� moieties are nearly iden-
tical. Thus, the trace at 450 nm follows the recovery of the
[Ru(bpy)3]2� ground state with the time constant of back
electron transfer �b. The back electron transfer with
�Go


b(2a)��1.57 eV lies in the Marcus inverted region, as
demonstrated by Yonemoto et al. for a series of Ru(bpy)32� ±
MV2� dyads,[6] which are very similar to that investigated here.


The Ru(bpy)32� ±MV
.� dyad : The first reduction of methyl


viologen in the dyad was carried out by electrolysis at�0.88 V
to generate the Ru(bpy)32� ±MV


.� form. Unlike the dication,
MV.� acts as a reductant towards the [Ru(bpy)3]2�moiety. The
solid line in Figure 5b is the absorption change obtained 3 ps
after the excitation, when the forward electron transfer is
complete. Significant bleaching of the MV.� absorptions are
observed just below 400 nm and around 600 nm, while the
[Ru(bpy)3]2� bleaching around 450 nm and the absorption at
500 nm can be attributed to formation of an [Ru(bpy)3]�


moiety. The time profiles to the right of the spectra in
Figure 5b contain the following information: the absorption at
370 nm is due to the 3MLCT state of the [Ru(bpy)3]2� moiety.
Fast pulse-limited formation is followed by 300� 100 fs of
further development, presumably due to initial excited-state
relaxation.[24] The subsequent decay can be attributed to
forward electron transfer with a time constant of �f� 800�
100 fs, since bleaching of the MV.� absorptions at 600 and
398 nm, as well as [Ru(bpy)3]� absorption at 502 nm (not
shown) appear with the same time constant. The signal at
370 nm levels off at about 50% of its initial value, since the
[Ru(bpy)]� state also has a strong absorption at this wave-
length. The back electron transfer can be monitored by the
disappearance of the MV.� bleach, with a time constant of
�b� 5.7� 0.3 ps.
However, excitation at 460 nm generates not only the


3MLCT state of [Ru(bpy)3]2� moiety. Although the extinction
coefficient of MV.� at 460 nm is small (ca. 1000��1 cm�1),


Figure 5. Transient spectra (left) and absorption traces (right) for the intramolecular reactions in the *Ru(bpy)32� ±MVn� dyad in CH3CN (0.1�
[N(nC4H9)4]PF6). a) *Ru(bpy)32� ±MV2�, 10 ps; b) *Ru(bpy)32� ±MV


.� (�0.88 V), 3 ps (––), and 10 ps (- - - -; *MV.� refers to the vibrationally excited
state); and c) *Ru(bpy)32� ±MV0 (�1.28 V) 5 ps after the laser pulse.


Table 3. Intramolecular quenching in *Ru(bpy)32� ±MVn�.[a]


kf kb ��Go
f
[b] ��Go


b
[b]


Reaction n [1010 s�1] [1010 s�1] [eV] [eV]


2a 2 25 3.3 0.53 1.57
2b 1 130 17 1.04 1.07
2c 0 83 0.046 1.43 0.67


[a] As PF6� salt in CH3CN solution with 0.1� [N(nC4H9)4]PF6. [b] Neglect-
ing the coulombic work terms �G0


w(a)��G0
w(c)�� 0.04 eV (� for


forward and � for back reactions, with r� 9 ä),[6] �G0
w(b)� 0.
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some direct excitation of MV.� causes a positive transient
absorption with maxima slightly above 400 nm and at 585,
640, and 700 nm. This is seen most clearly 10 ps after
excitation, when the parallel electron-transfer reaction is
almost complete (Figure 5b, dashed line), but the spectral
structure of the longer lived species is already observable just
after excitation. The spectrum resembles the absorption of
MV.� but is red-shifted by about 810 cm�1, which equals the
energy of the lowest intraring C�C stretching mode of
MV.� .[25] The lifetime of this species is 15� 1 ps (see trace
probed at 700 nm, Figure 5b). As shown in Figure 6, the same


Figure 6. Transient spectrum (5 ps) and absorption traces (insets) for the
excitation of Ru(bpy)32� ±MV


.� at 600 nm in CH3CN (0.1�
[N(nC4H9)4]PF6.


transient is observed 5 ps after exciting only the MV.� moiety
of the dyad at 600 nm. The transient absorption, as monitored
in the trace at 413 nm, is formed within 500� 100 fs and
decays with a time constant of 15� 1 ps. In a previous time-
resolved resonance Raman study of MV.� in water it was
concluded that a vibrationally excited ground state of MV.�


was formed within 350 fs after excitation at 379.5 nm, and
decayed with �� 2 ps.[26] We observe similar dynamics in
acetonitrile, and the new absorption features have the
expected appearance of a ground state of MV.� with one
additional vibrational quantum of about 810 cm�1. Hence, we
attribute this species to the lowest vibrationally excited
ground state of MV.� .
Quenching of the excited [Ru(bpy)3]2� moiety by energy


transfer in parallel to electron transfer may be conceivable
because of the large spectral overlap between the *[Ru(bpy)3]2�


emission and the MV.� absorption. Although Fˆrster-type
energy transfer would be at least two orders of magnitude too
slow to compete (kFE� 9� 109 s�1, see above), Dexter-type
energy transfer is possible. However, no additional formation of
excitedMV.� with the same kinetics as *[Ru(bpy)3]2� decay was
observed, and this leads us to the conclusion that energy-
transfer quenching is not significant in the dyad.


Within 100 ps the reactions in the dyad are complete. A
long-lived absorption remains throughout the whole spec-
trum, which can be assigned to the excited [Ru(bpy)3]2�


moiety in dyads in which the viologen moiety had decom-
posed during measurements. In the femtosecond pump ±
probe experiments it appears as a constant background. Its
spectrum was recorded after 100 ps (not shown) and sub-
tracted from those presented in Figure 5b. The uncertainty in
this procedure can explain the unexpected magnitude of
ground-state bleaching at 450 nm in the spectrum 10 ps after
excitation, and the long-lived absorption at the end of the
700 nm traces (Figure 5b). The time profile taken at 450 nm
does not show any indication of additional transients. The
slow degradation of the dyad was confirmed by a strong
increase in steady state emission measured after 6 h of
continued irradiation of a reduced sample. Reaction with
oxygen reduction products from residual traces of dioxygen
has been reported to be responsible for the loss of the
electron-transfer quenching ability of the viologen moiety in
linked Ru(bpy)32� ± viologen species.[27] In our case, however,
no change of the UV/Vis absorption spectrum was observed
when the reduced dyad was kept for 5 h in the argon-flushed
spectroelectrochemical cell at �0.88 V, that is, under the
conditions employed for the fs measurements but without
irradiation. This result indicates that reactive oxygen species
are not formed efficiently from residual dioxygen (O2� e��
O2


.� , E1/2��1.18 V[28]) under these conditions, and we
suggest that photoreactions of the reduced dyad account for
the observed degradation.


The Ru(bpy)32� ±MV0 dyad : The methyl viologen moiety in
the dyad was reduced to its neutral form at�1.28 V. Figure 5c
shows the transient spectrum 5 ps after excitation. The
characteristic absorption of MV.� appears around 600 nm.
Around 400 nm both MV0 and MV.� have a similarly strong
absorption, and absorption changes remain moderate, al-
though the MV.� peak at 400 nm is apparent. Another
characteristic band with a maximum around 520 nm can be
attributed to the absorption of the [Ru(bpy)3]� moiety. The
kinetic traces recorded at 370 nm (*[Ru(bpy)3]2�) and 520 nm
([Ru(bpy)3]�) show excited-state decay and product forma-
tion with a time constant of �f� 1.2� 0.1 ps. The fast initial
rise (200� 100 fs) at 370 nm again shows the relaxation in the
excited 3MLCT state.[24] The positive transient absorption
change at 370 nm turns into a negative signal due to a smaller
absorption of MV.� compared to MV0. The back electron
transfer is very slow (�b� 2.1� 0.1 ns), as can be seen from the
decay of the MV.� absorption at 600 nm (Figure 5c).


Comparison between the redox forms of the dyad : The relative
values of the forward and backward electron-transfer rate
constants (Table 3) in the different forms of the dyad follow
qualitatively the free-energy relationship predicted by Mar-
cus,[15] reaching their maximum value in the Ru(bpy)32� ±
MV.� dyad, for which �Go


f (2b) and �Go
b(2b) are both about


�1.0 eV. As for the bimolecular reactions above, however,
comparisons based only on free energy are not necessarily
correct.[16] This is most clearly exemplified by the about 400-
fold slower back reaction in Ru(bpy)3� ±MV0 [reaction (2c)]
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compared to Ru(bpy)32� ±MV
.� [reaction (2b)]. The differ-


ence is much too large to be explained by an increase in
activation energy.[29] In addition to the different viologen
states involved, the viologen might affect the localization of
the excess electron in the [Ru(bpy)3]� moiety. The electron is
localized on one bipyridine ligand at any time,[11] and back
electron transfer presumably occurs when it is transiently
located on the ligand that forms a bridge to the viologen
moiety, as has been deduced for the forward electron transfer
from *[Ru(bpy)3]2� moiety in other Ru ± quencher dyads.[30]


When the viologen moiety is reduced, as in the back reaction
[reaction (2c)], it will increase the electron density on the
bridging bipyridine ligand and shift the excess electron
towards the remote ligands. This could explain the much
smaller reaction rate compared to the case of reaction (2b).
In the lowest 3MLCT excited state of [Ru(bpy)3]2�, the


electron is localized on one ligand, giving formally
[RuIII(bpy)2(bpy


.�)].[11] The interligand hopping of the ex-
citation in the homoleptic complex [Ru(bpy)3]2� has been
reported to occur with a time constant of about 75 ps in
acetonitrile.[31] In the present dyad, excitation in the lowest
MLCT absorption band around 460 nm can be expected to
generate excited states on the three different ligands in equal
proportions. However, in all the redox forms of the dyad,
forward electron transfer from the excited state occurs with
time constants of 4 ps or less. There is no sign of a difference in
rate constant between complexes in which excitation is on the
bridging or on the remote ligands. From the magnitude of the
transient absorption from the electron-transfer products
(Figure 5) it is clear that the entire *[Ru(bpy)3]2� population
reacts with the same rate (e.g., compare the bleach at 450 and
the absorption at 600 nm in Figure 5a). This indicates that
interligand hopping in this heteroleptic complex is much
faster than the observed forward electron transfer and, hence,
occurs on a timescale of 1 ps or less, in contrast to the case of
the *[Ru(bpy)3]2� complex.[31]


Conclusion


Transient absorption spectroscopy on the nano- to femto-
second timescale showed that quenching of the excited
*[Ru(bpy)3]2� by MV.� and MV0 generates the reduced
ruthenium complex and oxidizes the viologen, both in the
bimolecular reaction and in the Ru(bpy)32� ±MVn� dyad. This
is in contrast to the well-known oxidative quenching observed
with MV2� and shows that the direction of electron transfer in
a Ru(bpy)32� ± viologen molecular electronic device can be
switched by an externally applied bias. Both the forward and
back electron-transfer reactions in the Ru(bpy)32� ±MV2� and
Ru(bpy)32� ±MV


.� dyads are rapid, with lifetimes between 0.8
and 30 ps. This demonstrates the potential of the dyad not
only as a redox-switchable photodiode but also as a rapid
photoswitchable unit when linked to a second chromophore.
Competing quenching of the *[Ru(bpy)3]2� state by energy
transfer to the MV.� radical could be ruled out for the dyad
but may be significant in the bimolecular reaction. Direct
excitation of the MV.� moiety in the Ru(bpy)32� ±MV


.� dyad
generated a low-lying vibrationally excited state of the MV.�


radical cation, with a lifetime of 15 ps, the absorption
spectrum of which is red-shifted by approximately 810 cm�1


compared to ground-state MV.� .


Experimental Section


Electrochemistry : Cyclic voltammetry, differential pulse voltammetry, and
controlled-potential electrolysis were carried out with an Autolab poten-
tiostat with an GPES electrochemical interface (Eco Chemie). The working
electrode was a glassy carbon disk (diameter 2 mm, freshly polished) for
voltammetry, and a platinum grid for bulk electrolysis. A platinum spiral in
a compartment separated from the bulk solution by a fritted disk was used
as counterelectrode. The reference electrode was a nonaqueous Ag/Ag�


electrode (CH Instruments, 0.01� AgNO3 in acetonitrile) with a potential
of �0.08 V versus the ferrocenium/ferrocene (Fc�/Fc) couple in acetoni-
trile as an external standard. All potentials reported here are versus the
Fc�/Fc couple by adding�0.08 V to the potentials measured versus the Ag/
Ag� electrode.


All solutions were prepared from dry acetonitrile (Merck, spectroscopy
grade, dried with 3 ä molecular sieves) with 0.1� tetrabutylammonium
hexafluorophosphate (Fluka, electrochemical grade, dried at 373 K) as
supporting electrolyte. Glassware was oven dried, assembled, and flushed
with argon while hot. Before all measurements, oxygen was removed by
bubbling solvent-saturated argon through the stirred solutions, and the
samples were kept under argon atmosphere during measurements.


Spectroelectrochemistry : Spectroelectrochemical measurements were
made in a OTTLE-type quartz cell with an optical path length of 1 mm.
A platinum grid of size 10� 30 mm2 with 400 meshes per square centimeter
was used as working electrode. The counter- and reference electrodes were
of the same type as described for electrochemistry.
Solvent-saturated argon was bubbled through samples for 20 min, and they
were then transferred to the argon-flushed cell with an argon stream.


The spectra were recorded on an UV/Vis diode array spectrophotometer
(Hewlett Packard 8435); the background was collected on electrolyte
solution in the potential-free OTTLE cell.


Flash photolysis : Nano- and microsecond transient absorption and
emission measurements were obtained with a flash photolysis setup
consisting of a Nd:YAG laser/optical parametric oscillator (OPO) combi-
nation (Quantel) and a flash photolysis spectrometer (Applied Photo-
physics). The samples were excited at 460 nm with 5 ns pulses of 15 mJ in
the OTTLE cell, which was oriented at 45� relative to both the excitation
and analyzing light, which were in a 90� cross-beam configuration. The
samples contained [Ru(bpy)3](PF6)2 (ca. 0.3m�) to give an absorption of
0.45 in the 1 mm cell (0.63 at 45�) at the excitation wavelength. MV(PF6)2
was added to the samples from a concentrated stock solution to final
concentrations of 0.2 ± 5m�. The concentration of MV(PF6)2 was deter-
mined by spectrophotometry. Flash photolysis measurements on the same
samples were carried out without applied potential and after exhaustive
electrolysis at appropriate potentials to reduce the methyl viologen.


Femtosecond pump ± probe experiments : These were carried out by using
regenerative amplified pulses of a Ti:sapphire laser system (Coherent/
Ouantronix[32]: 120 fs pulse duration, central wavelength 800 nm, 1 kHz repeti-
tion rate). The excitation wavelength of 460 nm (2 �J pulse energy) was
generated by tripling the frequency of the signal wave of a tunable optical
parametric amplifier (TOPAS). Transient absorption changes were probed
by delayed white-light continuum pulses generated by the fundamental
wave (800 nm) in a rotating CaF2 plate (thickness 5 mm) under magic-angle
polarization and detected either as a lock-in amplified signal from a
photomultiplier tube (PMT) at a certain probe wavelength or by recording
whole spectra (380 ± 740 nm) with a CCD camera connected to a spectro-
graph (Oriel). The spectral chirp was about 3 ps over 370 ± 700 nm, which
did not prohibit identification of the electron-transfer products.


The samples contained [Ru(bpy)3 ±MV](PF6)4 (ca. 0.20 ± 0.27m�), which
resulted in an absorption of 0.3 ± 0.4 in the 1 mm cell at the excitation
wavelength. Measurements were carried out in the OTTLE cell without
applied potential and after exhaustive electrolysis at appropriate potentials.
The cell was moved vertically during measurements to minimize local
heating effects. A slit in the working electrode allowed the laser beams to
pass the cell without being scattered by the grid.
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Materials : [Ru(bpy)3](PF6)2 and MV(PF6)2 were prepared from the
commercially available chloride salts and were provided by L. Sun
(Stockholm).


[Ru(bpy)3 ±MV](PF6)4: The starting materials were prepared as described
earlier.[33] [Ru(bpy)2(4-BrCH2–4�-CH3-bpy)](PF6)2 (0.350 g, 0.36 mmol)
and 1-[(4�-methyl-2,2�-bipyridine-4-yl)methyl]-4,4�-bipyridinium bromide
(0.150 g, 0.36 mmol) were heated to reflux in CH3CN (20 mL) under
nitrogen for 20 h. The solvent was evaporated in vacuo, and the residue was
purified twice by chromatography on silica (eluent: CH3CN/H2O/satd
KNO3, 5:4:1). Excess KNO3 in fractions containing product was removed
by dissolving the product as a nitrate salt in CH3CN followed by filtration.
The solvent was evaporated in vacuo, and the solid redissolved in a
minimum amount of H2O and precipitated by addition of a tenfold excess
of NH4PF6. The orange solid was collected by filtration and washed
repeatedly with several portions of H2O and Et2O, and dried under vacuum
(0.092 g, 17%). Rf� 0.05 (CH3CN/H2O/satd KNO3, 5:4:1, silica gel);
1H NMR (400 MHz, [D6]acetone, 25 �C, TMS): �� 9.63 (d, J� 7.2 Hz, 2H),
9.47 (d, J� 6.8 Hz, 2H), 8.95 (d, J� 1.2 Hz, 1H), 8.85 (d, J� 6.8 Hz, 2H),
8.83 ± 8.74 (m, 7H), 8.66 (s, 1H), 8.64 (d, J� 5.2 Hz, 1H), 8.56 (s, 1H), 8.40
(s, 1H), 8.23 ± 8.14 (m, 4H), 8.06 (d, J� 6.0 Hz, 1H), 8.02 ± 7.95 (m, 4H),
7.85 (d, J� 6.0 Hz, 1H), 7.68 (m, 1H), 7.62 ± 7.47 (m, 6H), 7.42 (m, 1H), 6.39
(s, 2H), 6.37 (s, 2H), 2.54 (s, 6H); ESI-MS: m/z : 613.143 [M� 2PF6]2�
(calcd for C54H46N10RuP2F12: 613.112), 360.411 [M� 3PF6]3� (calcd for
C54H46N10RuPF6: 360.420); elemental analysis (%) calcd for
C54H46N10RuP4F24 ¥ 2H2O (1551.97): C 41.79, H 3.25, N 9.03; found: C
41.59, H 3.13, N 9.04.


All solvents for synthesis were used as received. All reactions and
purifications were performed under dim light. Chromatographic purifica-
tions were carried out on Merck silica gel 60 (230 ± 400 mesh), and thin-
layer chromatography was performed on Merck silica gel 60 F254 .
1H and 13C NMR spectra were recorded on Varian 300 MHz or on 400 MHz
spectrometers. The electrospray ionization mass spectrometry (ESI-MS)
experiments were carried out on a ZacSpec mass spectrometer (VG
Analytical, Fisons Instrument) under the following conditions: needle
potential, 3 kV; acceleration voltage, 4 kV; bath and nebulizing gas,
nitrogen. Liquid flow was 50 �Lmin�1 by using a syringe pump (Phoenix
20, Carlo Erba, Fisons instrument). The solvent used was acetonitrile
(HPLC).


The amount of free [Ru(bpy)3]2� impurity in [Ru(bpy)3 ±MV](PF6)4 was
determined to be less than 1% by comparing the magnitude of the steady-
state emission to that of a [Ru(bpy)3](PF6)2 standard with the same
absorption at the excitation wavelength.
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Conformationally Stable and Constrained Macrocarbocyclic Pseudopeptide
Mimics of �-Hairpin Structures


Stephen Hanessian*[a] and Mauro Angiolini[b]


Abstract: Subjecting a �-Pro-�-Pro template harboring N- and C-terminal �-alkenyl
amino acids to a ring-closure metathesis reaction afforded the corresponding
macrocyclic alkenes. A cis-alkene analogue crystallized with one molecule each of
water and chloroform, which were retained even after heating at 100 �C. By using the
reduced macrocyclic product as a template, the metathesis could be repeated twice
on newly installed �-alkenyl amino acids to give three-tiered macrocarbocyclic
pseudopeptides as mixtures of conformers. NMR studies revealed the high
conformational stability of these motifs.


Keywords: �-sheet ¥ macrocycles ¥
metathesis ¥ peptides


Introduction


The structure and function of proteins are intimately related
to their three-dimensional architecture, in which extended
strands of amino acid residues can adopt �-helical and �-sheet
arrangements.[1] Such motifs define the secondary structures
of the protein by virtue of inter-residue H-bonding, which
gives specific segments of polypeptide chains an element of
topological rigidity and sidedness. Three or more strands with
parallel or antiparallel alignments of peptide amide units,
connected by short loops consisting of one or two amino acid
residues each, can create a �-sheet.[2] The loop region for an
antiparallel arrangement requires amino acid residues that
adopt a so-called �-turn or �-hairpin shape.[3] These ubiqui-
tous regions and the chiral space provided by the backbone
substituents of the polypeptides are important structural and
functional elements for recognition by receptors, by DNA, or
by small molecules. Consequently, much effort has been
devoted to the design and synthesis of mimics of �-hairpin
structures that harbor natural and unnatural peptidic append-
ages.[4] Creative juxtaposition of amide groups has led to the
synthesis of artificial �-sheet-like motifs in which H-bonding


plays a crucial role in maintaining a compact architecture.[2±4]


For example, an imposed proximity of antiparallel residues
can be achieved by utilizing proline or related turn-inducing
rigid amino acids as loop regions. Nature utilizes disulfide
bridges as a means of generating compact cyclic peptides, and
™carba∫ analogues have been devised as synthetic mimetics.[5]


The Grubbs ring-closing metathesis reaction is an immensely
useful method for C�C bond formation.[6] It can be success-
fully applied to the synthesis of macrocarbocyclic analogues
of cyclic peptides.[7, 8]


Robinson and co-workers[9] have reported on the synthesis
of 8- and 10-amino acid residue cyclic peptides incorporating a
�-Pro-�-Pro as a template to maintain �-strands in an
antiparallel arrangement. We report herein on the design,
synthesis, and secondary structural characteristics of novel
macrocarbocyclic pseudopeptides as constrained �-hairpin
structure mimetics utilizing a �-Pro-�-Pro dipeptide as a loop
or turn motif.


Results and Discussion


The synthesis of the tetrapeptide 1 from S-butenyl glycine and
�-Pro-�-PrOH was accomplished in a straightforward man-
ner.[10] Ring-closing metathesis with the Grubbs catalyst
afforded the macrocyclized olefinic products 2 and 3 as a 1:1
mixture of cis and trans isomers in 92% yield, (Scheme 1).


Slow evaporation from wet hexanes/chloroform yielded
X-ray-quality crystals of the cis isomer 3, mp 192� 195 �C,
which contained one molecule of water and another of
chloroform in a unique H-bonded arrangement.[11] The unit
cell consisted of two conformers, C1 and C2, differing only in
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the torsion angles of specific methylene groups in the
hexamethylene bridge, (Figure 1).


Figure 1. Ortep diagrams for 3 : bridged conformer C1, bridged conformer
C2, and composite structure C1/C2.


Remarkably the crystals retained their three-dimensional
structure even at 100 �C, without losing molecules of solvation
or changing the ratio of the two hexamethylene bridged
conformers. A thermogravimetric analysis confirmed partial
loss of solvent at 112 �C.[11] Upon hydration in CHCl3/hexanes,
the original structure 3 was restored as a 1:1 mixture of
conformers C1 and C2. Equally interesting was the conforma-
tional study of 3 by 1H NMR spectroscopy at 600 MHz in
different solvents.


Spectra in CDCl3 and CD2Cl2 showed the presence of
different conformers due to cis ± trans tertiary amide-bond
isomerism, and several N�H resonances were observed


between �� 6.9 and 8.10; this
indicated the existence of intra-
molecular hydrogen bonds (�
or � turns, �max in CDCl3 at
3360 ± 3279 cm�1).[12, 13, 14] Only
a single conformation was ob-
served in [D5]pyridine by one-
dimensional NMR spectrosco-
py (1H and 13C); its secondary
structure, shown in Scheme 2,
was studied by a combination of
two-dimensional COSY, TOC-


SY, NOESY, and ROESY spectra.[11] The geometry of the two
tertiary amidic bonds was determined from the carbon
chemical shifts of the � and � carbons of the proline rings.[15]


Typical values of � of 31.03 for C�2 and 23.03 for C�2 ,
characteristic for cis-Xaa-�-Pro, were observed in the
13C NMR spectra.[11]


A strong NOE effect between the protons H1 and H2, and
the occurrence of a doublet for H2 (arising from one large and
one small J value between H2 and vicinal protons) confirmed
the cis-Xaa-�-Pro geometry.[16, 17] A trans geometry for the �-
Pro-�-Pro bond was deduced by observing carbon chemical
shifts values of �� 29.48 for C�3 and 25.48 for C�3 and the
absence of an NOE effect between H2 and H3.[16] The
presence of a cis geometry for the Xaa-�-Pro bond is
interesting because �-Pro-�-Pro dipeptides are known to
strongly prefer a type II� �-turn conformation, which cannot
be adopted in the case of 3.[9, 16, 18]


Titration experiments with increasing amounts of DMSO
(0 ± 15% v/v) in [D5]pyridine showed a similar behavior for
the two NHs present in the molecule with ��(NH) values of
�0.24 ppm for NHA and �0.29 ppm for NHB, (Figure 2). A
large temperature-dependence coefficient of �0.019 ppmK�1


Figure 2. DMSO titration experiments in [D5]pyridine for 3. ��NHB,
��NHA.
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Scheme 1. a) (PCy3)2Cl2RuCHPh (0.1 equiv), CH2Cl2, RT, 5 h, 92%.
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for NHA and of �0.014 ppmK�1 for NHB was observed in
variable temperature experiments; this is consistent with the
presence of an intramolecular hydrogen bond.[19] The linearity
of the temperature dependences for the NHs was a strong
indication that major conformational changes were absent in
the temperature range 273 ± 323 K,[20] (Figure 3). D2O ex-
change experiments and NOE effects allowed the secondary
structure of the tetrapeptide 3 to be better understood. Thus
NHA exchanged with 5% D2O in [D5]pyridine in 20 hours,
while the NHB took 3 days; this indicates that both the NHs
were intramolecularly bonded: NHA to the carbonyl of the
methyl ester to form a 14-membered ring and NHB to the
carbonyl of �-Pro-�-Pro to generate a �-turn structure,
(Scheme 2).


Figure 3. Variable temperature NMR experiments in [D5]pyridine for 3.
��NHB, ��NHA.


That the NHB proton was internally oriented toward the
macrocycle was ascertained from a strong NOE effect
between NHB and H3, and weak NOE between NHB and a
C�4 proton. The downfield chemical shift for NHB (�� 9.66)
and for NHA (�� 8.52) relative to those of normal amides, and
the presence of large values for the homonuclear coupling
constants between NHB and H4 (8.75 Hz), and NHA and H1


(8.45 Hz) are consistent with the presence of the proposed
H-bonded array.[21, 22, 23]


Finally the chemical shifts of all four H� protons of the four
amino acid residues were in agreement with a �-hairpin-type
structure, showing downfield shifts relative to a random coil:
�� 4.70 for H1, 5.84 for H2, 4.86 for H3, and 5.03 for H4,[11, 24]


(Table 1). Reduction of a mixture consisting of 2 and 3
afforded the saturated macrocycle 4, whose solution con-
formation, H-bonding pattern, and NMR characteristics were
very similar to the cis-olefin 3, (Table 2). HPLC-MS analysis
revealed the presence of two conformers each having exactly
the same mass.


A second ring-closing metathesis was successfully accom-
plished by following the same protocol. Thus, treatment of 5
with the Grubbs catalyst led to two conformersA and B (with
conformer B being more polar thanA), which were separated
by column chromatography. Hydrogenation of these products
afforded the reduced macrobicyclic pseudopeptides 6A and
6B as two conformers, (Schemes 3 and 4). That these were
constitutionally the same compounds differing in the con-
formation of the bridging hexamethylene unit was ascertained
by their identical mass spectra.


HPLC analysis of 6A and 6B revealed the presence of
major peaks that were not common to each. However, heating
the solutions of 6A and 6B at 120 �C in tetrachloroethane


Scheme 3. Second and third ring-closure metathesis (RCM) products, and
their HRMS data [M�H]� .


Table 1. 1H NMR chemical shifts for peptide 3 at 303 K (1m� solution in
[D5]pyridine).


Residue NH CH(�) CH2(�) CH2(�) CH2(�)


1 8.52 4.70 2.50, 2.03 2.50 5.50
2 ± 5.84 2.22, 1.95 1.70 3.91, 3.69
3 ± 4.86 2.38, 2.07 1.93, 1.74 4.31, 3.47
4 9.66 5.03 1.93, 1.75 2.88, 1.90 5.28


Table 2. 1H NMR chemical shifts for peptide 4 at 303 K (1m� solution in
[D5]pyridine).


Residue NH CH(�) CH2(�) CH2(�) CH2(�)


1 8.44 4.62 2.30, 1.76 1.68, 1.61 1.35, 1.25
2 ± 5.74 2.22, 1.95 1.68 3.90, 3.75
3 ± 4.86 2.35, 2.20 1.95, 1.85 4.15, 3.45
4 9.43 5.14 1.93, 1.75 1.67 1.22
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resulted in partial conversion of the major conformers to a
common new conformer. The 1H NMR spectra of 6A and 6B
in [D5]pyridine and [D6]DMSO indicated the presence of
several conformers, which were also seen with HPLC
analysis.[25] Unfortunately, the presence of multiple conform-
ers and amide bond rotamers precluded detailed NMR
analysis as in the case of 3 and 4.


Compounds 6A and 6B were converted to the olefinic
precursors 7A and 7B, respectively, after which a third ring-
closing metathesis was done on each one individually
(Scheme 4). The mixture of olefinic carbocycles was separated
into two new sets of conformers 8A, 8A� and 8B, 8B� by
column chromatography. Final hydrogenation led to four
corresponding saturated bridged pseudooctapeptides 9A, 9A�
and 9B, 9B�, which were chromatographically separable into


less polar and more polar compounds in each case and had
identical mass spectra, (Schemes 3 and 4).[11]


Finally, the versatility of the Grubbs metathesis in the
synthesis of macrocyclic carbon-bridged pseudopeptides was
demonstrated by the preparation of the crystalline 18-
membered analogue 11 starting from the diene 10,
(Scheme 5).


Conclusion


We have described the synthesis and conformational prefer-
ences of macrocarbocyclic pseudopeptides that can be elabo-
rated into higher homologues by iterative Grubbs metathesis
reactions. The six- and eight-carbon methano-bridges span-
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ning the peptidic scaffold can adopt highly stable conforma-
tions, conferring rigidity on the structures. These can be
considered as carbocyclic analogues of �-hairpin and �-sheet
model systems.


Experimental Section


General : 1H and 13C NMR spectra were recorded at 400 MHz and
100 MHz, respectively, at room temperature unless mentioned otherwise.
1H and 13C two-dimensional NMR spectra were recorded at 600 MHz
(Bruker VMX600 spectrometer) typically at a peptide concentration of
1m�. Assignments were made from COSY, TOCSY, NOESY, and ROESY
spectra. The NOEs were determined from NOESY and ROESY spectra
measured with mixing times of 40, 120, and 250 ms at 303 K. Chemical
shifts are reported in parts per million (ppm) downfield from tetramethyl-
silane (TMS) with reference to internal solvent. Optical rotations were
recorded at 20 �C on a Perkin ±Elmer241 apparatus with a sodium lamp
(wavelength of 589 nm). Chromatographic purifications were performed
on a column with 230 ± 400 mesh silica gel (Merck9385) with the indicated
solvent system. Dichloromethane was distilled from calcium hydride.
Diethyl ether and THF were distilled from sodium metal/benzophenone
ketyl. All nonaqueous reactions were performed under an argon atmos-
phere with oven-dried glassware.


Peptide Synthesis : All the peptides were synthesized by conventional
solution-phase methods by using a racemization free fragment condensa-
tion strategy. Couplings were mediated by 3-(3-dimethylaminopropyl)-1-
ethylcarbodiimide hydrochloride (EDC)/1-hydroxybenzotriazole (HOBt).
The Boc group was used to protect the N terminus, and the C terminus was
protected as a methyl ester. Deprotection of the NBoc group was
performed by using 15 equivalents of trifluoroacetic acid (TFA) in CH2Cl2,
and the methyl ester was removed with 0.2� LiOH at 0 �C. All
intermediates were characterized by 1H NMR and 13C NMR spectroscopy
(400 MHz), mass spectroscopy (LRMS and HRMS), TLC, and, if
necessary, purified by flash column chromatography on silica gel. Prior to
every ring-closing metathesis reaction the dienes were purified by flash
column chromatography and fully characterized. Ring-closure metathesis
reactions were carried out in dry and degassed CH2Cl2 under anhydrous
conditions and an argon atmosphere.


General procedure for deprotection of C terminus methyl ester : LiOH
solution (6.4 mL 0.2�, 1.28 mmol, 1.8 equiv) was added dropwise over
10 minutes to a solution of methyl ester (0.71 mmol, 1 equiv) dissolved in
THF (10 mL) at 0 �C. The mixture was stirred at 0 �C for 1.5 h. The THF
was evaporated in vacuo at 30 �C, and the aqueous solution was acidified to
pH 2 with HCl (1�). The acid was extracted with ethyl acetate, the
combined organic layers dried over Na2SO4, and the solvent evaporated to
afford the product.


General procedure for peptidic coupling : Diisopropylethylamine (DIEA)
(1850 �L, 2.5 equiv) and then EDC (5.49 mmol, 1.3 equiv) were added to a
solution of acid (4.36 mmol, 1 equiv), amine trifluoroacetate salt
(5.49 mmol, 1.3 equiv) and HOBt (5.49 mmol, 1.3 equiv) dissolved in dry
CH2Cl2 (70 mL) at �15 �C. The mixture was allowed to warm up to room
temperature and stirred for 40 h. The organic layer was washed with 5%
KHSO4 (aq) (30 mL), saturated NaHCO3 solution (30 mL), and brine
(30 mL). The combined organic layers were dried over Na2SO4, and the
solvent concentrated in vacuo. No purification was done unless otherwise
noted.


General procedure for deprotection of N-Boc terminus : TFA (5.2 mL,
15 equiv) was added to a solution of N-Boc derivative (4.50 mmol, 1 equiv)
dissolved in CH2Cl2 (45 mL), and the solution was stirred at room
temperature for 5 h. The solvent was evaporated in vacuo, and the residue
was washed several times with diethyl ether. The crude trifluoroacetate salt
was then dried under high vacuum for 5 h. The product was used without
further purification.


General procedure for ring-closing metathesis : The Grubbs ruthenium
catalyst (PCy3)2Cl2RuCHPh (0.073 mmol, 0.1 equiv) was added to a
solution of diene (0.73 mmol, 1 equiv) dissolved in dry CH2Cl2 (600 mL)
under an argon atmosphere at room temperature. Within 15 minutes, the
color changed from purple to orange-brown. The solution was stirred for


5 h after which TLC showed full disappearance of starting material. The
solution was concentrated to afford a black foam. Usually two purifications
by flash column chromatography afforded the cyclic olefin as a white foam.
For NMR spectra see Supporting Information.


General procedure for hydrogenation : 10% Pd-C (0.123 mmol, 0.1 equiv)
was added to a solution of alkene (1.23 mmol, 1 equiv) dissolved in MeOH
(15 mL). The mixture was purged with hydrogen and stirred overnight
under 1 atm of hydrogen. The solution was then filtered through a pad of
Celite and concentrated to afford the hydrogenated product as a white
foam.


2-{{1-[1-(2-tert-Butoxycarbonylamino-hex-5-enoyl)pyrrolidine-2-carbon-
yl]pyrrolidine-2-carbonyl}amino}hex-5-enoic acid methyl ester (1): By
using the general procedure for peptidic coupling, peptide 1 was obtained
as a colorless oil. Yield: 2.15 g, 90%; Rf� 0.30 (ethyl acetate); 1H NMR
(400 MHz, CDCl3, mixture of rotamers): �� 1.46 (s, 9H), 1.55 ± 2.45 (m,
16H), 3.40 ± 4.20(m, 4H), 3.70, 3.75 (s, 3H), 4.40 ± 4.75 (m, 4H), 4.95 ± 5.15
(m, 4H), 5.83 (m, 2H), 5.95, (d, J� 8 Hz, 1H), 7.30, 7.55 (d, J� 8 Hz, 1H);
13C NMR (100 MHz, CDCl3, mixture of rotamers): �� 23.7, 23.9, 25.1, 25.3,
28.1, 29.0, 29.4, 29.7, 30.3, 30.5, 31.8, 32.5, 46.9, 47.1, 51.1, 51.4, 52.0, 58.0,
58.2, 60.1, 60.4, 79.1, 79.3, 114.8, 115.1, 115.4, 115.8, 136.8, 137.0, 137.25,
137.59, 154.8, 155.4, 170.3, 170.5, 170.8, 170.9, 171.2, 172.8; FAB-HRMS
m/z : calcd for C28H45N4O7 [M�H]�: 549.3288; found: 549.3308.


(E)- and (Z)-9-tert-Butoxycarbonylamino-2,8,18-trioxo-1,7,17-triaza-tricy-
clo[17.3.0.03,7]docos-12-ene-16-carboxylic acid methyl esters (2 and 3): By
using the general procedure for ring-closing metathesis, the cyclic products
2 and 3 were obtained as an inseparable mixture of E/Z isomers in 92%
yield (1.87 g) as a white foam after two flash chromatography columns. The
ratio of olefin isomers was estimated by 1H NMR integration in
[D5]pyridine (ca. 55:45 E/Z). Slow evaporation from a mixture hexanes/
chloroform (1:1) yielded X-ray-quality crystals of the Z isomer 3. Crystals
contained one molecule of water and another of chloroform. Mp: 192 ±
195 �C; Rf� 0.30 (ethyl acetate/methanol 95:5); 1H NMR (600 MHz,
[D5]pyridine 1m� solution concentration, (Z)-3, one single conformation):
�� 1.47 (s, 9H), 1.49 ± 2.54 (m, 15H), 2.88 (q, J� 8.5 Hz, 1H), 3.47 (q, J�
8 Hz, 1H), 3.61 (s, 3H), 3.69 (q, J� 7 Hz, 1H), 3.91 (dt, J� 2.4, 7 Hz, 1H),
4.31 (m, 1H), 4.70 (m, 1H), 4.86 (d, J� 8.4 Hz, 1H), 5.03 (t, J� 8.7 Hz,
1H), 5.28 (m, 1H), 5.50 (m, 1H), 5.84 (d, J� 7.5 Hz, 1H), 8.52 (d, J�
8.4 Hz, 1H), 9.66 (d, J� 8.7 Hz, 1H); 13C NMR (125 MHz, [D5]pyridine
1m� solution concentration, (Z)-3, one single conformation): �� 23.0,
23.9, 24.4, 25.4, 28.7, 29.4, 31.0, 31.9, 33.7, 47.4, 50.8, 52.1, 53.0, 59.3, 60.8, 78.7,
79.9, 128.8, 132.7, 156.8, 172.3, 173.5, 174.1, 175.5; FAB-HRMS m/z : calcd
for C26H41N4O7 [M�H]�: 521.2975; found: 521.2962.


Crystal structure data for 3 : C27H43N4O8 ¥H2O ¥CHCl3, Mr� 658.004.
Crystals were grown by slow evaporation of a solution of 3 in a mixture
hexanes/chloroform (1:1). Crystal size: 0.61� 0.40� 0.30 mm, orthorhom-
bic, space group P212121, a� 13.3813(1), b� 13.5623(1), c� 18.8657(2) ä,
V� 3423.77(5) ä3, Z� 4, �calcd� 1.2765 mgm�3, �� 2.839mm�1, 4.01��


�� 72.93 � ; of 41617 reflections collected, 6715 were unique; BrukerAXS,
SMART 2 K diffractometer (293 K, �(CuK�)� 1.54178 ä). The structure
was solved by direct methods (SHELXS97; G.M. Sheldrick, Program for
the Solution of Crystal Structures, Universit‰t Gˆttingen, 1997) and refined
by full matrix least-squares analysis (G. M. Sheldrick, Program for the
Refinement of Crystal Structures, Universit‰t Gˆttingen, 1996). R(F)�
0.0339, wR(F 2)� 0.2503. Crystallographic data (excluding structure fac-
tors) for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no.CCDC-165298. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44)1223-336033; e-mail : deposit@ccdc.cam.ac.uk).


9-tert-Butoxycarbonylamino-2,8,18-trioxo-1,7,17-triaza-tricyclo[17.3.0.03,7]-
docosane-16-carboxylic acid methyl ester (4): By using the general
procedure for hydrogenation, the saturated peptide 4 was obtained as a
white foam. Yield: 1.62 g, 90%; Rf� 0.30 (ethyl acetate); 1H NMR
(600 MHz, [D5]pyridine 1m� solution concentration, major conformer):
�� 1.52 (s, 9H), 1.21 ± 2.50 (m, 20H), 3.44 (q, J� 7.5 Hz, 1H), 3.65 (s, 3H),
3.71 (m, 1H), 3.90 (m, 1H), 4.14 (m, 1H), 4.61 (m, 1H), 4.87 (d, J� 7.5 Hz,
1H), 5.14 (m, 1H), 5.73 (d, J� 8.6 Hz, 1H), 8.44 (d, J� 8.3 Hz, 1H), 9.43 (d,
J� 9 Hz, 1H); 13C NMR (100 MHz, CDCl3, mixture of rotamers): �� 21.7,
22.3, 23.1, 25.5, 26.0, 26.7, 28.6, 29.0, 31.3, 32.7, 47.0, 47.6, 51.8, 52.5, 52.6, 52.7,
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59.2, 61.2, 79.8, 155.6, 171.6, 171.7, 172.0, 173.4; FAB-HRMS m/z : calcd for
C26H43N4O7 [M�H]�: 523.3131; found: 523.3151.


2-{[9-(2-tert-Butoxycarbonylaminohex-5-enoylamino)-2,8,18-trioxo-1,7,17-
triazatricyclo[17.3.0.03,7]docosane-16-carbonyl]amino}hex-5-enoic acid
methyl ester (5): By using the general peptidic-coupling procedure, peptide
5was obtained as a white foam. Yield: 1.54 g, 85%; Rf� 0.35 (ethyl acetate/
methanol 95:5); 1H NMR (400 MHz, CDCl3, mixture of rotamers): ��
1.45(s, 9H), 1.30 ± 2.50 (m, 28H), 3.70, 3.74 (s, 3H), 3.40 ± 4.80 (m, 10H),
4.90 ± 5.10 (m, 4H), 5.77 (m, 2H), 6.54, 6.75, 6.90, 6.95, 7.1, 7.90 (d, J� 8 Hz,
4H); 13C NMR (100 MHz, CDCl3, mixture of rotamers): �� 22.6, 23.5,
24.8, 25.6, 26.1, 26.7, 27.3, 28.0, 28.2, 28.7, 29.0, 29.1, 29.2, 29.4, 30.1, 30.6,
31.0, 32.0, 46.7, 46.9, 47.1, 50.3, 51.3, 52.0, 53.8, 57.7, 58.6, 60.1, 60.3, 60.6, 79.4,
115.3, 115.5, 136.4, 136.5, 136.6, 136.9, 155.0, 155.2, 155.5, 169.1, 169.9, 170.3,
170.7, 170.9, 171.1, 171.3, 171.6, 171.9, 172.4; FAB-HRMS m/z : calcd for
C38H61N6O9 [M�H]�: 745.4500; found: 745.4515.


E and Z Cyclic peptides from the second ring closure metathesis : The
general procedure for ring-closing metathesis was modified, and the
reaction was carried out under reflux in CH2Cl2 for 5 h with 0.2 equivalents
of Grubbs catalyst. Starting from peptide 5, the cyclic peptides A and B
were separated by flash column chromatography (ethyl acetate/methanol
9:1). Each compound was an inseparable mixture of E/Z isomers. Overall
yield: 50%, peptide A : 170 mg, peptide B : 500 mg; (A/B� 1:3); Rf (A)�
0.40 (ethyl acetate/methanol 9:1), Rf (B)� 0.30 (ethyl acetate/methanol
9:1). For A : FAB-HRMS m/z : calcd for C36H57N6O9 [M�H]�: 717.4187;
found: 717.4170. For B FAB-HRMS m/z : calcd for C36H57N6O9 [M�H]�:
717.4187; found: 717.4170. 1H NMR spectra are included in the Supporting
Information.


Cyclic peptides 6A and 6B : By using the general hydrogenation procedure,
the saturated peptides 6A and 6B were obtained as white foams starting,
respectively, from peptides A and B. Overall yield: 90%, 6A : 150 mg, 6B :
450 mg; Rf (6A)� 0.40 (ethyl acetate/methanol 9:1), Rf (6B)� 0.30 (ethyl
acetate/methanol 9:1); for 6A : FAB-HRMS m/z calcd for C36H59N6O9


[M�H]�: 719.4343; found: 719.4329, for 6B : calcd: 719.4343; found:
719.4322. 1H NMR spectra are included in the Supporting Information.


Peptides 7A and 7B : By using the general procedure for peptidic coupling,
the peptides 7A and 7B were obtained as white foams starting,
respectively, from 6A and 6B. Overall yield: 80%, 7A : 70 mg, 7B :
240 mg; Rf (7A)� 0.35 (ethyl acetate/methanol 9:1), Rf (7B)� 0.30 (ethyl
acetate/methanol 85:15); for 7A FAB-HRMS m/z : calcd for C48H77N8O11


[M�H]�: 941.5711; found: 941.5749, for 7B : calcd: 941.5711; found:
941.5681. 1H NMR spectra are included in the Supporting Information.


E and Z Cylic Peptides from the third ring-closure metathesis of 7A : By
using the general procedure for ring-closing metathesis under reflux, the
diene 7A afforded two cyclic products, 8A and 8A�, which were separated
by flash column chromatography (ethyl acetate/methanol 9:1). Each
compound was an inseparable mixture of E/Z isomers. Overall yield:
54%, peptide 8A : 23 mg, peptide 8A�: 14 mg (8A/8A� 1.6:1); Rf (8A)�
0.35 (ethyl acetate/methanol 9:1), Rf (8A�)� 0.30 (ethyl acetate/methanol
9:1); for 8A FAB-HRMS m/z : calcd for C46H73N8O11 [M�H]�: 913.5398;
found: 913.5421; for 8A�: calcd: 913.5398; found: 913.5421. 1H NMR
spectra are included in the Supporting Information.


E and Z Cyclic peptides from the ring closure metathesis of 7B : By using
the general procedure for the ring-closing metathesis reaction under reflux,
the diene 7B afforded two cyclic peptides 8B and 8B�, which were
separated by flash column chromatography (ethyl acetate/methanol 85:15).
Each compound was an inseparable mixture of E/Z isomers. Overall yield
55%, peptide 8B : 70 mg, peptide 8B�: 41 mg. (8B/8B� 1.7:1);Rf (8B)� 0.35
(ethyl acetate/methanol 85:15), Rf (8B�)� 0.30 (ethyl acetate/methanol
85:15); for 8B FAB-HRMS m/z : calcd for C46H73N8O11 [M�H]�: 913.5398;
found: 913.5374; for 8B�: calcd: 913.5398; found: 913.5374. 1H NMR
spectra are included in the Supporting Information.


Cyclic peptides 9A and 9A�: By using the general hydrogenation
procedure, the saturated peptides 9A and 9A� were obtained in 85%
yield as white foams starting from 8A and 8A�, respectively. Peptide 9A :
yield: 20 mg; Rf� 0.35 (ethyl acetate/methanol 9:1); FAB-HRMS m/z :
calcd for C46H75N8O11 [M�H]�: 915.5555; found: 915.5541. Peptide 9A�:
yield: 12 mg; Rf� 0.30 (ethyl acetate/methanol 9:1); FAB-HRMS m/z :
calcd for C46H75N8O11 [M�H]�: 915.5555; found: 915.5541. 1H NMR
spectra are included in the Supporting Information.


Cyclic peptides 9B and 9B�: By using the general procedure for hydro-
genation, the saturated peptides 9B and 9B� were obtained in 85% yield as
white foams starting from 8B and 8B�, respectively. Peptide 9B : yield:
60 mg; Rf� 0.35 (ethyl acetate/methanol 85:15); FAB-HRMS m/z : calcd
for C46H75N8O11 [M�H]�: 915.5555; found: 915.5541; elemental analysis
calcd for C46H74N8O11 ¥ 5.5H2O: C 54.49, H 8.39, N 11.05; found: C 54.91, H
8.26, N 10.64. Peptide 9B�: yield: 34 mg; Rf� 0.30 (ethyl acetate/methanol
85:15); FAB-HRMS m/z : calcd for C46H75N8O11 [M�H]�: 915.5555; found:
915.5541; elemental analysis calcd for C46H74N8O11 ¥ 4H2O: C 55.98, H 8.31,
N 11.35; found: C 56.04, H 8.04, N 10.78. 1H NMR spectra are included in
the Supporting Information.
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Rebek Imides and Their Adenine Complexes:
Preferences for Hoogsteen Binding in the Solid State and in Solution


Ronald K. Castellano,[a] Volker Gramlich,[b] and FranÁois Diederich*[a]


In memory of Professor Donald J. Cram


Abstract: Rebek imides (3), formed
from Kemp×s triacid, were developed
in the mid-1980×s as model receptors for
adenine derivatives. We report here the
first account of their hydrogen-bonding
preferences upon binding 9-ethylade-
nine (1 a) in the solid state. Structural
analysis begins with simple imides 3 a ± e
that form discrete dimers, while bis-
imide 4 forms ribbon-like structures in
the crystalline phase. The hydrogen-
bonding interface within each of the
representative assemblies features short
intermolecular N(3)imide ¥ ¥ ¥O(8*)imide*
distances (ca. 2.95 ä), indicative of
two-point hydrogen bonding. Imides
3 f ± h could be co-crystallized with 1 a ;


single-crystal X-ray analysis of the re-
sulting complexes reveals hydrogen-
bonding geometries nearly identical to
those observed in nucleobase complexes
of adenine and pyrimidine derivatives.
Imides 3 f and 3 g form 2:1 ternary
assemblies with 1 a ; the complex of the
former, (3 f)2 ¥ 1 a, displays both Wat-
son ±Crick- and Hoogsteen-type hydro-
gen bonding, whereas the complex of
the latter, (3 g)2 ¥ 1 a, shows the Hoogs-


teen motif and imide hydrogen bonding
to N(3) of the purine base (N(3)adenine ¥ ¥ ¥
N(3��)imide� 3.07(1) ä). Imide 3 h forms a
1:1 complex with 1 a (3 h ¥ 1 a ¥CHCl3)
and displays Hoogsteen binding exclu-
sively. All of the 3 ¥ 1 a assemblies show
Cadenine ¥ ¥ ¥Oimide distances (3.38 ± 3.75 ä)
that are consistent with C-H ¥ ¥ ¥O hydro-
gen bonding. Base-pairing preferences
for the Rebek imides are further ex-
plored in solution by 1H NMR one-
dimensional NOE experiments and by
computational means; in all cases the
Hoogsteen motif is modestly favored
relative to its Watson ±Crick counter-
part.


Keywords: Hoogsteen base pairing
¥ hydrogen bonding ¥ molecular
recognition ¥ receptors ¥ Watson ±
Crick base pairing


Introduction


Structural elucidation of double-stranded DNA through
X-ray analysis by Watson and Crick[1] provided the impetus
for exploring simplified nucleobase complexes in the solid
state throughout the 1950×s and 60×s, with particular emphasis
placed at the time on rationalizing base-pairing structure.
Early contributions by Hoogsteen,[2] Rich,[3] Sobell,[4] Frey,[5]


and their co-workers explored the subtle structural differ-
ences between the complexes of substituted adenines (A) with
thymine (T) and uracil (U) derivatives. Through this research
was elucidated a nearly exclusive preference for Hoogsteen
binding within 1:1 base-pair complexes between 9-alkylade-
nines (1 a, 1 b) and 1-methylthymine (2 a) or 1-methyluracil
(2 b-d) in the solid state (Figure 1), independent of lattice
structure or crystallization conditions (vide infra).[6]


Figure 1. 1:1 Complexes between 9-alkyladenines (1a, 1 b) and thymine
(2a) or uracil (2b ± d) derivatives display Hoogsteen (HG) binding in the
solid state. [a] Refs. [2, 5]. [b] Ref. [3a]. [c] Ref. [3d]. [d] Refs. [3b,c]. The
atom numbering scheme shown is used throughout the paper.


Cyclic imide derivatives 3 of Kemp×s triacid[7] were
introduced by Rebek and co-workers in the mid-1980×s as
model receptors for adenine derivatives.[8] Variants of 3
reversibly bind 9-ethyladenine (1 a) through two-point hydro-
gen bonding (Figure 2).[9] Rapid interconversion on the NMR
timescale is observed in solution between free 3 and bound 3
(3 ¥ 1 a) wherein 1:1 complexation occurs through either the
Hoogsteen (HG) or Watson ±Crick (WC) faces, the hydro-
gen-bonding motifs introduced and defined for nucleotide
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Figure 2. Rebek imides 3 can reversibly bind adenine derivatives (e.g.
9-ethyladenine, 1 a) from either the Hoogsteen (HG) or Watson ±Crick
(WC) face. Inset: Atom numbering scheme for 3 in 3 ¥ 1 a complexes.


base pairing. NMR experiments have probed the independent
contributions of hydrogen bonding and aromatic � stacking
(Figure 2, in which X� phenyl,
naphthyl, and anthryl deriva-
tives) to adenine complexation
and addressed the influence of
� stacking on HG and WC
preferences.[8, 9] Meanwhile, re-
duction of the cyclic imide
in 3 to the corresponding lac-
tam has provided insight into
the role of secondary electro-
static interactions in hydrogen-
bonded complex stability.[9i, 10]


The sum of this work has estab-
lished suitably substituted Re-
bek imides as versatile and
functional nucleobase surro-
gates.
Even so, adenine complexes of the Rebek imides have yet


to be studied in the solid state, for which the structures of their
nucleobase congeners have been known for more than
40 years. During the course of recent investigations aimed at
the study of sulfur-aromatic interactions in proteins, we have
employed the Rebek imide receptor system.[11] Crystallization
of imides 3 a ±h and 4 has permitted their detailed solid-state
investigation. While pentyl, cyclohexyl (Cy), and dithianyl


3b X = OCH2Cy


3d X = O(CH2)2Cy


3f X = OCH3


3h X = NH(CH2)2SCH3


3g X = OCH2SCH3
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3e X = O(CH2)2Di
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(Di) derivatives 3 a ± e form simple hydrogen-bonded dimers
in the crystalline phase, 4 forms extended ribbon-like
structures, and receptors 3 f ± h, after readily co-crystallizing
with 1 a, appear as their adenine complexes. These last
systems display a rich array of hydrogen-bonding motifs,
which we discuss herein in terms of the known solid-state
behavior and base-pairing geometries of the nucleobases. A
preference for the Hoogsteen configuration within the
solvated complex 3 h ¥ 1 a ¥CHCl3 inspired parallel studies in
solution by 1H NMR one-dimesional NOE experiments and
in the gas phase by computational means. Results of these
experiments demonstrate that the Hoogsteen preference
persists in the solid, liquid, and gas phases for 1:1 adenine
complexes of the Rebek imides.


Results and Discussion


Synthesis : Schemes 1 and 2 show the preparation of all new
compounds used in our studies. Derivatives 3 a ± e, 3 h ± j, and
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Scheme 2. Preparation of bis-imide 4. Conditions: a) HO(CH2)2-
S2(CH2)2OH, NEt3, DMAP, CH2Cl2, reflux; 26%.


bis-imide 4 were prepared by reaction of the appropriate
alcohol or amine with known acid chloride 6[9f, 12] as described
in the literature for analogous compounds.[9] Imide 3 g was
accessed by direct alkylation of Kemp×s triacid 5[7, 12] with
chloromethyl methyl sulfide following the general procedure
of Kim and co-workers.[13] All compounds were isolated as
crystalline, white solids.


X-ray crystallography


Imides 3 a ± e and bis-imide 4 : A search of the Cambridge
Structural Database (CSD)[14] reveals four examples of Rebek
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Scheme 1. Preparation of novel Rebek imide derivatives from Kemp×s triacid 5. Conditions: a) SOCl2, reflux
(ref. [12]). b) NEt3, DMAP (cat.), CH2Cl2, RT or reflux; 35% (3b), 31% (3 c), 21% (3 d), 12% (3e).
c) ClCH2SCH3, NEt3, CH3CN, RT; 24%. d) NEt3, CH2Cl2, 0 �C to RT; 50% (3 a), 77% (3 h), 80% (3 i), 64% (3j).
DMAP� 4-dimethylaminopyridine.
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imide dimers in the solid state; however, this hydrogen-
bonding motif is not discussed in the corresponding cita-
tions.[15] We describe here the solid-state structures of imide
3 a and bis-imide 4 as many of their features are representative
of these two classes of compounds. The structures of 3 b ± e,
which all form hydrogen-bonded dimers, have been deposited
with the Cambridge Crystallographic Data Centre (CCDC;
see the Experimental Section for details).
We consider first the dimeric structure of 3 a (Figures 3a


and b). The imide function within each molecule of 3 a is
expectedly planar, as it appears in all of our structures–the
largest deviation of the imide atoms (i.e. , C(2), N(3), C(4),


Figure 3. X-ray crystallographic analysis of 3 a. a) The 3 a ¥ 3a dimer. Some
hydrogens have been omitted for clarity. Black dashed lines denote
hydrogen bonds. b) Hydrogen bonding is also observed between the amide
�NH protons and the imide carbonyl oxygens. c) An ORTEP diagram of
the unit cell of 3a, projected along the c axis. Hydrogens and disordered
solvent molecules occupying the channels have been omitted for clarity.
Atom colors: blue N, red O, white H. Thermal ellipsoids are shown at the
50% probability level.


O(7), O(8); Figure 4) from the least-squares plane defined by
these atoms is 0.02 ä. At the hydrogen-bonding interface an
N(3) ¥ ¥ ¥O(8*)[16] bond length of 2.98(1) ä (Table 1) compares
favorably with the average 2.92(3) ä observed for the four
reported structures in the CSD, as does an O(8) ¥ ¥ ¥O(8*)


distance of 3.40(1) ä (versus
3.60(9) ä). Moreover, the hy-
drogen-bonding angles are
nearly identical. Finally, the
planes of the two imide func-
tions at the dimer junction are
parallel for symmetry reasons;
they are offset by only 0.09 ä.
Such is also the case for imides
3 b ± e.


A packing diagram for 3 a is shown in Figure 3c wherein the
crystal displays rhombohedral (R3≈) symmetry. The pentyl
substituents are sufficient to fill the intervening space
between the dimer units, but unexpectedly, lipophilic channels
are formed about the lattice×s trigonal axis. The distance
across the channels is approximately 8 ä; possible occupants
are disordered n-hexane solvent molecules aligned along the
c axis in their extended chain conformation (ca. 6.5 ä end-
to-end). Atoms composing the solvent molecules and Rebek
imide subunits (e.g., the methyl groups) appear to be
within van der Waals contact along the channel bore. The
molecules of 3 a form an infinite hydrogen-bonded network
throughout the lattice (Figure 3c) by means of weak contacts
between the amide �NH of one imide and the carbonyl
oxygen of an imide from a neighboring pair (O(7) ¥ ¥ ¥Namide�
3.13 ä).
A search of the CSD for Rebek-type bis(imides) does not


reveal any submissions, although several alkyl-tethered cyclic
bis(imides) can be found.[17] Bis-imide 4 is not unlike these
examples, although it boasts more robust three-dimensional
structure and added functionality within the imide compo-
nent. Figure 5a shows an ORTEP diagram of the C2-symmet-
ric bis-imide 4, wherein an 86.8(2)� dihedral angle is observed
about the disulfide bond (CH2-S-S-CH2) with an S�S bond
length of 2.04(1) ä (the S�S bond is at a crystallographic diad
axis; 1.0� x, y, 0.5� z); these values are consistent with other
disulfides in the solid state.[18]


Figure 5b shows the crystal packing diagram for 4. Begin-
ning at the hydrogen-bonding interface, the bonding distances
and angles are nearly identical to those observed for the dimer
of imide 3 a (Table 1). However, unlike within the 3 a
assembly, the hydrogen-bonded imide functions in the crystal
of 4 deviate by 1.02 ä from a coplanar configuration. In other
words, the imide surfaces are parallel, but lie 0.51 ä off the
assembly×s inversion center. The packing of 4 is reminiscent of
many ™ditopic∫ receptors that self-associate by hydrogen
bonding–the individual molecules of 4 form ™molecular
tapes∫[19] and the tapes align in a parallel fashion throughout
the crystal lattice.


Complexes of Rebek imides with 9-ethyladenine : In all cases,
co-crystals of Rebek imides and 9-ethyladenine could be


N OO
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3
2


7 8
4


Figure 4. Atom numbering
scheme used for imide dimers
3a ± e and bis-imide 4.


Table 1. Hydrogen-bonding distances [ä] and angles [�] for imide 3 a and
bis-imide 4 compared to known Rebek imide structures from the Cam-
bridge Structural Database (CSD).[a]


CSD[b] 3a[c] 4[c]


N(3) ¥ ¥ ¥O(8*) 2.92(3) 2.98(1) 2.91(1)
O(8) ¥ ¥ ¥O(8*) 3.60(9) 3.40(1) 3.49(1)
N(3) ¥ ¥O(8*)�C(4*) 125.5(19) 132.1(2) 126.0(2)
C(4)�N(3) ¥ ¥ ¥O(8*) 113.3(27) 107.7(2) 110.6(2)


[a] See Figure 4 for atom labeling. [b] Average distances calculated from
the crystallographic data using Cerius2 v. 4.5 (Molecular Simulations, Inc.).
See ref.[15] for the CSD reference codes. Standard deviations are shown in
parentheses. [c] Calculated from the crystallographic data using SHELXTL
(see the Experimental Section for details). Estimated standard deviations
are shown in parentheses. Symmetry operations * for the symmetry
equivalent atoms: 3 a : 1.6666� x, 1.3333� y, 0.3333� z ; 4 : 0.5� x,
0.5� y, �z.
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Figure 5. X-ray crystallographic analysis of bis-imide 4. a) An ORTEP
diagram of 4. Hydrogens have been omitted for clarity. Thermal ellipsoids
are shown at the 50% probability level. b) A crystal packing diagram of 4,
projected along the c axis. Some hydrogens have been omitted for clarity.
Atom colors: yellow S, blue N, red O,
white H.


obtained by slow infusion of
hexane into chloroform solu-
tions of the two components.


Complex (3 f)2 ¥ 1a : The 2:1
complex formed between sim-
ple methyl ester 3 f[9] and 1 a
(Figure 6a) bears remarkable
structural similarity to the nu-
cleobase complex featuring
1-methyl-5-iodouracil (2 e) and
1 a (Figure 6b).[4d] In the latter,
both the Hoogsteen and re-
versed Watson ±Crick binding
modes are observed. Interest-
ingly, a search of the CSD
reveals that 2:1 imide binding
to adenine in theHG/WCmotif
(normal or reversed pairing) is
rather uncommon for isolated
nucleobases, the above iodo-
uracil complex being one of
the only examples.[20] Similar
to (2 e)2 ¥ 1 a, the planes defined
by the two recognition surfaces
within (3 f)2 ¥ 1 a deviate from a
coplanar relationship. At the
HG face, 3 f and 1 a are twisted
with respect to one another by


about 10.0� (versus 9.4� in (2 e)2 ¥ 1 a), a value that increases to
approximately 19.6� at theWC face (versus 15.7� in (2 e)2 ¥ 1 a).
Such deviations presumably arise to relieve bending in the
hydrogen bonds.[21]


The prima facie structural similarities between the two
complexes are borne out in their hydrogen-bonding param-
eters (Table 2). Short N(7) ¥ ¥ ¥N(3�) and N(1) ¥ ¥ ¥N(3��) distan-
ces (ca. 2.9 ä) are observed at both faces of the purine base
within (3 f)2 ¥ 1 a. The same is also true for the N(10) ¥ ¥ ¥O(8�)
and N(10) ¥ ¥ ¥O(7��) values (ca. 2.9 ä). The intermolecular
C(8) ¥ ¥ ¥O(7�) and C(2) ¥ ¥ ¥O(8��) distances (ca. 3.7 ä), although
longer than those observed within (2 e)2 ¥ 1 a, are still within a
range appropriate for favorable C�H ¥ ¥ ¥O interactions. The
stabilizing nature of such contacts has long been debated in
the context of organic crystal structures,[22] rationalized in
terms of secondary electrostatic interactions within hydrogen-
bonded complexes,[10] and most recently discussed in terms of
base-paired nucleotide[23] and transmembrane helix struc-
tures.[24] In combination with H ¥ ¥ ¥O�C angles near the ideal
120� (122� for the HG face, 130� for the WC face) we take
these parameters as being consistent with C�H ¥ ¥ ¥O hydrogen
bonding in (3 f)2 ¥ 1 a.
Figure 6c shows the packing diagram of (3 e)2 ¥ 1 a projected


along the b axis. The crystal structure consists of layers of
ternary complexes related by two-fold rotation symmetry.
Stacking (ca. 3.4 ä) is observed between the Hoogsteen
hydrogen-bonding face of one ternary complex and the �


Figure 6. The hydrogen-bonding arrangements within 2:1 9-ethyladenine (1 a) complexes with 5-iodouracil (2e)
and 3 f are nearly identical. a) The (3 f)2 ¥ 1a complex. The ethyl group of 1a is disordered in the crystal structure.
Distances shown are in ä. b) The (2 e)2 ¥ 1 a complex as described by Sobell and co-workers (ref. [4d], IMUEAD,
reproduced and modified with permission of the J. Mol. Biol.). c) The unit cell of (3 f)2 ¥ 1a projected along the b
axis. d) � Stacking between 1 a and the Hoogsteen hydrogen-bond interface. The van der Waals surfaces are
shown in transparent yellow. Some hydrogens have been omitted for clarity.
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surface of a neighboring adenine molecule 1 a ; overlap
between the relevant van der Waals surfaces is shown in
Figure 6d. This motif, � hydrogen-bond stacking, appears in
many other hydrogen-bonded assemblies in the solid state,
although its contribution to hydrogen-bond complex stability
has not been well investigated.[25]


Complex (3g)2 ¥ 1a : X-ray analysis of the co-crystals formed
from 3 g and 1 a also reveals 2:1 complex formation. Figure 7a
shows the isolated ternary assembly, wherein the Hoogsteen
motif is prominently displayed. The planes defined by the
imide and adenine surfaces are markedly twisted (22.2(7)�) at
theHG face, perhaps representing a compromise between the


Figure 7. Single-crystal X-ray analysis reveals the adenine-binding ar-
rangement within the (3g)2 ¥ 1a complex. a) Imide hydrogen bonding to
both the Hoogsteen face and to the N(3) of adenine derivative 1a is
observed. b) Packing diagram with a view along the crystallographic a axis;
the unit cell dimensions are outlined. Some hydrogens have been omitted
for clarity.


hydrogen-bonding forces oper-
ating at either end of the mol-
ecule (vide infra). For compar-
ison of hydrogen-bonding pa-
rameters we employ the
benchmark 1:1 Hoogsteen com-
plex formed between 1-methyl-
thymine (2 a) and 9-methylade-
nine (1 b); data were collected
by Frey and co-workers using
neutron diffraction techni-
ques.[5] The N(7) ¥ ¥ ¥N(3�) and
N(10) ¥ ¥ ¥O(8�) distances are
nearly identical in the two com-
plexes (ca. 3 ä), as are each of
the hydrogen-bonding angles
(Table 3). Similar to both 2 a ¥


1 b and (3 f)2 ¥ 1 a, a short C(8) ¥ ¥ ¥O(7�) distance (3.61(1) ä)
is observed with an H ¥ ¥ ¥O�C angle of 115�, values again
representative of C�H ¥ ¥ ¥O hydrogen bonding.


The (3 g)2 ¥ 1 a complex features a second hydrogen-bonding
motif involving N(3) of 1 a as the acceptor and the�NH group
of a neighboring imide as the donor (N(3) ¥ ¥ ¥N(3��)�
3.07(1) ä). Pairing geometries involving this face of the
adenine have recently been calculated to be more stable than
either the Watson ±Crick or Hoogsteen arrangements for
unsubstituted adenine-thymine base pairs in the gas phase.[26]


Despite these predictions, a search of the CSD[27] does not
reveal any examples of imide �NH hydrogen bonding to the
N(3) position of adenine in the context of nucleobase
complexes,[28] although the pattern is well known within
adenine complexes with barbiturate derivatives (e.g., para-
banic acids, cyanuric acids, and hydantoins).[28, 29] That the
N(3) ¥ ¥ ¥N(3��) distance of 3.07(1) ä observed in the (3 g)2 ¥ 1 a
complex is appropriate comes through comparison to the
CSD structures:[27] the mean N ¥ ¥ ¥N(3)adenine distance calcu-
lated from our survey is 3.05(15) ä. Finally, the deviation
from planarity between 3 g and 1 a at the N(3) face is a large
27.1(7)�, a geometry that likely optimizes the N(3) ¥ ¥ ¥N(3��)


Table 2. Hydrogen-bonding distances [ä][a] and angles [�][a] at the Hoogsteen and Watson ±Crick faces for
assemblies (2e)2 ¥ 1a and (3 f)2 ¥ 1a.[b]


Hoogsteen face (2e)2 ¥ 1a[c] (3 f)2 ¥ 1 a[d] Watson ±Crick face (2e)2 ¥ 1a[c] (3 f)2 ¥ 1 a[d]


N(7) ¥ ¥ ¥N(3�) 2.82 2.94(1) N(1) ¥ ¥ ¥N(3��) 2.80 2.91(1)
N(7) ¥ ¥ ¥N(3�)-C(2�) 121.1 118.4(5) N(1) ¥ ¥ ¥N(3��)-C(2��) 120.7 116.2(5)
N(7) ¥ ¥ ¥N(3�)-C(4�) 110.0 114.6(5) N(1) ¥ ¥ ¥N(3��)-C(4��) 113.4 116.6(5)
C(5)-N(7) ¥ ¥ ¥N(3�) 139.5 138.1(6) C(2)-N(1) ¥ ¥ ¥N(3��) 113.6 117.9(5)
C(8)-N(7) ¥ ¥ ¥N(3�) 114.2 118.7(5) C(6)-N(1) ¥ ¥ ¥N(3��) 126.6 122.2(5)
N(10) ¥ ¥ ¥O(8�) 3.06 2.86(1) N(10) ¥ ¥ ¥O(7��) 3.16 3.02(1)
N(10) ¥ ¥ ¥O(8�)-C(4�) 133.8 141.2(5) N(10) ¥ ¥ ¥O(7��)-C(2��) 118.2 122.5(5)
C(6)-N(10) ¥ ¥ ¥O(8�) 126.1 128.7(5) C(6)-N(10) ¥ ¥ ¥O(7��) 115.1 112.8(5)
C(8) ¥ ¥ ¥O(7�) 3.32 3.75(1) C(2) ¥ ¥ ¥O(8��) 3.35 3.66(1)
C(8) ¥ ¥ ¥O(7�)-C(2�) 106.7 105.1(5) C(2) ¥ ¥ ¥O(8��)-C(4��) 109.5 106.6(5)
N(7)-C(8) ¥ ¥ ¥O(7�) 84.5 78.2(5) N(1)-C(2) ¥ ¥ ¥O(8��) 83.7 77.3(5)
N(9)-C(8) ¥ ¥ ¥O(7�) 160.8 167.1(6) N(3)-C(2) ¥ ¥ ¥O(8��) 147.2 153.6(6)


[a] Calculated from the crystallographic data using Cerius2 v. 4.5 for (2 e)2 ¥ 1 a and SHELXTL for (3 f)2 ¥ 1a.
[b] See Figures 1, 2, and 6 for atom labeling. [c] Ref. [4d]. [d] Estimated standard deviations are shown in
parentheses.


Table 3. Hydrogen-bonding distances [ä][a] and angles [�][a] at the Hoogs-
teen face for assemblies 2a ¥ 1 b, (3g)2 ¥ 1a, and 3h ¥ 1a ¥CHCl3.[b]


2 a ¥ 1b[c] (3 g)2 ¥ 1 a[d] 3h ¥ 1a ¥CHCl3[d]


N(7) ¥ ¥ ¥N(3�) 2.93 2.90(1) 2.84(1)
N(7) ¥ ¥ ¥N(3�)-C(2�) 115.2 113.9(5) 113.0(3)
N(7) ¥ ¥ ¥N(3�)-C(4�) 118.3 118.3(5) 119.6(3)
C(5)-N(7) ¥ ¥ ¥N(3�) 135.7 135.5(6) 140.1(3)
C(8)-N(7) ¥ ¥ ¥N(3�) 119.9 119.4(5) 116.2(3)
N(10) ¥ ¥ ¥O(8�) 2.87 2.98(1) 3.03(1)
N(10) ¥ ¥ ¥O(8�)-C(4�) 137.8 134.3(5) 136.7(3)
C(6)-N(10) ¥ ¥ ¥O(8�) 132.1 130.2(5) 128.2(3)
C(8) ¥ ¥ ¥O(7�) 3.66 3.61(1) 3.38(1)
C(8) ¥ ¥ ¥O(7�)-C(2�) 106.2 106.6(5) 109.5(3)
N(7)-C(8) ¥ ¥ ¥O(7�) 77.7 77.6(5) 82.1(3)
N(9)-C(8) ¥ ¥ ¥O(7�) 169.1 152.2(6) 163.4(3)


[a] Calculated from the crystallographic data using Cerius2 v. 4.5 for 2 a ¥ 1b
and SHELXTL for (3g)2 ¥ 1a and 3h ¥ 1 a ¥CHCl3. [b] See Figures 1 and 2
for atom labeling. [c] Ref. [5]. [d] Estimated standard deviations are shown
in parentheses.
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hydrogen-bond distance while minimizing unfavorable steric
repulsions between 3g and the N(9) ethyl substituent. The twist
direction at the N(3) face is opposite from that of 1 g at the
HG face. Consequently, the ternary assemblies are pseudo-
centrosymmetric. This symmetry is also evident in the packing
diagram of (3 g)2 ¥ 1 a, shown in Figure 7b, wherein the ternary
complexes are related in the crystal lattice by c-glide planes.


Complex 3h ¥ 1a ¥ CHCl3 : Imide 3 h readily co-crystallizes
with 9-ethyladenine (1 a) and one molecule of chloroform to
form a solvated 1:1 hydrogen-bonded complex (Figure 8).
Here the Hoogsteen base-pairing configuration is exclusively
observed. It is known that 1:1 adenine complexes with
thymine and uracil derivatives prefer Hoogsteen pairing in
the solid state (vide supra).[2±5, 30] A search of the CSD reveals
that the Hoogsteen preference for 1:1 complexes with adenine
is not limited to the nucleobases, but is also observed in
flavin ¥ adenine complexes.[31] It is the disparity between this
hydrogen-bonding configuration and that what is observed in
double-stranded DNA that was disconcerting to many
crystallographers, and remains the impetus for ongoing
solution-phase and gas-phase computational experimentation
(vide infra). Identification of the Hoogsteen motif in G
quartets[32] and G-DNA,[33] nucleobase triplexes,[34] and even
unconstrained parallel DNA duplexes[35] more than suggests
that it holds functional as well as structural significance. The
appearance of the Hoogsteen motif within our comparatively
simple 1:1 complex speaks for the generality of this binding
mode, at the very least reiterating its unique prevalence within
1:1 imide ¥ adenine complexes in the solid state.
The hydrogen-bonding angles and distances at the Hoogs-


teen face of 1 a are given in Table 3. The similarities between
2 a ¥ 1 b and (3 g)2 ¥ 1 a are transparent–the values are nearly
identical. Notably, the shortest C(8) ¥ ¥ ¥O(7�) distance
(3.38(1) ä) among the three Rebek imide complexes is
observed in 3 h ¥ 1 a ¥CHCl3, wherein an H ¥ ¥ ¥O�C angle of


126� defines the contact. Moreover, the planes formed
between the imide and adenine surfaces are essentially
coplanar (angle of deviation� 1.6(2)�). Whether this indicates
a particularly favorable geometry for the Rebek imide
relative to the nonplanar arrangement, as is observed at the
WC face of (3 f)2 ¥ 1 a, is unclear, although it surely represents
an optimization of the electrostatic contacts at the hydrogen-
bonding interface.
For 3 h ¥ 1 a ¥CHCl3, the crystal packing diagram (Figure 8b)


shows stacking between the adenine and the hydrogen-bond
surface of an adjacent complex (ca. 3.5 ä), as observed in
(3 f)2 ¥ 1 a, while the individual 3 h ¥ 1 a complexes align in an
anti-parallel fashion, presumably to alleviate unfavorable
dipole ± dipole interactions (Figure 8a). In the context of
DNA-antibiotic conjugates[36] both � stacking and dipole ±
dipole interactions are believed to direct the formation of
the Hoogsteen configuration.[37] We do not rule out such
effects as being important contributors to the Hoogsteen
selectivity observed in the 3 h ¥ 1 a ¥CHCl3 complex.


Solution studies


The nucleobases have enjoyed a rich history of study in
solution, where much has been learned of their association
behavior in a variety of media.[38] However, limitations in
experimental techniques and instrumentation have made
determination of relative HG/WC amounts qualitative at
best.[39] More recently, Weisz and co-workers have explored
the relative populations of theHG andWC configurations for
A±U base pairs through low-temperature NMR studies.[38b]


Their results indicate a preference (ca. 80%) for Watson ±
Crick bonding at 125 K in CDClF2/CDF3 solvent mixtures, but
comparable, although not quantifiable, amounts of HG and
WC complexes at ambient temperature. Upon observing
Hoogsteen binding for the 1:1 3 h ¥ 1 a ¥CHCl3 complex, we
were naturally interested in determining whether the HG


preference in the solid state
may reflect intrinsic differences
in energetic stability between
the competing HG and WC
motifs.[40] The solution-phase
analogy of the Rebek imides
to the pyrimidine nucleobases
well-established,[9] and their
solid-state structural analogy
demonstrated here, provided
the momentum for these stud-
ies. On the practical front, the
known 1:1 binding stoichiome-
try of the Rebek imides for
adenines in solution combined
with the NOE protocols report-
ed by Rebek and co-workers
for assessing relative HG/WC
populations within these com-
plexes by NMR spectrosoco-
py[9c, 9d, 9f] suggested the ready
solution-phase evaluation of
our systems.


Figure 8. Single crystal X-ray analysis of 3 h ¥ 1a ¥CHCl3. a) Adenine binding via the Hoogsteen face. Disorder
within the sulfur-containing sidechain of 3h gives rise to two conformers (major, 82%; minor, 18%, pale bonds).
b) An ORTEP diagram of the unit cell. Thermal ellipsoids are shown at the 50% probability level. Atom colors:
green Cl, yellow S, blue N, red O, white H. Some hydrogens have been omitted for clarity.
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1H NMR binding studies : The association constants and
thermodynamic parameters describing the binding of the
imides 3 f ±h, and controls 3 i and 3 j, to 9-ethyladenine (1 a) in
CDCl3 are given in Table 4. The Ka×s were determined by
nonlinear least-squares analysis of 1H NMR titration data and
the thermodynamic parameters (�H0 and �S0) were accessed
by using van×t Hoff plots. The average values determined for
3 f ± h binding to 1 a (i.e., Ka ca. 55��1, ��H0 ca.
6.7 kcalmol�1, ��S0 ca. 14 e.u.) are in excellent agreement
with the reported literature values for other Rebek imide
analogues.[9g] For the assemblies 3 f ¥ 1 a and 3 h ¥ 1 a, 1:1
binding stoichiometry was confirmed by Job plot analysis
(data not shown).


NOE experiments : The 1H NMR NOE protocol described by
Rebek et al. is shown schematically in Figure 9. Irradiation of
the cyclic imide�NH of 3 results in an intermolecular NOE to
HC(8) and HC(2) , arising from the HG and WC complexes,


Figure 9. Graphical depictions of the NOE experiments performed on the
1:1 3 ¥ 1a assemblies (see refs. [9c,d,f]). Irradiation of the imide�NH results
in an NOE to HC(8) in the Hoogsteen (HG) complex and HC(2) in the
Watson ±Crick (WC) complex.


respectively. We performed these experiments on our 1:1 3 ¥
1 a complexes and several model compounds at 300 MHz in
CDCl3; the results are shown in Table 5. In essentially all cases
the Hoogsteen mode is favored modestly relative to its
Watson ±Crick counterpart. Interestingly, the HG to WC
ratio is ca. 1.7:1 for the assembly involving the simple methyl
ester 3 f (3 f ¥ 1 a). Presumably here the small methyl substitu-
ent does not substantially bias the HG/WC equilibrium and
the latter motif is preferred for more subtle reasons. This is


not expected to be the case for phenyl derivative 3 j ¥ 1 a,
investigated for comparison. Here � stacking provided
by the aryl group to the surface of 1 a appears to bias the
equilibrium (Figure 2) toward the HG configuration, for
which greater � overlap exists between the purine base and
aromatic ring.
Nevertheless, we recognize the limitations of the NOE


technique and interpret our data both cautiously and con-
servatively. At best the results suggest amodest preference for
the HG configuration. Systematic errors in the analysis are
prevalent,[41] although several would appear to underestimate
the HG contribution. For example, due to the fast chemical
exchange between the imide �NH and amino �NH2 protons
of 1 a, all exchangeable protons are irradiated under the
steady-state (irradiation time� 2 s) conditions of the one-
dimensional NOE experiments. An independent measure-
ment reveals that amino irradiation results in a greater
enhancement to the HC(2) position than to HC(8) (Table 5, last
entry). Similar effects would be expected upon imide binding
to the N(3) position of 1 a.[42] Additionally, as the distance
between the imide �NH proton and either HC(8) or HC(2)
contributes to their enhancement magnitude (NOE� r�6)
we note that these values at the HG andWC faces are likely
not identical. For example, at the WC face of the solid-state
complex (3 f)2 ¥ 1 a the HC(2) ¥ ¥ ¥HN(3��) distance is approximately
2.70 ä. The average HC(8) ¥ ¥ ¥HN(3�) distance at the HG faces in
the solid-state for the three complexes is longer (2.94 ä);
again, a Hoogsteen underestimation results. Although we are
reluctant to directly compare the solid-state and solution-
phase structural data, the cumulative contributions of these
effects may be detectable.


Computations


High-level computational work has shown the Hoogsteen
mode to be the more stable binding arrangement for isolated
adenine ± thymine base pairs[43] and within A±T tetrads,[44] on
the order of 0.4 ± 1 kcalmol�1 and 2.3 kcalmol�1 more stable
than the corresponding Watson ±Crick configuration in the
gas phase, respectively. For comparison, we have performed
molecular mechanics (Amber*), semiempirical (PM3),[45] and
ab initio (MP2/6 ± 31G*) calculations on both the succinim-


Table 4. Association constants Ka and thermodynamic parameters de-
scribing the 1:1 binding[a] of 3 f ± j to 1 a in CDCl3 (295 K).


Complex Ka
[M�1][b]


��G0


[kcalmol�1]
��sat


[c] ��H0


[kcalmol�1][d]
��S0


[e.u.][d]


3 f ¥ 1 a 62[e] 2.4 5.2 6.9 15
3g ¥ 1 a 46 2.3 4.7 6.6 14
3h ¥ 1 a 46[f] 2.3 4.7 6.5 14
3 i ¥ 1a 40 2.2 5.0 5.8 12
3j ¥ 1 a 60 2.4 5.3 6.3 13


[a] 1:1 Binding stoichiometry confirmed by Job plot analysis. [b] Deter-
mined by nonlinear least-squares curve fitting of 300 MHz 1H NMR
titration data. Uncertainty in Ka estimated as 15%. Values are uncorrected
for the presence of the imide dimer; see ref. [9g]. [c] Downfield complex-
ation-induced chemical shift observed for the imide �NH proton upon
binding to 1 a. [d] Determined by van×t Hoff analysis; e.u.� entropy units.
[e] A value of 50��1 is reported in ref. [9g]. [f]Weak intramolecular
hydrogen bonding between the sulfur atom and imide �NH is observed.
The corrected Ka using the procedures outlined in ref. [9h] is ca. 50��1.


Table 5. Calculated Hoogsteen (HG) and Watson ±Crick (WC) ratios for
1:1 complexes based on one-dimensional steady-state NOE difference
spectroscopy (irradiation of the imide �NH resonance; 300 MHz, CDCl3,
25 �C).[a]


Complex HC(8) [%][b] HC(2) [%][b] HC(8)/HC(2) (HG/WC) %HG


3 f ¥ 1 a 2.0 1.2 1.7 63
3g ¥ 1 a 2.0 1.9 1.1 52
3h ¥ 1 a 1.8 1.3 1.4 58
3 i ¥ 1a 2.8 1.8 1.6 62
3j ¥ 1 a 3.2 1.6 2.0 67
1a[c] 0.02 0.15 ± ±


[a] Under the experimental conditions the imide�NH (of 3 f ± j) and amino
�NH2 protons (of 1a) are in fast chemical exchange and simultaneously
irradiated (irradiation time� 2 s). [b] Determined by integration with the
irradiated �NH peak calibrated as �100% (absolute intensities have
significant error, ca. 50%). [c] Direct irradiation of the amino �NH2
protons.







Base Pairing in Rebek Imides 118±129


Chem. Eur. J. 2002, 8, No. 1 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0125 $ 17.50+.50/0 125


ide ¥ 9-methyladenine (7 ¥ 1 b) model system (Figure 10) and
the 1-methylthymine ¥ 9-methyladenine (2 a ¥ 1 b) base pair.[46]


The results are presented in Table 6.


At all three levels of theory the Hoogsteen motif is favored
by about 0.4 ± 1 kcalmol�1 for both classes of complexes.[47]


Energy-minimized structures of the HG and WC configura-
tions of the 7 ¥ 1 b complex at the HF/6 ± 31G* level of theory
are shown in Figure 10. The reliability of the single-point
energy determinations comes indirectly through the results
obtained for the 2 a ¥ 1 b base pairs. The ��EHG value (i.e.,
interaction energy) for the A±T base pair of 12.1 kcalmol�1


compares well with the value reported by Kollman and Gould
of 11.8 kcalmol�1 using similar computational protocols
(���E(HG-WC)� 0.8 kcalmol�1 in the same calculations),[43b]
and, fortuitously, with the gas-phase �H298 value
(13.0 kcalmol�1) determined by mass spectrometry.[48] Inter-
estingly, although the N(10) ¥ ¥ ¥C(8�) and N(7) ¥ ¥ ¥N(3�) dis-
tances are reproduced well compared to our imide X-ray
structures (Figure 10), the C(8) ¥ ¥ ¥O(7�) distances are not
(average calculated distance� 4.2 ä; average observed dis-
tance� 3.6 ä). Intrinsic differences do of course exist be-
tween solid- and gas-phase structures (as a consequence of
packing), and between the structures of 7 and 2 a. However, it
also seems clear that the C�O ¥ ¥ ¥H�C contact is not well-
defined at the Hartree-Fock level in the succinimide com-


plexes (nor well-parameterized
at the molecular mechanics lev-
el[10]).[49] Nevertheless, we are
optimistic that these discrepan-
cies are neutralized upon com-
paring the interaction energy
differences between the com-
plexes.[50]


Conclusion


Investigation of Rebek imide
derivatives 3 a ± e and 4 in the


solid state has offered considerably more than confirmation of
solution-phase binding phenomena. The diverseness of func-
tionality amenable to incorporation within the Rebek imide
scaffold suggests that these platforms may themselves be
versatile ™supramolecular synthons∫ for crystal engineer-
ing.[51] In particular, molecules such as bis-imide 4, which
crystallize from solution as tape-like polymeric assemblies,
offer opportunities in materials design.[19] In fact, there is still
much to learn about the behavior of even simple hydrogen-
bonded assemblies in the solid state. For example, one of the
molecule targets posed at the 2001 Workshop on Crystal
Structure Prediction[52] organized by the Cambridge Crystal-
lographic Data Centre featured a cyclic imide, the crystal
structure of which was successfully predicted by only 3 of the
18 participants.
Adenine complexes of the Rebek imides display a variety of


base-pairing motifs that can be directly compared to their
nucleobase congeners. This is especially true of the 2:1 (3 f)2 ¥
1 a complex, wherein Watson ±Crick and Hoogsteen binding
are observed, and the 1:1 solvated complex 3 h ¥ 1 a ¥CHCl3,
featuring exclusive Hoogsteen binding. In each of these cases
the hydrogen-bonding distances and angles, as well as more
subtle parameters, such as mean plane twist angles and imide
configurational arrangement, are nearly identical to their A ±
U and A±T congeners, respectively. Crystallization of the 2:1
complex (3 g)2 ¥ 1 a has permitted identification of a new
hydrogen-bonding motif in the solid state for nucleobase
analogues; namely, one involving pyrimidine-type imide�NH
binding to the N(3) position of adenine. The rarity of this type
of hydrogen bonding in natural systems likely originates from
steric hindrance provided by the bulky sugar residue attached
to N(9)adenine in nucleosides. Single N�H ¥ ¥ ¥N(3)adenine hydro-
gen bonds in biological systems, however, are fairly com-
mon.[53] In the same vein, the recently solved structure of the
large ribosomal subunit suggests a role for the N(3) of adenine
(A2486/A2451) as a general base during peptide bond
formation.[54]


Although many have recognized the preference for Hoogs-
teen binding in the solid state for 1:1 complexes with adenine,
this observation has not stimulated extensive research to
determine its origins.[38b] We are hopeful that our finding of
the motif in a different class of structures, one that boasts
increased functionality relative to the nucleobases, will foster
new research endeavors, particularly in solution environments
most relevant to natural systems. Meanwhile, we look to


Figure 10. HF/6 ± 31G*-optimized geometries of the Hoogsteen and Watson ±Crick dimers formed from
succinimide (7) and 9-methyladenine (1 b). Distances shown are in ä.


Table 6. Calculated interaction energies (�E)[a] for Hoogsteen (HG) and
Watson ±Crick (WC) geometries of 7 ¥ 1 b and 2 a ¥ 1b hydrogen-bonded
dimers at various levels of theory.


Level of theory Complex ��EHG ��EWC ���E(HG±WC)


[kcalmol�1] [kcalmol�1] [kcalmol�1]


Amber*[b] 7 ¥ 1b 11.20 10.84 0.36
2a ¥ 1 b 8.22 7.33 0.89


PM3[c] 7 ¥ 1b 5.97 5.02 0.95
2a ¥ 1 b 7.59 6.67 0.92


MP2/6 ± 31G*// 7 ¥ 1b 11.51 10.98 0.53
HF/6 ± 31G*[d] 2a ¥ 1 b 12.08 11.06 1.02


[a] For 7 ¥ 1 b, for example, defined as �E7¥1b �E7¥1b � (E7 �E1b). [b] Imple-
mented in MacroModel v. 7.0.[60] [c] Implemented in Spartan v. 5.1.3.[61]


[d] Implemented in Gaussian 98.[62] Values at the MP2 level have been
corrected for basis set superposition error (BSSE) using the counterpoise
correction procedure of Bernardi and Boys[63] and include zero-point
vibrational energy (ZPE) corrections (scaled by 0.91[64]) at the HF/6 ± 31G*
level.
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expand our own efforts toward better understanding the
Hoogsteen preference and its generality in the context of
other systems.


Experimental Section


Materials and general methods : Compounds 1a,[55] 3 f,[9f] 5,[12] and 6[12] were
prepared as described in the literature. Details of the syntheses of 3b ± e
can be found in the Supporting Information. Reagents and solvents were
purchased from Aldrich, Fluka, or Acros and used without further
purification unless otherwise specified. CH2Cl2, NEt3, diisopropylamine,
and n-butylamine were distilled from CaH2 prior to use. THF was distilled
from sodium/benzophenone prior to use. CH3CN was distilled from K2CO3
and stored over 4 ä molecular sieves in an N2 atmosphere. Flash
chromatography (FC) was performed on SiO2 ± 60 (40 ± 63 �m) from Fluka.
Preparative thin-layer chromatography (PTLC) was performed on 2 mm
Merck plates precoated with silica gel 60 F254. Thin-layer chromatography
(TLC) was performed on DURASIL G/UV254 glass plates from Macher-
ey-Nagel with visualization by UV light or staining (KMnO4). Melting
points (m.p.) were determined on a B¸chi SB-540 melting point apparatus
and are uncorrected. Infrared spectra were recorded with a Perkin ±Elmer
FT-IR1600 spectrophotometer. Abbreviations used are s (strong), m
(medium), and w (weak). 1H and 13C NMR spectra were recorded on
Varian Gemini200 (200 MHz), Varian Gemini300 (300 MHz), or Bruker
AMX400 (400 MHz) spectrometers as specified. Chemical shifts (�) are
given in parts per million relative to residual protonated solvent (CHCl3:
�H� 7.26, �C� 77.00). Abbreviations used are s (singlet), d (doublet),
t (triplet), q (quartet), quin (quintet), br (broad), and m (multiplet).
Elemental analyses were performed at the ETH-Z¸rich by the Mikrola-
boratorium in the Laboratorium f¸r Organische Chemie. MALDI-FTMS
spectra were recorded on an Ion Spec Ultima FT-ICR mass spectrometer
with DHB (2,5-dihydroxybenzoic acid) as a matrix.


Crystal growth : Crystals suitable for X-ray analysis were obtained by the
slow infusion of hexane into chloroform solutions [filtered through
Millipore (Bedford, MA) syringe filters] containing either the receptor 3
alone (ca. 0.01�) or both the receptor 3 (ca. 0.01�) and 9-ethyladenine (1a ;
ca. 0.02�). Excess 1 a often crystallized within hours as needles,[56] whereas
the 3 ¥ 1 a complexes appeared over 3 ± 10 days.


X-ray crystal structure determination and refinement : X-ray data were
collected on either a Syntex P21 diffractometer with MoK� radiation
(graphite monochromator, �� 0.71073 ä) or a PICKER-STOE diffrac-
tometer with CuK� radiation (graphite monochromator, �� 1.54178 ä).
The structures were solved with the SHELXS program.[57] The structures
were refined by full-matrix least-squares on F 2 with the SHELXL
program.[58] Details are provided in Table 7. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-167546 (3 a), CCDC-167549 (3 b), CCDC-
167550 (3 c), CCDC-167547 (3 d), CCDC-167548 (3e), CCDC-167545
((3 f)2 ¥ 1a), CCDC-167542 ((3 g)2 ¥ 1 a), CCDC-167543 (3 h ¥ 1 a ¥CHCl3),
and CCDC-167544 (4). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
Association constant (Ka) determination : NMR titrations were performed
at 295 K on a Varian Gemini300 spectrometer (300 MHz) in CDCl3 (stored
over 4 ä molecular sieves) purchased from Glaser, Basel. The receptor 3
concentration was kept constant at 0.010� and a solution of receptor 3
(0.010�) and 1a (0.10�) was added in increments by syringe to the NMR
tube. The imide �NH chemical shift was recorded after each of 12
additions. Binding isotherms were created using Associate v. 1.6,[59] which
provided Ka , �G0, and ��sat . Values reported are the average of 2 ± 3
independent runs.


Determination of thermodynamic parameters by van�t Hoff analysis : Van×t
Hoff plots were created by monitoring the imide �NH chemical shift
response to temperature given a fixed concentration of receptor 3 (0.010�)
and 1 a (0.010� ± 0.020�). Concentrations were chosen such that 20 ± 80%
of the saturation curve was sampled. Samples were equilibrated for 30 ±
45 minutes initially (253 ± 258 K), for 10 ± 15 minutes between 258 ± 303 K,
and for 5 minutes thereafter until the maximum temperature was obtained
(323 K). Values reported are the average of 2 ± 3 independent runs.


One-dimensional steady-state NOE difference spectroscopy : Measure-
ments were performed on a Bruker ARX300 spectrometer (300 MHz) with
an irradiation time of 2 s. CDCl3 was purchased from Glaser, Basel and
passed over aluminum oxide prior to use. Sample concentration: 3 0.02�,
1a 0.04� (samples were not degassed).


Computational details : Amber* calculations were performed in Macro-
Model v. 7.0.[60] Initial structures for semiempirical and ab initio calculations


Table 7. Crystal data and structure refinement for 3 a, 4, (3 f)2 ¥ 1a, (3 g)2 ¥ 1 a, and 3 h ¥ 1a ¥CHCl3.


3a 4 (3 f)2 ¥ 1a (3g)2 ¥ 1a 3 h ¥ 1 a ¥CHCl3


formula C39H56N4O6[a] C28H40N2O8S2 C33H47N7O8 C35H51N7O8S2 C23H34N7O3Cl3S
Mr 676.9 596.74 669.78 761.95 594.98
crystal system trigonal monoclinic monoclinic monoclinic monoclinic


(�� 120�)
space group R3≈ C2/c C2/c Pc P21/c
a [ä] 28.20(2) 21.66(3) 20.71(2) 8.070(7) 15.486(14)
b [ä] 28.20(2) 8.974(5) 12.819(9) 16.290(20) 23.042(25)
c [ä] 12.775(9) 15.643(13) 26.77(2) 14.938(27) 8.378(9)
� [�] 100.36(10) 92.78(7) 97.46(12) 98.13(8)
V [ä3] 8796(10) 2991(6) 7099(10) 1947.1(46) 2959.5(53)
Z 9 4 8 2 4
�calcd [gcm�3] 1.15 1.325 1.253 1.300 1.335
radiation type CuK� CuK� CuK� CuK� MoK�
� [ä] 1.54178 1.54178 1.54178 1.54178 0.71073
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
crystal size [mm] 0.2� 0.1� 0.1 0.1� 0.1� 0.05 0.1� 0.08� 0.05 0.4� 0.2� 0.1 0.5� 0.3� 0.2
independent reflections 2010 1530 3648 1741 5219
observed reflections [I � 2�(I)] 1561 1322 2788 1691 1935
index ranges � 23� h� 242 � 21� h� 21 � 20� h� 20 � 8�h� 7 � 18� h� 18


0�k� 27 0�k� 8 0�k� 12 0� k� 14 0� k� 27
0� l� 12 0� l� 15 0� l� 26 0� l� 14 0� l� 9


F (000) 3294 1272 2864 812 1248
goodness-of-fit (on F 2) 0.996 1.053 1.039 1.136 0.859
R1 based on F [I� 2�(I)] 0.0703 0.0460 0.0444 0.0499 0.0530
wR2 based on F 2 (all data) 0.2230 0.1294 0.1267 0.1327 0.1295


[a] Formally, C34H56N4O6 ¥ ca.0.6hexane.
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were obtained using the MMFF94 force field as implemented in Spartan
v. 5.1.3.[61] Semiempirical (PM3) calculations were performed in Spartan
v. 5.1.3. Prior to single-point energy calculations, all structures were fully
optimized at the HF/6 ± 31G* level of theory using the Gaussian 98
(Revision A.7) suite of programs.[62] Single-point energy calculations (MP2/
6 ± 31G*) employed the frozen-core approximation and were implemented
through Gaussian 98. Interaction energies (between generic X and Y) are
defined as �Eint(XY)�EXY� (EX � EY). Counterpoise correction calcula-
tions were made to obtain estimates of the basis set superposition error
(BSSE) for the MP2/6 ± 31G* single-point energies as described by
Bernardi and Boys.[63] Vibrational frequency calculations at the HF/6 ±
31G* confirmed that all optimized structures were true minima and
provided the zero-point vibrational energies (ZPEs). The ZPE values were
scaled by a factor of 0.91.[64] MacroModel v. 7.0 was run on an SGI O2
Workstation, Spartan v. 5.1.3 on an SGI Octane workstation, and Gaus-
sian 98 through an HP V2500SCA server. Coordinates of all refined
structures are provided in the Supporting Information.


Methylsulfanylmethyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]no-
nane-7-carboxylate (3 g): Kemp×s triacid 5 (0.10 g, 0.42 mmol) and dry
CH3CN (5 mL) were added to a flame-dried, 10 mL round-bottomed flask.
The resulting suspension was treated with NEt3 (0.10 mL, 0.75 mmol),
yielding a clear solution, and chloromethyl methyl sulfide (0.038 mL,
0.46 mmol) was added. The mixture was stirred at RT under N2 for 12 h.
The solvent was removed in vacuo, and the residue was diluted with CH2Cl2
(10 mL) and washed with water (10 mL), and the organic extract was dried
over Na2SO4. After evaporation of the solvent, the crude material was
subjected to PTLC (40% EtOAc/hexane) to give the product as a white
solid (0.040 g, 32%). The material was recrystallized from CH2Cl2/hexane
(0.030 g, 24%). M.p. (CH2Cl2/hexane) 181.5 ± 183.5 �C; 1H NMR
(300 MHz, CDCl3, 0.02�): �� 7.60 (s, 1H), 5.09 (s, 2H), 2.72 (d, J�
13.0 Hz, 2H), 2.26 (s, 3H), 1.99 (dt, J� 13.8, 2.1 Hz, 1H), 1.38 (d, J�
13.5 Hz, 1H), 1.26 (s, 6H), 1.24 (s, 3H), 1.20 (d, J� 14.7 Hz, 2H);
13C NMR (75 MHz, CDCl3): �� 176.17, 174.97, 69.59, 44.22, 43.77, 42.14,
39.92, 30.44, 24.16, 15.88; IR (KBr): �	 � 3193 (m), 3094 (m), 2969 (w), 2922
(w), 2867 (w), 1732 (s), 1693 (s), 1466 (m), 1325 (m), 1238 (m), 1212 (s),
1155 (s), 1090 (m), 941 cm�1 (m); HRMS (MALDI, DHB, [M�Na]�) calcd
for C14H21NO4SNa: 322.1089; found: 322.1082; elemental analysis calcd
(%) for C14H21NO4S: C 56.17, H 7.07, N 4.68; found: C 56.19, H 7.18, N 4.71.


General procedure for reaction of 6 with primary amines: Receptors 3a
and 3 h ± j : The acid chloride 6 (0.2 ± 0.8 mmol) and dry CH2Cl2 (10 ±
15 mL) were added to a flame-dried, round-bottomed flask. This solution
was cooled to 0 �C in an ice-water bath and treated first with NEt3
(1.5 equiv) and then with the desired amine (1.3 equiv). The mixture was
warmed to RT and stirred for 12 h. The solvent was removed in vacuo and
the residue was purifed by chromatography on SiO2, either by FC or PTLC.
The white, often crystalline solid obtained upon solvent evaporation was
then recrystallized twice from CH2Cl2/hexane to remove traces of the free
amine.


N-Pentyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]nonan-7-carbox-
amide (3 a): Performed with 6 (0.4 mmol); PTLC 25% EtOAc/CH2Cl2
(0.060 g, 50%). M.p. 163 ± 165 �C; 1H NMR (300 MHz, CDCl3, 0.01�): ��
7.50 (br s, 1H), 5.47 (m, 1H), 3.14 (dt, J� 7.4, 5.4 Hz, 2H), 2.54 (d, J�
14 Hz, 2H), 1.99 (dt, J� 13.2, 1.8 Hz, 1H), 1.50 ± 1.39 (m, 2H), 1.37 (d, J�
13.2 Hz, 1H), 1.33 ± 1.18 (m, 4H), 1.27 (s, 6H), 1.23 (d, J� 14.4 Hz, 2H),
1.19 (s, 3H), 0.88 (t, J� 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): ��
176.60, 173.74, 44.51, 44.38, 42.00, 40.01, 39.90, 31.84, 28.96, 28.69, 24.34,
22.18, 13.85; IR (KBr): �	 � 3047 (m), 3215 (m), 3100 (w), 2961 (m), 2933
(m), 2856 (w), 1717 (s), 1682 (s), 1650 (s), 1531 (s), 1468 (m), 1424 (m), 1380
(m), 1239 (m), 1208 cm�1 (s); HRMS (MALDI, DHB, [M�Na]�) calcd for
C17H28N2O3Na: 331.1992; found: 331.1992; elemental analysis calcd (%) for
C17H28N2O3: C 66.20, H 9.15, N 9.08; found: C 66.19, H 9.05, N 8.99.


N-2-(Methylsulfanyl)ethyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]-
nonan-7-carboxamide (3 h): Performed with 6 (0.2 mmol); PTLC 50%
EtOAc/CH2Cl2 (0.047 g, 77%). M.p. (CH2Cl2/hexane) 180 ± 181 �C;
1H NMR (300 MHz, CDCl3, 0.01�): �� 7.64 (br s, 1H), 5.94 (m, 1H),
3.38 (q, J� 6.0 Hz, 2H), 2.60 (t, J� 6.4 Hz, 2H), 2.56 (d, J� 13.5 Hz, 2H),
2.10 (s, 3H), 2.00 (dt, J� 13.5, 2.1 Hz, 1H), 1.38 (d, J� 13.5 Hz, 1H), 1.27 (s,
6H), 1.24 (d, J� 14 Hz, 2H), 1.21 (s, 3H); 13C NMR (75 MHz, CDCl3): ��
176.62, 173.98, 44.46, 44.35, 42.15, 40.00, 37.38, 33.15, 31.76, 24.32, 14.50; IR
(KBr): �	 � 3399 (s), 3210 (m), 3100 (w), 2967 (w), 2932 (w), 2867 (w), 1717
(s), 1679 (s), 1656 (s), 1532 (m), 1244 (m), 1209 cm�1 (s); HRMS (MALDI,


DHB, [M�Na]�) calcd for C15H24N2O3SNa: 335.1405; found: 335.1398;
elemental analysis calcd (%) for C15H24N2O3S: C 57.67, H 7.74, N 8.97;
found: C 57.86, H 7.71, N 8.91.


N-Butyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]nonan-7-carbox-
amide (3 i): Performed with 6 (0.2 mmol); PTLC 30% EtOAc/CH2Cl2
(0.046 g, 80%). M.p. (CH2Cl2/hexane) 163 ± 165 �C; 1H NMR (300 MHz,
CDCl3, 0.01�): �� 7.49 (s, 1H), 5.46 (m, 1H), 3.15 (dt, J� 7.2, 5.6 Hz, 2H),
2.54 (d, J� 13.5 Hz, 2H), 1.99 (dt, J� 13.5, 2.1 Hz, 1H), 1.45 ± 1.29 (m, 4H),
1.37 (d, J� 13.2 Hz, 1H), 1.27 (s, 6H), 1.23 (d, J� 14.4 Hz, 2H), 1.19 (s,
3H), 0.91 (t, J� 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 176.60,
173.76, 44.53, 44.38, 42.00, 40.01, 39.66, 31.84, 31.07, 24.34, 19.98, 13.61; IR
(KBr): �	 � 3338 (s), 3200 (m), 3100 (m), 2965 (w), 2929 (w), 2864 (w), 1730
(s), 1697 (s), 1629 (s), 1547 (s), 1198 cm�1 (s); HRMS (MALDI-FTMS,
DHB, [M�Na]�) calcd for C16H26N2O3Na: 317.1841; found: 317.1836;
elemental analysis calcd (%) for C16H26N2O3: C 65.28, H 8.90, N 9.52;
found: C 65.46, H 9.10, N 9.32.


N-4-Heptylphenyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]nonan-7-
carboxamide (3 j): Performed with 6 (0.8 mmol) where the reaction
solution was heated to reflux for 12 h. The crude material was purified
by FC on SiO2 (50 mL, 5% EtOAc/CH2Cl2) and triturated with diethyl
ether to give the product as a white powder (0.20 g, 64%): M.p. (Et2O)
192 ± 194 �C; 1H NMR (300 MHz, CDCl3, 0.02�): �� 7.55 (s, 1H), 7.31 (d,
J� 8.4 Hz, 2H), 7.11 (s, 1H), 7.10 (d, J� 8.4 Hz, 2H), 2.67 (d, J� 14.4 Hz,
2H), 2.55 (t, J� 7.5 Hz, 2H), 2.03 (d, J� 12.9 Hz, 1H), 1.62 ± 1.50 (m, 2H),
1.42 (d, J� 13.2 Hz, 1H), 1.36 ± 1.25 (m, 10H), 1.31 (s, 3H), 1.30 (s, 6H),
0.88 (t, J� 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): �� 176.37, 171.80,
139.50, 134.74, 128.79, 120.84, 44.55, 44.54, 43.04, 40.19, 35.40, 31.83, 31.66,
31.52, 29.23, 29.18, 24.39, 22.68, 14.10; IR (KBr): �	 � 3371 (m), 3189 (w),
3078 (w), 2956 (w), 2926 (w), 2844 (w), 1717 (m), 1691 (s), 1530 (m),
1212 cm�1 (m); HRMS (MALDI, DHB, [M�Na]�) calcd for C25H36N2O3-
Na: 435.2618; found: 435.2610; elemental analysis calcd (%) for
C25H36N2O3: C 72.78, H 8.79, N 6.79; found: C 72.69, H 8.83, N 6.68.


Dithiobis(ethane-1,2-diyl) bis(1,5,7-trimethyl-2,4-dioxo-3-azabicyclo-
[3.3.1]nonan-7-carboxylate) (4): The acid chloride 6 (0.20 g, 0.78 mmol)
and dry CH2Cl2 (15 mL) were added to a 50 mL flame-dried, round-
bottomed flask. This solution was treated with NEt3 (205 �L, 1.48 mmol),
DMAP (0.23 g, 0.19 mmol), and 2,2�-dithioethanol (90% purity, 50 �L,
0.37 mmol). The mixture was stirred and heated to reflux (ca. 50 �C) under
N2 for 12 h. The solution was then diluted with CH2Cl2 (10 mL) and washed
with HCl (1�, 20 mL) and brine (20 mL). The organic extracts were dried
over Na2SO4, filtered, and concentrated. The crude material was subjected
to PTLC (30% EtOAc/hexane) and further recrystallized (2� ) from
CH2Cl2/hexane (0.12 g, 26%). M.p. (CH2Cl2/hexane) 256 ± 258 �C; 1HNMR
(300 MHz, CDCl3, 0.01�): �� 8.16 (s, 2H), 4.28 (t, J� 7.2 Hz, 4H), 2.90 (t,
J� 7.5 Hz, 4H), 2.69 (d, J� 13.2 Hz, 4H), 2.00 (d, J� 13.2 Hz, 2H), 1.35 (d,
J� 12.9 Hz, 2H), 1.25 (s, 12H), 1.23 (s, 6H), 1.17 (d, J� 14.4 Hz, 4H);
13C NMR (75 MHz, CDCl3): �� 176.67, 175.15, 63.14, 44.35, 43.77, 42.02,
39.97, 36.57, 30.42, 24.28; IR (KBr): �	 � 3213 (m), 3083 (w), 2976 (w), 2933
(w), 1734 (s), 1695 (s), 1456 (m), 1315 (m), 1207 (s), 1159 (s), 1090 cm�1 (m);
HRMS (MALDI, DHB, [M�Na]�) calcd for C28H40N2O8S2Na: 619.2124;
found: 619.2126; elemental analysis calcd (%) for C28H40N2O8S2: C 56.36, H
6.76, N 4.69; found: C 56.42, H 6.87, N 4.75.
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Abstract: Three new terpyridine-based
dinuclear complexes, [(tpy)Ru(azotpy)-
Ru(tpy)]4� (tpy� 2,2�:6�,2��-terpyridine,
azotpy�bis[2,6-bis(2-pyridyl)-4-pyridyl]-
diazene), [(tpy)Os(azotpy)Os(tpy)]4�,
and [(tpy)Ru(azotpy)Os(tpy)]4� were
prepared and their electrochemical and
photophysical properties investigated.
The bridging ligand, azotpy, in these
complexes is reduced at less negative
potentials than the unsubstituted tpy
ligand. These complexes exhibit absorp-
tion bands due to the metal-to-ligand
charge-transfer transitions both to the
unsubstituted tpy ligand and the bridg-
ing azotpy ligand, the latter absorption


being observed at the lower energy side
of the former. These observations are
consistent with the lower lying �* level
of the azotpy ligand than that of the tpy
ligand. These complexes are nonlumi-
nescent, since the excited electron is
trapped in this lower lying �* level of the
azotpy ligand in the excited state. Re-
duction of this bridging ligand by con-
stant potential electrolysis renders the
shape of absorption spectra for these


complexes nearly identical to those of
the parent complexes, [M(tpy)2]2� (M�
Ru, Os). In this reduced state, the
homodinuclear Os complex becomes
luminescent at room temperature,
whereas the homodinuclear Ru complex
becomes luminescent at 77 K, thus es-
tablishing their photoswitching behav-
ior. The reduced heterodinuclear com-
plex exhibits luminescence from the Os
center, which is sensitized by the Ru
center in the same molecule as evi-
denced by the excitation spectra. Thus,
the intramolecular energy transfer can
be switched on and off by the redox
reaction of the bridging component.


Keywords: bridging ligands ¥ energy
transfer ¥ molecular devices ¥
molecular switches ¥ redox chemistry


Introduction


Processing photons and electrons at the molecular or supra-
molecular level has received considerable attention in recent
years, since studies on these processes may lay the foundation
for the development of molecule-based electronic/photonic
devices.[1] Electron-transfer and energy-transfer processes
provide a means for electronic communication in molecular
devices. Switching of these processes in response to a given
signal is required to process information at the molecular
level. Several molecular switches for intramolecular photo/
electronic processes, including energy transfer[2] and electron
transfer,[3] have been realized so far. Zahavy and Fox reported
an OsII�NiII�PdII trimetallic complex, in which the interven-


ing Ni complex is redox-responsive to switch photo-induced
electron-transfer paths.[3g]


We have previously shown that Ru/Os-bipyridine (bpy)-
type homodinuclear and heterodinuclear complexes
bridged by bis[2,6-bis(2-pyridyl)-4-pyridyl]diazene (azobpy),
[(bpy)2M(azobpy)M(bpy)2]4�, play the role of a switch for
luminescence and intramolecular energy transfer, respective-
ly.[4] When the bridging ligand is neutral, the metal-to-ligand
charge-transfer (MLCT) excited state is rapidly thermally
deactivated. On the other hand, when the bridging ligand is
electrochemically reduced, the photo-excited state behaves
more or less like the parent complexes, [M(bpy)2]2�, leading to
luminescence (homonuclear) or intramolecular energy trans-
fer (heteronuclear). When one wishes to incorporate these
switching units in larger multi-metal complexes, bpy-based
complexes would pose a geometrical problem, since they
inevitably consist of a mixture of optical and stereo-isomers.
This problem is cleverly circumvented by using 2,2�:6�,2��-
terpyridine (tpy)-based complexes.[5] The introduction of a
single substituent in the 4�-position of the tpy ligand makes
geometrically well-defined, that is, linear, extended multi-
metal complexes.


We have therefore prepared bis[2,6-bis(2-pyridyl)-4-pyri-
dyl]diazene (azotpy) to be used in extended multi-metal
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complexes. Before starting to make extended multi-metal
complexes, however, we had to confirm the switching
performance for the tpy-based complex. Here we show that
the tpy-based complexes that contain azotpy as a bridging
ligand, that is, [(tpy)Ru(azotpy)Ru(tpy)]4� (Ru-azotpy-Ru),


[(tpy)Os(azotpy)Os(tpy)]4� (Os-azotpy-Os) and [(tpy)Ru-
(azotpy)Os(tpy)]4� (Ru-azotpy-Os), indeed play the role of
switches. The heteronuclear Ru-azotpy-Os, in particular,
constitutes a switch for intramolecular energy transfer re-
sponding to redox stimuli as schematically shown in Figure 1.


Ru Os Ru Os


OFF ON


azotpy azotpy.-


quench
energy transfer luminescence


+e-


-e-


Figure 1. The energy-transfer switch based on Ru-azotpy-Os.


Results and Discussion


Synthesis : The ditopic ligand, azotpy, was synthesized by a
reductive condensation reaction of 4�-nitro-2,2�:6�,2��-terpyri-
dine[6] (NO2�tpy) by using Zn powder as a reductant in a
refluxing mixture of concentrated aqueous NaOH solution
and benzene for 3 h. These reaction conditions have been
found to be crucial. As the reduction of NO2�tpy proceeded,
corresponding azoxyterpyridine (azoxytpy), azotpy, and ami-
noterpyridine (NH2�tpy) were produced following this se-
quence of oxidation states. The complete consumption of
azoxytpy was necessary, since it was impossible to separate
azotpy from azoxytpy by chromatography or recrystallization.
On the other hand, a prolonged reaction time tended to result
in over-reduction of the intermediates into NH2�tpy, leading
to a low yield of the desired azotpy. Thus, the key to the
successful preparation of azotpy was to find the right reducing
agent and the right time window for the reaction. Several
attempts using other reducing agents such as NaBH4/Pd�C or
LiAlH4 failed, since an appreciable amount of NH2�tpy
started to form before azoxytpy was consumed.


Due to the strong coordination of three Cl atoms, the
reaction of azotpy and the precursor complexes, [M(tpy)Cl3]
(M�Ru, Os), required harsh conditions that induced some
decomposition of azotpy; [M(tpy)(NH2�tpy)]2� was found in
the product mixture. Thus we transformed the trichlorides
into more substitution-active complexes, [Ru(tpy)-
(acetone)3]2�[7] and [Os(tpy)(H2O)3]3�,[8] before complexation
with azotpy. The dinuclear complexes obtained were purified
either by chromatography on silica gel followed by crystal-
lization from methanol, or preparative TLC on silica. All new
compounds were characterized by 1H and 13C NMR spectros-
copy and FAB, ES, or MALDI-TOF mass spectrometry. All
complexes apart from Ru-azotpy-Os, the purity of which was
carefully confirmed by TLC, were also characterized by
elemental analyses.


Electrochemical properties : The dinuclear complexes studied
here exhibit reversible redox waves, the potentials of which
are summarized in Table 1, together with those of reference
complexes. The metal centers in the dinuclear complexes are
slightly easier to oxidize than those in the model complexes,
despite the additional positive charge present at the other
terminal of the bridging ligand, suggestive of a weaker ligand
field in these complexes due to the electron-withdrawing
propensity of the complex-as-ligand [M(azotpy)(tpy)]2�. Only
one oxidation wave in either Ru-azotpy-Ru or Os-azotpy-Os
was observed, indicating that the internal metal ±metal


Abstract in Japanese:


Table 1. Redox potentials ([V] vs Fc/Fc�).[a]


tpy�1/�2 tpy0/�1 azotpy�1/�2 azotpy0/�1 Os�3/�2 Ru�3/�2


Ru-azotpy-Ru � 1.87[b] � 1.15 � 0.77 0.86[c]


Os-azotpy-Os � 1.87[b] � 1.18 � 0.82 0.57[c]


Ru-azotpy-Os � 1.86[b] � 1.15 � 0.79 0.56 0.90
Ru-azotpy � 1.86 � 0.92 0.88
[Ru(tpy)2]2� [d] � 1.92 � 1.67 0.92
[Os(tpy)2]2� [d] � 1.95 � 1.63 0.58


[a] All redox waves are reversible. [b] Two-electron reduction. [c] Two-
electron oxidation. [d] Ref. [26].
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interaction for the dinuclear complexes is not strong. As for
the ligand-centered processes, the reference complexes are
reduced at two distinct potentials more negative than �1.6 V
(vs Fc/Fc�) for the two respective tpy ligands. For the
dinuclear complexes, reduction steps involving the bridging
azotpy ligand occur at less negative potentials, for example,
�0.77 V (one-electron) and �1.15 V (one-electron) for Ru-
azotpy-Ru, than that of the two-electron reduction of terminal
tpy ligands.[9] This provides evidence that the �* level of
azotpy is lower in energy than that of tpy. The important point
here for application to the switching device is that it is possible
to effect redox reactions of the bridging ligand without
affecting the terminal ligands. It is reported that the reduction
of related azopyridines occurs in two one-electron steps.[10]


While the product of the first reduction is a stable anion
radical, the second reduction is often followed by chemical
reactions, such as abstraction of hydrogen from solvent
molecules.


Photophysical properties : The electronic spectra for
[Ru(tpy)2]2� type complexes are characterized by a relatively
intense, broad absorption band around 470 nm due to a spin-
allowed d��* MLCT transition.[5] The absorption spectrum
for Ru-azotpy-Ru is shown in Figure 2a (ox). This dinuclear


Figure 2. a) Absorption spectra for Ru-azotpy-Ru (ox) and Ru-azotpy.�-
Ru (red) in DMFat 25 �C. b) Luminescence spectra for Ru-azotpy-Ru (ox)
and Ru-azotpy.�-Ru (red) in DMF at 77 K. �ex� 523 nm (isosbestic).


complex can be considered as a heteroleptic mixed-ligand
complex with tpy and [(azotpy)Ru(tpy)]2� as ligands. The
spectrum can be interpreted as a mixture of the higher energy
Ru� tpy (463 nm) and the lower energy Ru� azotpy (ca.
600 nm) CT bands as summarized in Table 2. This shows that
the �* of azotpy is lower than that of the terminal tpy, in
keeping with the above-described electrochemical results.
The separate CT bands are consistent with the localized
model of the CT excitation.[11]


The absorption maximum of the spin-allowed MLCT band
in the visible region for [Os(tpy)2]2� lies at the same wave-
length as that of [Ru(tpy)2]2�. In addition to this band, the
spin-forbidden MLCT band is apparent in the lower energy
region due to the large spin-orbit coupling caused by the


heavy atom effect of Os.[5] In the same way as applied to Ru-
azotpy-Ru, the absorption spectrum of Os-azotpy-Os (Fig-
ure 3a, ox) is interpreted as a mixture of the higher energy
Os� tpy (475 nm and 630 nm for the spin-allowed and spin-
forbidden MLCT, respectively) and the lower energy Os�
azotpy (630 nm and 783 nm for the spin-allowed and spin-
forbidden MLCT, respectively) CT bands.


Figure 3. a) Absorption spectra for Os-azotpy-Os (ox) andOs-azotpy.�-Os
(red) in DMFat 25 �C. b) Luminescence spectra for Os-azotpy-Os (ox) and
Os-azotpy.�-Os (red) in DMF at 25 �C. �ex� 524 nm (isosbestic).


The shape of the absorption spectrum of Ru-azotpy-Os
(Figure 4a, ox) is quite like the superposition of the spectra of
Ru-azotpy-Ru and Os-azotpy-Os. This indicates that the
transitions are due to the independent Ru and Os units.
Hence, the assignment of the homodinuclear complexes
applies naturally to this heterodinuclear complex, which is
given in Table 2.


None of these dinuclear complexes exhibit luminescence at
room temperature. It is known that [Ru(tpy)2]2� is practically
nonluminescent and its excited state lifetime is very short
(250 ps) at room temperature.[5] This evidently makes
[Ru(tpy)2]2� less favorable relative to [Ru(bpy)3]2� as a
photosensitizer or a light input site in molecular devices.
The low-lying metal-centered excited state due to a relatively
weak ligand field in [Ru(tpy)2]2� is available to quench the
luminescent 3MLCT state. Hence, several attempts have
focused on a way to improve its photophysical properties. In


Table 2. Absorption and luminescence properties at 25 �C.


Absorption Luminescence
�max [nm] (10�4� [cm�1��1]) �max [nm]


1MLCT[a] 1MLCT[b]/3MLCT[c] 3MLCT[d] (rel. int.)


Ru-azotpy-Ru 463 (1.53) 598 (3.02) ±
Ru-azotpy.�-Ru 493 (2.81) 610[f]


Os-azotpy-Os 475 (1.73[e]) 630 (3.33) 783 (1.70) ±
Os-azotpy.�-Os 499 (2.97) 638 (1.01[e]) 777 (0.04[g])
Ru-azotpy-Os 469 (1.56) 616 (3.09) 768 (0.85) ±
Ru-azotpy.�-Os 496 (2.79) 635 (0.59[e]) 775 (0.04[g])
[Ru(tpy)2]2� 479 (1.64) 608[f]


[Os(tpy)2]2� 480 (1.48) 661 (0.41) 722 (1)[g]


[a] Ru� or Os� tpy. [b] Ru� or Os� azotpy. [c] Os� tpy. [d] Os� azotpy.
[e] Shoulder. [f] 77 K. [g] �ex� 650 nm.
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Figure 4. a) Absorption spectra for Ru-azotpy-Os (ox) and Ru-azotpy.�-
Os (red) in DMF at 25 �C. b) Luminescence spectra for Ru-azotpy-Os (ox)
and Ru-azotpy.�-Os (red) in DMF at 25 �C. �ex� 522 nm (isosbestic).


the course of these studies, it has been found that the use of
electron-withdrawing substituents[12] or groups that effect
electronic delocalization over the tpy fragment[13] prolongs
the excited state lifetime of Ru ± tpy complexes. However,
despite the fact that the relevant substituent in Ru-azotpy-Ru,
that is, �N�N�tpy, is both electron withdrawing and has a
formally extended conjugation, the complex remains non-
emissive at room temperature. Furthermore, this complex is
nonemissive even at 77 K, at which [Ru(tpy)2]2� exhibits a
long-lived luminescence.[5] Even the osmium complex, Os-
azotpy-Os, the parent complex of which, [Os(tpy)2]2�, is
moderately luminescent at room temperature, is nonlumines-
cent. There was no indication of emission up to 900 nm,
excluding the possibility of low-energy luminescence corre-
sponding to the low energy absorption of this complex.
Finally, Ru-azotpy-Os is also nonluminescent.


The 3MLCT excited state produced by light absorption for
these complexes can be described as [(tpy)M3�-
(azotpy.�)M2�(tpy)], in which the excited electron is localized
in the lower lying �* level of the bridging azotpy ligand.
Several possibilities may be invoked as the reasons for the
nonluminescent nature of this state, although which predom-
inates is unclear at present. Firstly, the lower energy gap
relative to the parent complex should result in a larger overlap
of vibronic states between the excited and ground states; this
leads to an increased rate of nonradiative deactivation of the
excited state into the ground state, in accord with the energy-
gap law.[14] Secondly, isomerization or twisting about the N�N
bond at the excited state may be possible. In the excited state,
the bridging ligand is reduced to the radical anion, azotpy.� ,
which may undergo facile cis-trans isomerization as is known
for compounds such as stilbene and azobenzene.[15] Thirdly,
the internal conversion from the 3MLCT excited state to the
ligand-localized triplet state, [(tpy)M2�(3azotpy*)M2�(tpy)],
might give an efficient route for the quenching of lumines-
cence.[16] Finally, an increased basicity of azo nitrogens in the
reduced bridging ligand might induce interactions of this site
with solvent molecules, providing a means of quenching.[17]


Redox-responsive switching : We carried out spectroelectro-
chemical measurements in order to study the switching
behavior of these complexes. A solution of each complex
(10��) in DMF that contained 0.1� tetrabutylammonium
perchlorate (TBAP) was electrolyzed at a constant potential
(�0.90 V for Ru-azotpy-Ru and Ru-azotpy-Os, �0.95 V for
Os-azotpy-Os vs Fc/Fc�) in a modified 1� 1 cm2 quartz cell
until its spectrum no longer changed. At this potential, azotpy
in the complex is reduced by one electron. On the other hand,
applying �1.25 V for Ru-azotpy-Ru and Ru-azotpy-Os, and
�1.30 V for Os-azotpy-Os should produce the dianion of the
bridging ligand, [(tpy)M2�(azotpy2�)M2�(tpy)]. As far as
absorption and luminescence spectra are concerned, however,
the responses of the system were the same irrespective of
which potential was used for the constant potential electrol-
ysis. Hence, the electrolysis experiments were done under the
milder condition of one-electron reduction. For Ru-azotpy-
Ru, reduction of the azotpy in the complex caused a decrease
in absorption of the longer wavelength band and an increase
in the shorter wavelength one as shown in Figure 2a. The
absorption spectrum of the reduced complex, Ru-azotpy.�-
Ru, is similar to that of [Ru(tpy)2]2�. The change in the absorp-
tion spectrum can be explained by assuming that the reduc-
tion of azotpy in the complex makes the �* level of azotpy
higher in energy, at least up to that of tpy. The spectrum of the
reduced form of this complex reversibly returned to the
original spectrum by reoxidation of azotpy.� back to azotpy in
the complex, and this redox cycle could be repeated several
times without a significant deterioration. Even the reduced
form shows no emission at 25 �C because of the nonemissive
property of [Ru(tpy)2]2�. Photoswitching behavior was ob-
served at 77 K; the reduced form emits at 610 nm (Figure 2b),
whereas the neutral form shows no emission.


The change in the absorption spectrum for Os-azotpy-Os
upon reduction was the same as that observed for Ru-azotpy-
Ru in its nature; the longer wavelength absorbance decreased,
while the shorter one increased, so that the spectrum of Os-
azotpy.�-Os is similar to that of [Os(tpy)2]2� (Figure 3a). The
reduced form exhibits an emission at 775 nm at 25 �C, whereas
the neutral form shows no emission (Figure 3b). Thus, this
complex plays the role of a redox-responsive photoswitch.
The luminescence from Os-azotpy.�-Os is red-shifted by as
much as 55 nm and is lower in intensity in comparison with
that from [Os(tpy)2]2�, suggesting that the electronic proper-
ties of these complexes are quite different despite the
apparent similarities in their absorption spectra.


The heteronuclear complex Ru-azotpy-Os shows the same
behavior as the above homonuclear complexes in terms of the
change in absorption spectrum on the redox processes, as
shown in Figure 4a; the spectrum for Ru-azotpy.�-Os nearly
matches the averaged spectrum of Ru-azotpy.�-Ru and Os-
azotpy.�-Os. The reduced form exhibits the Os-based lumi-
nescence at 775 nm, whereas the neutral form shows no
emission (Figure 4b). In order to examine if intramolecular
energy transfer from the Ru center to the Os center occurs in
the reduced form, we compared the excitation spectra for Os-
azotpy.�-Os and Ru-azotpy.�-Os (Figure 5). The lumines-
cence was monitored at 775 nm, which is the �max of the Os-
based luminescence. The spectra are normalized at the
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Figure 5. Excitation spectra monitored at 775 nm for Ru-azotpy.�-Os and
Os-azotpy.�-Os in DMF at 25 �C, which are normalized at 610 nm. The
arrow indicates the contribution by intramolecular energy transfer.


610 nm peak, at which only the Os-based component is
excited. Therefore, the excess luminescence intensity at
500 nm, at which the Ru- and the Os-based units are excited
in a 1:1 ratio, for Ru-azotpy.�-Os over that for Os-azotpy.�-
Os, as indicated by the arrow in the graph, comes from the
excitation of the Ru-based unit through intramolecular
energy transfer. Thus the excitation spectra indicate that the
energy transfer takes place with an approximately 70%
efficiency. Upon the reoxidation, the absorption and lumi-
nescence spectra nearly returned to the original shapes,
although repetition of this redox cycle resulted in some
deterioration of response (e.g., the absorbance at 600 nm
recovered up to �80% of the original value after three cycles
for Ru-azotpy-Os). As such, the heterodinuclear complex Ru-
azotpy-Os works as a molecular switch for intramolecular
energy transfer.[18] Note from Figure 4b that the on/off ratio
(�30), critical in digital processing, is dramatically improved
from the previously reported bpy-based system (�2.5).[4b] The
performance of this molecular switch is illustrated in the
schematic drawing in Figure 1.


The best model complex for the donor part of this
heteronuclear complex Ru-azotpy-Os is the homonuclear
Ru complex, Ru-azotpy-Ru. The fact that the reduced form of
this complex, Ru-azotpy.�-Ru, is still nonluminescent implies
that the excited-state lifetime of the Ru-based unit in the
heteronuclear complex is quite short. This is an unfavorable
property for the utilization of the excited state for subsequent
processes such as energy transfer. Furthermore, in the
reduced form of this complex, a significant portion of the
excited electrons must be localized in one of the terminal tpy
ligands, as implied by the absorption spectrum of the reduced
species. This lengthens the effective separation between the
donor and the acceptor, which is also a factor working against
efficient energy-transfer processes.[19] However, the fact that
the energy transfer still occurs with a moderate 70%
efficiency implies that the rate for the energy transfer
processes is quite fast. Very fast energy transfer processes
(�1010 s�1) were observed even for several terpyridine-based
heteronuclear Ru/Os complexes,[20] with a larger metal ±metal
separation than that in the case described here, resulting in an
efficient intramolecular energy transfer. The nonluminescent
nature of the donor chromophore in this case excludes the
possibility of a Fˆrster-type Coulombic mechanism for the
energy transfer, which requires the overlap of the donor
luminescence and the acceptor absorption,[21] leaving the
Dexter-type electron-exchange mechanism[22] as the likely


interaction for the energy transfer. The Dexter mechanism is
considered also to be responsible for energy transfer in other
related Ru/Os ± tpy complexes.[19, 20b, 23]


Conclusion


In conclusion, Ru and Os tpy-type dinuclear complexes
bridged by azotpy work as switches responding to redox
stimuli. The original homonuclear species show no lumines-
cence, apparently because the excited electron is trapped in
the �* of azotpy. On the other hand, the reduced species
behave more or less as the reference compounds [M(tpy)2]2� ;
Os-azotpy.�-Os becomes luminescent at room temperature
and Ru-azotpy.�-Ru at 77 K. As such, these homodinuclear
complexes work as a redox-responsive molecular photo-
switch. For the heteronuclear Ru-azotpy-Os, intramolecular
energy transfer can be switched on and off reversibly by the
redox reaction as schematically shown in Figure 1. Thus, this
heterodinuclear complex is a redox-responsive switch for
intramolecular energy transfer.


Now that the switching behavior has been confirmed for the
azotpy-based complexes, we are in a position to explore the
preparation and the properties of linearly extended (tri-,
tetrametallic, and so on) complexes bridged by more than one
ditopic azotpy ligand. A system can be envisaged in which
excitation energy is delivered to a designated site in response
to redox stimuli by using these extended complexes.


Experimental Section


General method : Solvents and reagents were of reagent grade quality and
used as received unless otherwise specified. Dimethylformamide (DMF)
used on photophysical and electrochemical studies was distilled
from P2O5. 4�-Nitro-2,2�:6�,2��-terpyridine,[6] [Ru(tpy)Cl3],[24] and [Os(tpy)-
(H2O)3][PF6]3[8] were prepared according to literature procedures.


The 1H and 13C NMR spectra were recorded on a JEOL JNM-LA400
spectrometer in CDCl3 or CD3CN. Mass spectra were recorded on JEOL
JMS-D-300, JEOL JMS-600H, or a Bruker Daltonics BIFLEX III
spectrometers. Elemental analyses were carried out on a FISONS Instru-
ments EA1108 Elemental Analyzer. Absorption and emission spectra were
measured with a Shimadzu UV-2500PC spectrophotometer and Shimadzu
RF-5300PC spectrofluorophotometer, respectively. Cyclic voltammetry
was conducted in N2-purged DMF containing 0.1� TBAP as supporting
electrolyte with a Nikko Keisoku NPGFZ-2501-A potentiogalvanostat or
BAS electrochemical analyser model 720A. A glassy carbon or a platinum
disk was used as the working electrode, an Ag/Ag� electrode as the
reference, and a Pt wire as the counter electrode. All redox waves were
referenced to internal ferrocene added at the end of each experiment.
Redox potentials are quoted versus the ferrocene/ferrocenium couple (Fc/
Fc�� 0.0 V). Spectroelectrochemical experiments were performed on
10�� samples in N2-purged DMF containing 0.1� TBAP in a spectro-
fluorimetric cell (optical path 1 cm), with a Pt mesh, an Ag/Ag�, and a Pt
wire separated with an absorbent cotton, as the working, reference, and
counter electrodes, respectively.


Bis-[2,6-bis(2-pyridyl)-4-pyridyl]diazene (azotpy): A solution of 4�-nitro-
2,2�:6�,2��-terpyridine (100 mg, 0.36 mmol) in a mixture of conc. aqueous
NaOH (200 mg in 0.2 mL) and benzene (5 mL) was heated to 80 �C under
N2 with vigorous stirring. Zn powder (0.5 g) was added and the solution was
vigorously stirred for an additional 3 h at 80 �C. The reaction mixture was
hot-filtered and the residue was washed well with hot benzene and hot
chloroform. Evaporation of the filtrate yielded a crude product (90 mg), to
which 2-methoxyethanol was added. The solution was heated to boiling
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point and then left to cool to room temperature. The resulting precipitate
was collected, washed with methanol, and dried in vacuo to give a yellow-
brown powder (47 mg, 53%). M.p. 357.9 ± 360.4 �C; 1H NMR (400 MHz,
CDCl3, 40 �C): �� 8.87 (s, 4H; H-3�), 8.78 (dd, J� 4.9, 1.0 Hz, 4H; H-6),
8.68 (dd, J� 8.1, 1.0 Hz, 4H; H-3), 7.89 (dt, J� 7.8, 1.8 Hz, 4H; H-4), 7.38
(dt, J� 6.0, 1.2 Hz, 4H; H-5); high-resolution MS (FAB): m/z calcd:
492.1811; found 492.1819; elemental analysis calcd (%) for C30H20N8


(492.2): C 73.16, H 4.08, N 22.75; found: C 72.73, H 4.06, N 22.73.


[(tpy)Ru(azotpy)Ru(tpy)][PF6]4 (Ru-azotpy-Ru): A solution of [Ru(tpy)-
Cl3] (80 mg, 0.18 mmol) and AgBF4 (106 mg, 0.54 mmol) in acetone
(25 mL) was heated at reflux under N2 for 2 h.[7] The reaction mixture
was cooled to room temperature and filtered to remove AgCl. The filtrate
was evaporated and N,N-dimethylacetamide (30 mL) was added to the
resulting residue. This solution was added to a solution of azotpy (32 mg,
0.065 mmol) in N,N-dimethylacetamide (10 mL), and this mixed solution
was heated at 120 �C under N2 for 13 h. The reaction mixture was cooled to
room temperature and filtered through Celite, and the filtrate was
evaporated and the residue dried. The resulting solid was dissolved in the
minimum amount of acetonitrile and excess aqueous NH4PF6 (400 mg) was
added. The precipitate was collected by filtration, washed with water and
diethyl ether, and the dense purple powder (132 mg) was purified by
chromatography on silica with acetonitrile/0.4� aqueous KNO3 (5:1) as
eluent to give a dense purple powder (45 mg), which was crystallized from
methanol to yield a dense brown-purple powder (23 mg, 20%). M.p.
�375 �C; 1H NMR (400 MHz, CD3CN, 20 �C): �� 9.40 (s, 4H), 8.82 (d, J�
8.3 Hz, 4H), 8.75 (d, J� 7.8 Hz, 4H), 8.54 (d, J� 7.8 Hz, 4H), 8.51 (t, J�
8.3, 8.1 Hz, 2H), 8.05 (dt, J� 7.8, 1.5 Hz, 4H), 7.97 (dt, J� 7.8, 1.5 Hz, 4H),
7.46 ± 7.48 (overlapping d (4H) and d (4H), J� 5.9, 5.6 Hz), 7.29 (dt, J� 6.6,
1.5 Hz, 4H), 7.20 (dt, J� 6.6, 1.5 Hz, 4H); 13C NMR (100 MHz, CD3CN,
20 �C): �� 158.57, 157.92, 156.45, 155.58, 153.62, 153.39, 139.32, 139.23,
137.62, 128.85, 128.38, 125.72, 125.51, 124.79, 117.78; MS (MALDI-TOF):
m/z (%): 1452 (66) [M� 2PF6]� , 1307 (100) [M� 3PF6]� , 1162 (75) [M�
4PF6]� ; elemental analysis calcd (%) for C60H50F24N14O4P4Ru2 (tetrahy-
drate): C 40.14, H 2.70, N 10.92; found: C 39.90, H 2.50, N 10.54.


[(tpy)Ru(azotpy)][PF6]2 (Ru-azotpy): A solution of [Ru(tpy)Cl3] (80 mg,
0.18 mmol) and AgBF4 (106 mg, 0.54 mmol) in acetone (25 mL) was heated
at reflux under N2 for 2 h.[7] The reaction mixture was cooled to room
temperature and filtered to remove AgCl. The filtrate was evaporated, and
N,N-dimethylacetamide (30 mL) was added to the resulting residue. This
solution was added to a solution of azotpy (107 mg, 0.22 mmol) in N,N-
dimethylacetamide (20 mL), and this mixed solution was heated at 120 �C
under N2 for 12 h. The reaction mixture was cooled to room temperature
and filtered through Celite, and the filtrate was evaporated and the residue
dried. The resulting solid was dissolved in the minimum amount of
acetonitrile and excess aqueous NH4PF6 (500 mg) was added. The
precipitate was collected by filtration, washed with water and diethyl
ether, and the dense reddish-purple powder (214 mg) was purified by
chromatography on silica with acetonitrile/toluene (from 2:3 to acetonitrile
only) as eluent followed by crystallization by diffusing toluene into an
acetonitrile solution to yield a dense reddish-purple powder (140 mg,
69%). Although 1H NMR data suggested the presence of some impurities,
we proceeded to the next step. MS (ES): m/z (%): 972 (100) [M�PF6]� .


[(tpy)Os(azotpy)Os(tpy)][PF6]4 (Os-azotpy-Os): A solution of [Os(tpy)-
(H2O)3][PF6]3 (100 mg, 0.11 mmol) and azotpy (24 mg, 0.049 mmol) in
ethyleneglycol (24 mL) was heated at 150 �C under N2 for 1 h.[25] The
reaction solution was cooled to room temperature and excess aqueous
NH4PF6 (500 mg) was added. The precipitate was collected by filtration,
washed with water and diethyl ether, and dried in vacuo. The dense purple
powder (104 mg) was purified by preparative TLC on silica with
acetonitrile/0.4� aqueous KNO3 (3:1) as eluent to give a dense brown-
purple powder (34 mg, 36%). M.p. �375 �C; 1H NMR (400 MHz, CD3CN,
20 �C): �� 9.39 (s, 4H), 8.85 (d, J� 8.3 Hz, 4H), 8.76 (d, J� 7.8 Hz, 4H),
8.52 (d, J� 7.8 Hz, 4H), 8.06 (t, J� 8.3, 8.1 Hz, 2H), 7.91 (dt, J� 7.8, 1.5 Hz,
4H), 7.82 (dt, J� 7.8, 1.5 Hz, 4H), 7.35 (d, J� 5.6 Hz, 8H), 7.24 (dt, J� 6.6,
1.5, 1.2 Hz, 4H), 7.13 (dt, J� 6.6, 1.5, 1.2 Hz, 4H); 13C NMR (100 MHz,
CD3CN, 20 �C): �� 160.55, 160.03, 156.46, 155.06, 154.98, 153.86, 153.76,
139.24, 139.18, 137.27, 128.75, 128.54, 125.64, 123.58, 117.40; MS (MALDI-
TOF): m/z (%): 1775 (46) [M�PF6]� , 1630 (97) [M� 2PF6]� , 1485 (100)
[M� 3PF6]� ; elemental analysis calcd (%) for C60H54F24N14O6P4Os2 hexa-
hydrate: C 35.54, H 2.68, N 9.67; found: C 35.36, H 2.55, N 9.37.


[(tpy)Ru(azotpy)Os(tpy)][PF6]4 (Ru-azotpy-Os): A solution of [Ru(tpy)-
(azotpy)][PF6]2 (80 mg, 0.072 mmol) and [Os(tpy)(H2O)3][PF6]3 (66 mg,
0.072 mmol) in ethylene glycol (20 mL) was heated at 150 �C under N2 for
1 h.[25] The reaction solution was cooled to room temperature and excess
aqueous NH4PF6 (400 mg) was added. The precipitate was collected by
filtration, washed with water and diethyl ether, and dried in vacuo. The
dense purple powder (132 mg) was purified by preparative TLC on silica
with acetonitrile/0.4� aqueous KNO3 (3:1) as eluent to give a dense brown-
purple powder (25 mg, 19%). M.p. �375 �C; 1H NMR (400 MHz, CD3CN,
20 �C): �� 9.42 (s, 2H), 9.38 (s, 2H), 8.85 (d, J� 8.3 Hz, 2H), 8.82 (d, J�
8.3 Hz, 2H), 8.76 (dd, J� 7.8, 2.4 Hz, 4H), 8.54 (dd, J� 8.3, 7.8 Hz, 4H),
8.50 (t, J� 8.3, 7.8 Hz, 1H), 8.07 (t, J� 8.3, 7.8 Hz, 1H), 8.05 (dt, J� 8.3,
1.5 Hz, 2H), 7.97 (dt, J� 7.8, 1.5 Hz, 2H), 7.92 (dt, J� 8.3, 1.5 Hz, 2H), 7.82
(dt, J� 7.8, 1.5 Hz, 2H), 7.49 (d, J� 5.4 Hz, 2H), 7.46 (d, J� 4.9 Hz, 2H),
7.34 ± 7.37 (overlapping d (2H) and d (2H), J� 5.4, 4.9 Hz ), 7.28 (dt, J� 6.6,
1.0 Hz, 2H), 7.25 (dt, J� 6.6, 1.0 Hz, 2H), 7.21 (dt, J� 6.6, 1.5, 1.0 Hz, 2H),
7.14 (dt, J� 6.6, 1.5, 1.0 Hz, 2H); 13C NMR (100 MHz, CD3CN, 20 �C): ��
160.47, 159.98, 158.61, 158.57, 157.72, 156.55, 156.37, 155.60, 154.98, 154.89,
153.91, 153.79, 153.57, 153.37, 139.31, 139.26, 139.21, 139.19, 137.50, 137.44,
128.79, 128.54, 128.36, 125.65, 125.47, 124.75, 123.60, 117.71, 117.50; MS
(MALDI-TOF): m/z (%): 1540 (55) [M� 2PF6]� , 1395 (100) [M� 3PF6]� .
The purity of Ru-azotpy-Os was carefully confirmed by TLC.
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Electronic Energy Transfer and Collection in Luminescent Molecular Rods
Containing Ruthenium(��) and Osmium(��) 2,2�:6�,2��-Terpyridine Complexes
Linked by Thiophene-2,5-diyl Spacers


Susana Encinas,[b] Lucia Flamigni,[b] Francesco Barigelletti,*[b] Edwin C. Constable,*[a, c]
Catherine E. Housecroft,*[a, c] Emma R. Schofield,[c] Egbert Figgemeier,[c] Dieter Fenske,[d]
Markus Neuburger,[c] Johannes G. Vos,[e] and Margareta Zehnder[c]


Abstract: The electronic absorption
spectra, luminescence spectra and life-
times (in MeCN at room temperature
and in frozen n-C3H7CN at 77 K), and
electrochemical potentials (in MeCN) of
the novel dinuclear [(tpy)Ru(3)Os-
(tpy)]4� and trinuclear [(tpy)Ru(3)-
Os(3)Ru(tpy)]6� complexes (3� 2,5-
bis(2,2�:6�,2��-terpyridin-4-yl)thiophene)
have been obtained and are compared
with those of model mononuclear com-
plexes and homometallic [(tpy)Ru(3)-
Ru(tpy)]4�, [(tpy)Os(3)Os(tpy)]4� and
[(tpy)Ru(3)Ru(3)Ru(tpy)]6� complexes.
The bridging ligand 3 is nearly planar in
the complexes, as seen from a prelimi-


nary X-ray determination of [(tpy)-
Ru(3)Ru(tpy)][PF6]4, and confers a high
degree of rigidity upon the polynuclear
species. The trinuclear species are rod-
shaped with a distance of about 3 nm
between the terminal metal centres. For
the polynuclear complexes, the spectro-
scopic and electrochemical data are in
accord with a significant intermetal
interaction. All of the complexes are
luminescent (� in the range 10�4 ± 10�2


and � in the range 6 ± 340 ns, at room


temperature), and ruthenium- or osmi-
um-based luminescence properties can
be identified. Due to the excited state
properties of the various components
and to the geometric and electronic
properties of the bridge, Ru�Os direc-
tional transfer of excitation energy takes
place in the complexes [(tpy)Ru(3)Os-
(tpy)]4� (end-to-end) and [(tpy)Ru(3)-
Os(3)Ru(tpy)]6� (periphery-to-centre).
With respect to the homometallic case,
for [(tpy)Ru(3)Os(3)Ru(tpy)]6� excita-
tion trapping at the central position is
accompanied by a fivefold enhancement
of luminescence intensity.


Keywords: luminescence ¥ molecu-
lar devices ¥ N ligands ¥ ruthenium


Introduction


The development of specific and efficient synthetic method-
ologies for the assembly of large photoactive multicomponent


systems has led to numerous advances in the field of
photoinduced electron and energy transfer.[1] In such multi-
component systems, elaborate multiple functionality has been
incorporated, allowing, inter alia, the stabilization of photo-
induced charge separation,[2] multi-electron collection,[3] har-
vesting of excitation energy in artificial antennae,[4] and
logical and switching functions[5] of interest in the developing
area of molecular electronics.


The assembly of ruthenium(��) and osmium(��) polypyridine
complexes, which possess valuable electrochemical, photo-
physical and photochemical properties[6] has led to various
topographically interesting species, such as rods or wires,[7]


helicates[8] and dendrimers.[9] These polynuclear species may
prove to be useful both for improving fundamental knowledge
of interactions within such systems and as practical compo-
nents of photoconversion systems.[10, 11] A fundamental re-
quirement is that good control can be achieved over the
geometric relationships between the various components. For
instance, the study of photoinduced processes in several
dinuclear systems has proven useful in understanding the role
of the electronic and nuclear factors in governing these key
phenomena.[7, 12, 13] A rapidly expanding area in which such
complexes are proving to be of use is that of energy
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transduction and signal processing over distances of nano-
metres or greater. In this case, single or multi-step approaches
can be envisaged,[14] and recent results based upon complexes
containing modular phenylene-bridged ligands have de-
scribed the transfer of excitation energy from a donor to an
acceptor over a distance of at least 4 nm.[13] The spectroscopic
properties of such complexes (and in this context, lumines-
cence proves to be very advantageous) may be exploited for
the sensing of protons or other cations,[11] and anions[15]


leading to the development of signal-processing capacity.
From a geometrical viewpoint, suitable building blocks for


the construction of topographically linear polynuclear species
(molecular rods) are {Ru(tpy)2}2� and {Os(tpy)2}2� motifs (tpy
is 2,2�:6�,2��-terpyridine).[7, 16, 17] The luminescence properties of
[Ru(tpy)2]2� salts are, however, not ideally suited to such
applications; the room temperature luminescence efficiency
and lifetime in acetonitrile are �� 10�5 and �� 0.3� 10�9 s,
respectively,[16, 17] although significant luminescence improve-
ments can be achieved by attaching suitable functionality to
the tpy, extending its electronic conjugation.[18, 19]


We have prepared and studied a series of nine ruthenium
and osmium complexes.[20] All of the complexes contain a
thiophene ring, which of interest because of the known
photoactivity of oligothiophenes.[21] In the polynuclear com-
plexes, the 2,5-thiophenediyl spacer in bridging ligand 3 (2,5-


bis(2,2�:6�,2��-terpyridin-4-yl)thiophene) provides a structural-
ly rigid connection between photo- and electroactive centres.
The molecular subunits of the bridging ligand are, at least in
the solid state, coplanar as revealed by a preliminary X-ray
structure determination. From an electronic viewpoint, ligand
3 provides effective communication between photoactive
centres; this results in the ruthenium-based complexes being
luminescent in fluid solution, in contrast to parent
[Ru(tpy)2]2� complexes. By using stationary and time-resolved
luminescence spectroscopy, we have investigated the trans-
port of excitation energy within the heterometallic rods
[(tpy)Ru(3)Os(tpy)]4� and [(tpy)Ru(3)Os(3)Ru(tpy)]6�.


Results and Discussion


Ligand synthesis and characterization : As a part of a system-
atic study of the effects of substituents upon the electronic and
spectroscopic properties of 2,2�:6�,2��-terpyridine complexes,
we prepared a series of thienyl-functionalized ligands. Initial
approaches to the parent ligand 1 were unsuccessful and
resulted in the formation primarily 3:1 condensation prod-
ucts,[22] and we eventually adopted a convenient one-pot
synthesis. Two equivalents of 2-acetylpyridine were treated
with 2-thiophenecarbaldehyde at room temperature over 24 h


to give an intermediate diketone
(Scheme 1). The crude reaction
mixture was then heated with
NH4OAc in EtOH to give 1 in
40% yield as a white powder.
Spectroscopic and physicochemi-
cal data are all in accord with the
proposed formulation of the new
ligand and are presented in the
Experimental Section. Following
our initial report,[20] an alternative
synthesis of 1 has been de-
scribed.[23]


The bridging ligand 3 was pre-
pared as indicated in Scheme 1.
The bisenone 2[24] was obtained in
72% yield from the condensation
of 2-acetylpyridine with 2,5-thio-
phenedicarbaldehyde. Reaction
with N-[2-oxo-2(2-pyridyl)ethyl]-
pyridinium iodide[25] and ammo-
nium acetate gave the 3 in 32%
yield as an off-white solid.


Spectroscopic and physico-
chemical data are all in accord
with the formulation of the new
ligands and are presented in the
Experimental Section. The ab-
sorption spectra of solutions of
the ligands 1 and 3 in MeCN both
show three 1LC transitions (�*�
� and �*� n) in the region 230 ±
290 nm, of which the lowest en-
ergy is the most intense. The
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absorption spectrum of 3 shows an additional low-energy
absorption at 344 nm. Like other thienyloligopyridines,[26] the
compounds are luminescent, and solutions of 1 show an
emission at 360 nm arising from the 284 nm absorption, while
those of 3 show a more structured emission with maxima at
400 and 384 nm.


Protonation has a similar effect to coordination on ligand-
centred absorption processes, but without transitions due to
metal ± ligand and metal ± metal interactions, and such spectra
are valuable when assigning the electronic spectra of com-
plexes. Excess HPF6 was added to a solution of 1 in MeCN to
generate [H21]2�[27] with the resultant loss of the 253 nm
transition. The absorption at 284 nm is red-shifted by 6 nm
and the emission is now very broad with a maximum at
494 nm. Similar changes occur upon the addition of HPF6 to 3,
red-shifting the 283 nm absorption to 291 nm. These changes
reflect the stabilization of the ligand �* orbitals on pro-
tonation and are in agreement with results for 4�-(9-anthryl)-
2,2�:6�,2��-terpyridine.[28]


Complex synthesis : The homonuclear complexes
[Ru(1)2][PF6]2 and [Os(1)2][PF6]2 were prepared in 70% and
80% yield, respectively, by the direct reaction of RuCl3 ¥
3H2O or [NH4]2[OsCl6] with 1 in ethane-1,2-diol that con-
tained a small amount of N-ethylmorpholine as a reducing
agent in a modified domestic microwave oven; this was
followed by precipitation of the hexafluorophosphate salts
and chromatographic purification. The heteroleptic species
[Ru(tpy)(1)][PF6]2 and [Os(tpy)(1)][PF6]2 were prepared
similarly from the reaction of 1 with [Ru(tpy)Cl3] or
[Os(tpy)(H2O)3][PF6]3,[29] respectively (Scheme 2). The
1H NMR spectra of the heteroleptic complexes were essen-
tially a superposition of the spectra of the homoleptic
[M(tpy)2]2� and [M(1)2]2� compounds and data are presented
in the Experimental Section. All of these mononuclear
complexes exhibited [M� 2PF6]� peaks in their MALDI-
TOF mass spectra.


The multinuclear complexes were prepared by the ™com-
plexes as metals/complexes as ligands∫ strategy.[30] The


mononuclear ruthenium building block [Ru(tpy)(3)][PF6]2
contains a non-coordinated tpy metal-binding domain and
was prepared in satisfactory yield from the reaction of
[Ru(tpy)Cl3] with 3. The osmium(��) analogue [Os-
(tpy)(3)][PF6]2 was prepared from the reaction of 3 with
[Os(tpy)(H2O)3][PF6]3 under microwave conditions. The
ruthenium and osmium complexes were obtained as orange
and brown solids, respectively, and relevant spectroscopic
data for these and the species that follow are presented in the
Experimental Section.


The dinuclear complexes were prepared by the direct
reaction of 3 with an excess of appropriate metal complex.
Treatment of 3 with an excess of [Ru(tpy)Cl3] in EtOH under
reducing conditions resulted in the formation of the bright red
symmetric, dinuclear complex [(tpy)Ru(3)Ru(tpy)][PF6]4 in
near quantitative yield. The purple heterodinuclear analogue
[(tpy)Ru(3)Os(tpy)][PF6]4 was prepared from the reaction of
[(tpy)Ru(3)][PF6]2 with [Os(tpy)(H2O)3][PF6]3 in ethane-1,2-
diol in a microwave oven under reducing conditions. The final
dinuclear complex, [(tpy)Os(3)Os(tpy)][PF6]4, was obtained
as a deep purple solid from the direct reaction of 3 with two
equivalents of [Os(tpy)(H2O)3][PF6]3 under forcing reducing
conditions.


For the trinuclear complexes, the only sensible synthetic
strategy is the building block approach outlined above. The
two complementary complexes [(tpy)Ru(3)M(3)Ru-
(tpy)][PF6]6 (M�Ru or Os) could be prepared in principle
by the reaction of [M(3)2][PF6]2 with [Ru(tpy)Cl3] or by the
reaction of [Ru(tpy)(3)][PF6]2 with appropriate labile mono-
nuclear species. We have only investigated the latter route,
and the desired trinuclear compounds were obtained in
satisfactory yields as pink or purple solids from the reaction
of [Ru(tpy)(3)][PF6]2 with RuCl3 ¥ 3H2O or K2[OsCl6], re-
spectively. These synthetic routes are summarized in
Scheme 2.


The complexes all exhibit well-resolved 1H NMR spectra
and a number of characteristic features are present. In
general, the spectra are sufficiently well resolved that all of
the individual tpy and thienyl domains may be fully eluci-
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dated. As an example, the one-dimensional and COSY
1H NMR spectra of [(tpy)Ru(3)Os(tpy)][PF6]4 are presented
in Figure 1. The individual {Ru(tpy)} and {Os(tpy)} domains
may be distinguished and unambiguously assigned by com-
parison with the model complexes [Ru(tpy)2][PF6]2, [Ru(tpy)-
(1)][PF6]2, [Os(tpy)2][PF6]2 and [Os(tpy)(1)][PF6]2. The chem-
ical shifts of the Xtpy and Ytpy domains in
[M(Xtpy)(Ytpy)]2� (M�Ru, Os) complexes have been
shown to be almost invariant and independent of the partner
ligand.[31]


Structural characterization : In order to better understand the
photophysical properties of the polynuclear complexes, we
have made a number of structural studies. A full structural
determination of the complex [Ru(1)2][PF6][NO3] ¥ 2CH3CN
is reported in this paper, together with preliminary data
for [(tpy)Ru(3)Ru(tpy)][PF6]4. The mixed anions in
[Ru(1)2][PF6][NO3] ¥ 2CH3CN arise from the chromatograph-
ic work-up which involves a mobile phase containing KNO3;


the crystals were obtained by the MeCN recrystallization of
the product obtained by adding ammonium hexafluorophos-
phate to the fraction collected from the column. The two
thienyl substituents were disordered in approximately 3:1
ratios corresponding to the orientation of the sulfur with
respect to the central tpy ring. A similar disorder is found in
the complex [Ru(tpy)(1)][PF6]2.[32] The angles between least-
squares planes of the thienyl rings and directly bonded
pyridine rings lie in the range 5.06 ± 16.43� and only the major
occupancy is shown in the representation of the cation in
Figure 2.


The Ru�N distances show the typical trend for tpy
complexes[33] with the bonds to the central tpy ring
(1.973(4), 1.978(5) ä) being significantly shorter than those
to the terminal rings (2.043(5) ± 2.082(5) ä). All bond lengths
and angles within the {Ru(tpy)2} moiety are normal[31, 34] and
there are no short contacts between the cation, the anions and
the lattice solvent molecules, although we note that the nitrate
ion and one of the central rings of the tpy are close to planar
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ethylmorpholine, 600 W microwave, 4 min (70%); M�Os: 0.49 equiv of [NH4]2[OsCl6], HOCH2CH2OH, N-ethylmorpholine, 600 W microwave, 4 min
(80%); c) M�Ru: 3 equiv of [Ru(tpy)Cl3], EtOH, N-ethylmorpholine, reflux, 3 h (95%); M�Os: 2 equiv of [Os(tpy)(H2O)3][PF6]3, HOCH2CH2OH, N-
ethylmorpholine, 600 W microwave, 4 min.(60%); d) 1.0 equiv of [Ru(tpy)Cl3], EtOH, N-ethylmorpholine, reflux, 90 min (60%); e) M�Os: 1.1 equiv of
[Os(tpy)(H2O)3][PF6]3, HOCH2CH2OH, N-ethylmorpholine, 600 W microwave, 4 min (47%); f) M�Ru: 0.5 equiv of RuCl3 ¥ 3H2O, HOCH2CH2OH, N-
ethylmorpholine, 600W microwave, 4 min. (48%); M�Os: 0.49 equiv of K2[OsCl6], HOCH2CH2OH, N-ethylmorpholine, 600 W microwave, 4 min (46%).
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(least squares planes, 16.9�)
with O13 lying 	3.5 ä above
the centroid of the ring. The tpy
units are approximately planar
(angles between least-squares-
planes of directly bonded rings
3.05 ± 7.58�) and the thienyl
rings are conjugated with the
tpy, although interactions be-
tween the tpy H3� and H5� with
thienyl H4 result in a twisting
about the interannular C�C
bond (all such interannular an-
gles are below 17�).


We have also made numer-
ous attempts to obtain good
quality data sets for the three
complexes [(tpy)M(3)M(tpy)]-
[PF6]4 (M�Ru, Os); on every
occasion small but well-formed
crystals were obtained that de-
compose rapidly upon irradia-
tion or removal from the moth-
er liquor. The data sets ob-
tained indicate that the three
compounds are isostructural
and we report the data for
[(tpy)Ru(3)Ru(tpy)][PF6]4 ¥
2MeCN. Extensive disorder of
some of the anions and unre-
fined solvent resulted in high R
and wR values. However, the
chemically interesting dinu-
clear cation (Figure 3) may be
discussed with confidence. The
two {Ru(tpy)2} domains possess
typical bond lengths and angles,
closely resembling those for the
[Ru(1)2]2� cation. The terminal
tpy ligands are essentially pla-
nar (angles between least-
squares planes 2.34 ± 3.67�) as
are the tpy domains of the 3
ligand (angles between least-
squares planes 2.08 ± 3.97�). A
most interesting observation is
that the central rings of the tpy
domains and the thienyl moiety
of the 3 ligand are also nearly
coplanar (angles between least-
squares planes 5.30 ± 6.07�).
The consequence is reasonably
short contacts between the
thienyl protons and the tpy
H3� protons (2.214, 2.253 ä).
The two metal centres are
14.395 ä apart. The thienyl
spacer results in a topographi-
cally nonlinear arrangement of


Figure 1. One-dimensional and COSY 1H NMR spectra of [(tpy)Ru(3)Os(tpy)][PF6]4 (CD3CN, 298 K,
250 MHz).


Figure 2. ORTEP representation of the [Ru(1)2]2� ion in [Ru(1)2][PF6]2 ¥ 2CH3CN showing the numbering
scheme adopted for non-carbon atoms; hydrogen atoms have been omitted for clarity and only the major thienyl
occupancies are shown.
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the Ru1 and Ru2, such that an angle Ru1-X-Ru2 of 14.0� is
described, where X is the weighted centre of the thiophene
ring. Adjacent cations exhibit stacking interactions between
terminal pyridine rings of the tpy ligands (centroid ± centroid,
3.6 ä, angle between least-squares planes, 5�) which result in
intermolecular Ru ¥¥ ¥ Ru distances of 8.85 ä, which are short-
er than the intramolecular distances.


Absorption spectra : Table 1 reports absorption maxima and
intensities for solutions of the complexes in MeCN, all of
which display intense UV absorption bands (307 ± 316 nm,
log�� 3.70 ± 5.20), corresponding to ligand-centred (1LC)
transitions,[7] and less intense bands in the visible region


(486 ± 533 nm, log�� 4.31 ± 5.04). In the polynuclear rutheni-
um complexes, a band centred around 370 nm is also present.
The bands in the visible region are due to metal-to-ligand
charge-transfer (1MLCT) transitions.[6] The osmium-contain-
ing complexes display an additional tail with a weak
absorption (�max� 670 nm, log�� 3.60 ± 4.17) corresponding
to direct, spin-forbidden population of Os�L charge transfer
(CT) triplet excited states.[6]


Comparison of the absorption data for the homometallic
ruthenium complexes presented in Table 1 reveals that the
MLCT bands are displaced towards longer wavelengths and
become more intense on passing from the mononuclear to the
dinuclear and trinuclear species. This indicates that the
1MLCT levels for the dinuclear and trinuclear compounds


are lower in energy than for the
mononuclear complex. This
trend is also present for the
homometallic osmium com-
plexes.


For the heterometallic com-
plexes, the shape and intensity
of the MLCT absorption bands
(which consist of overlapping
contributions of Ru�L and
Os�L origin) are not a super-
imposition of those of the
mononuclear component moie-


ties. Figure 4 provides an illustration for the case of
[(tpy)Ru(3)Os(tpy)]4� and the comparison with 1) the sum
of the spectra of [(tpy)Ru(1)]2� and [(tpy)Os(1)]2�, and 2) the
average spectrum from those of [(tpy)Ru(3)Ru(tpy)]4� and
[(tpy)Os(3)Os(tpy)]4�. These results indicate that the {Ru-
(tpy)2} and {Os(tpy)2} units cannot be described in terms of
electronically isolated chromophores, at least from a spectro-
scopic point of view,[35] and that the increase in size of the rods
is accompanied by some delocalization of the MLCT states
populated by light absorption.


Figure 4. Ground state absorption spectra for [(tpy)Ru(3)Os(tpy)]4�


(––), the sum of [(tpy)Ru(1)]2� and [(tpy)Os(1)]2� ( ¥¥ ¥ ¥ ) and the average
from [(tpy)Ru(3)Ru(tpy)]4� and [(tpy)Os(3)Os(tpy)]4� (± ± ±), see text. All
solutions 1� 10�5��1.


Electrochemistry : Electrochemical data are listed in Table 2.
For mononuclear ruthenium and osmium complexes, the
behaviour is well documented and explained in terms of
localized metal- and ligand-centred processes.[6] One can also
make use of this simple approach in the present cases,
although some caution is advisable (see below).


The electrochemical behaviour can be summarized as
follows (Table 2, potentials vs Fc�/Fc): 1) ruthenium-contain-
ing complexes exhibit a single oxidation step in the range
�0.83 to �0.92 V, 2) osmium-containing complexes are
characterized by a single oxidation step occurring in the
range �0.49 to �0.58 V and 3) a series of ligand-centred
reductions are observed. The reductive behaviour is compli-
cated by irreproducible processes between �1.23 and


Figure 3. ORTEP representation of the [(tpy)Ru(3)Ru(tpy)]4� ion in [(tpy)Ru(3)Ru(tpy)][PF6]4 ¥ 2CH3CN
showing the numbering scheme adopted; hydrogen atoms have been omitted for clarity.


Table 1. Absorption spectra of complexes in acetonitrile.


�max [nm] (� �104 [��1 cm�1])
ligand-centered 1MLCT 3MLCT


[(tpy)2Ru]2� [a] 307 (5.2) 475 (1.26)
[(tpy)Ru(1)]2� 307 (6.5) 486 (2.4)
[Ru(1)2]2� 316 (5.5) 498 (2.9)
[(tpy)2Os]2� [a] 310 (7.4) 475 (1.5) 656 (0.42)
[(tpy)Os(1)]2� 311 (6.3) 486 (2.1) 663 (0.53)
[Os(1)2]2� 316 (5.4) 498 (2.6) 673 (0.69)


[(tpy)Ru(3)Ru(tpy)]4� 307 (10.6) 370 (2.9) 517 (5.8)
[(tpy)Os(3)Os(tpy)]4� 311 (11.7) 486 (3.9) 664 (0.99)
[(tpy)Ru(3)Os(tpy)]4� 309 (9.4) 376 (2.4) 519 (4.9) 672 (0.89)


[(tpy)Ru(3)Ru(3)Ru(tpy)]6� 308 (15.1) 372 (5.6) 532 (10.8)
[(tpy)Ru(3)Os(3)Ru(tpy)]6� 309 (9.7) 376 (3.3) 533 (7.1) 688 (1.48)


[a] Refs. [17a, 18].
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�1.48 Vassociated with surface binding to the electrodes. The
data are consistent with the thienyl and thiophenediyl groups
possessing slight electron-releasing character.[26, 36]


The observed potentials for the metal-centred oxidation do
not change significantly on passing from mononuclear to
dinuclear species;[37] for instance, the potentials for
[(tpy)Ru(3)Os(tpy)]4� are �0.90 and �0.54 V as compared
to �0.88 and �0.52 V for [(tpy)Ru(1)]2� and [(tpy)Os(1)]2�.
This indicates weakly interacting centres,[38] although the
interaction is not sufficiently strong to be detected spectro-
scopically. Single multielectron metal-centred oxidation
processes were observed for [(tpy)Ru(3)Ru(tpy)]4�,
[(tpy)Os(3)Os(tpy)]4� and [(tpy)Ru(3)Ru(3)Ru(tpy)]4� and
a single ruthenium-based process was observed for
[(tpy)Ru(3)Os(3)Ru(tpy)]4�. No resolution of these processes
(all values accurate to 
20 mV) was observed at various scan
rates. To further investigate the intermetallic interaction,
we performed spectroelectrochemical experiments on
[(tpy)Ru(3)Os(tpy)]4� and [(tpy)Ru(3)Ru(tpy)]4� (Figure 5).
In [(tpy)Ru(3)Os(tpy)]4�, the osmium centre was selectively


oxidized at �0.70 V (vs Fc�/Fc) and subsequent oxidation of
the ruthenium occurred at �1.0 V (Figure 5a). After exhaus-
tive oxidation at � � 1 V, the MLCT band, to which both
divalent metals make approximately equal contributions,
diminishes in intensity but does not collapse to zero and a
new band grows in at 430 nm, possibly due to L�OsIII


transitions. In addition, the 376 nm band disappears, which
suggests that it has some CT character.[39]


A similar spectroelectrochemical experiment is shown in
Figure 5b for [(tpy)Ru(3)Ru(tpy)]4�. For this complex, the
applied voltage was 1.0 V. Although the two oxidation steps
occur simultaneously within the experimental errors
(
20 mV),[37, 38] the MLCT absorption only reduces to ap-
proximately 20% of the initial value (Figure 5b), paralleling
the behaviour of [(tpy)Ru(3)Os(tpy)]4�. The residual absorp-
tion is assigned to L�RuIII CT transitions, which are
expected to occur with �max �440 nm and log�� 3.00 ± 3.30.[6]


The first reduction step of ruthenium(��) and osmium(��)
oligopyridine complexes involves the LUMO,[6] which for
dinuclear species may be localized on the bridging or on a


Table 2. Electrochemical data for complexes in acetonitrile, [N(nBu)4][BF4] supporting electrolyte; potentials in V vs Fc�/Fc, peak separations were in the
range 60 to 100 mV.


Ru2�/3� Os2�/3� Reductions


[(tpy)2Ru]2� [a] � 0.92 � 1.58 � 1.82 � 1.90
[(tpy)Ru(1)]2� � 0.88 � 1.38 � 1.54 � 1.85 � 2.32
[Ru(1)2]2� � 0.83 � 1.61 � 1.82 � 2.24
[(tpy)2Os]2� [a] � 0.58 � 1.63 � 1.95
[(tpy)Os(1)]2� � 0.52 � 1.62 � 1.85 � 2.22
[Os(1)2]2� � 0.49 � 1.56 � 1.86 � 2.27


[(tpy)Ru(3)Ru(tpy)]4� � 0.88 � 1.46 � 1.62 � 1.88
[(tpy)Os(3)Os(tpy)]4� � 0.56 � 1.38 � 1.70 � 1.90 � 2.31
[(tpy)Ru(3)Os(tpy)]4� � 0.90 � 0.54 � 1.23 � 1.48 � 1.62 � 2.04


[(tpy)Ru(3)Ru(3)Ru(tpy)]6� � 0.87 � 1.48
[(tpy)Ru(3)Os(3)Ru(tpy)]6� � 0.89 � 0.50 � 1.25 � 2.05


[a] Refs. [17a, 18]; literature data in V vs SCE have been converted by subtracting 0.38 V.


Figure 5. Spectroelectrochemistry of a) [(tpy)Ru(3)Os(tpy)][PF6]4 (applied potentials, 0.7, 1.0 V) and b) [(tpy)Ru(3)Ru(tpy)][PF6]4 (applied potentials, 0.7,
1.0 V) (Ag/AgCl vs. Pt in CH3CN, NaClO4 supporting electrolyte, corrected to Fc/Fc� reference).
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terminal ligand. In the former case, the LUMO may become
energetically stabilized (for electrostatic reasons) and the first
reduction step becomes less negative with respect to related
mononuclear complexes. MO calculations on the free ligands
are of help in determining the orbital localization of the added
electron after the first reduction.[6b, 40] Using an extended
H¸ckel molecular orbital (EHMO) approach,[41a,b] the LUMO
for tpy and for the extended ligand 4 are evaluated at �4.71
and �8.22 eV, respectively, consistent with the first reduction


N


N
NN


NN


N
NN


4 5


occurring at �1.58 and �1.31 V vs Fc� /Fc for [Ru(tpy)2]2�


and [(5)Ru(4)Ru(5)]2�, respectively. For the free 3 ligand, the
LUMO is calculated to be �3.85 eV, slightly higher in energy
than that for tpy. However, for
the polynuclear complexes, the
MOs of the bridging ligand 3
undergo a significantly larger en-
ergetic stabilization than those of
the terminal tpy ligand. This is
confirmed by calculations at the
PM3 and HF STO-3G levels[41c]


on the complexes, which show a
cluster of near-degenerate orbi-
tals (LUMO, LUMO� 1,
LUMO� 2, LUMO� 3) centred
on 3.


In conclusion, a localized de-
scription of the oxidized and
reduced species can be adopted
with the proviso that 1) there is
significant interaction between
the metal centres of the polynu-


clear complexes in the excited state and 2) the electron-
donating properties of the spacer in the 3 ligand may influence
the redox processes. For these reasons, we do not make use of
commonly employed arguments based on a strict correlation
between redox and spectroscopic data concerned with MLCT
levels in the following discussion.[6, 42]


Luminescence properties : Table 3 lists luminescence band
maxima, quantum yields and lifetimes obtained for the
complexes in dilute (10�5�) air-equilibrated MeCN at room
temperature and in frozen n-C3H7CN at 77 K. Figure 6 shows
luminescence spectra obtained at room temperature for the
heterometallic complex [(tpy)Ru(3)Os(3)Ru(tpy)]6� ; those of
of [(tpy)Ru(1)]2� and [(tpy)Os(1)]2� are shown for compar-
ison.


The excited states responsible for the luminescence are
3MLCT levels[6] and the trend of emission band maxima (at
room temperature) for the homometallic ruthenium com-
plexes indicates that they are stabilized with increasing
nuclearity; �em


max� 664, 738 and 736 nm, for [(tpy)Ru(1)]2�,
[(tpy)Ru(3)Ru(tpy)]4� and [(tpy)Ru(3)Ru(3)Ru(tpy)]6�, re-
spectively. For the polynuclear complexes, the luminescence
lifetime and quantum yield increase by two and one orders of
magnitude, respectively, with respect to the mononuclear


Table 3. Luminescence data in CH3CN (room temperature) or nC3H7CN (77 K).


293 K 77 K
Ru-based Os-based Ru-based Os-based


�max [nm] � �10�4 � [ns] �max [nm] � �10�3 � [ns] �max [nm] � [�s] �max [nm] � [�s]


[(tpy)2Ru]2� [a] � 640 � 0.3 0.25 598 11
[(tpy)Ru(1)]2� 664 0.53 5.9 650 17
[Ru(1)2]2� 664 0.88 8.5 656 16
[(tpy)2Os]2� [a] 718 14.0 270 689 3.9
[(tpy)Os(1)]2� 750 7.8 120 734 2.3
[Os(1)2]2� 756 8.4 120 744 1.9


[(tpy)Ru(3)Ru(tpy)]4� 738 6.9 340 726 10
[(tpy)Os(3)Os(tpy)]4� 750 7.5 120 734 2.4
[(tpy)Ru(3)Os(tpy)]4� � 0.03[b] 802 2.1 120 784 2.1


[(tpy)Ru(3)Ru(3)Ru(tpy)]6� 736 6.8 330 730 9
[(tpy)Ru(3)Os(3)Ru(tpy)]6� 796 3.7 125 794 1.5


[a] Refs. [17a, 18]. [b] From streak camera time resolved experiments, see text.


Figure 6. Luminescence spectra of [(tpy)Ru(3)Os(3)Ru(tpy)]6� (––), [(tpy)Ru(1)]2� ( ¥¥ ¥ ¥ ) and
[(tpy)Os(1)]2� (±±±) obtained for isoabsorbing MeCN solutions at �exc 480 nm.
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complexes (Table 3). This effect is likely to be related to the
energetic stabilization of the cluster of 3MLCT levels respon-
sible for luminescence, which leads to a large energy gap
between these levels and upper lying 3MC levels known to
offer very effective pathways for nonradiative processes.[6, 43]


Inspection of the luminescence data allows us to identify
the nature of the luminescent centres in the mixed-metal
complexes. The complexes [(tpy)Ru(3)Os(tpy)]4� (�em


max�
802 nm) and [(tpy)Ru(3)Os(3)Ru(tpy)]6� (�em


max� 796 nm)
feature luminescence quantum yields �� 2.1y� 10�3 and
3.7� 10�3 and lifetimes �� 120 and 125 ns, respectively. These
values are similar to those for [(tpy)Os(3)Os(tpy)]4� (�em


max�
750 nm), �� 7.5� 10�3 and �� 120 ns. For the homometallic
complexes [(tpy)Ru(3)Ru(tpy)]4� (�em


max� 738 nm) and
[(tpy)Ru(3)Ru(3)Ru(tpy)]6� (�em


max� 736 nm) the lumines-
cence quantum yield (� �7� 10�4) is an order of magnitude
smaller and the lifetime is substantially larger (�� 340 and
330 ns respectively) than the heterometallic cases. On this
basis we conclude that in [(tpy)Ru(3)Os(tpy)]4� and
[(tpy)Ru(3)Os(3)Ru(tpy)]6�, the ruthenium-based emis-
sion is practically extinguished and a dominant osmium-
based luminescence is observed (see below for a more
detailed discussion on this point). The same conclusions
can be reached from the luminescence results obtained at
77 K.


The room temperature intensity of the osmium-based
luminescence for [(tpy)Ru(3)Os(3)Ru(tpy)]6� is about twice
that of [(tpy)Ru(3)Os(tpy)]4�, �� 3.7� 10�3 and 2.1� 10�3,
respectively. For [(tpy)Ru(3)Os(3)Ru(tpy)]6�, this corre-
sponds to an effective transfer of excitation energy from the
peripheral ruthenium chromophores to the central osmium-
based position. By comparing the luminescence quantum
yields of [(tpy)Ru(3)Ru(3)Ru(tpy)]6� (�� 6.8� 10�4) and of
[(tpy)Ru(3)Os(3)Ru(tpy)]6� (�� 3.7� 10�3) it is evident that
this excitation trapping effect is accompanied by a fivefold
enhancement of the luminescence intensity.


Intramolecular energy transfer : From the band maxima at
77 K of the model complexes [(tpy)Ru(1)]2� and
[(tpy)Os(1)]2� (Table 3), the energy difference between their
triplet levels is calculated to be 	0.2 eV. The same value can
be obtained from the luminescence data for [Ru(1)2]2� and
[Os(1)2]2�. For the dinuclear and trinuclear complexes (pro-
vided the component domains retain their electronic iden-
tity–which is a rough approximation, as seen above) this
energy gap might be taken as the driving force for the
intramolecular Ru�Os energy transfer.


In principle, in order to monitor a donor (D)� acceptor
(A) energy transfer, one should selectively excite D and
observe the photophysics of both D and A partners.[44] We
could not follow this approach because the absorption spectra
of the ruthenium and osmium mononuclear reference com-
plexes [(tpy)Ru(1)]2� and [(tpy)Os(1)]2� overlap extensively
(Table 1). In order to obtain luminescence spectra, we
employed 480 nm (MLCT absorption band) as the excitation
wavelength. At this wavelength the extinction coefficients for
the reference mononuclear species are practically equal
(Table 1), and it may be assumed that 1) in [(tpy)Ru(3)-
Os(tpy)]4� excitation is equally partitioned between the two


components and 2) in [(tpy)Ru(3)Os(3)Ru(tpy)]6� the exci-
tation energy is partitioned 66% and 33% between ruthe-
nium and osmium centres.


The emission spectra for the heteronuclear species do not
exhibit residual Ru-based emission (Figure 6 shows the
spectrum of [(tpy)Ru(3)Os(3)Ru(tpy)]6�), suggesting that
the Ru�Os energy transfer is a rather fast process. Figure 7
compares the results of time-resolved experiments (Streak
camera, see Experimental Section) for [(tpy)Ru(3)Ru(tpy)]4�


and [(tpy)Ru(3)Os(tpy)]4�. For the latter complex, a very fast


Figure 7. Top: Time-resolved luminescence spectra detected by streak
camera (temporal range 0 ± 4 ns) for [(tpy)Ru(3)Ru(tpy)]4� (––) and
[(tpy)Ru(3)Os(tpy)]4� (±±±), �exc� 532 nm. Bottom: Decay of the lumi-
nescence for [(tpy)Ru(3)Os(tpy)]4� as measured at 715 nm (––) and
820 nm (±±±).


decay (� �30 ps) is observed at 715 nm, that is, in the
ruthenium-based spectral region. This decay corresponds to a
rise observed in the osmium-based spectral portion at 820 nm
(Figure 7). On the basis of ken� 1/�� 1/�o one can estimate ken


�3.3� 1010 s�1 (within this approach, a limiting value of ��
30 ps was taken for the lifetime of the quenched ruthenium-
based emission in the heterometallic species; �o is the lifetime
of the selected donor model, either [(tpy)Ru(1)]2� or
[(tpy)Ru(3)Ru(tpy)]4�). This fast rate is clearly due to the
good intercentre communication provided by the geometric
and electronic properties of the bridging ligand, 3 . Thus, while
one useful result obtained with this family of complexes
relates to the good luminescence properties of the homome-
tallic ruthenium-based complexes,[12, 16±19] (Table 3) another is
concerned with the practically quantitative Ru�Os energy
transfer. It should be recalled that for polymetallic complexes
in which {Ru(tpy)2}2� moieties are expected to function as
energy donors, the energy transfer step is scarcely competitive
against intrinsic deactivation at {Ru(tpy)2}2, kd� ��1 with ��
0.25 ns.[16, 17]


By using the available spectroscopic results we can draw
some conclusions regarding the energy transfer mechanism
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that is operative. For [(tpy)Ru(3)Os(tpy)]4�, an estimate of
the contribution of the dipole-dipole Fˆrster mechanism was
made on the basis of Equation (1).[45]


kF
en �


8�8� 10�25 K2�


n4�d6
MM


JF (1)


Here, � and � are the luminescence quantum yield and
lifetime of [(tpy)Ru(1)]2�, (taken as the reference donor), JF is
the integral overlap [Eq. (2)] (JF was 7.6� 10�14 cm6mol�1)
between the normalized luminescence spectrum of the donor
and the absorption spectrum of the acceptor [(tpy)Os(1)]2� ;
K2 is a geometric factor (K2� 2/3), and n is the refractive
index of the solvent.


JF�
�


F������� d�
�


F��d� (2)


For [(tpy)Ru(3)Os(tpy)]4�, the structural analysis provides
dMM� 14.4 ä, and kF


en is evaluated to be 1.4� 108 s�1. On this
basis, the Fˆrster mechanism cannot be responsible for the
energy transfer from ruthenium to osmium that is exper-
imentally observed with ken� 3.3� 1010 s�1. It should be
pointed out that the above estimate is obtained by considering
a dinuclear system whose donating and accepting components
retain their electronic identity, shown to be a rough approx-
imation for the present cases. The alternative mechanism is a
double-electron exchange Dexter-type transfer.[46] This latter
requires good electronic mediation by the bridge between the
metal centres, which in 3 is supported by the MO calculations
discussed above.


Conclusion


The multinuclear complexes described in this paper all feature
well-defined spatial properties, owing to the rigidity exhibited
by the 3 bridging ligand; for the trinuclear species the
separation between the peripheral metal centres is �3 nm.
The homometallic [(tpy)Ru(3)Ru(tpy)]4� and [(tpy)Ru-
(3)Ru(3)Ru(tpy)]6� rigid rods display interesting lumines-
cence properties, (�� 10�3, �� 330 ns), which favourably
contrast with the practically nonluminescent behaviour of the
prototype [Ru(tpy)2]2� complex.[16, 17]


For the heterometallic complexes [(tpy)Ru(3)Os(tpy)]4�


and [(tpy)Ru(3)Os(3)Ru(tpy)]6�, an effective Ru�Os en-
ergy transfer takes place. This process is facilitated by the
good conductive properties of the thiophenediyl bridge in 3.
Thus, the thiophenediyl group promises to be a valuable
component for the modular development of bridges capable
of transporting excitation energy over large distances on a
molecular scale.


For the trinuclear [(tpy)Ru(3)Os(3)Ru(tpy)]6� complex,
most of the excitation energy is transferred from the
peripheral ruthenium centres to the central osmium centre.
By comparing the luminescence quantum yields of
[(tpy)Ru(3)Ru(3)Ru(tpy)]6� (�� 6.8� 10�4) and of
[(tpy)Ru(3)Os(3)Ru(tpy)]6� (�� 3.7� 10�3) one notices that
this excitation trapping effect is accompanied by a fivefold
enhancement of the luminescence intensity.


Experimental Section


General : Melting points were determined on a B¸chi melting-point
apparatus and are uncorrected. 1H and 13C NMR spectra were recorded
on Bruker AM250 MHz, Varian Gemini 300 MHz and Bruker Avance
600 MHz spectrometers; chemical shifts were measured relative to residual
non-deuterated solvent resonances. Matrix-assisted laser desorption/ion-
ization mass spectrometry experiments were performed on a PerSeptive
Biosystems Voyager-RPBiospectrometry Workstation. Fast-atom bom-
bardment (FAB) and electron impact (EI) mass spectra were recorded
on Kratos MS-50, Kratos MS-890, VG 70-250 or Kratos MS 902 mass
spectrometers, with 3-nitrobenzyl alcohol as matrix for the FAB experi-
ments. Electrospray (ES) mass spectra were recorded on a Finnigan MAT
LCq mass spectrometer. FTIR spectra were recorded on a Mattson Genesis
Fourier-transform spectrophotometer with samples in compressed KBr
discs.


4�-(2-Thienyl)-2,2�:6�,2��-terpyridine (1): A solution of 2-acetylpyridine
(3.34 mL, 0.03 mol) in EtOH (250 mL) was added over 2 h to a stirred
solution of 2-thiophenecarbaldehyde (1.4 mL, 0.015 mol) and NaOH
(4.0 g) in H2O (25 mL) and EtOH (250 mL). Stirring was continued for
20 h, and then the solvent removed in vacuo. The residue was redissolved in
CH2Cl2 (300 mL) and was washed with H2O (3� 250 mL) and dried over
MgSO4, and the remaining solvent removed to give an orange oil. This was
dissolved in EtOH (100 mL), NH4OAc (2.00 g, 0.03 mol) was added and
the mixture refluxed for 4 h. The solvent was removed in vacuo and the
residue dissolved in toluene (250 mL) and was then washed with water (3�
100 mL). The toluene was then removed and the residue dissolved in HCl
(150 mL, 0.5�) and was then washed with CH2Cl2 (5� 100 mL). Neutral-
ization of the aqueous layer with NaOH caused precipitation of 1 as an off-
white solid (1.9 g, 40%). M.p. 185 �C (decomp); 1H NMR (250 MHz,
CDCl3): �� 8.73 (dd, J� 2.0, 4.9 Hz, 2H; A6), 8.70 (s, 2H; B3), 8.64 (d, J�
7.8 Hz, 2H; A3), 7.87 (dd, J� 7.8, 8.0 Hz, 2H; A4), 7.78 (dd, J� 1.2, 3.6 Hz,
1H; C3), 7.44 (dd, J� 1.2, 5.1 Hz, 1H; C5), 7.35 (ddd, J� 1.0, 2.0, 7.8 Hz,
2H; A5), 7.16 (dd, J� 3.6, 5.1 Hz, 1H; C4); 13C NMR (75 MHz, CDCl3):
�� 156.1 (B2/A2), 156.0 (A2/B2), 149.1 (A6), 143.4 (B4), 141.9 (C2), 136.8
(A4), 128.2 (C4), 127.1 (C5), 125.8 (C3), 123.9 (A3), 121.3 (A5), 117.1 (B3);
MALDI-TOF MS: m/z : 315 [M]� , 338 [M�Na]� , 630 [2M]� ; HRMS-EI:
m/z calcd for C18H13N3S 315.0830; found: 315.0829; FTIR (KBr): �	 � 3331,
3112, 2957, 1722, 1613, 1603, 1573, 1553, 1477, 1428, 1374, 1251, 1165, 1054,
1028, 1016, 843, 793, 723, 558, 411 cm�1; UV/Vis: �max (�max)� 231 (19100),
253 (22400), 284 nm (34900).


2,5-Bis[3-oxo-3-(2-pyridyl)prop-2-enyl]thiophene (2): A solution of thio-
phene-2,5-dicarbaldehyde (0.20 g, 1.43 mmol) in EtOH (30 mL) and
aqueous KOH (10%, 6 mL) was cooled in an ice bath and 2-acetylpyridine
(0.34 mL, 3 mmol) added dropwise over 10 min; the resulting solution
stirred for 1.25 h. The yellow precipitate was collected on Celite, washed
with water, dissolved in CH2Cl2 and dried over MgSO4, and recovered by
removal of the solvent in vacuo. Purification by column chromatography
(1% CH3OH/CH2Cl2, SiO2) yielded 2 as a bright yellow solid (0.35 g,
72%). M.p. 180 �C (decomp); 1H NMR (300 MHz, CDCl3): �� 8.77 (dm,
J� 4.8 Hz, 2H; A6), 8.19 (d, J� 7.8 Hz, 2H; A3), 8.09 (AB, J� 56.1,
15.9 Hz, 4H; CH�CH), 7.89 (ddd, J� 7.8, 8.0, 1.5 Hz, 2H; A4), 7.45 (ddd, J


� 7.8, 4.8, 1.0 Hz, 2H; A5), 7.38 (s, 2H; C3); 13C NMR (75 MHz, CDCl3):
�� 188.9 (CO), 153.9, 148.9, 143.8, 137.0, 136.1, 132.9, 127.0, 122.8, 121.7;
MALDI-TOF MS: m/z : 346 [M]� ; HRMS-EI: m/z calcd for C20H14N2O2S:
346.0776; found: 346.0768; FTIR (KBr): �	 � 3058, 1668, 1590, 1579, 1513,
1463, 1435, 1364, 1328, 1304, 1285, 1239, 1214, 1173, 1022, 995, 973, 786, 740,
680, 653, 618, 512 cm�1.


2,5-Bis(2,2�:6�,2��-terpyridine-4�-yl)thiophene (3): A mixture of 2 (1.00 g,
2.89 mmol), N-[2-oxo-2(2-pyridyl)ethyl]pyridinium iodide[25] (2.00 g,
6.13 mmol) and NH4OAc (10.0 g, 0.05 mol) was heated to reflux in dry
EtOH (300 mL) for 12 h. The solvent was removed in vacuo, and the
residue was dissolved in CH2Cl2 and washed with water. Following drying
over MgSO4, the product was purified by column chromatography (3%
Et2NH, toluene, Al2O3) followed by recrystallization from CH2Cl2 to give 3
as an off-white solid (0.5 g, 32%). M.p. �250 �C; 1H NMR (250 MHz,
CDCl3): �� 8.76 (d, J� 4.8 Hz, 4H; A6), 8.75 (s, 4H; B3), 8.65 (d, J�
7.8 Hz, 4H; A3), 7.87 (ddd, J � 7.8, 8.0, 1.8 Hz, 4H; A4), 7.84 (s, 2H; C3),
7.36 (ddd, J � 7.3, 4.9, 1.0 Hz, 4H; A5); 13C NMR (75 MHz, CDCl3): ��
156.2 (B2), 155.9 (A2), 149.2 (A6), 143.2 (B4), 142.8 (C2), 136.9 (A4), 126.9
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(C3), 124.0 (A3), 121.3 (A5), 116.9 (B3); MALDI-TOF MS: m/z : 546 [M]� ,
570, [M�Na]� , 1093 [2M�H]� ; HRMS-EI: m/z calcd for C34H22N6S:
546.1627; found 546.1628; FTIR (KBr): �	 � 3060, 3012, 2923, 2851, 1599,
1583, 1568, 1550, 1467, 1438, 1401, 1363, 1266, 1234, 1094, 1073, 1023, 990,
884, 790, 742, 731, 676, 659, 622, 506cm�1; UV/Vis: �max (�max)� 240 (9400),
252 (9800), 283 (11800), 344 (11200).


[Ru(1)2][PF6]2 : RuCl3 ¥ 3H2O (8.0 mg, 0.031 mmol) and 1 (20.0 mg,
0.063 mmol) were heated to reflux in ethane-1,2-diol (25 mL) containing
six drops of N-ethylmorpholine in a microwave oven (600 W, 4 min). After
cooling, aqueous NH4PF6 was added and the precipitate purified by column
chromatography (CH3CN/sat. aqueous KNO3/H2O 10:0.5:1.5, SiO2). The
major red fraction was collected and reduced to half its volume in vacuo
and treated with aqueous NH4PF6; the precipitate collected by filtration on
Celite. The solid was redissolved in CH3CN, to which water was added until
a precipitate was obtained. The precipitate was collected by filtration and
dried under high vacuum to give an orange-red solid (22.0 mg, 70%).
Elemental analysis calcd (%) for C38H26F12N6P2RuS2 ¥ 2CH3CN: C 45.70, H
2.92, N 10.15; found: C 45.61, H 3.08, N 9.86; 1H NMR (250 MHz, CD3CN):
�� 8.94 (s, 4H; B3), 8.66 (d, J� 7.8 Hz, 4H; A3), 8.19 (dd, J� 1.2, 3.6 Hz,
2H; C3), 7.94 (dd, J� 7.8, 8.0 Hz, 4H; A4), 7.83 (dd, J� 1.2, 5.1 Hz, 2H;
C5), 7.43 (m, 6H; A6, C4), 7.18 (ddd, J� 1.0, 2.0, 7.8 Hz, 2H; A5); MALDI-
TOF MS: m/z : 733 [M� 2PF6]� , 415 [M� 1� 2PF6]�); FTIR (KBr): �	 �
1609, 1467, 1429, 1397, 1079, 838, 787, 752, 718, 557 cm�1.


[Os(1)2][PF6]2 : [NH4]2[OsCl6] (10.0 mg, 0.023 mmol) and 1 (15 mg,
0.048 mmol) were treated as decribed above and the product was isolated
as a purple solid (20.0 mg, 80%). Elemental analysis calcd (%) for
C38H26F12N6P2OsS2 ¥ 2H2O: C 39.79, H 2.64, N 7.33; found: C 40.17, H 2.69,
N 7.45; 1H NMR (250 MHz, CD3CN): �� 8.96 (s, 4H; B3), 8.64 (d, J�
7.8 Hz, 4H; A3), 8.10 (dd, J� 1.2, 3.6 Hz, 2H; C3), 7.81 (dd, J� 7.8, 8.0 Hz,
4H; A4), 7.73 (dd, J� 1.2, 5.1 Hz, 2H; C5), 7.42 (dd, J� 3.6, 5.1 Hz, 2H;
C4), 7.31 (dd, J� 2.0, 4.9 Hz, 4H; A6), 7.12 (ddd, J� 1.0, 2.0, 7.8 Hz, 2H;
A5); MALDI-TOF MS: m/z : 820 [M� 2PF6]� ; FTIR (KBr): �	 � 1665,
1612, 1476, 1430, 1395, 1360, 1336, 1244, 1076, 1026, 836, 784, 752, 714, 557,
506 cm�1.


[Ru(tpy)(1)][PF6]2 : A mixture of [Ru(tpy)Cl3][31] (25.0 mg, 0.051 mmol)
and 1 (16.0 mg, 0.051 mmol) were treated as described above and the
product was isolated as a red-orange solid (41.0 mg, 79%). Elemental
analysis calcd (%) for C34H24F12N6P2RuS: C 43.46, H 2.57, N 8.94; found: C
43.53, H 2.82, N 8.63; 1H NMR (250 MHz, CD3CN): �� 8.92 (s, 2H; B3),
8.75 (m, 4H; A3, E3), 8.49 (d, J� 7.8 Hz, 2H; D3), 8.18 (dd, J� 1.2, 3.6 Hz,
1H; C3), 7.92 (dd, J� 7.8, 8.0 Hz, 2H; A4), 7.90 (dd, J� 7.8, 8.0 Hz, 2H;
D4), 7.83 (dd, J� 1.2, 5.1 Hz, 1H; C5), 7.43 (dd, J� 2.0, 4.9 Hz, 2H; A6),
7.41 (dd, J� 3.6, 5.1 Hz, 1H; C4), 7.34 (dd, J� 2.0, 4.9 Hz, 2H; D6), 7.17 (m,
4H; A5, D5); MALDI-TOF MS: m/z : 650 [M� 2PF6]� , 334 [(tpy)Ru]� ,
416 [M� 1� 2PF6]� ; FTIR (KBr): �	 � 1609, 1466, 1449, 1430, 1387, 1244,
839, 784, 767, 723, 558 cm�1.


[Os(tpy)(1)][PF6]2 : [Os(tpy)(H2O)3][PF6]3[29] (70.0 mg, 0.077 mmol) and 1
(20.0 mg, 0.063 mmol) were treated as described above and the product was
isolated as a brown powder (51.0 mg, 78%). Elemental analysis calcd (%)
for C34H24F12N6P2OsS.H2O: C 39.01, H 2.50, N 8.03; found: C 39.02, H 2.66,
N 8.18; 1H NMR (250 MHz, CD3CN): �� 8.95 (s, 2H; B3), 8.75 (d, J�
7.8 Hz, 2H; D3), 8.61 (dd, J� 7.8, 1.2, 2H; A3), 8.46 (d, J� 7.8 Hz, 2H; E3),
8.01 (dd, J� 1.2, 3.6 Hz, 1H; C3), 7.92 (t, J� 7.8 Hz, 1H; E4), 7.78 (m, 4H;
A4, D4), 7.70 (dd, J� 1.2, 5.1 Hz, 1H; C5), 7.42 (dd, J� 3.6, 5.1 Hz, 1H;
C4), 7.29 (dd, J� 2.0, 4.9 Hz, 2H; A6), 7.21 (dd, J� 2.0, 4.9 Hz, 2H; D6),
7.13 (m, 4H; A5, D5); MALDI-TOF MS: m/z : 738 [M� 2PF6]� , 1479
[2M]�).


[Ru(tpy)(3)][PF6]2 : A mixture of [Ru(tpy)Cl3] (160.0 mg, 0.37 mmol) and 3
(200 mg, 0.37 mmol) was heated to reflux in EtOH (150 mL) with 10 drops
of N-ethylmorpholine for 90 min. Following addition of aqueous NH4PF6,
the salts precipitated from the mixture were purified by column chroma-
tography (CH3CN/sat. aqueous KNO3/H2O 7:1:0.5, SiO2). The first orange-
red band was collected, concentrated in vacuo and treated with alkaline
aqueous NH4PF6 to precipitate [Ru(tpy)(3)][PF6]2 as an orange-red solid
(257 mg, 60%). Elemental analysis calcd (%) for C49H33F12N9P2RuS ¥
CH3CN ¥ 0.75PF6: C 46.35, H 2.80, N 10.60; found: C 46.25, H 2.75, N
10.60; 1H NMR (250 MHz, CD3COCD3): �� 9.51 (s, 2H; B3), 9.17 (dd, J�
7.8, 1.2, 2H; A3), 9.10 (d, J� 7.8 Hz, 2H; E3), 8.93 (s, 2H; G3), 8.84 (dd, J�
2.0, 4.9 Hz, 2H; F6), 8.83 (dd, J� 7.8, 1.2 Hz, 2H; F3), 8.81 (d, J� 7.8 Hz,
2H; D3), 8.60 (t, J� 7.8 Hz, 1H; E4), 8.52 (d, J� 3.9 Hz, 1H; C4), 8.29 (d,


J� 3.9 Hz, 1H; C3), 8.12 (dd, J� 7.8, 8.0 Hz, 2H; F4), 8.10 (m, 4H; A4,
D4), 7.89 (dd, J� 2.0, 4.9 Hz, 2H; D6), 7.74 (dd, J� 2.0, 4.9 Hz, 2H; A6),
7.57 (dd, J� 4.9, 7.8 Hz, 2H; F5), 7.38 (dd, J� 4.9, 7.8 Hz, 2H; A5), 7.34 (dd,
J� 4.9, 7.8 Hz, 2H; D5); MALDI-TOF MS: m/z : 1194 [M�Na]� , 1024
[M�PF6]� , 880 [M� 2PF6]� ; FTIR (KBr): �	 � 1601, 1584, 1569, 1466,
1448, 1384, 839, 798, 792, 558 cm�1.


[(tpy)Ru(3)Ru(tpy)][PF6]4 : A suspension of [Ru(tpy)Cl3][31] (41.0 mg,
0.09 mmol) and 3 (15.0 mg, 0.03 mmol) was heated to reflux in EtOH
(50 mL) containing six drops of N-ethylmorpholine for 3 h. The reaction
mixture was poured into aqueous NH4PF6, and the precipitated solid
purified by column chromatography (CH3CN/sat. aqueous KNO3/H2O
7:1:0.5, SiO2). The major fraction was concentrated in vacuo and treated
with aqueous NH4PF6 to precipitate the product as a bright red solid
(48 mg, 95%). Elemental analysis calcd (%) for C64H44F24N12P4Ru2S ¥
2CH3CN: C 43.51, H 2.68, N 10.45; found: C 43.86, H 3.01, N 10.12;
1H NMR (250 MHz, CD3CN): �� 9.11 (s, 4H; B3), 8.78 (m, 8H; A3, E3),
8.52 (d, J� 7.8 Hz, 4H; D3), 8.44 (t, J� 7.8 Hz, 2H; E4), 8.43 (s, 2H; C3),
8.00 (dd, J� 7.8, 8.0 Hz, 4H; A4), 7.94 (dd, J� 7.8, 8.0 Hz, 4H; D4), 7.49
(dd, J� 2.0, 4.9 Hz, 4H; D6), 7.40 (dd, J� 2.0, 4.9 Hz, 4H; A6), 7.22 (dd,
J� 4.9, 7.8 Hz, 4H; A5), 7.20 (dd, J� 4.9, 7.8 Hz, 4H; D5); MALDI-TOF
MS: m/z : 1214 [M� 4PF6]� , 1362 [M� 3PF6]� ; FTIR (KBr): �	 � 1610,
1449, 1431, 1403, 1386, 1245, 840, 789, 766, 558 cm�1.


[(tpy)Ru(3)Os(tpy)][PF6]4 : A suspension of [Os(tpy)(H2O)3][PF6]3[29]


(60.0 mg, 0.066 mmol) and [Ru(tpy)(3)][PF6]2 (70.0 mg, 0.060 mmol) was
heated in a microwave oven (600 W) in ethane-1,2-diol (50 mL) containing
a few drops of N-ethylmorpholine for 4 min after which aqueous NH4PF6


was added. The precipitated residue was worked up as above to give
[(tpy)Ru(3)Os(tpy)][PF6]4 as a red-purple solid (53 mg, 47%). Elemental
analysis calcd (%) for C64H44F24N12OsP4RuS ¥ 2CH3CN ¥ 3H2O: C 40.78, H
2.88, N 10.10; found: C 40.74, H 3.29, N 10.04; 1H NMR (250 MHz,
CD3CN): �� 9.10 (s, 2H; B3), 9.05 (s, 2H; G3), 8.79 (d, J� 7.8 Hz, 2H; J3),
8.78 (d, J� 7.8 Hz, 2H; E3), 8.72 (dd, J� 7.8, 1.2 Hz, 2H; A3), 8.70 (d, J�
7.8 Hz, 2H; F3), 8.52 (d, J� 7.8 Hz, 2H; D3), 8.46 (dd, J� 7.8, 1.2 Hz, 2H;
H3), 8.44 (t, J� 7.8 Hz, 1H; E4), 8.43 (d, J� 3.9 Hz, 1H; C3), 8.34 (d, J�
3.9 Hz, 1H; C4), 8.00 (dd, J� 7.8, 8.0 Hz, 2H; A4), 7.97 (t, J� 7.8 Hz, 1H;
J4), 7.95 (dd, J� 7.8, 8.0 Hz, 2H; D4), 7.89 (dd, J� 7.8, 8.0 Hz, 2H; F4), 7.81
(dd, J� 7.8, 8.0 Hz, 2H; H4), 7.48 (dd, J� 2.0, 4.9 Hz, 2H; D6), 7.39 (dd, J�
2.0, 4.9 Hz, 2H; A6), 7.34 (dd, J� 2.0, 4.9 Hz, 2H; H6), 7.28 (dd, J� 2.0,
4.9 Hz, 2H; F6), 7.22 (dd, J� 4.9, 7.8 Hz, 2H; A5), 7.19 (dd, J� 4.9, 7.8 Hz,
2H; D5), 7.16 (dd, J� 4.9, 7.8 Hz, 2H; F5), 7.12 (dd, J� 4.9, 7.8 Hz, 2H;
H5); MALDI-TOF MS: m/z : 1454 [M� 3PF6]� , 1306 [M� 4PF6]� , 969
[(3)Os(tpy)]� , 882 [(3)Ru(tpy)]� ; ES MS: m/z : 326.2 [M� 4PF6]4�, 483.8
[M� 3PF6]3�, 798.1 [M�PF6]2�, 1739.1 [M�PF6]� ; FTIR (KBr): �	 � 1637,
1610, 1476, 1449, 1431, 1403, 1388, 1246, 1028, 838, 787, 765, 558 cm�1.


[Os(tpy)(3)][PF6]2 : A suspension of [Os(tpy)(H2O)3][PF6]3[29] (50.0 mg,
0.05 mmol) and 3 (40.0 mg, 0.07 mmol) was heated in a microwave oven
(600 W) for 6 min in ethane-1,2-diol (40 mL) with 10 drops of N-ethyl-
morpholine. The brown solution was poured into aqueous NH4PF6, and the
precipitated solid purified by column chromatography (CH3CN/sat.
aqueous KNO3/H2O 7:2:2, SiO2). The first, brown fraction was made basic
by the addition of NaHCO3, and the product precipitated by addition of
aqueous NH4PF6. After washing with water, the mononuclear complex was
recovered as a brown powder: 1H NMR (250 MHz, CD3COCD3): �� 9.52
(s, 2H; B3), 9.14 (dd, J� 7.8, 1.2 Hz, 2H; A3), 9.10 (d, J� 7.8 Hz, 2H; E3),
8.93 (s, 2H; G3), 8.84 (dd, J� 2.0, 4.9 Hz, 2H; F6), 8.83 (dd, J� 7.8, 1.2 Hz,
2H; F3), 8.82 (d, J� 7.8 Hz, 2H; D3), 8.43 (d, J� 3.9 Hz, 1H; C4), 8.28 (d,
J� 3.9 Hz, 1H; C3), 8.11 (t, J� 7.8 Hz, 1H; E4), 8.08 (dd, J� 7.8, 8.0 Hz,
2H; F4), 7.96 (m, 4H; A4, D4), 7.76 (dd, J� 2.0, 4.9 Hz, 2H; D6), 7.63 (dd,
J� 2.0, 4.9 Hz, 2H; A6), 7.57 (dd, J� 4.9, 7.8 Hz, 2H; F5), 7.28 (m, 4H; A5,
D5); MALDI-TOF MS: m/z : 970 [M� 2PF6]� ; FTIR (KBr): �	 � 1600,
1570, 1533, 1476, 1450, 1429, 1399, 1384, 1317, 1283, 1152, 1027, 839, 786,
768, 601, 558 cm�1.


[(tpy)Os(3)Os(tpy)][PF6]4 : A suspension of [Os(tpy)(H2O)3][PF6]3[29]


(84.0 mg, 9.21 mmol) and 3 (25.0 mg, 4.67 mmol) was heated in a micro-
wave oven (600 W) in ethane-1,2-diol (50 mL) containing a few drops of N-
ethylmorpholine for 4 min. An aqueous solution of NH4PF6 was added, and
the precipitated residue was purified by column chromatography
(CH3CN:sat. aqueous KNO3:H2O 10:0.5:1.5, SiO2). The product was the
third fraction eluted from the column and was concentrated in vacuo and
treated with aqueous NH4PF6 to precipitate [(tpy)Os(3)Os(tpy)][PF6]4 as a
dark purple solid (54.0 mg, 60%). elemental analysis calcd (%) for







FULL PAPER E. C. Constable, F. Barigelletti, C. E. Housecroft et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0148 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 1148


C64H44F24N12Os2P4S ¥ 7H2O: C 36.61, H 2.78, N 8.01; found: C 36.73, H 3.00,
N 8.27; 1H NMR (250 MHz, CD3CN): �� 9.06 (s, 4H; B3), 8.79 (d, J�
7.8 Hz, 4H; E3), 8.71 (dd, J� 7.8, 1.2 Hz, 4H; A3), 8.50 (d, J� 7.8 Hz, 4H;
D3), 7.97 (t, J� 7.8 Hz, 2H; E4), 8.35 (s, 2H; C3), 7.83 (dd, J� 7.8, 8.0 Hz,
4H; A4), 7.80 (dd, J� 7.8, 8.0 Hz, 4H; D4), 7.33 (dd, J� 2.0, 4.9 Hz, 2H;
D6), 7.28 (dd, J� 4.9, 7.8 Hz, 4H; A6), 7.15 (dd, J� 4.9, 7.8 Hz, 4H; A5),
7.13 (dd, J� 4.9, 7.8 Hz, 4H; D5); MALDI-TOF MS: m/z : 1449 [M�
3PF6]� , 1305 [M� 4PF6]� , 970 [(3)Os(tpy)]� , 882 [(3)Ru(tpy)]� ; ES MS:
m/z: 326 [M� 4PF6]4�, 483 [M� 3PF6]3�, 797 [M� 2PF6]2�, 1739 [M�PF6]� .


[(tpy)Ru(3)Ru(3)Ru(tpy)][PF6]6 : A mixture of RuCl3 ¥ 3H2O (4.0 mg,
0.015 mmol) and [Ru(tpy)(3)][PF6]2 (36.0 mg, 0.030 mmol) was heated in
a microwave oven (600 W) in ethane-1,2-diol (20 mL) with 10 drops of N-
ethylmorpholine for 4 min. Following addition of aqueous NH4PF6, the
salts precipitated from the mixture were purified by column chromatog-
raphy (CH3CN/sat. aqueous KNO3/H2O 10:0.5:1.5, SiO2). The product was
concentrated in vacuo and treated with aqueous NH4PF6 to precipitate the
product as a pink solid (20.0 mg, 48%). Elemental analysis calcd (%) for
C98H66F36N18P6Ru3S2 ¥ 12H2O: C 39.91, H 3.08, N 8.55; found: C 39.67, H
3.04, N 8.59; 1H NMR (250 MHz, CD3CN): �� 9.15 (s, 4H; B3), 9.10 (s,
4H; G3), 8.79 (m, 8H; A3, E3), 8.76 (d, J� 7.8 Hz, 4H; F3), 8.53 (d, J�
7.8 Hz, 4H; D3), 8.44 (t, J� 7.8 Hz, 2H; E4), 8.44 (s, 4H; C3, C4), 8.04 (dd,
J� 7.8, 8.0 Hz, 4H; F4), 8.01 (dd, J� 7.8, 8.0 Hz, 4H; A4), 7.96 (dd, J� 7.8,
8.0 Hz, 4H; D4), 7.55 (dd, J� 2.0, 4.9 Hz, 4H; F6), 7.48 (dd, J� 2.0, 4.9 Hz,
4H; D6), 7.40 (dd, J� 2.0, 4.9 Hz, 4H; A6), 7.27 (dd, J� 4.9, 7.8 Hz, 4H;
F5), 7.23 (dd, J� 4.9, 7.8 Hz, 4H; A5), 7.21 (dd, J� 4.9, 7.8 Hz, 4H; D5);
MALDI-TOF MS: m/z : 881 [(tpy)Ru(3)]� ; ES MS: m/z : 310.6 [M�
6PF6]6�, 401.6 [M� 5PF6]5�, 538.3 [M� 4PF6]4�, 766.1 [M� 3PF6]3�,
1221.5 [M� 2PF6]2� ; FTIR (KBr): �	 � 1608, 1466, 1449, 1429, 1402, 1387,
1246, 838, 787, 769, 754, 558 cm�1.


[(tpy)Ru(3)Os(3)Ru(tpy)][PF6]6 : This complex was prepared by following
the procedure described for [(tpy)Ru(3)Ru(3)Ru(tpy)][PF6]6, but with
K2[OsCl6] (4.0 mg, 0.008 mmol) and [Ru(tpy)(3)][PF6]2 (18.0 mg,
0.015 mmol) to give a purple solid (10.0 mg, 46%). 1H NMR (250 MHz,
CD3CN): �� 9.14 (s, 4H; B3), 9.07 (s, 4H; G3), 8.78 (d, J� 7.8 Hz, 4H; E3),
8.75 (d, J� 7.8 Hz, 4H; F3), 8.74 (dd, J� 7.8, 1.2 Hz, 4H; A3), 8.53 (d, J�
7.8 Hz, 4H; D3), 8.44 (t, J� 7.8 Hz, 2H; E4), 8.44 (d, J� 3.9 Hz, 2H; C3),
8.37 (d, J� 3.9 Hz, 2H; C4), 8.00 (dd, J� 7.8, 8.0 Hz, 4H; A4), 7.96 (dd, J�
7.8, 8.0 Hz, 4H; D4), 7.90 (dd, J� 7.8, 8.0 Hz, 4H; F4), 7.49 (dd, J� 2.0,
4.9 Hz, 4H; D6), 7.41 (dd, J� 2.0, 4.9 Hz, 4H; F6), 7.40 (dd, J� 2.0, 4.9 Hz,
4H; A6), 7.23 (dd, J� 4.9, 7.8 Hz, 4H; A5), 7.20 (m, 8H; D5, F5); MALDI-
TOF MS: m/z : 881 [(tpy)Ru(3)]� ; ES MS: m/z : 325.3 [M� 6PF6]6�, 419.5
[M� 5PF6]5�, 560.6 [M� 4PF6]4�, 795.7 [M� 3PF6]3�, 1267 [M� 2PF6]2� ;
FTIR (KBr): �	 � 1607, 1476, 1465, 1449, 1429, 1400, 1385, 1285, 1246, 1162,
1080, 1026, 838, 785, 768, 754, 558 cm�1.


Crystallographic analysis : Diisopropyl ether vapor was allowed to diffuse
into a solution of the mixture of nitrate and hexafluorophosphate salts of
[Ru(1)2]2� in CH3CN obtained after chromatographic purification as
described above to give dark red crystals of [Ru(1)2][PF6][NO3] ¥
2CH3CN. X-ray crystallographic analysis was performed on an Enraf-
Nonius CAD4 diffractometer with monochromated CuK
 radiation (��
1.54180 ä). DIFABS was employed for the absorption correction.[47] The
crystal structure was solved by using SIR92[48] and refined by using
CRYSTALS.[49] Non-H atoms were refined anisotropically. All H atoms
with isotropic thermal parameters were located on the calculated posi-
tions. A model was adopted in which the two rotationally disordered
thienyl substituents occupied two sites with approximately 3:1 occupancies.
Crystal and experimental data: dark red-brown cube (0.46� 0.48�
0.77 mm), C42H32F6N9O3PRuS2 (1020.93) monoclinic P21/c, a� 16.913(2),
b� 14.741(3), c� 17.048(3) ä, �� 96.8(1)�, V� 4220.5(1.0) ä3, Z� 4,
�calcd� 1.61 gcm�3, F000� 2064, �(CuK
)� 5.04 mm�1; T� 293 K, �max�
77.5�, 7357 reflections measured, 6978 unique, 4155 with I� 4.0�(I), 670
variables, R� 0.0518, Rw� 0.0602, GOF� 1.028, �max� 0.86 eä�3, �min�
�0.50 eä�3.


Benzene vapor was diffused into a solution of the salt [(tpy)Ru(3)Ru-
(tpy)][PF6]4 in acetonitrile to give dark red crystals of [(tpy)Ru(3)Ru-
(tpy)][PF6]4 ¥ 2CH3CN. Data collection was performed on a STOE IPDS
with monochromated MoK
 radiation (�� 0.71073 ä). The crystal structure
was solved by using SHELXS86[50] and refined by using SHELXL93.[51]


Non-H atoms were refined anisotropically and all H atoms with isotropic
thermal parameters were located on the calculated positions. Although two
of the PF6


� counterions were refined well, the remaining two were


disordered over four sites with occupancies 0.57:0.43 and 0.59:0.41. An
additional rotational disorder was associated with the equatorial Fatoms of
the lower occupancy sites. There is clearly additional disordered solvent in
the lattice (�max/min� 1.703/� 1.265 eä�3, solvent accessible voids, 132 ä3,
1.6%) although no satisfactory model was found. Crystal and experimental
data: dark red block (0.31� 0.25� 0.33 mm), C68H50F24N14P4Ru2S
(1877.30), monoclinic P21/n, a� 12.185(2), b� 52.352(11), c� 12.665(3) ä,
�� 90.12(3)�, V� 8079.1(1.0) ä3, Z� 4, �calcd� 1.54 gcm�3, F000� 3744,
�(MoK
)� 0.583 mm�1; T� 293 K, �max� 22.47�, 23878 reflections meas-
ured, 10117 unique, 8939 with I� 2.0�(I), 1094 variables, 62 restraints, R�
0.1588 (all), 0.1517 (obs), Rw� 0.3838 (all), 0.3761 (all), GOF� 1.146 (all),
1.216 (obs), �max� 1.703 eä�3, �min��1.265 eä�3. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-163154 and CCDC-163155. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).


Electrochemistry and spectroelectrochemistry : Routine electrochemical
measurements were performed with an Eco Chemie Autolab PGSTAT20
system by using platinum or glassy carbon working and auxiliary electrodes
with an Ag/AgCl reference using purified acetonitrile as solvent and 0.1�
[nBu4N][BF4] as supporting electrolyte; ferrocene was added at the end of
each experiment as an internal reference. Spectroelectrochemistry was
performed using a Shimadzu 3100 UV/Vis/NIR double-beam spectropho-
tometer interfaced with an Elonex PC-433. The required potentials were
applied by using an EG&G PAR273 potentiostat/galvanostat and a
conventional three electrode cell with a BAS Ag/AgCl electrode and
platinum meshes acting as the working and auxiliary electrode, respec-
tively. The substances were solved in purified MeCN with added LiClO4 as
electrolyte.


Spectroscopy : Absorption spectra of dilute solutions (10�5�) of the
investigated complexes were measured in acetonitrile at room temperature
with Perkin ± Elmer Lambda5, Lambda9 or Lambda19 UV/Vis spectro-
photometers. For the luminescence experiments, air-equilibrated acetoni-
trile (room temperature) or butyronitrile (77 K) solutions of the samples
were used. Luminescence spectra were obtained from solutions whose
absorbance values were �0.2 at the employed excitation wavelength
(480 nm) by using Perkin ± Elmer LS50B or Spex Fluorolog II spectro-
fluorimeters. While uncorrected band maxima are used throughout the
text, for the determination of the luminescence quantum yields we have
employed corrected spectra.[52] The correction procedure takes care of the
wavelength dependent phototube response, and from the area of the
corrected luminescence spectra on an energy scale (cm�1), we obtained
luminescence quantum yields for the samples with reference to
[Ru(bpy)3]2� (�� 0.028 in air-equilibrated water) and [Os(phen)3]2�


(�� 0.005 in degassed acetonitrile) as standards.[53] Band maxima and
relative luminescence intensities were affected by an uncertainty of 2 nm
and �20%, respectively. Luminescence lifetimes were obtained by using
�exc� 337 nm from IBH single-photon counting equipment or 532 nm from
a picosecond fluorescence spectrometer based on a Nd:YAG laser
(Continuum PY62 ± 10) and a Hamamatsu C1587 streak camera. The
uncertainty in the lifetime values is within 8%. Further details of
luminescence measurements are reported elsewhere.[52]
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Synthesis of Fragments of the Glycocalyx Glycan of
the Parasite Schistosoma mansoni


Ka¬roly A¬ goston,[a] Ja¬nos Kere¬kgya¬rto¬ ,*[a] Ja¬nos Hajko¬ ,[a] Gyula Batta,[b] Dirk J. Lefeber,[c]
Johannis P. Kamerling,*[c] and Johannes F. G. Vliegenthart[c]


Abstract: The chemical synthesis of �-�-Fucp-(1� 3)-�-�-GalpNAc-(1� 4)-�-�-
GlcpNAc-(1� 3)-�-�-GalpO(CH2)5NH2, �-�-GalpNAc-(1� 4)-[�-�-Fucp-(1� 3)-
]�-�-GlcpNAc-(1� 3)-�-�-GalpO(CH2)5NH2, and �-�-Fucp-(1� 3)-�-�-GalpNAc-
(1� 4)-[�-�-Fucp-(1� 3)-]�-�-GlcpNAc-(1� 3)-�-�-GalpO(CH2)5NH2 is de-
scribed. These structures represent fucosylated oligosaccharide fragments of the
glycocalyx glycan of the cercarial stage of the parasite Schistosoma mansoni, and in
protein-conjugated form they are potential diagnostics in the search for antibodies
raised against the glycan in the serum of infected humans.


Keywords: carbohydrates ¥ glyco-
calyx ¥ glycosylation ¥ oligosacchar-
ides ¥ Schistosoma mansoni


Introduction


Schistosomiasis, a parasitic infection affecting more than 200
million people in tropical and subtropical regions, is caused by
blood-dwelling flukes of the genus Schistosoma. The most
important species of this genus are S. mansoni, S. haematobi-
um, and S. japonicum.[1] The infective parasitic stage, the
cercaria, enters the host through the skin, evoking an
inflammatory response. From this stage, until approximately
three weeks after infection, the parasite, present as a young
schistosomulum, is most susceptible to immune damage.[2] In
the cercarial stage of the life cycle of the parasite, the entire
surface of the parasite is covered by a 1 �m thick, highly
immunogenic, fucose-rich glycocalyx. Recently, the nonre-
ducing terminal sequences of the O-linked carbohydrate
chain as part of the glycocalyx (GCX) were elucidated as
follows:[3]


An important feature of the Schistosoma infection is that,
after the cercarial stage, the developing worm becomes


resistant to, or even invisible to, certain parts of the host×s
defence system by several evasion mechanisms.[4±8] The
severest pathology of the infection is caused by the eggs of
the parasite that get stuck in the human body.[9] In order to be
able to treat the infection with chemotherapeutics before the
onset of egg production, an early diagnostic method for
schistosomiasis is required. Serological detection of antibod-
ies, raised against the glycocalyx of the cercarial stage of the
parasite S. mansoni, could certainly be such an early
diagnostic method.


It is speculated that both the fucosyl appendages and the �-
linked galactose residue are likely to be involved in GCX×s
action as a potent immunological modulator.[3] The exact role
of the various domains of the GCX in immunological
stimulation can only be assessed with neoglycoconjugates
prepared from fragments of the GCX. However, the avail-
ability of well-defined oligosaccharides of the GCX from
biological sources in sufficient amounts is limited. To replace
isolated material in both immunological studies and for


diagnostic purposes, a synthet-
ic program for the preparation
of several oligosaccharide frag-
ments present in the GCX was


initiated. In the first part of this project the chemical synthesis
of the nonfucosylated backbone trisaccharide �-�-GalpNAc-
(1� 4)-�-�-GlcpNAc-(1� 3)-�-�-GalpO(CH2)5NH2 has
been undertaken.[10] Here, we report the synthesis of fucosy-
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lated oligosaccharide fragments �-�-Fucp-(1� 3)-�-�-
GalpNAc-(1� 4)-�-�-GlcpNAc-(1� 3)-�-�-Galp (1), �-�-
GalpNAc-(1� 4)-[�-�-Fucp-(1� 3)]-�-�-GlcpNAc-(1� 3)-
�-�-Galp (2) and �-�-Fucp-(1� 3)-�-�-GalpNAc-(1� 4)-
[�-�-Fucp-(1� 3)]-�-�-GlcpNAc-(1� 3)-�-�-Galp (3) of
the GCX glycan of the cercarial stage of the parasite S.
mansoni bearing an aminopentyl spacer for conjugation to
carrier molecules (Figure 1).


Results and Discussion


Our initial synthetic strategy was based on the preparation of
a suitably protected backbone trisaccharide �-�-GalpNPhth-
(1� 4)-�-�-GlcpNPhth-(1� 3)-�-�-Galp (23) carrying an
azidopentyl spacer. Temporary protection of the positions to
be fucosylated with an O-acetyl group for the GalpNPhth
residue and an O-allyl group for the GlcpNPhth moiety
provides a possibility to prepare both tetrasaccharides 1 and 2
as well as the pentasaccharide 3. The remaining hydroxyl
groups are protected with benzyl groups. Relevant mono-
saccharide building blocks for the stepwise synthesis of 23 are
5-azidopentyl 2,4,6-tri-O-benzyl-�-�-galactopyranoside (11),
ethyl 4-O-acetyl-3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimi-
do-1-thio-�-�-glucopyranoside (15), and ethyl 3-O-acetyl-
4,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-galacto-
pyranoside (20) (Scheme 1).


For the synthesis of acceptor 11 the isopropylidene group of
ethyl 2,6-di-O-benzyl-3,4-O-isopropylidene-1-thio-�-�-galac-
topyranoside[10] (4) was removed (�5, quantitative), and a
dioxolane-type endo-3,4-O-benzylidene acetal was stereo-
selectively introduced by a kinetically controlled reaction
(�6, 76%).[11] The reductive opening of the benzylidene ring
with lithium aluminium hydride/aluminium(���) chloride[12]


resulted in derivative 7 (77%). Conventional acetylation of
7 afforded thioglycoside 8 (96%). Condensation of 8 with
5-azidopentanol[13] in diethyl ether in the presence of methyl
triflate[14] as a promoter gave an inseparable mixture of the
1,2-cis- (9) and 1,2-trans-glycosides (10) in approximately a 1:1
molar ratio (1H NMR data) in a yield of 89%. After removal
of the acetyl function, the anomeric mixture could be
separated by means of column chromatography to give pure
11 (32%) and a mixture of the �- (11) and �- (11�) anomers
(59%). The rapid anomerization of the anomeric mixture


Scheme 1. a) 60% aq HOAc, 60 �C; b) �,�-dimethoxytoluene, pTsOH;
c) LiAlH4, AlCl3, DCM, Et2O; d) pyridine, Ac2O; e) 5-azidopentanol,
MeOTf, Et2O, 0 �C; f) NaOMe, MeOH, DCM; then TiCl4, 4 ä, DCM;
g) AllBr, NaH, THF; h) Me3NBH3, AlCl3, 4 ä, THF; i) Tf2O, pyridine,
DCM, 0 �C, then TBAA, DMF; j) K2CO3, MeOH, THF; k) BzlBr, Ag2O,
KI, 4 ä, DMF; l) (Ph3P)3RhCl, EtOH, HCl, acetone; m) Br2, DCM, 0 �C.


(� :�-ratio 3:7; 1H NMR data) with titanium tetrachloride[15]


resulted in a mixture of 11 and 11� in a 9:1 molar ratio
(1H NMR data). Separation of the mixture by column
chromatography afforded pure 11 in 30% yield (total yield
62%). The presence of the azido group in 11 was established
by IR analysis (�max 2098 cm�1), and the 1,2-cis glycosidic
linkage by 1H NMR analysis (J(H1,H2)� 4.1 Hz).


Ethyl 4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-�-
�-glucopyranoside[14] (12) (Scheme 1) was the starting com-
pound for both the glucosamine donor 15 and the galactos-
amine donor 20. For the synthesis of 15, compound 12 was
treated with allyl bromide in the presence of sodium hydride
to give crystalline 13 in a yield of 80%. Regioselective
opening of the 4,6-O-benzylidene ring in 13 with borane-
trimethylamine complex and aluminium(���) chloride[16] in
tetrahydrofuran yielded 14 (85%). Conventional acetylation


of 14 resulted in the desired
glucosamine donor 15. For the
preparation of the galactos-
amine donor 20, glucosamine
derivative 14 was converted in-
to the corresponding galactos-
amine derivative 16 (epimeriza-
tion at C-4) by an SN2 displace-
ment reaction of O-triflate by
O-acetate. For this, 14 was
treated with triflic anhydride
in dichloromethane in the pres-
ence of pyridine, and then the
4-O-triflated intermediate was
treated with tetrabutylammoni-Figure 1. Synthesized oligosaccharide fragments of the glycocalyx glycan.
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um acetate[17] in N,N-dimethyl-
formamide to produce 16 (78%).
The removal of the acetyl func-
tion with potassium carbonate in
tetrahydrofuran/methanol 1:1
(�17, 73%), followed by benzy-
lation using benzyl bromide in
the presence of potassium iodide
and silver(�) oxide in N,N-di-
methylformamide afforded de-
rivative 18 (82%). Compound
18 was O-deallylated with tris-
(triphenylphosphine)rhodium(�)
chloride[18] as catalyst in ethanol
to yield 19 (72%). Conventional
acetylation of 19 resulted in the
desired galactosamine donor 20.


Condensation of 15 with 11 in
diethyl ether in the presence of
methyl triflate as a promoter
afforded disaccharide 21 in a
yield of 78% (Scheme 2). After
removal of the acetyl group with
potassium carbonate in tetrahydrofuran/methanol 1:1 (�22,
89%), acceptor 22 was coupled with galactosamine donor 20
in diethyl ether in the presence of methyl triflate as a
promoter to furnish the aimed backbone trisaccharide 23
(82%), carrying O-benzyl-persistent, and O-allyl and O-
acetyl temporary protecting groups. O-Deacetylation of 23
with potassium carbonate in tetrahydrofuran/methanol 1:1
gave the trisaccharide acceptor 24 (85%).


Scheme 2. a) MeOTf, Et2O, 0 �C; b) K2CO3, MeOH, THF.


For the fucosylation of the backbone trisaccharide at the
3-position of the galactosamine residue, both ethyl 2,3,4-tri-O-
benzyl-1-thio-�-�-fucopyranoside (25)[14] and the correspond-
ing bromo sugar 26 were used (Scheme 3). The reaction of
acceptor 24 with 25 was promoted by copper(��) bromide/


tetrabutylammonium bromide[19] to give tetrasaccharide 27 in
a yield of 32%. Condensation of 24 with 2,3,4-tri-O-benzyl-�-
�-fucopyranosyl bromide (26) under Lemieux conditions[20]


yielded tetrasaccharide 27 in a yield of 42%. Because
fucosylations of 24 could only be achieved with moderate
yields, the introduction of the �-fucosyl linkage at an earlier
stage of the synthesis was also investigated. Thus, tetrasac-
charide 27 was prepared by a 2�2 block synthesis as follows:
Galactosamine derivative 19 was fucosylated with donor 26
under Lemieux conditions to yield disaccharide donor 28
(35%). Condensation of thioglycoside 28 with disaccharide
acceptor 22 in the presence of methyl triflate resulted in
tetrasaccharide 27 in a yield of 65%. For the deprotection of
tetrasaccharide 27 as well as for the preparation of oligosac-
charides bearing a fucose residue attached to the 3-position of
the glucosamine moiety of the backbone trisaccharide, the
removal of the allyl group in the presence of an azido function
was required. However, under the tested conditions (tris-
(triphenylphosphine)rhodium(�) chloride in ethanol, palladi-
um(��) chloride/copper(�) chloride, sodium borohydride/iodine,
palladium on carbon/acetic acid), complex reaction mixtures
and low yields were obtained. To overcome this difficulty, our
preliminary synthetic strategy had to be modified. For the
preparation of the tetrasaccharide �-�-Fucp-(1� 3)-�-�-
GalpNAc-(1� 4)-�-�-GlcpNAc-(1� 3)-�-�-GalpO(CH2)5NH2


(1), ethyl 4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-
1-thio-�-�-glucopyranoside (29)[21] was used, bearing a 3-O-
benzyl instead of a 3-O-allyl group (Scheme 4). Condensation
of 29 with acceptor 11 in the presence of N-iodosuccinimide/
silver triflate[22] afforded disaccharide 30 (83%), which was
O-deacetyled to give 31 (81%). Glycosylation of 31 with
bromosugar 32, obtained from thioglycoside 28, in the
presence of silver triflate afforded tetrasaccharide 33 in
84% yield.


For the preparation of the tetrasaccharide �-�-GalpNAc-
1� 4)-[�-�-Fucp-(1� 3)-]�-�-GlcpNAc-(1� 3)-�-�-GalpO-


Scheme 3. a) Br2, DCM, 0 �C; b) CuBr2, TBABr, 4 ä, DCM, DMF; c) TBABr, 4 ä, DCM, DMF; d) MeOTf,
4 ä, Et2O, 0 �C.
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(CH2)5NH2 (2), disaccharide 34[23] was applied as a fucosylated
glucosamine building block (Scheme 5). Chloroacetylation[24]


of disaccharide 34 gave glycosyl donor 35 in 85% yield.
Condensation of 35 with acceptor 11 in diethyl ether in the
presence of methyl triflate as a promoter yielded trisaccharide
36 (65%). Surprisingly, the removal of the chloroacetyl group
with thiourea failed. However, the chloroacetyl function of 36
could be removed by treatment with potassium carbonate in
tetrahydrofuran/methanol 1:1 to furnish trisaccharide accept-
or 37 in 90% yield. Attempted glycosylation of 37 by using
galactosamine donor 20 with various promoters (methyl
triflate, N-iodosuccinimide ± silver triflate) failed. Condensa-
tion of 37 with the corresponding bromosugar and trichloro-
acetimidate galactosamine donors (both prepared from 20)
promoted by silver triflate and trimethylsilyl triflate, respec-
tively, also failed (data not shown). The low reactivity of HO-
4� in 37 may be due to its sterically hindered position; this
might explain both the unsuccessful removal of the chloro-
acetyl group of 36 with thiourea and results of attempted
glycosylations under various conditions. To overcome this
difficulty, the order of glycosylation reactions had to be
changed. Condensation of bromosugar 38 (prepared from 20,
Scheme 1) with glucosamine derivative 14 in the presence of


silver triflate afforded 39
(Scheme 6). Disaccharide 39
turned out to be a suitably
protected key intermediate for
both the preparation of tetra-
saccharide 2 and pentasacchar-
ide 3. O-Deallylation of com-
pound 39 using tris(triphenyl-
phosphine)rhodium(�) chloride
as catalyst gave disaccharide
acceptor 40 in 71% yield. At-
tempted fucosylation of accept-
or 40 with donor 26 in the
presence of tetrabutylammoni-
um bromide failed to give ac-
ceptable yields. However, con-
densation of disaccharide 40
with 26 in the presence of silver
triflate resulted in trisaccharide
41 in a yield of 48%
(Scheme 7). Coupling of thio-


Scheme 6. a) AgOTf, 4 ä, DCM, toluene, �40 �C; b) [Rh(Ph3P)3Cl],
EtOH, HCl, acetone; c) AcCl, MeOH, DCM, 0 �C/RT.


glycoside 41 with acceptor 11 in diethyl ether in the presence
of methyl triflate as a promoter yielded tetrasaccharide 42
(64%).


For the preparation of pentasaccharide 3, disaccharide 40
was O-deacetylated with acetyl chloride[25] in methanol/
dichloromethane (3:1) to give disaccharide 43 (Scheme 6).
Condensation of acceptor 43 with fucosyl donor 26
in the presence of silver triflate afforded tetrasaccharide


44 in a yield of 75%
(Scheme 8). Finally, coupling
of tetrasaccharide thioglycoside
44 with acceptor 11 af-
forded pentasaccharide 45 in
54% yield.


To furnish target compounds
1, 2, and 3, the phthalimido
functions of tetrasaccharides
33 and 42, and pentasaccharide
45, respectively, were removed
by treatment with ethylenedi-
amine in 1-butanol,[26] and the
resulting products N-acetylat-
ed, then hydrogenolyzed in or-


Scheme 4. a) NIS, AgOTf, 4 ä, DCM, acetonitrile, �15 �C; b) K2CO3, MeOH, THF; c) AgOTf, 4 ä, DCM,
toluene, �50 �C.


Scheme 5. a) Chloroacetylchloride, DCM, pyridine, �40 �C/� 20 �C; b) MeOTf, 4 ä, Et2O, 0 �C; c) K2CO3,
MeOH, THF.







Glycocalyx Glycan 151±161


Chem. Eur. J. 2002, 8, No. 1 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0155 $ 17.50+.50/0 155


Scheme 7. a) AgOTf, 4 ä, DCM, sym-collidine, toluene, �30 �C;
b) MeOTf, 4 ä, Et2O, 0 �C.


Scheme 8. a) AgOTf, 4 ä, DCM, sym-collidine, toluene, �30 �C;
b) MeOTf, 4 ä, Et2O, 0 �C.


der to convert the azido function into an amino group and to
remove the benzyl functions. The identity of the deprotected
oligosaccharides was established by 1H NMR spectroscopy.
The synthesized compounds in protein-conjugated form are
potential diagnostics in the search for antibodies raised
against the glycan in the serum of infected humans. Results
of interaction studies using surface plasmon resonance
between panels of GCX-specific monoclonal antibodies and
protein-conjugated 1, 2, and 3 will be published elsewhere.


Experimental Section


General methods : Optical rotations were measured at room temperature
with a Perkin ± Elmer 241 automatic polarimeter. Melting points were
determined on a Kofler apparatus and are uncorrected. TLC was
performed on Kieselgel 60F254 (Merck) with detection by charring with
50% aqueous sulfuric acid. Column chromatography was performed on
Silica gel 60 (Merck 63 ± 200 mesh). 1H (200, 300, and 500 MHz) and 13C
(50.3 and 125.76 MHz) NMR spectra were recorded with Bruker WP-


200SY (300 K), Bruker AM-300 (300 K), Bruker DRX-500, and Bruker
AMX-500 spectrometers. Internal references: TMS (�� 0.00 for 1H in
CDCl3), CDCl3 (�� 77.00 for 13C in CDCl3), and acetone (�� 2.225 for 1H
in D2O). Matrix-assisted laser desorption ionisation time-of-flight (MAL-
DI-TOF) spectra were obtained on a Voyager-DETM mass spectrometer.
Samples were dissolved in doubly distilled water (2 mgmL�1) and mixed on
the sample plate with the matrix 2,4-dihydroxybenzoic acid (DHB) in
doubly distilled water (10 mgmL�1) in a ratio of 1:1.


Ethyl 2,6-di-O-benzyl-1-thio-�-�-galactopyranoside (5): A solution of 4[10]


(11.3 g, 25.4 mmol) in acetic acid/water 6:4 (200 mL) was kept for 1 h at
60 �C, and was then concentrated and co-concentrated with toluene (3�
15 mL). Purification of the residue by column chromatography (CH2Cl2/
EtOAc 95:5) gave 5 (9.87 g, 96%), isolated as a syrup. [�]20


D ��6.1 (c� 0.8
in CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.32 (t, 3H; SCH2CH3), 2.18
and 2.34 (2 br s, 2H; 2OH, can be deuterated), 2.68 ± 2.83 (m, 2H;
SCH2CH3), 4.02 (dd, 3J(H3,H4)� 3.3 Hz, 3J(H4,H5)� 1 Hz, 1H; H4), 4.42
(d, 3J(H1,H2)� 9.4 Hz, 1H; H1), 4.70 and 4.83 (2 ABq, each 2H; 2PhCH2),
7.11 ± 7.39 (m, 10H; aromatic); elemental analysis calcd (%) for C22H28O5S
(404.16): C 65.32, H 6.98; found: C 65.36, H 6.97.


Ethyl 2,6-di-O-benzyl-endo-3,4-O-benzylidene-1-thio-�-�-galactopyrano-
side (6): p-Toluenesulfonic acid monohydrate (50 mg) was added to a
stirred solution of 5 (1.00 g, 2.47 mmol) in �,�-dimethoxytoluene (8 mL).
After 6 min, NaHCO3 (100 mg) was added, and the mixture diluted with
CH2Cl2 (200 mL). The organic layer was then washed with water (3�
50 mL), dried (MgSO4), filtered, and concentrated. Purification of the
residue by column chromatography (hexane/EtOAc 8:2) gave 6 (925 mg,
76%), isolated as a syrup. [�]20


D ��18.4 (c� 1.3 in CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.29 (t, 3H; SCH2CH3), 2.62 ± 2.85 (m, 2H;
SCH2CH3), 4.52 (d, 3J(H1,H2)� 9.4 Hz, 1H; H1), 4.55 ± 4.80 (m, 4H;
2PhCH2), 5.91 (s, 1H; PhCH), 7.23 ± 7.37 (m, 15H; aromatic); elemental
analysis calcd (%) for C29H32O5S (492.10): C 70.70, H 6.55; found: C 70.65,
H 6.58.


Ethyl 2,4,6-tri-O-benzyl-1-thio-�-�-galactopyranoside (7): A mixture of
LiAlH4 (250 mg) and AlCl3 (250 mg) in Et2O (6 mL) was added to a
solution of 6 (750 mg, 1.52 mmol) in CH2Cl2 (6 mL). After 20 min, the
excess of reagent was decomposed with EtOAc (5 mL), and Al(OH)3 was
precipitated with water. The organic layer was decanted, and the residue
washed with EtOAc (2� 50 mL). The combined organic solutions were
washed with water (3� 50 mL), dried (MgSO4), filtered, and concentrated.
Purification of the residue by column chromatography (hexane/EtOAc 7:3)
gave 7 (580 mg, 77%), isolated as a syrup. [�]20


D ��2.2 (c� 0.7 in CHCl3);
1H NMR (200 MHz, CDCl3): �� 1.25 (t, 3H; SCH2CH3), 2.19 (br s, 1H;
OH, can be deuterated), 2.68 ± 2.85 (m, 2H; SCH2CH3), 4.41 (d,
3J(H1,H2)� 9.5 Hz, 1H; H1), 4.45 ± 4.90 (m, 6H; 3 PhCH2), 7.25 ± 7.38
(m, 15H; aromatic); elemental analysis calcd (%) for C29H34O5S (494.21):
C 70.42, H 6.93; found: C 70.37, H 6.90.


Ethyl 3-O-acetyl-2,4,6-tri-O-benzyl-1-thio-�-�-galactopyranoside (8):
Compound 7 (450 mg, 0.91 mmol) was treated with pyridine/acetic
anhydride 1:1 (20 mL) for 2 h. The mixture was concentrated, and toluene
(3� 15 mL) was evaporated from the residue. Purification of the residue by
column chromatography (hexane/EtOAc 8:2) gave 8 (468 mg, 96%),
isolated as a syrup. [�]20


D ��28.4 (c� 0.7 in CHCl3); 1H NMR (300 MHz,
CDCl3): �� 1.30 (t, 3H; SCH2CH3), 1.88 (s, 3H; OAc), 2.75 ± 2.85 (m, 2H;
SCH2CH3), 3.81 (dd, 3J(H2,H3)� 9.8 Hz, 1H; H2), 4.01 (dd, 3J(H4,H5)�
1 Hz, 1H; H4), 4.40 ± 4.88 (m, 6H; 3 PhCH2), 4.48 (d, 3J(H1,H2)� 9.8 Hz,
1H; H1), 4.93 (dd, 3J(H3,H4)� 3.1 Hz, 1H; H3), 7.20 ± 7.40 (m, 15H;
aromatic); elemental analysis calcd (%) for C31H36O6S (536.22): C 69.37, H
6.77; found: C 69.29, H 6.70.


5-Azidopentyl 2,4,6-tri-O-benzyl-�-�-galactopyranoside (11): MeOTf
(310 �L, 2.75 mmol) was added to a mixture of 8 (590 mg, 1.1 mmol),
5-azidopentanol[13] (213 mg, 1.65 mmol), and 4 ä molecular sieves in Et2O
(15 mL) at 0 �C. After stirring for 5 h, TLC (hexane/EtOAc 8:2) showed the
formation of a new spot (Rf� 0.23). Et3N was added, and the mixture
diluted with CH2Cl2 (100 mL), washed with water, dried, filtered, and
concentrated. Column chromatography of the residue gave an inseparable
mixture of the 1,2-cis- (9) and 1,2-trans-glycosides (10) (590 mg, 89%) in
approximately a 1:1 molar ratio (1H NMR data). The mixture of 9 and 10
(560 mg, 0.93 mmol) was dissolved in MeOH/CH2Cl2 9:1 (15 mL), and
NaOMe was added. After 1 h, the solution was neutralised with DOWEX-
50 (H�) resin, filtered, and concentrated. Purification of the residue by
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column chromatography (CH2Cl2/EtOAc 97:3) gave a mixture of the �,�-
anomers 11/11� (308 mg, 59%) and pure 11 (179 mg, 32%). A solution of
the mixture of 11 and 11� (308 mg, 0.55 mmol) in CH2Cl2 (5 mL)
containing molecular sieves (4 ä) was stirred for 30 min under Ar. Then,
a solution of TiCl4 (64 �L, 0.58 mmol) in CH2Cl2 (2 mL) was added, and
after 10 min solid NaHCO3 (50 mg) was also added. The mixture was
diluted with CH2Cl2 (100 mL), washed with water (2� 20 mL), dried
(MgSO4), filtered, and concentrated. Purification of the residue by column
chromatography (CH2Cl2/EtOAc 95:5) gave 11 (168 mg, 30%; total yield
62%), isolated as a syrup. [�]20


D ��46.0 (c� 0.3 in CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.37 ± 1.72 (m, 6H; OCH2(CH2)3CH2N3), 2.29 (br s,
1H; OH, can be deuterated), 3.21 (t, 2H; CH2N3), 3.81 (dd, 3J(H2,H3)�
10.0 Hz, 1H; H2), 4.40 ± 4.85 (m, 6H; 3 PhCH2), 4.81 (d, 3J(H1,H2)�
4.1 Hz, 1H; H1), 7.25 ± 7.40 (m, 15H; aromatic); IR (KBr): ��max�
2098 cm�1 (N3); elemental analysis calcd (%) for C32H39N3O6 (561.28): C
69.41, H 7.00; found: C 69.44, H 7.05.


For analytical purposes 15 mg of 11� was also collected. [�]20
D ��2.3 (c�


0.6 in CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.35 ± 1.75 (m, 6H;
OCH2(CH2)3CH2N3), 2.29 (br s, 1H; OH, can be deuterated), 3.20 (t, 2H;
CH2N3), 4.33 (d, 3J(H1,H2)� 7.1 Hz, 1H; H1), 4.48, 4.69, and 4.82 (3ABq,
each 2H; 3PhCH2), 7.20 ± 7.40 (m, 15H; aromatic).


Ethyl 3-O-allyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-�-�-glu-
copyranoside (13): A solution of 12[14] (3.74 g, 8.47 mmol) and allyl
bromide (3.58 mL, 41.3 mmol) in THF (30 mL) was added dropwise to
sodium hydride (634 mg, 26.41 mmol), and the mixture stirred overnight.
When TLC (hexane/EtOAc 7:3) indicated the reaction was complete, the
mixture was diluted with EtOAc, filtered through Celite, and washed with
water (3� 25 mL), dried (MgSO4), filtered, and concentrated. Purification
of the residue by column chromatography (CH2Cl2�CH2Cl2/EtOAc 97:3)
gave crystalline 13 (3.26 g, 80%). M.p. 130 ± 132 �C (from EtOH); [�]20


D �
�9.6 (c� 1 in CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.21 (t, 3H;
SCH2CH3), 2.62 ± 2.78 (m, 2H; SCH2CH3), 4.38 (dd, 3J(H2,H3)� 10.0 Hz,
1H; H2), 4.83 ± 5.06 (m, 2H; H2C�CHCH2O), 5.41 (d, 3J(H1,H2)�
10.0 Hz, 1H; H1), 5.45 ± 5.65 (m, 1H; H2C�CHCH2O), 5.59 (s, 1H;
PhCH), 7.35 ± 7.85 (m, 9H; aromatic); elemental analysis calcd (%) for
C26H27NO6S (481.16): C 64.84, H 5.66; found: C 64.87, H 5.61.


Ethyl 3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-glucopyra-
noside (14): A mixture of borane-trimethylamine complex (2.78 g,
38.1 mmol), powdered 4 ä molecular sieves (3 g), 13 (2.50 g, 5.20 mmol),
and THF (50 mL) was stirred for 1 h at room temperature. Then, AlCl3
(5.12 g, 38.4 mmol) was added, and the mixture stirred for 5 h in the dark,
when TLC (CH2Cl2/EtOAc 95:5) showed the conversion of 13 into 14. The
mixture was diluted with CH2Cl2 (250 mL), filtered through Celite, washed
with cold 0.5� H2SO4, water, 5% aq NaHCO3, and water, dried (MgSO4),
filtered, and concentrated. Purification of the residue by column chroma-
tography (CH2Cl2/EtOAc 95:5) gave 14 (2.13 g, 85%), isolated as a syrup.
[�]20


D ��5.5 (c� 1.2 in CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.19 (t,
3H; SCH2CH3), 2.53 ± 2.78 (m, 2H; SCH2CH3), 2.94 (br s, 1H; OH, can be
deuterated), 4.27 (dd, 3J(H2,H3)� 9.0 Hz, 1H; H2), 4.61 (ABq, 2H;
PhCH2), 4.85 ± 5.10 (m, 2H; H2C�CHCH2O), 5.32 (d, 3J(H1,H2)� 9.1 Hz,
1H; H1), 5.50 ± 5.70 (m, 1H; H2C�CHCH2O), 7.26 ± 7.91 (m, 9H; aromat-
ic); elemental analysis calcd (%) for C26H29NO6S (483.17): C 64.57, H 6.05;
found: C 64.61, H 6.08.


Ethyl 4-O-acetyl-3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-
glucopyranoside (15): Compound 14 (1.5 g, 3.1 mmol) was treated with
pyridine/acetic anhydride 1:1 (10 mL), as described for 8. Purification of
the residue by column chromatography (CH2Cl2/EtOAc 98:2) gave 15
(1.55 g, 95%), isolated as a syrup. [�]20


D ��61.4 (c� 0.7 in CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.25 (t, 3H; SCH2CH3), 2.05 (s, 3H; OAc), 2.62 ±
2.78 (m, 2H; SCH2CH3), 4.39 (dd, 3J(H2,H3)� 9.0 Hz, 1H; H2), 4.58 (br s,
2H; PhCH2), 4.82 ± 5.15 (m, 2H; H2C�CHCH2O), 5.10 (dd, 3J(H3,H4)�
8.7 Hz, 3J(H4,H5)� 9.9 Hz, 1H; H4), 5.32 (d, 3J(H1,H2)� 9.2 Hz, 1H;
H1), 5.44 ± 5.63 (m, 1H; H2C�CHCH2O), 7.28 ± 7.81 (m, 9H; aromatic);
elemental analysis calcd (%) for C28H31NO7S (525.18): C 63.98, H 5.95;
found: C 63.94, H 5.89.


Ethyl 4-O-acetyl-3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-
galactopyranoside (16): A solution of trifluoromethanesulfonic anhydride
(654 �L, 3.89 mmol) in CH2Cl2 (4 mL) was added to a solution of 14 (1.27 g,
2.63 mmol) in CH2Cl2 (10 mL) and pyridine (485 �L, 6.0 mmol) at 0 �C.
After stirring for 2 h, TLC (CH2Cl2/EtOAc 95:5) showed the formation of a


new spot. Then, tetrabutylammonium acetate (1.95 g, 6.48 mmol) and
DMF (5 mL) were added at 0 �C. After 5 h, an additional amount of
tetrabutylammonium acetate (1.95 g, 6.48 mmol) was added, and the
reaction was stirred overnight at room temperature. Then, the mixture was
diluted with EtOAc (200 mL), washed with 10% aq NaCl (3� 30 mL),
dried (MgSO4), filtered, concentrated, and co-concentrated with toluene.
Purification of the residue by column chromatography (hexane/EtOAc 7:3)
afforded 16 (1.08 g, 78%), isolated as a syrup. [�]20


D ��24.1 (c� 0.6 in
CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.22 (t, 3H; SCH2CH3), 2.14 (s,
3H; OAc), 2.60 ± 2.79 (m, 2H; SCH2CH3), 4.39 (dd, 3J(H3,H4)� 3.0 Hz,
1H; H3), 4.51 (dd, 3J(H2,H3)� 10.0 Hz, 1H; H2), 4.55 (ABq, 2H; PhCH2),
4.94 ± 5.12 (m, 2H; H2C�CHCH2O), 5.34 (d, 3J(H1,H2)� 10.0 Hz, 1H;
H1), 5.45 ± 5.61 (m, 1H; H2C�CHCH2O), 5.61 (dd, 3J(H4,H5)� 1 Hz,
1H; H4), 7.29 ± 7.48 and 7.73 ± 7.91 (m, 9H; aromatic); elemental analysis
calcd (%) for C28H31NO7S (525.18): C 63.98, H 5.94; found: C 63.96,
H 5.92.


Ethyl 3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-galactopyr-
anoside (17): Potassium carbonate (521 mg, 3.77 mmol) was added to a
solution of 16 (990 mg, 1.88 mmol) in MeOH/THF 1:1 (10 mL). After
stirring for 4 h, the mixture was diluted with CH2Cl2 (100 mL), washed with
10% aq NaCl (3� 10 mL), dried (MgSO4), filtered, and concentrated.
Purification of the residue by column chromatography (CH2Cl2/EtOAc
95:5) gave 17 (664 mg, 73%), isolated as a syrup. [�]20


D ��26.5 (c� 0.4 in
CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.19 (t, 3H; SCH2CH3), 2.55 ±
2.81 (m, 3H; SCH2CH3 and OH, the OH can be deuterated), 4.21 (dd,
3J(H4,H5)� 1 Hz, 1H; H4), 4.32 (dd, 3J(H3,H4)� 3.0 Hz, 1H; H3), 4.59
(dd, 3J(H2,H3)� 10.0 Hz, 1H; H2), 4.95 ± 5.14 (m, 2H; H2C�CHCH2O),
5.27 (d, 3J(H1,H2)� 10.0 Hz, 1H; H1), 5.53 ± 5.73 (m, 1H;
H2C�CHCH2O), 7.26 ± 7.95 (m, 9H; aromatic); elemental analysis calcd
(%) for C26H29NO6S (483.17): C 64.57, H 6.05; found: C 64.61, H 6.01.


Ethyl 3-O-allyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-galacto-
pyranoside (18): Ag2O (786 mg, 3.39 mmol) and benzyl bromide (300 �L,
2.52 mmol) were added to a mixture of 17 (410 mg, 0.85 mmol), potassium
iodide (307 mg, 1.85 mmol), and 4 ä molecular sieves in DMF (5 mL) at
0 �C. The mixture was stirred for 5 h, then diluted with CH2Cl2 (100 mL),
filtered through Celite, washed with 10% aq Na2S2O3 (3� 25 mL) and
water (2� 25 mL), dried (MgSO4), filtered, and concentrated. Purification
of the residue by column chromatography (CH2Cl2�CH2Cl2/EtOAc 98:2)
gave 18 (400 mg, 82%), isolated as a syrup. [�]20


D ��29.8 (c� 0.6 in
CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.17 (t, 3H; SCH2CH3), 2.58 ±
2.80 (m, 2H; SCH2CH3), 3.77 ± 3.86 and 4.00 ± 4.06 (m, 2H;
H2C�CHCH2O), 4.04 (dd, 3J(H4,H5)� 1 Hz, 1H; H4), 4.33 (dd,
3J(H3,H4)� 2.6 Hz, 1H; H3), 4.47 (ABq, 2H; PhCH2), 4.76 (ABq, 2H;
PhCH2), 4.79 (dd, 3J(H2,H3)� 10.4 Hz, 1H; H2), 4.92 ± 5.14 (m, 2H;
H2C�CHCH2O), 5.26 (d, 3J(H1,H2)� 10.4 Hz, 1H; H1), 5.55 ± 5.68 (m,
1H; H2C�CHCH2O), 7.25 ± 7.35 (m, 10H; 2 Ph), 7.60 ± 7.85 (m, 4H; Phth);
elemental analysis calcd (%) for C33H35NO6S (573.22): C 69.08, H 6.15;
found: C 69.12, H 6.09.


Ethyl 4,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-galactopyrano-
side (19): A solution of 18 (384 mg, 0.67 mmol) in EtOH (30 mL)
containing tris(triphenylphosphine)rhodium(�) chloride (284 mg, 307 �mol)
was boiled under reflux for 3 h, then cooled, and concentrated. A solution
of the residue in acetone/1� hydrochloric acid 9:1 (20 mL) was boiled for
1 h, when TLC (CH2Cl2/EtOAc 95:5) showed the complete conversion of
the prop-1-enyl ether into 19 (Rf� 0.46). The mixture was concentrated,
and purification of the residue by column chromatography (CH2Cl2/EtOAc
95:5) gave 19 (257 mg, 72%), isolated as a syrup. [�]20


D ��20.2 (c� 0.8 in
CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.22 (t, 3H; SCH2CH3), 1.77 (br s,
1H; OH, can be deuterated), 2.57 ± 2.77 (m, 2H; SCH2CH3), 4.03 (dd,
3J(H3,H4)� 2.5 Hz, 3J(H4,H5)� 1 Hz, 1H; H4), 5.31 (d, 3J(H1,H2)�
10.0 Hz, 1H; H1), 7.19 ± 7.38 and 7.58 ± 7.80 (m, 14H; aromatic); elemental
analysis calcd (%) for C30H31NO6S (533.19): C 67.52, H 5.86; found: C 67.47,
H 5.91.


Ethyl 3-O-acetyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-galac-
topyranoside (20): Compound 19 (200 mg, 0.37 mmol) was treated with
pyridine/acetic anhydride 1:1 (10 mL), as described for 8, to give 20
(210 mg, 97%), isolated as a syrup. [�]20


D ��25.4 (c� 0.4 in CHCl3);
1H NMR (300 MHz, CDCl3): �� 1.18 (t, 3H; SCH2CH3), 1.79 (s, 3H; OAc),
2.59 ± 2.78 (m, 2H; SCH2CH3), 4.12 (dd, 3J(H4,H5)� 1 Hz, 1H; H4), 4.48
(ABq, 2H; PhCH2), 4.64 (ABq, 2H; PhCH2), 4.81 (dd, 3J(H2,H3)�
10.7 Hz, 1H; H2), 5.41 (d, 3J(H1,H2)� 10.0 Hz, 1H; H1), 5.73 (dd,
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3J(H3,H4)� 3.1 Hz, 1H; H3), 7.20 ± 7.40 and 7.60 ± 7.90 (m, 14H; aromatic);
elemental analysis calcd (%) for C32H33NO7S (575.20): C 66.77, H 5.78;
found: C 66.71, H 5.79.


5-Azidopentyl (4-O-acetyl-3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-�-
�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-benzyl-�-�-galactopyranoside (21):
A solution of 11 (320 mg, 0.57 mmol) and 15 (390 mg, 0.74 mmol) in
Et2O (15 mL) containing 4 ä molecular sieves was stirred for 30 min under
Ar, then methyl triflate (500 �L, 4.44 mmol) was added at 0 �C. After
stirring for 12 h, Et3N was added, and the mixture diluted with CH2Cl2
(100 mL), washed with water, dried (MgSO4), filtered, and concentrated.
Purification of the residue by column chromatography (CH2Cl2/EtOAc
97:3) gave 21 (456 mg, 78%), isolated as a glass. [�]20


D ��7.1 (c� 2.5 in
CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.27 ± 1.59 (m, 6H;
OCH2(CH2)3CH2N3), 1.99 (s, 3H; OAc), 3.14 (t, 2H; CH2N3), 4.78 ± 5.15
(m, 2H; H2C�CHCH2O), 5.05 (dd, 3J(H4�,H5�)� 10.5 Hz, 1H; H4�), 5.46
(d, 3J(H1�,H2�)� 8.1 Hz, 1H; H1�), 5.45 ± 5.67 (m, 1H; H2C�CHCH2O),
7.14 ± 7.95 (m, 24H; aromatic); elemental analysis calcd (%) for
C58H64N4O13 (1024.45): C 67.94, H 6.30; found: C 67.97, H 6.35.


5-Azidopentyl (3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-�-�-gluco-
pyranosyl)-(1� 3)-2,4,6-tri-O-benzyl-�-�-galactopyranoside (22): Com-
pound 21 (500 mg, 0.49 mmol) was treated with potassium carbonate
(140 mg, 1.01 mmol) in MeOH/THF 1:1 (8 mL), as described for 17, to
afford 22 (425 mg, 89%), isolated as a syrup. [�]20


D ��10.9 (c� 0.9 in
CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.25 ± 1.59 (m, 6H;
OCH2(CH2)3CH2N3), 2.90 (br s, 1H; OH, can be deuterated), 3.14 (t, 2H;
CH2N3), 4.81 ± 5.12 (m, 2H; H2C�CHCH2O), 5.47 (d, 3J(H1�,H2�)� 8.1 Hz,
1H; H1�), 5.52 ± 5.78 (m, 1H; H2C�CHCH2O), 7.15 ± 7.94 (m, 24H;
aromatic); elemental analysis calcd (%) for C56H62N4O12 (982.44): C
68.40, H 6.36; found: C 68.37, H 6.34.


5-Azidopentyl (3-O-acetyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-
galactopyranosyl)-(1� 4)-(3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-
�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-benzyl-�-�-galactopyranoside
(23): A solution of 22 (580 mg, 0.59 mmol) and 20 (466 mg, 0.81 mmol) in
Et2O (20 mL) was stirred in the presence of 4 ä molecular sieves for 20 min
under Ar, then methyl triflate (550 �L, 4.86 mmol) was added at 0 �C. After
stirring for 12 h, pyridine (1 mL) was added, and the mixture was
concentrated. Purification of the residue by column chromatography
(CH2Cl2/EtOAc 96:4) gave 23 (724 mg, 82%), isolated as a syrup. [�]20


D �
�18.6 (c� 0.2 in CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.25 ± 1.59 (m,
6H; OCH2(CH2)3CH2N3), 1.77 (s, 3H; OAc), 3.06 (t, 2H; CH2N3), 4.56 ±
5.05 (m, 2H; H2C�CHCH2O), 5.28 (d, 3J(H1��,H2��)� 7.7 Hz, 1H; H1��),
5.47 (d, 3J(H1�,H2�)� 8.1 Hz, 1H; H1�), 5.41 ± 5.61 (m, 1H;
H2C�CHCH2O), 5.67 (dd, 3J(H2��,H3��)� 11.4 Hz, 3J(H3��,H4��)� 3.1 Hz,
1H; H3��), 7.01 ± 7.95 (m, 38H; aromatic); 13C NMR (50.3 MHz, CDCl3):
�� 20.56 (COCH3), 23.24, 28.47, and 28.74 (OCH2(CH2)3CH2N3), 51.17
(CH2N3), 52.57 and 56.49 (C2�, C2��), 97.39, 97.14, and 99.66 (C1, C1�, C1��),
115.84 (H2C�), 135.00 (�CH�), 167.52, 168.48, and 169.96 (C�O);
elemental analysis calcd (%) for C86H89N5O19 (1495.62): C 69.00, H 6.00;
found: C 69.08, H 5.97.


Ethyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-4,6-di-O-benzyl-2-
deoxy-2-phthalimido-1-thio-�-�-galactopyranoside (28): Bromine (40 �L,
0.79 mmol) was added to a solution of 25 (250 mg, 0.52 mmol) in dry
CH2Cl2 (5 mL) at 0 �C. After 20 min, when TLC showed the disappearance
of the starting compound, a few drops of cyclohexene followed by 4 ä
molecular sieves were added. After stirring the mixture for 30 min under
Ar, a solution of 19 (140 mg, 0.26 mmol) in DMF (3 mL) and tetrabuty-
lammonium bromide (250 mg, 0.79 mmol) were added. The reaction
mixture was stirred for 3 d, diluted with CH2Cl2 (100 mL), filtered through
Celite, washed with 5% aq NaHCO3 (3� 20 mL) and water (3� 20 mL),
dried (MgSO4), filtered, and concentrated. Purification of the residue by
column chromatography (hexane/EtOAc 8:2� 7:3) afforded 28 (87 mg,
35%), isolated as a syrup. [�]20


D ��22.5 (c� 0.2 in CHCl3); 1H NMR
(200 MHz, CDCl3): �� 0.86 (d, 3H; CMe), 1.22 (t, 3H; SCH2CH3), 2.55 ±
2.85 (m, 2H; SCH2CH3), 4.66 (d, 3J(H1�,H2�)� 3.1 Hz, 1H; H1�), 4.85 (dd,
3J(H2,H3)� 10.5 Hz, 1H; H2), 5.50 (d, 3J(H1,H2)� 10.5 Hz, 1H; H1),
7.13 ± 7.85 (m, 29H; aromatic); 13C NMR (50.3 MHz, CDCl3): �� 14.96
(CMe), 16.33 (SCH2CH3), 23.72 (SCH2CH3), 51.27 (C2), 67.77 (C5�), 72.81,
72.99, 73.41, 74.17, and 74.59 (OCH2Ph), 80.99 (C1), 99.46 (C1�), 168.76
(C�O); elemental analysis calcd (%) for C57H59NO10S (949.39): C 72.05, H
6.26; found: C 72.02, H 6.29.


5-Azidopentyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(4,6-di-O-
benzyl-2-deoxy-2-phthalimido-�-�-galactopyranosyl)-(1� 4)-(3-O-allyl-6-
O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-
benzyl-�-�-galactopyranoside (27)


Procedure A : Compound 23 (120 mg, 79 �mol) was treated with potassium
carbonate (11 mg, 79 �mol) in MeOH/THF 1:1 (6 mL), as described for 17,
to afford 24 (100 mg, 85%; [�]20


D ��13.2 (c� 0.61 in CHCl3)). Bromine
(10 �L, 0.19 mmol) was added to a solution of 25 (60 mg, 125 �mol) in dry
CH2Cl2 (3 mL) at 0 �C. After 20 min, when TLC showed the disappearance
of the starting compound, the mixture was concentrated and co-concen-
trated with dry CH2Cl2 (2� 3 mL). A solution of the residue (26) in dry
CH2Cl2 (2 mL) was added to a stirred mixture of 24 (88 mg, 59 �mol),
tetrabutylammonium bromide (60 mg, 188 �mol), and 4 ä molecular sieves
in DMF (2 mL). After stirring for 24 h, the mixture was diluted with CH2Cl2
(50 mL), filtered through Celite, washed with water (3� 20 mL), dried
(MgSO4), filtered, and concentrated. Purification of the residue by column
chromatography (hexane/EtOAc 7:3) gave 27 (47 mg, 42%), isolated as a
syrup.


Procedure B : A mixture of 24 (70 mg, 47 �mol), 25 (60 mg, 124 �mol),
CuBr2 (63 mg, 284 �mol), tetrabutylammonium bromide (68 mg,
213 �mol), and 4 ä molecular sieves was stirred in CH2Cl2/DMF 3:1
(4 mL) for 24 h under Ar. Then, the mixture was diluted with CH2Cl2
(50 mL), filtered through Celite, washed with water (2� 10 mL), dried
(MgSO4), filtered, and concentrated. Purification of the residue by column
chromatography (hexane/EtOAc 7:3) gave 27 (29 mg, 32%), isolated as a
syrup.


Procedure C : A solution of 22 (44 mg, 44 �mol) and 28 (62 mg, 65 �mol) in
Et2O (2 mL) containing 4 ä molecular sieves was stirred for 30 min under
Ar, then methyl triflate (44 �L, 0.39 mmol) was added at 0 �C. After 12 h,
pyridine (0.2 mL) was injected and the mixture filtered through Celite,
concentrated, and co-concentrated with toluene. Purification of the residue
by gel filtration over LH-20 (CH2Cl2/MeOH 1:1), followed by column
chromatography (hexane/EtOAc 7:3) yielded 27 (50 mg, 65%), isolated as
a syrup. [�]20


D ��6.6 (c� 0.1 in CHCl3). For 1H and 13C NMR data, see
Tables 1 and 2, respectively; elemental analysis calcd (%) for C111H115N5O22


(1869.80): C 71.24, H 6.20; found: C 71.20, H 6.21.


5-Azidopentyl (4-O-acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-
glucopyranosyl)-(1� 3)-2,4,6-tri-O-benzyl-�-�-galactopyranoside (30): A
mixture of AgOTf (20 mg, 80 �mol) and N-iodosuccinimide (180 mg,
798 �mol) in acetonitrile (2 mL) was added to a solution of 11 (100 mg,
177 �mol) and 29[21] (153 mg, 266 �mol) in dry CH2Cl2 (3 mL) containing
4 ä molecular sieves at �15 �C. When TLC showed the disappearance of
11 and the formation of a new spot (Rf� 0.45 hexane/EtOAc 6:4), pyridine
(0.1 mL) was added. The mixture was diluted with CH2Cl2 (100 mL),
filtered through Celite, washed with 10% aq Na2S2O3 (3� 20 mL), 10% aq
NaHCO3 (3� 20 mL), and water (2� 20 mL), dried (MgSO4), filtered, and
concentrated. Purification of the residue by column chromatography
(hexane/CH2Cl2/EtOAc 6:3:1) gave 30 (160 mg, 83%), isolated as a glass.
[�]20


D ��16.5 (c� 0.6 in CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.25 ±
1.54 (m, 6H; OCH2(CH2)3CH2N3), 1.94 (s, 3H; OAc), 3.14 (t, 2H; CH2N3),
5.16 (dd, 3J(H3�,H4�)� 9.1 Hz, 1H; H4�), 5.42 (d, 3J(H1�,H2�)� 8.2 Hz, 1H;
H1�), 6.87 ± 7.74 (m, 29H; aromatic); 13C NMR (50.3 MHz, CDCl3): ��
20.91 (COCH3), 23.24, 28.47, and 28.74 (OCH2(CH2)3CH2N3), 51.21
(CH2N3), 56.14 (C2�), 97.38 (C1), 99.67 (C1�), 169.77 (C�O); elemental
analysis calcd (%) for C62H66N4O13 (1074.46): C 69.24, H 6.19; found: C
69.20, H 6.22.


5-Azidopentyl (3,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyrano-
syl)-(1� 3)-2,4,6-tri-O-benzyl-�-�-galactopyranoside (31): Compound 30
(140 mg, 0.13 mmol) was treated with potassium carbonate (36 mg,
0.26 mmol) in MeOH/THF 1:1 (4 mL) as described for 17, to afford 31
(110 mg, 81%), isolated as a syrup. [�]20


D ��5.1 (c� 0.2 in CHCl3);
1H NMR (200 MHz, CDCl3): �� 1.25 ± 1.57 (m, 6H; OCH2(CH2)3CH2N3),
3.07 ± 3.17 (m, 3H; CH2N3 and OH, can be deuterated), 5.44 (d,
3J(H1�,H2�)� 8.1 Hz, 1H; H1�), 6.95 ± 7.77 (m, 29H; aromatic); 13C NMR
(50.3 MHz, CDCl3): �� 23.24, 28.47, and 28.74 (OCH2(CH2)3CH2N3), 51.17
(CH2N3), 55.91 (C2�), 67.57 (OCH2(CH2)4N3), 72.91, 73.24, 73.56, 74.33, and
74.71 (OCH2Ph), 97.30 (C1), 99.57 (C1�), 167.57 and 167.79 (C�O);
elemental analysis calcd (%) for C60H64N4O12 (1032.45): C 69.75, H 6.24;
found: C 69.68, H 6.28.
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5-Azidopentyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(4,6-di-O-
benzyl-2-deoxy-2-phthalimido-�-�-galactopyranosyl)-(1� 4)-(3,6-di-O-
benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-
benzyl-�-�-galactopyranoside (33): Bromine (8 �L, 0.15 mmol) was added
to a solution of 28 (114 mg, 120 �mol) in dry CH2Cl2 (4 mL) at 0 �C. After
20 min, when TLC showed the disappearance of the starting compound and
the formation of a new spot (32), the mixture was concentrated and co-
concentrated with dry CH2Cl2 (2� 3 mL). A solution of the residue (32) in
dry CH2Cl2 (2 mL) was added to a stirred mixture of 31 (77 mg, 75 �mol)
and 4 ä molecular sieves in dry CH2Cl2 (2 mL). The mixture was stirred for
30 min under Ar, and then a solution of AgOTf (54 mg, 215 �mol) in
toluene (2 mL) was added at �50 �C. After 1 h, pyridine (0.1 mL) was
added and the mixture diluted with CH2Cl2 (50 mL), filtered through
Celite, washed with 10% aq Na2S2O3 (3� 10 mL), 5% aq NaHCO3 (3�
10 mL), and water (2� 10 mL), dried (MgSO4), filtered, and concentrated.
Purification of the residue by column chromatography (hexane/CH2Cl2/
EtOAc 6:3:1) gave 33 (113 mg, 84%), isolated as a glass. [�]20


D ��7.6 (c�
0.3 in CHCl3). For 1H and 13C NMR data, see Tables 1 and 2, respectively;
elemental analysis calcd (%) for C115H117N5O22 (1919.82): C 71.88, H 6.14;
found: C 71.92, H 6.11.


Ethyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-6-O-benzyl-4-O-
chloroacetyl-2-deoxy-2-phthalimido-1-thio-�-�-glucopyranoside (35):
Chloroacetylchloride (50 �L, 0.63 mmol) in CH2Cl2 (1 mL) was added to
a solution of 34[23] (270 mg, 314 �mol) and pyridine (0.25 mL) in CH2Cl2
(2.5 mL) at �40 �C, and the mixture was kept for 24 h at �20 �C. Then, the
mixture was diluted with CH2Cl2 (50 mL), washed with 5% aq NaHCO3


(3� 10 mL) and water (2� 10 mL), dried (MgSO4), filtered, and concen-
trated. Purification of the residue by column chromatography (CH2Cl2�
CH2Cl2/EtOAc 98:2) gave 35 (250 mg, 85%), isolated as a pale yellow


syrup. [�]20
D ��38.0 (c� 0.3 in CHCl3); 1H NMR (200 MHz, CDCl3): ��


0.95 (d, 3H; CMe), 1.24 (t, 3H; SCH2CH3), 2.61 ± 2.81 (m, 2H; SCH2CH3),
4.51 (d, 3J(H1�,H2�)� 2.0 Hz, 1H; H1�), 5.08 (dd, 3J(H3,H4)� 3J(H4,H5)�
9.7 Hz, 1H; H4), 5.51 (d, 3J(H1,H2)� 10.0 Hz, 1H; H1), 6.99 ± 7.85
(m, 24H; aromatic); 13C NMR (50.3 MHz, CDCl3): �� 14.98 (SCH2CH3),
16.04 (CMe), 24.03 (SCH2CH3), 41.18 (ClCH2�), 54.17 (C2), 68.37
(C5�), 69.85 (C6), 72.55, 73.12, 73.47, and 73.68 (OCH2Ph), 80.97
(C1), 101.96 (C1�), 166.71, 167.80, and 168.69 (C�O); elemental analysis
calcd (%) for C52H54ClNO11S (935.31): C 66.72, H 5.82; found: C 66.75, H
5.78.


5-Azidopentyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(6-O-ben-
zyl-4-O-chloroacetyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 3)-
2,4,6-tri-O-benzyl-�-�-galactopyranoside (36): Methyl triflate (180 �L,
1.6 mmol) was added to a mixture of 11 (100 mg, 177 �mol), 35 (236 mg,
248 �mol) and 4 ä molecular sieves in Et2O (7 mL) at 0 �C. After stirring
for 24 h, Et3N (0.2 mL) was added, and the mixture diluted with CH2Cl2
(50 mL), washed with 5% aq NaHCO3 (2� 10 mL) and water (2� 10 mL),
dried (MgSO4), filtered, and concentrated. Purification of the residue by
column chromatography (CH2Cl2�CH2Cl2/EtOAc 98:2) gave 36 (166 mg,
65%), isolated as a syrup. [�]20


D ��27.5 (c� 0.3 in CHCl3). For 1H and
13C NMR data, see Tables 1 and 2, respectively; elemental analysis
calcd (%) for C82H87ClN4O17 (1434.58): C 68.59, H 6.11; found: C 68.62,
H 6.13.


5-Azidopentyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(6-O-ben-
zyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-ben-
zyl-�-�-galactopyranoside (37): Potassium carbonate (20 mg, 146 �mol)
was added to a solution of 36 (140 mg, 97 �mol) in MeOH/THF 1:1 (4 mL),
and the mixture stirred for 2 h. The mixture was then diluted with CH2Cl2
(50 mL), washed with water (3� 10 mL), and the combined washings were


Table 1. 500 MHz 1H NMR data (300 K) of the oligosaccharides 27, 33, 36, 42, and 45. For the assignments, two-dimensional COSY, HSQC, TOCSY,
HMBC, and ROESY experiments were applied.


GalNPhth GlcNPhth Gal Fuc (GalNPhth) Fuc (GlcNPhth)


27
H1 (J(H1,H2) [Hz]) 5.58 (8.4) 5.33 (8.1) 4.37 (�5.0) 4.66 (3.6)
H2 4.72 4.28 3.62 3.75
H3 4.40 4.36 3.95 3.57
H4 3.96 4.12 3.94 3.41
H5 3.72 3.50 3.81 3.93
H6 3.61, 3.61 3.57, 3.55 3.42, 3.32 0.89
33
H1 (J(H1,H2) [Hz]) 5.58 (8.4) 5.31 (8.1) 4.36 (3.6) 4.66 (3.6)
H2 4.82 4.29 3.59 3.75
H3 4.43 4.43 3.93 3.58
H4 3.94 4.25 3.94 3.41
H5 n.d.[a] 3.50 3.79 3.90
H6 3.61, 3.59 3.55, 3.47 3.41, 3.33 0.86
36
H1 (J(H1,H2) [Hz]) 5.70 (8.4) 4.46 (5.3) 4.52 (3.3)
H2 4.44 3.74 3.61
H3 4.56 4.15 3.73
H4 5.14 4.06 3.44
H5 3.85 3.93 3.92
H6 3.64, 3.64 3.48, 3.42 0.99
42
H1 (J(H1,H2) [Hz]) 5.52 (8.5) 5.23 (8.7) 4.32 (3.5) 4.79 (2.9)
H2 4.69 4.56 3.58 3.70
H3 5.78 4.27 3.88 3.30
H4 4.13 n.d.[a] 3.95 n.d.[a]


H5 3.70 3.43 3.77 3.66
H6 3.68, 3.76 3.08, 3.40 3.28, 3.46 1.36
45
H1 (J(H1,H2) [Hz]) 5.58 (8.4) 5.24 (7.9) 4.32 (4.2) 4.67 (3.2) 4.80 (3.7)
H2 4.72 4.55 3.58 3.78 3.69
H3 4.42 4.27 3.92 3.58 3.31
H4 n.d.[a] 4.38 n.d.[a] 3.42 n.d.[a]


H5 3.62 n.d.[a] 3.79 3.94 3.70
H6 n.d.[a] 3.09, 3.40 3.29, 3.41 0.69 1.38


[a] n.d.: not determined.
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extracted with CH2Cl2 (3� 10 mL). The combined organic phases were
dried (MgSO4), filtered, and concentrated. Purification of the residue by
column chromatography (hexane/CH2Cl2/EtOAc 6:3:1) gave 37 (120 mg,
90%), isolated as a syrup. [�]20


D ��4.9 (c� 0.6 in CHCl3); 1H NMR
(200 MHz, CDCl3): �� 1.06 (d, 3H; CMe), 1.35 ± 1.62 (m, 6H;
OCH2(CH2)3CH2N3), 3.21 (br s, 1H; OH, can be deuterated), 3.13 (t, 2H;
CH2N3), 4.52 (d, 3J(H1��,H2��)� 2.7 Hz, 1H; H1��), 5.59 (d, 3J(H1�,H2�)�
7.8 Hz, 1H; H1�), 6.93 ± 7.82 (m, 39H; aromatic); 13C NMR (50.3 MHz,
CDCl3): �� 16.41 (CMe), 23.30, 28.53, and 28.80 (OCH2(CH2)3CH2N3),
51.64 (CH2N3), 60.36 (C2�), 67.71 (OCH2(CH2)4N3), 97.56 (C1), 99.82 (C1�),
100.79 (C1��), 168.08 and 168.36 (C�O); elemental analysis calcd (%) for
C80H86N4O16 (1358.60): C 70.66, H 6.38; found: C 70.62, H 6.41.


Ethyl (3-O-acetyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-galactopyr-
anosyl)-(1� 4)-(3-O-allyl-6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-
glucopyranoside (39): Bromine (55 �L, 1.0 mmol) was added to a solution
of 20 (470 mg, 0.82 mmol) in dry CH2Cl2 (10 mL) at 0 �C. After 20 min,
when TLC showed the disappearance of the starting compound and the
formation of a new spot (38), the mixture was concentrated and co-
concentrated with dry CH2Cl2 (2� 5 mL). A solution of 14 (352 mg,
0.73 mmol) in CH2Cl2 (4 mL) and 4 ä molecular sieves were added to the
residue (38). After stirring the mixture for 20 min under Ar, a solution of
AgOTf (320 mg, 1.25 mmol) in toluene (7 mL) was added at �40 �C. After
1.5 h, pyridine (0.5 mL) was added, and the mixture diluted with CH2Cl2
(200 mL), filtered through Celite, washed with 10% aq Na2S2O3 (3�
50 mL), 5% aq NaHCO3 (3� 50 mL), and water (2� 50 mL), dried
(MgSO4), filtered, and concentrated. Purification of the residue by column


chromatography (CH2Cl2/EtOAc 98:2� 96:4) gave 39 (330 mg, 45%),
isolated as a syrup. [�]20


D ��10.9 (c� 1.8 in CHCl3); 1H NMR (200 MHz,
CDCl3): �� 1.11 (t, 3H; SCH2CH3), 1.77 (s, 3H; OAc), 2.47 ± 2.66
(m, 2H; SCH2CH3), 4.85 ± 5.19 (m, 2H; H2C�CHCH2O), 5.12 (d,
3J(H1,H2)� 10.5 Hz, 1H; H1), 5.49 (d, 3J(H1�,H2�)� 8.3 Hz, 1H; H1�),
5.38 ± 5.58 (m, 1H; H2C�CHCH2O), 5.65 (dd, 3J(H2�,H3�)� 11.5 Hz,
3J(H3�,H4�)� 3.0 Hz, 1H; H3�), 7.19 ± 7.89 (m, 23H; aromatic); 13C NMR
(50.3 MHz, CDCl3): �� 14.90 (SCH2CH3), 20.62 (COCH3), 23.66
(SCH2CH3), 52.61 and 54.94 (C2, C2�), 80.91 (C1), 97.26 (C1�), 116.11
(H2C�), 134.04 (�CH�), 167.63, 168.47, and 170.02 (C�O); elemental
analysis calcd (%) for C56H56N2O13S (996.35): C 67.45, H 5.66; found: C
67.51, H 5.64.


Ethyl (3-O-acetyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-galactopyr-
anosyl)-(1� 4)-(6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-glucopyra-
noside (40): A solution of 39 (610 mg, 0.61 mmol) and tris(triphenylphos-
phine)rhodium(�) chloride (276 mg, 299 �mol) in EtOH (40 mL) was boiled
under reflux for 5 h, then cooled and concentrated. A solution of the
residue in acetone/1� hydrochloric acid 9:1 (20 mL) was boiled for 30 min,
when TLC (CH2Cl2/EtOAc 98:2) showed a complete conversion of the
prop-1-enyl ether into 40 (Rf� 0.43). Then, the mixture was concentrated,
and a solution of the residue in CH2Cl2 (100 mL) was washed with 10% aq
NaCl (3� 20 mL) and water (2� 20 mL), dried (MgSO4), filtered, and
concentrated. Purification of the residue by column chromatography
(CH2Cl2/EtOAc 98:2) gave 40 (415 mg, 71%), isolated as a syrup. [�]20


D �
�24.3 (c� 0.6 in CHCl3); 1H NMR (200 MHz, CDCl3): �� 1.13 (t, 3H;
SCH2CH3), 1.58 (br s, 1H; OH, can be deuterated), 1.81 (s, 3H; OAc),
2.51 ± 2.65 (m, 2H; SCH2CH3), 5.20 (d, 3J(H1,H2)� 10.5 Hz, 1H; H1), 5.45
(d, 3J(H1�,H2�)� 8.4 Hz, 1H; H1�), 5.68 (dd, 3J(H2�,H3�)� 11.5 Hz,
3J(H3�,H4�)� 3.0 Hz, 1H; H3�), 7.00 ± 7.88 (m, 23H; aromatic); elemental
analysis calcd (%) for C53H52N2O13S (956.32): C 66.51, H 5.48; found: C
66.61, H 5.50.


Ethyl (3-O-acetyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-galactopyr-
anosyl)-(1� 4)-[(2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)]-(6-O-
benzyl-2-deoxy-2-phthalimido-1-thio-�-�-glucopyranoside (41): Bromine
(46 �L, 0.89 mmol) was added to a solution of 25 (610 mg, 1.27 mmol) in
dry CH2Cl2 (10 mL) at 0 �C. After 20 min, when TLC showed the
disappearance of the starting compound, the mixture was concentrated
and co-concentrated with dry CH2Cl2 (2� 5 mL). Then, a solution of 40
(344 mg, 0.36 mmol) and sym-collidine (300 �L) in dry CH2Cl2 (10 mL) and
4 ä molecular sieves were added to the residue. The mixture was stirred for
30 min under Ar, then AgOTf (514 mg, 2.0 mmol) in toluene (10 mL) was
added at �30 �C. After 2 h, pyridine (0.5 mL) was added, and the mixture
diluted with CH2Cl2 (200 mL), filtered through Celite, washed with 10% aq
Na2S2O3 (3� 20 mL), 5% aq NaHCO3 (3� 20 mL), and water (2� 20 mL),
dried (MgSO4), filtered, and concentrated. Purification of the residue by
column chromatography (hexane/CH2Cl2/EtOAc 4:2:1) gave 41 (237 mg,
48%), isolated as a glass. [�]20


D ��44.5 (c� 0.2 in CHCl3); 1H NMR
(500 MHz, CDCl3, 300 K) (for the assignments, two-dimensional COSY
and HSQC experiments were applied): �� 1.09 (t, 3H; SCH2CH3), 1.32 (d,
3H; CMe), 1.84 (s, 3H; OAc), 2.50 ± 2.64 (m, 2H; SCH2CH3), 5.01 (d,
3J(H1,H2)� 10.5 Hz, 1H; H1), 5.47 (d, 3J(H1�,H2�)� 8.5 Hz, 1H; H1�), 5.72
(dd, 3J(H2�,H3�)� 11.5 Hz, 3J(H3�,H4�)� 3.0 Hz, 1H; H3�), 7.00 ± 7.91 (m,
38H; aromatic); 13C NMR (125.76 MHz, CDCl3): �� 14.75 (SCH2CH3),
16.56 (CMe), 20.59 (COCH3), 29.65 (SCH2CH3), 52.37 and 55.56 (C2, C2�),
80.86 (C1), 96.84 and 96.99 (C1�, C1��), 167.41, 168.61, and 169.91 (C�O);
elemental analysis calcd (%) for C80H80N2O17S (1372.52): C 69.94, H 5.87;
found: C 69.90, H 5.89.


5-Azidopentyl (3-O-acetyl-4,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-
galactopyranosyl)-(1� 4)-[(2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)]-
(6-O-benzyl-2-deoxy-2-phthalimido-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-
O-benzyl-�-�-galactopyranoside (42): A solution of 11 (22 mg, 40 �mol)
and 41 (55 mg, 39 �mol) in dry Et2O (2 mL) containing 4 ä molecular
sieves was stirred for 30 min under Ar, then methyl triflate (45 �L,
0.4 mmol) was added at 0 �C. After 20 h, pyridine was injected, and the
mixture diluted with CH2Cl2 (50 mL), washed with water (2� 10 mL),
dried (MgSO4), filtered, and concentrated. Gel filtration of the residue over
LH-20 (CH2Cl2/MeOH 1:1), followed by purification by silica column
chromatography (hexane/EtOAc 7:3) afforded 42 (46 mg, 64%), isolated
as a syrup. [�]20


D ��35.5 (c� 2.1 in CHCl3). For 1H and 13C NMR data, see
Tables 1 and 2, respectively; elemental analysis calcd (%) for C110H113N5O23


(1871.78): C 70.52, H 6.08; found: C 70.49, H 6.12.


Table 2. 125.76 MHz 13C NMR data (300 K) of the oligosaccharides 27, 33,
36, 42, and 45. For the assignments, HSQC and HMBC experiments were
applied.


GalNPhth GlcNPhth Gal Fuc
(GalNPhth)


Fuc
(GlcNPhth)


27
C1 97.68 100.13 97.80 99.88
C2 53.83 56.90 76.23 75.45
C3 78.28 77.71 78.91 80.00
C4 74.51 76.32 77.79 78.18
C5 73.39 74.64 69.63 68.00
C6 68.44 68.86 69.95 16.77
33
C1 97.51 100.06 97.70 99.92
C2 53.86 56.90 76.18 75.48
C3 78.09 77.39 79.05 80.12
C4 74.66 76.45 77.80 78.15
C5 73.39 74.70 69.64 68.06
C6 68.90 68.35 69.94 16.73
36
C1 99.90 97.84 102.29
C2 56.19 76.11 75.16
C3 79.16 79.47 79.90
C4 74.93 77.75 78.94
C5 72.59 68.65 69.55
C6 70.21 69.79 16.36
42
C1 97.28 100.01 97.74 97.20
C2 52.87 57.79 76.66 74.50
C3 71.54 73.69 78.57 79.01
C4 74.39 n.d.[a] 77.54 n.d.[a]


C5 74.43 74.70 69.65 68.77
C6 67.69 67.98 70.06 16.98
45
C1 97.70 100.01 97.80 99.88 97.00
C2 53.91 57.90 76.61 75.54 74.80
C3 72.31 73.12 78.80 80.05 79.24
C4 n.d.[a] 73.45 n.d.[a] 78.35 n.d.[a]


C5 73.39 n.d.[a] 69.70 68.42 68.82
C6 n.d.[a] 68.05 70.10 16.62 17.45


[a] n.d.: not determined.
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Ethyl (4,6-di-O-benzyl-2-deoxy-2-phthalimido-�-�-galactopyranosyl)-
(1� 4)-(6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-�-glucopyranoside
(43): Acetyl chloride (300 �L) was added to a solution of 40 (287 mg,
100 �mol) in MeOH/CH2Cl2 3:1 (15 mL) at 0 �C, and the mixture stirred for
3d at room temperature, then concentrated. Purification of the residue by
column chromatography (hexane/EtOAc 6:4) gave 43 (184 mg, 67%),
isolated as a syrup. [�]20


D ��11.9 (c� 0.3 in CHCl3); 1H NMR (200 MHz,
CDCl3): �� 1.13 (t, 3H; SCH2CH3), 1.43 and 2.03 (2br s, 2H; 2OH, can be
deuterated), 2.50 ± 2.70 (m, 2H; SCH2CH3), 5.20 (d, 3J(H1,H2)� 10.5 Hz,
1H; H1), 5.33 (d, 3J(H1�,H2�)� 8.0 Hz, 1H; H1�), 7.22 ± 7.41 and 7.65 ± 7.90
(m, 23H; aromatic); elemental analysis calcd (%) for C51H50N2O12S
(914.31): C 66.94, H 5.51; found: C 66.88, H 5.53.


Ethyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(4,6-di-O-benzyl-2-
deoxy-2-phthalimido-�-�-galactopyranosyl)-(1� 4)-[(2,3,4-tri-O-benzyl-
�-�-fucopyranosyl)-(1� 3)]-(6-O-benzyl-2-deoxy-2-phthalimido-1-thio-�-
�-glucopyranoside (44): Bromine (110 �L, 2.0 mmol) was added to a
solution of 25 (747 mg, 1.56 mmol) in dry CH2Cl2 (10 mL) at 0 �C. After
20 min, when TLC showed the disappearance of the starting compound, the
mixture was concentrated and co-concentrated with dry CH2Cl2 (2� 5 mL).
Then, a solution of 43 (155 mg, 170 �mol) and sym-collidine (316 �L) in
CH2Cl2 (10 mL) and 4 ä molecular sieves were added to the residue. The
mixture was stirred for 30 min under Ar, then a solution of AgOTf (616 mg,
2.4 mmol) in toluene (10 mL) was added at �30 �C. After 2 h, pyridine
(0.5 mL) was added, and the mixture diluted with CH2Cl2 (100 mL), filtered
through Celite, washed with 10% aq Na2S2O3 (3� 20 mL), 5% aq NaHCO3


(3� 20 mL), and water (2� 20 mL), dried (MgSO4), filtered, and concen-
trated. Purification of the residue by column chromatography (hexane/
EtOAc 7:3) yielded 44 (224 mg, 75%), isolated as a glass. [�]20


D ��20.5
(c� 1.1 in CHCl3); 1H NMR (500 MHz, CDCl3, 300 K) (for the assignments
two-dimensional COSYand HSQC experiments were applied): �� 0.72 (d,
3H; CMe), 1.15 (t, 3H; SCH2CH3), 1.40 (d, 3H; CMe), 2.55 ± 2.75 (m, 2H;
SCH2CH3), 4.63 (d, 3J(H1��,H2��)� 3.6 Hz, 1H; H1��), 4.79 (d,
3J(H1���,H2���)� 3.6 Hz, 1H; H1���), 5.07 (d, 3J(H1,H2)� 8.1 Hz, 1H; H1),
5.58 (d, 3J(H1�,H2�)� 8.5 Hz, 1H; H1�), 7.08 ± 7.90 (m, 53H; aromatic);
13C NMR (125.76 MHz, CDCl3): �� 16.49 (CMe), 17.17 (CMe), 53.53 and
56.13 (C2, C2��), 81.35 (C1), 97.20 (C1���), 97.30 (C1�), 99.61 (C1��); elemental
analysis calcd (%) for C105H106N2O20S (1746.71): C 72.14, H 6.12; found: C
72.21, H 6.15.


5-Azidopentyl (2,3,4-tri-O-benzyl-�-�-fucopyranosyl)-(1� 3)-(4,6-di-O-
benzyl-2-deoxy-2-phthalimido-�-�-galactopyranosyl)-(1� 4)-[(2,3,4-tri-
O-benzyl-�-�-fucopyranosyl)-(1� 3)]-(6-O-benzyl-2-deoxy-2-phthalimi-
do-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-benzyl-�-�-galactopyranoside
(45): A solution of 11 (19 mg, 34 �mol) and 44 (51 mg, 29 �mol) in Et2O
(2 mL), containing 4 ä molecular sieves was stirred for 30 min under Ar,
then methyl triflate (24 �L, 214 �mol) was added at 0 �C. After 20 h,
pyridine (0.2 mL) was injected, and the mixture filtered through Celite,
concentrated and co-concentrated with toluene. Gel filtration of the
residue over LH-20 (CH2Cl2/MeOH 1:1), followed by purification by silica
column chromatography (hexane/EtOAc 8:2) afforded 45 (41 mg, 54%),
isolated as a syrup. [�]20


D ��22.8 (c� 1.2 in CHCl3); for 1H and 13C NMR
data, see Tables 1 and 2, respectively; elemental analysis calcd (%) for
C135H139N5O26 (2245.97): C 72.13, H 6.24; found: C 72.21, H 6.20.


5-Aminopentyl (�-�-fucopyranosyl)-(1� 3)-(2-deoxy-2-acetamido-�-�-
galactopyranosyl)-(1� 4)-(2-deoxy-2-acetamido-�-�-glucopyranosyl)-
(1� 3)-�-�-galactopyranoside (1): Ethylenediamine (1 mL) was added to
a solution of 33 (18.7 mg, 9.8 �mol) in 1-butanol (1 mL). The mixture was
stirred overnight under Ar at 90 �C, then co-concentrated with toluene and
dried under high vacuum. The residue was dissolved in MeOH (1 mL), and
Ac2O (1 mL) added at 0 �C. The mixture was kept for 1 h at 0 �C, then
concentrated and co-concentrated with toluene. A solution of the residue in
1-butanol (1.6 mL) and water (0.6 mL), containing 10% Pd ± C (10 mg) and
a few drops of 25% aq NH3 (pH 9), was hydrogenated for 1 h. By flushing
with Ar for 1 h, the pH of the solution decreased to 7, then HOAc was
added (pH 5), and the mixture hydrogenated for another two days. After
filtration and concentration, the crude product was purified by HiTrap gel
filtration (aq 5 m� NH4HCO3) to give 1 (5.3 mg, 61%). [�]20


D ��1.6 (c� 1
in water); for 1H NMR data, see Table 3; MS (MALDI-TOF):m/z calcd for
C33H59N3O20 (817.37); found: 840.36 [M�Na]� .


5-Aminopentyl (2-deoxy-2-acetamido-�-�-galactopyranosyl)-(1� 4)-
[(�-�-fucopyranosyl)-(1� 3)]-(2-deoxy-2-acetamido-�-�-glucopyranosyl)-
(1� 3)-�-�-galactopyranoside (2): Compound 42 (18.2 mg, 9.6 �mol) was


converted into 2, as described for 1, to afford 2 (5.1 mg, 57%). [�]20
D ��2.1


(c� 0.7 in water); for 1H NMR data, see Table 3; MS (MALDI-TOF): m/z
calcd for C33H59N3O20 (817.37); found: 840.32 [M�Na]� .


5-Aminopentyl (�-�-fucopyranosyl)-(1� 3)-(2-deoxy-2-acetamido-�-�-
galactopyranosyl)-(1� 4)-[(�-�-fucopyranosyl)-(1� 3)]-(2-deoxy-2-acet-
amido-�-�-glucopyranosyl)-(1� 3)-�-�-galactopyranoside (3): Compound
45 (7.2 mg, 3.17 �mol) was converted into 3, as described for 1, to give 3
(1.8 mg, 54%). [�]20


D ��34.7 (c� 0.1 in water); for 1H NMR data, see
Table 3; MS (MALDI-TOF): m/z calcd for C39H69N3O24 (963.43); found:
986.37 [M�Na]� .
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An Investigation of the Roles of Surface Aluminum and Acid Sites in the
Zeolite MCM-22


Ding Ma,[a] Xiuwen Han,[a] Sujuan Xie,[a] Xinhe Bao,*[a] Hongbing Hu,[b] and
Steve C. F. Au-Yeung*[b]


Abstract: Ammonia adsorption studies
reveal that the observed Lewis acidity in
the zeolite MCM-22 is derived from at
least two types of framework aluminum
sites (AlF), that is, octahedral AlF and
three-coordinate AlF. Comparative am-
monia or trimethylphosphine (TMP)
adsorption experiments with MCM-22
confirm that octahedral Al species gives
rise to the signal at �iso� 0 in the 27Al


NMR spectrum; this is a superposition
of two NMR signals from the different
Al species on the water-reconstructed
zeolite surface. A sharp resonance as-
signed to framework Al reversibly
transforms on ammonia adsorption to


�iso
27Al� 55 from tetrahedral AlF, while


the broad peak is assigned to nonframe-
work aluminum which results from hy-
drothermal treatment. This study also
demonstrates the effectiveness of 27Al
magic angle spinning (MAS) and multi-
ple quantum (MQ) MAS NMR spectros-
copy as a technique for the study of
zeolite reactions.


Keywords: aluminum ¥ Lewis acids
¥ NMR spectroscopy ¥ zeolites


Introduction


Aluminum within zeolites plays a key role in catalytic
reactions. The location of Al within the zeolite structure
determines its function, for example, as Br˘nsted or Lewis
acid sites. The acid properties of zeolites depend on the site,
the geometry, and the coordination number of Al in the
zeolites.[1±4] Therefore, identification of acidic sites in zeolites
and measurement of their acidities is important in the study of
acid-catalyzed reactions.[5, 6]


MCM-22 is a new family of high-siliceous zeolite, which
possesses two types of channel systems[7±12] and has been
shown to be a good catalyst for various catalytic reactions,
such as disproportionation,[13] methane aromatizaion,[14] and
isomerization of butene[15] . Recently, we completed the
characterization of the dealumination process of MCM-
22,[16] and the results suggest that its dealumination differs
from zeolites with low Si/Al ratios such as Y. In short, the
second step in the zeolite dealumination model proposed by


Kuhl does not occur, and this leaves three-coordinate AlF and
distorted tetrahedral AlF sites in the zeolite. The former gives
rise to the broad hump (�� 100 ± 150) observed in the 27Al
MAS NMR spectrum of a sample that is fully hydrated,
whereas signals from the latter remain unresolved.


Despite the complexity which results from quadrupolar
interactions at Al (I� 5/2), the results of previous 27Al MAS
NMR spectroscopic measurements revealed that the Br˘nst-
ed acid sites can be described as framework-bridging hydroxyl
groups[5] (Si�OH�Al, tetrahedral species with NMR signals at
�� 50 ± 65), which release Br˘nsted protons during proton-
transfer reactions.[17] Probe molecules such as pyridine and
ammonia have been used to obtain information on Lewis acid
sites in zeolites by IR studies. Suggestions for the nature of the
Lewis acid sites vary from three-coordinate silicon,[18] Al�O
species on extra-lattice positions,[19] pentagonal sites in AlNF


(nonframework aluminum) debris,[20] to octahedral AlNF in
most cases. Although combined 27Al MAS and cross polar-
ization (CP)/MAS NMR methods have been demonstrated to
be highly effective in revealing the presence of Al species in a
water-reconstructed sample, the nature of Al species on
™surface∫ zeolites remains elusive as water chemisorbs
dissociatively and provokes extensive surface reconstruc-
tion.[20, 21] Therefore, indentification and charaterization of the
structure of the Al species that possess Lewis acidity remains
inconclusive.


Among the different molecules which have been applied to
study the variation in acidity[21±25] of zeolite sites, pyridine,[21]


trimethylphosphine (TMP),[23] NH3,[26] and triethlphosphine
oxide[27] have proven to be efficient probes. In particular,
TMP and NH3 are widely used as probes in NMR or IR
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spectroscopy for the characterization of the acidity of
zeolites.[23, 25, 28±31] The pioneering study by Lunsford et al.[23]


demonstrated the feasibility of distinguishing Br˘nsted sites
from Lewis acid sites by using TMP as a probe molecule.
When adsorbed on Lewis sites (L) or on Br˘nsted sites they
form either the probe-L or probe ± H� adducts, and can be
distinguished by the differences in their corresponding 15N or
31P chemical shifts. Fripiat et al. reported that the 27Al MAS
and CP/MAS NMR spectra of Y-type zeolites, after adsorp-
tion of NH3, provided unique information on the non-
reconstructed surface of the zeolites,[20] thereby advancing
the understanding of the chemical integrity of Al species in
zeolite reactions. It is well recognized that 27Al NMR
spectroscopic methods have been highly effective in the study
of zeolites, but the sizable second-order quadrupolar inter-
action at Al, which contains higher-rank anisotropic terms,
cannot be completely averaged out by MAS. New methods
such as double rotation (DOR),[32] dynamic angle spinning
(DAS),[33] multiple-quantum (MQ) MAS,[34] and satellite
transition (ST) MAS[35] have been proposed to overcome this
drawback. Among these, MQ MAS, which was proposed
recently by Frydman and Harwood,[34, 36] appears the most
promising.[37±40] In this experiment, the second-order quad-
rupolar broadening effect of half-integer quadrupolar
nuclei is refocused by a multiple-quantum transition. When
incorporated with MAS NMR experiments, this elegant
method disperses chemical shifts in the second dimension[37±41]


and thereby demonstrates its potential as a tool for elucida-
tion of chemical structures which result from complex
reactions.


In this study 27Al MQ MAS NMR spectroscopy is used to
investigate the acid properties and the integrity of chemical
species by a comparative study of NH3 and (CH3)3P adsorp-
tion experiments on a series of dealuminated MCM-22
zeolites. Significant structural information was obtained by
the comparison of their corresponding 1H MAS, 31P MAS,
27Al MAS, and CP/MAS NMR spectroscopic results from
these adsorption studies.


Results


Water-reconstructed surface : The 27Al MAS (9.4 and 19.6 T)
and the 27Al CP/MAS (9.4 T) NMR spectra of the parent
zeolite p, and h1, and h2 (hydrothermally treated MCM-22
samples) are shown in Figure 1. In general, two groups of
peaks centered at �� 0 and �55 are observed in these spectra
(Figure 1a). The former signal is assigned to octahedral Al
and the latter to tetrahedral Al. Although these peaks are
better resolved at 19.6 T (Figure 1b), in particular the over-
lapping peaks at �� 55,[9, 11, 42] their spectral quality is not
sufficient for complete elucidation of the structure of the
various Al species.


The 27Al MQ MAS spectra of p, h1, and h2 are presented in
Figure 2a ± c, respectively. For p (Figure 2a), three contour
plots which correspond to peaks in the tetrahedral AlF region
(signals A, B, and C) are resolved and one well-defined
octahedral Al species (signal D) appears at �� 0 in the F2


dimension. The isotropic shift and the second-order quad-
rupolar effect (SOQE) are estimated from the spectrum with
the following Equations (1) and (2) in which �iso(i) is the


�iso(i)� 4/3�1(i)� 1/3�2(i) (1)


SOQE(i)2 �Cq(i)2(1� �(i)2)/3� [�iso(i)��2(i)]�2
0/6000 (2)


isotropic chemical shift and �1(i) and �2(i) are the coordinates
for the center of gravity of signal i in the F1 and F2 dimensions,
respectively; Cq(i) is the quadrupolar coupling constant; �(i)
is the asymmetry parameter; and �0 is the Larmor frequency
of 27Al..


The NMR properties and their assignment to the corre-
sponding Al species are summarized in Table 1. Although
their SOQE values are similar (averaging 1.7 MHz), the
dispersion in the chemical shift is sufficiently large to allow
resolution of A, B, and C, and their assignment to the isotropic
chemical shift of �� 49.6, 56.9, and 61.3, respectively. The


Figure 1. 27Al MAS (9.4 T (a) and 19.6 T (b)) and CP/MAS (c) spectra of parent MCM-22 (p), and p after hydrothermal treatment at 723 K (h1) and 823 K
(h2). A sharp and a broad signal overlap at �� 0 in the ultrahigh field 27Al MAS NMR spectra of h1. The line-broadening for MAS is 80 Hz, for CP/MAS
300 Hz.
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Figure 2. Two-dimesional 27Al MQ MAS NMR spectra of a) p, b) h1, and
c) h2.


properties of A, B, and C have been discussed independently
by us[16] and by others.[9, 11, 42] These arguments will not be
repeated here as their nature remains elusive.


As shown in the isotropic projection of the MQ MAS
spectrum in the F1 dimension (Figures 2b and c), there is a
variation in the relative ratio of A, B, and C on hydrothermal
treatments. A new signal E (�iso


27Al� 59.1, SOQE� 5.2 MHz)
appears as a tail to A, B, and C and its peak position falls
within the Al chemical shift region for tetrahedral AlF. It is
likely that E is a four-coordinate (tetrahedral) Al center


connected to the zeolite framework that is formed during
calcination or hydrothermal treatment. Moreover, its SOQE
indicates that 1) the electronic environment about the Al is
highly distorted and 2) a complex morphology is expected,
because there is a distribution of quadrupolar interaction as
shown by the lack of significant line narrowing. Fyfe et al.,[43]


Grobet et al.[44] and van Boknoven et al.[40] recently reported
similar Al species.


Projection to the F2 dimension gives rise to peaks that span
a chemical shift range of �� 20 ± 40 and superimposes on the
chemical shift range of five-coordinate AlNF. At 723 K (h1),
MQ MAS experiments did not detect five-coordinate AlNF,
but a trace amount (signal F in Figure 2c) appeared at higher
treatment temperatures. In the study of the zeolite USY by
Fyfe et al. ,[43] the five-coordinate AlNF is barely visible in the
MQ MAS spectrum despite accounting for �20 % of the total
Al content. This result agrees with the NMR data obtained in
this study.


From these results, it is suggested that the peak at �� 30 in
the one-dimesional spectra is in fact a superposition of peaks
which originate from both distorted tetrahedral AlF (signal E
in Figure 2b) and five-coordinate AlNF (signal F in Fig-
ure 2c).[1, 16] Under more rigorous hydrothermal treatment,
the distorted tetrahedral AlF gradually transforms to the five-
coordinate AlNF as indicated by Figure 2 b and c. The signal
D�G from octahedral Al broadened significantly (Fig-
ure 2a� b) during the hydrothermal treatment of p ; this
suggests the presence of more than one octahedral Al species
(vide infra).


In comparison to the 27Al MAS spectra, the 27Al CP/MAS
spectrum of p (Figure 1c) demonstrated a preferential in-
crease in the intensity of the octahedral Al peak at �� 0. Since
cross-polarization is derived from closely attached hydroxyl
groups and/or water molecules, this implies that water is
directly bound to Al sites in this fully hydrated sample. The
five-coordinate AlNF (�iso


27Al� 30) that is observed in the
corresponding MAS spectra and the two-dimensional MQ
MAS spectrum (signal F in Figure 2c) is also resolved in the
CP/MAS spectra, therefore, it should also be associated with
hydroxyl- or water-bound species.


After the hydrothermal treatment, both the four-coordi-
nate AlF and octahedral Al peaks had broadened. Further-
more, the intensity of the four-coordinate AlF peak (�� 55)
had increased and its peak shifted to �� 47 in the 27Al CP/
MAS spectra (Figure 1c). This result suggests the plausible


Table 1. The parameters and assignment of different aluminum species.


Signal Coordina-
tion


�iso SOQE [MHz] frame-
work


A 4 49.6 1.52 yes
B 4 56.9 1.71 yes
C 4 61.3 1.89 yes
D 6[a] � 1.9 0.60 yes
E 4 59.1 5.20 yes
F 5 26.7 3.6 no
G 6 5.0 3.7 no
three-coordinate 3 very broad peak Cq � 15 MHz[b] yes


[a] An aluminum site connected with three water and three (OSi).
[b] Reported in refs. [2, 46].
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formation of one new Al species, which is hydroxy- or water-
bound but 27Al 3 Q MAS invisible. Klinowski et al.[1]have
demonstrated by quadrupole nutation experiments that both
AlF and AlNF could serve as sources for the formation of new
tetrahedral Al species. Therefore, both tetrahedral AlF and
AlNF species may contribute to the peak observed at �� 50
found in h1 and h2.


We have also demonstrated previously[16] that a broad
™hump∫ between �� 100 ± 150 in the 27Al MAS spectra of
fully hydrated and dealuminated samples is assigned to three-
coordinate AlF with a large quadrupole coupling constant
(Cq � 15 MHz). A second broad hump, which is located at a
position similar to that described above in the 27Al MAS
spectra, is believed to result from the site symmetry lowering
of a previously visible aluminum species (either AlF and AlNF)
during dehydration, but is eliminated by full rehydration.[16] It
is suggested that three-coordinate AlF sites with large Cq are
responsible for Lewis acidity in zeolites.[2, 46] However, MQ
MAS experiments did not detect three-coordinate Al species;
the large quadrupolar interaction (Cq � 15 MHz)[2] and very
weak intensity would tend to wash out the spectrum and
render its MQ MAS invisible. Therefore, MAS, CP/MAS and
MQ MAS techniques observes at least five kinds of Al species,
namely tetrahedral AlF, distorted tetrahedral AlNF, three-
coordinate AlF, five-coordinate AlNF, octahedral Al, and
possibly tetrahedral AlNF, in water-reconstructed samples.


1H and 31P MAS NMR spectra of dehydrated samples after
TMP or NH3 adsorption : The 1H MAS NMR spectra of the
three samples with and without NH3 are presented in Figure 3.
In the absence of an NH3 load, four 1H NMR peaks in
Figure 3a are assigned to external silanol (�iso


1H� 1.6),
Al�OH (�� 2.2), and two kinds of Br˘nsted hydroxyls[47]


(�� 3.8, 6.0). On completion of hydrothermal treatment, the
intensity change of the 1H NMR peaks revealed that a
significant gain in the amount of external silanol had occurred
with a decrease in the proportion of the two Br˘nsted acid
sites. This result is corroborated by the diminishing intensity
of the peak at �iso


31P��� 6, which is assigned to the
formation of TMPH� ± zeolite complexes upon adsorption
of TMP on Br˘nsted acid sites, in the 31P MAS NMR spectra
of p, h1, and h2 (Figure 4). Inspection of this 31P peak reveals
the presence of two superimposed components similar to
those observed by others.[25] This indicates that TMP resides in
two types of channels, that is, in two kinds of Br˘nsted acid
sites in MCM-22.[11] No oxides of TMP are detected (�� 10).
This confirms the efficiency of the in-situ apparatus built in
this laboratory. After chemisorption of NH3, species occurring
between �iso


1H� 2 ± 6 shifted to lower field (Figure 3). With
the exception of the external silanol peak at �� 1.6, four
peaks at �iso


1H� 2.8, 4.6, 5.9, and 6.8 were observed for p. The
resonance at �� 6.8 is assigned to NH3


[48] , which is adsorbed
onto Br˘nsted sites, that is, an NH4


� ± zeolite complex, and the
peak at �� 5.9 is assigned to NH4


�, which is involved in fast
exchange with NH4


� (�� 6.8), H� (�� 3.7) and NH3 (��
0.8).[49] The remaining peaks at �� 4.6 and 2.8 could result
from the contribution of NH3 adsorption onto Lewis acid sites,
or to an exchange process between different kinds of species
due to the complex nature of NH3 species adsorbed on the
zeolite surface.[50] The signal intensity of the peak at �� 4.6
passes through a maximum between 723 K (h1) and 823 K
(h2); this corrolates with the behavior of Lewis sites studied
by 31P MAS NMR experiments (Figure 4). In Figure 4 (see
h1), the peak at �iso


31P��44 falls within the chemical shift
range of TMP that is adsorbed on Lewis acid sites.[23] The
31P MAS NMR spectra also revealed the presence of a


Figure 3. 1H MAS NMR spectra of p, h1, and h2 with and without ammonia adsorption. The bottom traces correspond to the spectra of samples before
ammonia adsorption, the top traces after ammonia adsorption.
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Figure 4. 31P MAS NMR spectra of p, h1, and h2 after loading with
trimethylphosphine. The resonance assigned to Br˘nsted acid sites consists
of two overlapped signals. No low-field resonance was observed, that is, the
peak attributed to adsorbed trimethylphoshpine oxide was not detected
and the system was free from oxygen leakage.


shoulder at �iso
31P��59, which appears at lower field to the


main peak at �iso
31P��65 in h1. While the former is also


attributed to TMP that is adsorbed on Lewis acid sites, the
latter has been established to arise from a physisorbed TMP
peak.[23] Therefore, the two species at Lewis sites which give
rise to signals at �iso


31P��44 and �59 behave similarly
during hydrothermal treatments, that is, with a decrease in
their peak intensity upon reaching 823 K (h2) relative to that
observed at 723 K (h1). These results support the assignment
of the peak at �iso


1H� 4.6 in the 1H spectra to that of adduct
formed from the adsorption of NH3 on a Lewis acid site. We
concluded therefore that there are two types of Br˘nsted sites
and at least two types of Lewis
acid sites present in the zeolite
MCM-22. The number of
Br˘nsted sites decreased under
exposure to high-temperature
steam and the maximum num-
ber of Lewis sites was reached
at a steam temperature of
723 K in the hydrothermal
treatment process.


27Al MAS and CP/MAS NMR
spectra with NH3 or TMP
loads : Fripiat et al.[20] pointed
out that water chemisorption
on a zeolite surface involves an
unknown number of recon-
structed layers due to the dis-


sociative chemisorption behavior of water. As such, water-
reconstructed 27Al MAS and CP/MAS NMR results may
potentially provide a bias representation of the surface
information of zeolite. No signals could be detected in the
27Al NMR spectra when the sample was fully dehydrated at
conditions identical to those employed in recording the
proton NMR spectra. This suggests that dehydration lowered
the symmetry of the Al sites; therefore the three signals at ��
0, 30 and 55 are broadened beyond detection. Menorval
et al.[51] reported similar results in their study of the dehy-
dration of �-zeolite, and attributed the failure in detecting a
NMR signal to peak broadening due to site symmetry
lowering at Al of the zeolite lattice upon removal of water
molecules. This effect increases the electric-field gradient at
Al and causes an increase in the size of the Cq. When NH3 is
adsorbed on the fully dehydrated sample surface, cross-
polarization is derived from the chemisorbed NH3, through
which the distribution of surface Al is observed. Ammonia
adsorption most likely reduces the electric field gradient at Al
and enables surface Al to be detected by MAS experiments.


When dehydrated pwas loaded with NH3, a dramatic change
occured as compared with its water-reconstructed 27Al MAS
NMR spectra. The tetrahedral AlF peak at �� 55 (signals A,
B, and C in Figure 2a) was observed but the octahedral Al
species at �� 0 had disappeared (Figure 5). This result suggests
that a transformation to another Al species, probably four-
coordinate, has occurred, since the peak at �� 55 is the only
signal observed in the 27Al MAS spectrum despite a �400 ppm
chemical shift scan. This hypothesis is confirmed by exami-
nation of the results in the corresponding 27Al CP/MAS NMR
spectra (Figure 5). The dominant octahedral Al peak at �� 0
for the 27Al CP/MAS NMR of water-reconstructed samples
(Figure 1) vanished upon loading dehydrated pwith NH3. The
27Al MAS NMR spectra of hydrothermally treated samples
h1 and h2 revealed the presence of a shoulder at �iso


27Al��
30, adjacent to the four-coordinate AlF peak at �� 55, and a
broad peak at �iso


27Al� 0. Confirmation of their existence
could be found in the corresponding 27Al CP/MAS NMR
spectra. Moreover, the large hump observed in the 27Al MAS
NMR of the fully hydrated h1 or h2 samples was not detected
in the NH3-loaded spectra.


Figure 5. 27Al MAS (9.4 T) and CP/MAS spectra of dehydrated p, h1, and h2 after loading with ammonia. For
h1, the narrow line at �� 0 is absent, while the broad peak remains unchanged.
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The 27Al MAS and CP/MAS NMR spectra (Figure 6) of
TMP-loaded samples exhibit features similar to those ob-
served for NH3-loaded samples. This can be easily rationalized
as both molecules are basic and, hence, their interactions with
acid sites would occur in a similar manner. The intensities of
the 27Al MAS NMR spectra of h1 and h2 decrease
substantially relative to those of the water-reconstructed
surface. For h1, about 40 % of the Al is NMR invisible due to
its low symmetry in the fully dehydrated form and to its
nonassociation with TMP molecules. Distortion of zeolite
channels together with the dislodgment of Al from the lattice
may block or hinder the contact of large probe molecules such
as TMP with Al within zeolite channels. As a consequence,
the number of acid sites in zeolites is underestimated. This is
in agreement with the quantitative TMP adsorption study
carried out by Lunsford et al.[28]


Discussion


When a basic ligand, L (including water), is adsorbed on the
zeolite surface, it reacts with both the Br˘nsted, to form
Si�OHL�Al, and Lewis acid sites. A comparison between the
27Al MAS and CP/MAS NMR spectra of hydrated and
ammonia-adsorbed zeolite samples (Figures 1 and 5) reveals
that: 1) Al is invisible to 27Al MAS NMR in the case of strictly
dehydrated zeolite samples and 2) once the adsorbent is
loaded, the electric-field gradient at Al is sufficiently reduced
to render Al to be detectable by NMR spectroscopy. In water-
loaded 27Al MAS and MQ MAS spectra of p, there are both
tetrahedral AlF and octahedral Al species. We conclude from
the corresponding 27Al CP/MAS NMR spectral information
that the octahedral species is highly associated with water.
From the ammonia-adsorbed 27Al MAS and CP/MAS NMR
spectral information of p, a unique peak at �� 55 from
tetrahedral Al is observed that suggests that transformation of
octahedral Al to tetrahedral Al has occurred.


Bourgeat-Lami et al.[52] first reported that for �-zeolite, the
thermal decomposition of its ammonium form yields a
material that contains distorted tetrahedral Al atoms, which
subsequently transform to octahedral Al atoms in the


presence of water. This process is reversible and the tetrahe-
dral Al atom is recovered in its distorted form once NH3 is
absorbed. The authors attributed this unique property to the
special crystallographic structure present in the �-zeolite
framework. Subsequent studies on Y[53] and ZK-4[54] suggest
that this unusual property is probably a general characteristic
possessed by most zeolites. From an analysis of quantitative
temperature-programmed ammonia desorption (TPAD), 27Al
MAS, 29Si MAS NMR, and IR spectra, Woolery et al.[55]


concluded that partial hydrolysis of framework Al�O bonds,
which leads to the formation of Al(OSi)3 moiety, is respon-
sible for the transformation of framework Al between the
tetrahedral and octahedral forms. Absorbtion of NH3 gives
Al(OSi)3�NH3, whereas Al(OSi)3(H2O)3 is formed when the
zeolite is fully hydrated. From our results, we conclude
octahedral Al in the parent zeolite MCM-22 does not
originate from nonframework species. Instead, Al is connect-
ed to the zeolite lattice and recovers its tetrahedral form when
NH3 is chemisorbed. The three-coordinate Al species are
responsible for the Lewis sites observed during base adsorp-
tion. When the ammonia-loaded sample is fully rehydrated in
a water-saturated deccicator, the peak at �� 0 reappears; this
implies that coordination with water results uniquely in
octahedral Al. When methanol was used as adsorbent,
Menorval et al.[51] reported that octahedral AlF in �-zeolite
was observed after the sealed rotor was heated at 470 K for
30 min. Under these conditions, water is generated in-situ
from the condensation reaction of methanol. The reappear-
ance of the octahedral Al species is therefore attributed to
water adsorption on specific tetrahedral Al sites as ligands in
the first coordination sphere, since it is well known that Lewis
acid type Al has a greater affinity for oxygen-containing
ligands as adsorbents.


For h1 and h2, the NH3-adsorbed 27Al MAS NMR spectra
(Figure 5) are completely different in comparison to those of
the water-loaded samples (Figure 1). The presence of five-
coordinate AlNF (or distorted tetrahedral AlNF) and octahe-
dral Al, while detected in small amounts by 27Al MAS NMR,
is more apparent in their corresponding 27Al CP/MAS spectra.
However, the low intensity of octahedral Al in the 27Al CP/
MAS spectrum of dealuminated, ammonia-loaded samples, as


compared with that of water-
loaded samples, indicates that
the coordination number or the
amount of ammonia as nearest
neighbor on these Al sites may
be lower than that found for
zeolites loaded with water.
Moreover, the broad hump ob-
served in the water-reconstruct-
ed 27Al MAS NMR spectra of
h1 or h2 disappeared after
ammonia was loaded. These
observations can be understood
with the following explanation:
after hydrothermal treatment,
water-loaded zeolites contain a
proportion of octahedral Al
species that function as Lewis


Figure 6. 27Al MAS (9.4 T) and CP/MAS spectra of dehydrated p, h1, and h2 after loading with trimethylphos-
phine.
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acid sites and that transform into tetrahedral Al once
ammonia is loaded (see Figures 1 and 5). This species remains
in the framework as a result of the partial hydrolysis of Al�O
bonds during hydrothermal treatment. As shown in Figures 1
and 5, most of the octahedral Al in p is in this state. The
octahedral Al, which remains unchanged (see h1 and h2
spectra in Figure 5), is nonframework and cannot be restored
to its tetrahedral geometry with ammonia adsorption. Al-
though these two kinds of octahedral aluminums cannot be
distinguished at 9.4 T, they are resolved at ultrahigh field
(19.6 T) by 27Al MAS (Figure 1b) and 27Al ST MAS NMR
spectra (see Supporting Information).


A very sharp peak at �iso
27Al� 0 in Figure 1b for p


corresponds to an octahedral AlF species, and two overlapped
signals (one narrow and one broad) are discernible in the
spectrum of h1. The broad peak, which is assigned to the
nonframework octahedral Al species, does not change on
ammonia adsorption (Figure 5). Two-dimensional MQ MAS
provides another verification of the presence of two different
octahedral Al species. For the parent zeolite, the uniform
octahedral Al species is observed at �iso


27Al��1.9 with a
SOQE of 0.6 MHz, whereas the second octahedral AlNF


species (�iso
27Al� 5.0) is expected to have a highly distorted


electronic environment based on its large quadrupole cou-
pling (SOQE� 3.7 MHz). Also, the Al probably cannot
coordinate directly to ammonia; this results in a relatively
lower intensity in the 27Al CP/MAS spectrum relative to those
of water-loaded samples.


A recent study by Kuehl and Timken[56] on the �-zeolite also
reports the detection of distinct octahedral AlF species and a
nonframework species. They found that the higher the
hydrothermal treatment temperature, the smaller the amount
of octahedral AlF, and the higher the amount of octahedral
AlNF formed. This implies that the octahedral AlF will
eventually become nonframework species because of the
continuing hydrolysis of the remaining framework Al�O
bonds under more rigorous conditions. The disappearance of
the broad hump in the 27Al spectrum indicates that three-
coordinate Al is converted to tetrahedral Al upon coordina-
tion with an ammonia molecule. This three-coordinate Al
species is expected to have a highly distorted geometry as
illustrated by its large Cq (�15 MHz). It has been suggested
that three-coordinate Al is the Lewis acid site in thermal or
hydrothermally treated zeolites[46] and our results support this
conclusion.


The maximum number of the TMP ± L or the NH3 ± L
adducts in h1, which is observed in both the 31P MAS and 1H
MAS NMR spectra, confirms the origin of Lewis acid sites.
Both octahedral AlF and three-coordinate AlF species con-
tribute to the Lewis acidity. The parent MCM-22 (p) contains
mainly octahedral AlF, whereas the zeolite treated with high-
temperature steam (h2) contains mainly three-coordinate Al.
Both Al species are responsible for the Lewis acidity of a
zeolite treated with steam at a moderate temperature (h1).
These results thus account for the existence of an observed
maximum in the NMR peak intensity (Figures 3 and 4) on
going from the parent zeolite (p) to 723 K (h1) to 823 K (h2).


Finally, the theory that the 27Al resonance at �� 30 (an
overlap of distorted tetrahedral AlF species and five-coordi-


nate AlNF) in a hydrothermally treated sample may also
contribute to Lewis acid sites cannot be confirmed in this
study. Further investigation with the recently introduced
technique, that is, 15N ± 27Al MQ HETCOR experiments,[57]


may clarify the controversy as to whether or not these sites are
Lewis centers.[56]


Conclusion


This study shows that the zeolite MCM-22 contains two kinds
of Lewis acid sites. Through a comparative study of the water-
loaded or ammonia/TMP-adsorbed 27Al MAS and CP/MAS
NMR spectra, these sites are confirmed to be an octahedral
AlF (which is three-coordinate in nature) and three-coordi-
nate Al. The former is generated during calcination and
results from partial hydrolysis of framework Al�O bonds,
which transform into tetrahedral AlF upon NH3 or TMP
adsorption. This octahedral AlF species is further hydrolyzed
by increasing the hydrothermal treatment temperature and
converts to octahedral AlNF. It cannot be restored to its initial
tetrahedral geometry by ammonia adsorption. The highest
density of Lewis acid sites is observed on samples treated at a
moderate temperature, since both Al species contribute to the
Lewis acidity. The question as to whether the distorted
tetrahedral AlF resolved by 27Al MQ MAS NMR methods
contributes to Lewis acidity requires additional investigation.


As indicated by the 27Al MAS NMR results, TMP does not
come into contact with all Al atoms in the zeolite lattice,
especially in dealuminated samples, due to the steric restric-
tions of the large TMP molecule. While steric hindrance does
not affect ammonia adsorption on zeolite, it remains difficult
to obtain conclusive information on Br˘nsted or Lewis acidity
from either 1H or 15N NMR methods. This is due to the
relatively small 1H chemical shift range and the low natural
abundance of the 15N nuclei. As revealed in Figures 1 and 3,
Lewis acid sites in zeolite can be readily created by controlling
thermal or hydrothermal treatment conditions. Further in-
vestigation is required in order to determine precisely the
different roles Lewis acid sites may play in a specific reaction.


Experimental Section


Materials : MCM-22 zeolite (Si/Al� 15) was synthesized with hexameth-
yleneimine (HMI) as the directing agent.[14] The crystalline structure
(MWW) of the synthesized zeolite was measured by XRD (D/max ± rB
diffractometer, CuK� radiation). No hybrid crystallites were observed. The
proton form of the zeolite (denoted as p) was obtained by three-fold
successive exchange with 1� NH4NO3 solution at 363 K. The product was
washed and dried at 373 K, heated to 823 K at 10 Kmin�1, and kept at 823 K
for 4 h. The hydrothermally treated samples, that is, h1 and h2, were
obtained by treating the samples under water vapor (4 mL h�1 g�1


zeolite� at 723
and 823 K, respectively, for 2 h.


Adsorption : A custom-designed apparatus used to conduct dehydration
and/or adsorption experiments of zeolite was described previously.[17] After
dehydration/adsorption, the sample was transferred in-situ into an NMR
rotor, and sealed under in the absence of air and moisture. 1H NMR
experiments have demonstrated that the packing procedure of the rotor
was effective, since leakage of moisture from the atmosphere was not
detected within 48 h. Before adsorption, the zeolite samples were
evacuated under 10�2 Pa at 723 K for 20 h, and the resulting materials
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were characterized by 1H MAS NMR spectroscopy. The samples were
placed in a Schlenk line and exposed to 40 Torr of TMP (trimethylphos-
phine, Acros) at room temperature for 30 min. Excess TMP was removed
by evacuating the samples at 323 K for 10 ± 20 min and sealed for NMR
measurement. The dehydration process is identical for NH3 adsorption
experiments to that described above, except that anhydrous ammonia
(50 Torr) was introduced into the system at 388 K and held for 30 min.
Physisorbed NH3 was removed by outgassing at the same temperature for
half an hour.


NMR measurements : 27Al NMR spectra were recorded on Bruker
spectrometers at 7.05 T at 78.2 MHz (ASX-300), 9.4 T at 104.3 MHz
(DRX-400), and 19.6 T operating at 217.62 MHz (DRX-833). For 27Al 3Q
MAS NMR spectra recorded at 7.05 T, the 4 mm rotors were spun at
12 kHz. To produce pure-absorption line shapes, a simple two-pulse
sequence was used and the conditions for excitation and transfer of the
(�3Q) coherence were optimized. The phase cycle was composed of six
phases for the selection of the triple-quantum coherence, and was
combined with a classic overall four-phase cycle to minimize phase and
amplitude missetting of the receiver. A recycling time of 0.5 s was used, as
the relaxation of 27Al in solid is generally fast. A 12 �s increment was used
for 3Q MAS. The t2 � t1 matrix was 512� 256 and F1 dimensions were zero-
filled to 512 points. All pulse durations were optimized by taking the
excitation and detection pulse at 3 �s and 1 �s. The radio frequency field
strength was 143 kHz. 420 transients were taken for the experiments. After
3Q MAS measurements were completed, ™shearing∫ was performed by
using an in-house program.[41] The chemical shift was referenced to
[Al(H2O)6]3�. For 27Al MAS NMR spectra, which were recorded at 9.4 T
using a single pulse, the pulse width was set at 0.75 �s (�/12) and 800 scans
were accumulated. A 3 s relaxation delay was determined to be sufficiently
long to permit quantitative analysis of zeolite sample. 1 % aqueous
[Al(H2O)6]3� was used as the chemical shift reference and samples were
spun at 8 kHz by using 4 mm ZrO2 rotors. For 27Al MAS recorded at 19.6 T,
the measurements were performed with a spin rate of 19.1 kHz, 2 �s
excitation pulse, 5 s recycle delay, and 512 scans.
1H MAS NMR spectra were collected at 400.1 MHz using single-pulses
with the �/10 pulse set at 1 �s and a 4 s recycle delay was used. The 1H
spectra were accumulated for 200 scans and the rotor was spun at 8 kHz.
The chemical shifts were referenced to a saturated aqueous solution of
sodium 4,4-dimethyl-4-silapentane sulfonate (DSS). For 1H� 27Al CP/
MAS NMR measurements, the spectra were recorded with a single contact
with an optimized contact time of 1.2 ms, a cycle delay of 4 s, and MAS at
10 kHz. The Hartmann ± Hahn condition was established in one scan on a
sample of pure and highly crystalline kaolinite with similar acquisition
parameters. Since resonance is only allowed for the central (�1/2	� 1/2)
transition, excitation is selective, and, therefore, the Hartmann ± Hahn
condition is 3�AlBAl� �HBH, in which �Al and �H denote the gyromagnetic
ratios of 27Al and 1H, respectively, and B is the radiofrequency field
strength. To obtain a satisfactory signal ± noise ratio, 15000 ± 16000 scans
were accumulated.
31P MAS NMR spectra were also recorded at 9.4 T and 161.9 MHz. The
spectra were obtained using a 2 �s (�/6) pulse and 2 s recycle delay.
1000 scans were accumulated at a the spinning rate of 5 kHz. Chemical
shifts were referenced to 85 % H3PO4.
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{FeCp}�-Induced Hexafunctionalization of Hexamethylbenzene with
Dendrons for the Direct Synthesis of Redox-Active Iron-Centered
Metallodendrimers


Sylvain Nlate,*[a] Yolanda Nieto,[a] Jean-Claude Blais,[b] Jaime Ruiz,[a] and Didier Astruc*[a]


Abstract: Phenol tri- and nonaallyl den-
drons (3 and 7, respectively) were func-
tionalized at the focal position to give
the new triallyl dendrons 4 and 6 and the
nonaallyl dendrons 11 and 13 that con-
tain a iodoalkyl or a bromobenzyl ter-
mini. All these dendrons were used for
the {FeCp}�-induced hexafunctionaliza-
tion of hexamethylbenzene in [FeCp(�6-
C6Me6)][PF6] (1) under mild conditions
in the presence of KOH. These reactions
directly yielded the 18-allyl and 54-allyl
dendrimers 9, 10, and 14 with a
[FeCp(�6-arene)]� unit located at the
dendrimer core. Cyclic voltammetry


studies were recorded in THF and
DMF with these metallodendrimers
and compared with those of analogous
dendrimers or complexes of smaller size
that contain a [FeCp(�6-arene)]� unit at
the core. The decreased rate of hetero-
geneous electron transfer when the
dendritic size increases first disclosed
by Diederich and Gross is confirmed.
The variation of the redox potential of


the FeII/I redox system with increasing
dendritic size is negligible even in a
solvent of high dielectric constant such
as DMF. This trend is attributed to fact
that the involved ™redox∫ orbital is
buried on the metal center, well pro-
tected by the shell of alkyl chains
(electron-reservoir nature), unlike in
ferrocene. The chemical irreversibility
increases in THF as the dendrimer size
increases, due to more facile ligand
substitution with THF at the 19-electron
level when the chain bulk increases.


Keywords: arene activation ¥ den-
drimers ¥ electrochemistry ¥ elec-
tron transfer ¥ metallocenes


Introduction


Whereas catalysis is an ideal mode of activation of organic
substrates by transition metals,[1] stoichiometric processes can
in some instances provide sophisticated types of activation/
functionalization.[2] This is especially the case when multiple
iterative stoichiometric transformations are carried out at a
single metal center without decoordination, a situation
intermediate between those encountered in stoichiometric
and catalytic reactions. The {FeCp}�-induced peralkylation
and perfunctionalization of polymethylaromatics are striking
examples of this principle, since up to twelve C�C bonds can
be formed at a single ligand subsequent to twelve deproton-
ation ± alkylation sequences in one pot,[3] a process reminis-
cent of dendritic synthesis.[4] This reaction has so far produced


a variety of hexafunctional arenes[3, 5] as well as larger
architectures including hexabranched stars based on further
stepwise divergent constructions.[3]


We now wish to report the direct synthesis of iron-
sandwich-centered dendrimers using this {FeCp}�-induced
hexafunctionalization of hexamethylbenzene in [FeCp(�6-
C6Me6)][PF6],[6] 1, with tri- and nonabranched dendrons. An
advantage of this strategy is that it leaves a redox-active iron
atom at the center of the dendritic framework and provides in
this way the possibility to examine its electrochemistry.
Redox-active, metal-centered dendrimers have recently at-
tracted attention because of their analogies with redox
proteins. Indeed, it has been possible to study electron-
transfer processes between the buried metal center and
electrodes,[7±13] an area pioneered by Diederich and Gross
with metalloporphyrin-centered dendrimers.[7]


Results and Discussion


Two successful synthetic strategies for the synthesis of 18-allyl
dendrimers are shown in Scheme 1. They start from the
phenol triallyl dendron, 2, a molecular brick which has already
proved useful for rapid divergent dendritic construction.[14]


The dendron 2 was synthesized in 60% yield by the known
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eight-step one-pot FeCp� activation of p-ethoxytoluene.[14a]


On one hand, alkylation of 2 with Cl(CH2)5I followed by Cl/I
exchange by reaction with NaI gives a iodoalkyl derivative 4,
to which the {FeCp}�-induced hexaalkylation can be applied
with 1 to give the 18-allyl iron-centered metallodendrimer
10.[15, 16] On the other hand, further convergent dendron
synthesis gave the useful nonaallyl dendron 7.[14a] From the
dendron 4, the {FeCp}�-induced hexaalkylation of hexa-
methylbenzene in [FeCp(�6-C6Me6)][PF6][6] gives some dehy-
drohalogenation, a side reaction that partly consumes 4 and
only allows the synthesis of 10, if it is not marred by any steric
constraint. TheMALDI TOFmass spectrum of 10 contains an
important molecular peak at m/z : 2061.64 [M�PF6]� , but a
major peak is also found atm/z : 1765.38, which corresponds to
the same dendrimer that lacks one phenol triallyl unit and
thus only contains 15 allyl groups. In order to improve the
purity of the 18-allyl dendrimer and with a view to the
synthesis of a 54-allyl dendrimer by a convergent method, 4
was functionalized by reaction with HOCH2-p-C6H4OH and
K2CO3 followed by PBr3. The para-substituted benzylbro-
mide dendron 6 obtained cannot undergo �-dehydrohaloge-
nation under the action of bases, and its reaction with 1
proceeds to give the metallodendrimer 9 in 50% yield and
good purity as indicated by the prominent peak in its MALDI
TOF mass spectrum (m/z : 2698.54 [M�PF6]�). In view of the
construction of the 54-allyl dendrimer, we synthesized, from 7,
both the iodoalkyl dendron 11 and the bromobenzyl dendron
13 (Scheme 2). The reaction of 1with 11mostly gave a 45-allyl


Abstract in French: Les dendrons phenoltriallyle et nona-
allyle (resp. 3 et 7) ont ÿtÿ fonctionnalisÿs sur la position focale
pour donner les nouveaux dendrons triallyle 4 et 6 et les
dendrons nonaallyle 11 et 13 contenant une chaÓne iodoalkyle
ou bromobenzyle. Tous ces dendrons ont ÿtÿ utilisÿs pour
l×hexafonctionnalisation de l×hexamÿtylbenzõne induite par le
groupement {FeCp}� dans [FeCp(�6-C6Me6)][PF6], 1 dans des
conditions douces en prÿsence de KOH. Ces rÿactions condui-
sent directement aux dendrimõres 18-allyl ou 54-allyl 9, 10 et
14 comportant un groupement [FeCp(�6-arene)]� situÿ au
c˙ur du dendrimõre. Des ÿtudes de cyclovoltammÿtrie ont ÿtÿ
rÿalisÿes dans le THF et le DMF avec ces mÿtallodendrimõres et
comparÿes ‡ celles rÿalisÿes avec des dendrimõres ou comple-
xes [FeCp(�6-arene)]� plus petits. La dÿcroissance de la vitesse
de transfer d×ÿlectron hÿtÿrogõne au fur et ‡ mesure que le
mÿtallodendrimõre devient plus gros, reportÿe pour la premiõre
fois par les ÿquipes de Diederich et Gross, est confirmÿe. La
variation du potentiel redox du couple FeII/I, quand la taille du
mÿtallodendrimõre croÓt, est nÿgligeable, me√me dans un solvant
de forte constante diÿlectrique tel que le DMF. Ceci est
attribuable au fait que l×orbitale redox en jeu est enfouie sur
le mÿtal protÿgÿ par la coquille formÿe par les chaÓnes alkyles
(rÿservoir d×ÿlectron), contrairement ‡ la situation du ferro-
cõne. L×irrÿversibilitÿ chimique augmente dans le THF, lorsque
la taille du mÿtallodendrimõre croÓt, en raison de l×ÿchange de
ligands avec le THF beaucoup plus facile lorsque les chaÓnes
deviennent plus encombrantes.
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Scheme 1. Syntheses of the two 18-allyl dendrimers 9 and 10.
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iron-centered dendrimer in which one equivalent nonaallyl
dendron is missing as shown by the MALDI TOF mass
spectrum. This confirms that, in the presence of a significant
bulk problem posed at a certain generation of the convergent
construction, the dendritic synthesis cannot be completed
because of the competition with the deshydroiodation. On the
other hand, in the same reaction with the dendron 13, derived
from benzyl bromide, the convergent synthesis provides the
54-allyl dendrimer 14, whose molecular peak is observed in
the MALDI TOF mass spectrum (m/z : 6876.70 [M�PF6]�).
The new metallodendrimers 9, 10, and 14 are yellow oils that
were purified by column chro-
matography over silica gel.[15, 16]


To study the influence of the
dendrimer bulk around the cen-
tral metal on the heterogeneous
electron transfer, we recorded
and compared the cyclic voltam-
mograms (CVs) of the metal-
centered dendrimers 9 and 10 as
well as those of metallostars
with identical cores and shorter
arms. The CVs of seven iron-
centered stars and dendrimers
with identical cores were re-
corded with a solvent of low
dielectric constant, THF (��
7.6) and one of large dielectric
constant, dimethylformamide


(DMF, �� 36.7). The data are gathered in Table 1. The most
dramatic feature is the increased electrochemical irreversi-
bility signifying a decreased heterogeneous electron-transfer
rate between the buried metal center and the electrode as the
star- or dendritic bulk increases around the iron center. This
trend has already been clearly shown by the groups of
Diederich,[7] Gorman[11] and Newkome[12] with various metal-
centered dendrimers. We also find that this decrease of
electron-transfer rate upon increasing bulk is more marked in
THF than in DMF, since the CVs of 9 and 10 are those of
electrochemically irreversible systems in THF, but less so in
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Scheme 2.


Table 1. E1/2 (�Ep) values recorded by cyclic voltammetry on a PAR273 potentiostat (ohmic drop
compensation) for the star and dendritic cationic iron complexes [FeCp(�6-C6R6)][PF6] involving the
monoelectronic reduction of FeII to FeI, with ferrocene as an internal reference for all the measurements.


R E1/2 [V] (�Ep [V]) in THF[b] E1/2 [V] (�Ep [V]) in DMF
20 �C � 30 �C 20 �C � 30 �C


n-propyl � 1.935 (70) � 1.945 (90) � 1.935 (75) � 1.955 (90)
n-butyl � 1.940 (100) � 1.960 (140) � 1.935 (100) � 1.960 (140)
n-heptyl � 1.945 (150) � 1.975 (170) � 1.945 (100) � 1.975 (140)
dendritic branch in 10 � 1980 (250) � 1.980 (100) � 1.985 (140)
p-CH2CH2C6H4OMe � 1.765 (90) � 1.800 (130) � 1.835 (90) � 1.875 (110)
p-CH2CH2C6H4O-n-C6H13 � 1.800 (250) � 1.835 (85) � 1.875 (150)
dendritic branch in 9 � 1.820 (irr.) � 1.855 (140) � 1.895 (230)


[a] The�Ep values for the internal ferrocene (FeII�FeIII) reference were always 45 to 50 mVat�30 �C and 55 to
60 mV at 20 �C. The working electrode was Pt, the supporting electrolyte was [n-Bu4N][PF6] (0.1�), the
concentration of complex was 5� 10�3�, and the scan rate was 0.5 Vs�1. In THF, the largest compounds gave
rather flat waves from which values of peak potentials (not indicated in the table) could not be extracted with a
meaningful accuracy. The complex 14 gave no visible CV wave. The uncertainty on E1/2 is all the larger as �Ep is
larger (10 mV for �Ep� 60 mV to 30 mV when �Ep reaches 250 V). Large �Ep values correspond to slow
electron transfer.[12, 14a, 17a] [b] Versus [FeCp2]0/�.
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DMF (Figure 1 and Table 1). This is logical insofar as the
charges are more easily carried in a solvent of high dielectric
constant than in a solvent of low dielectric constant. The other
interesting feature is the variation of thermodynamic poten-
tial E�, a good estimation of which is provided by the half-
wave potential E1/2 when the redox systems are chemically


Figure 1. CVs of the 18-allyl dendrimer 10, �30 �C a) at 0.5 Vs�1 in THF,
b) at 0.5 Vs�1 in DMF, c) at various scan rates in DMF (variation of the
peak potential with scan rates and �Ep larger than 50 mV signify relatively
slow heterogeneous electron transfer[12, 14a, 17a]). The �Ep values as a
function of scan rate above (DMF, c) are 105 mV at 100 mVs�1, 125 mV
at 200 mVs�1, 140 mV at 400 mVs�1, 160 mV at 600 mVs�1 and 180 mV at
800 mVs�1. See the other conditions in the caption of Table 1.


reversible, which is the case here in most experiments. TheE1/2


values shift toward more negative values upon increasing the
bulk around the metal center. The apparently surprising
aspect, however, is that this shift is very small (near the limit
of experimental errors) in DMF as well as in THF for the
seven compounds whose CVs were recorded. The seminal
studies by Diederich×s group had shown that the shift was
negligible in CH2Cl2, but dramatically large (towards positive
values) in water.[7] We believe the difference of results
concerning solvents of high dielectric constants can be taken
into account by the nature of the orbitals involved in the redox
changes. In porphyrin chemistry, redox changes often involve
orbitals of high ligand character that are exposed to the
surrounding solvent.[17a] On the other hand, in the present
case, the e*1 orbital involved with the 18e/19e (FeII�FeI)
redox process has a high metal character (about 80% dxz,yz),
and is protected by the sandwich shell.[17a] It is for this reason
that the parent permethylated analogues of these systems
have been named electron-reservoirs[3, 17] and have been
shown to serve as much better medium-independent refer-
ences than ferrocene (to which their potential is related) for
the determination of redox potential by means of cyclic
voltammetry.[17b,d]


Finally, the chemical reversibility is partly or completely
lost for the bulky metallodendrimers 9 and 10 in THF,
whereas this is not the case for the smaller ones in both
solvents, or even for 9 and 10 in DMF. This shows that, in the
presence of the potential ligand THF, the 19-electron FeI


species is not stable at the center of bulky dendrimers,
because the relatively facile ligand substitution at the 19-
electron level is still accelerated by the presence of bulky
chains. This is taken into account by the movement of the
chains that favor the distortion of the arene ligand, that is, its
hapticity change (�6� �4) is responsible for the first step of
the ligand substitution.[17a,c]


Conclusion


In conclusion, we have shown the first application of {FeCp}�-
induced functionalization of hexamethylbenzene to one-step
metallodendrimer synthesis up to 54 allyl branches, with the
[FeCp(�6-arene)]� sandwich for the first time located at the
core of dendrimers. This allowed us to study the heteroge-
neous electron transfer between this metal center of the
dendrimers and the electrode by CV. Its main features are
1) the confirmation of the decreased rate of electron transfer
as the dendritic bulk increases, 2) the negligible variation of
the E1/2 values even in a solvent of high dielectric constant
(DMF) when the dendritic bulk increases, due to the buried
redox orbital, and 3) the chemical irreversibility observed in
THF for the largest complexes attributed to enhanced ligand
substitution at the 19-electron level when the chain bulk
increases. These results have applications for the fabrication
of catalytically active and magnetic, dendrimer-encapsulated
iron particles.[18]


Experimental Section


General data : Reagent-grade tetrahydrofuran (THF), diethyl ether, and
pentane were predried over Na foil and distilled from sodium/benzophe-
none under argon immediately prior to use. Acetonitrile (CH3CN) was
stirred under argon overnight over phosphorus pentoxide, distilled from
sodium carbonate, and stored under argon. Methylene chloride (CH2Cl2)
was distilled from calcium hydride just before use. All other chemicals were
used as received. The complex 1 was synthesized according to ref. [23]. All
manipulations were carried out by using Schlenk techniques or in a
nitrogen-filled Vacuum Atmosphere drylab. Samples were examined in
solution (0.1 mm cells with NaCl windows), between NaCl disks in Nujol,
or in KBr pellets. 1H NMR spectra were recorded at 25 �C with a Brucker
AC250 (250 MHz) spectrometer. 13C NMR spectra were obtained in the
pulsed FT mode at 62.91 MHz with a Brucker AC250 spectrometer. All
chemical shifts are reported in parts per million (�, ppm) with reference to
Me4Si (TMS). Electronic spectra (UV and visible) were recorded at 20 �C
with a Cary219 spectrophotometer with 10 or 1 mm quartz cells. Cyclic
voltammetry data were recorded with a PAR273 potentiostat galvanostat.
Care was taken in the CV experiments to minimize the effects of solution
resistance on the measurements of peak potentials (the use of positive
feedback iR compensation and dilute solution (�10�3 molL�1) maintained
currents between 1 and 10 mA). The additional redox couple [FeCp2]/
[FeCp2]� was used when possible as a control for iR compensation.
Thermodynamic potentials were recorded with reference to an aqueous
SCE in THF (0.1� n-Bu4NBF4). The value of the [FeCp2]/[FeCp2]� redox
couple was E��� 0.470 V versus SCE on Pt in DMFand 0.475 V versus SCE
on Pt in CH2Cl2. The QRE potential was calibrated by adding the reference
couple [FeCp2]/[FeCp2]� . The counter electrode was platinum. Elemental
analyses were performed by the Center of Microanalyses of the CNRS at
Lyon-Villeurbanne (France).


Chloroalkyl 3-allyl dendron 3 : A mixture of 2 (1 g, 4.384 mmol), KOH
(0.660 g, 4.714 mmol), and 1-ch1oro-5-iodopentane (1.6 g, 0.688 mmol) in
DMF (20 mL) was stirred for 48 h at room temperature. The reaction
mixture was then extracted with Et2O (3� 20 mL), and the resulting
solution was washed with water and dried over sodium sulfate. The solvent
was removed under vacuum and the product was purified by chromatog-
raphy on a silica-gel column with pentane, followed by a pentane/diethyl
ether 99:1 mixture to provide 3 as a colorless oil (1.314 g, 3.96 mmol, 90%).
1H NMR (CDCl3, 200 MHz): �� 7.22 (d, 3J(H,H)� 8.8 Hz, 2H; Ar), 6.87
(d, 3J(H,H)� 8.8 Hz, 2H; Ar), 5.58 (m, 3H; CH2�CH), 5.06 (m, 6H;
CH2�CH), 3.95 (t, 3J(H,H)� 6.2 Hz, 2H; CH2O), 3.57 (t, 3J(H,H)� 6.6 Hz,
2H; CH2Cl), 2.42 (d, 3J(H,H)� 7.2 Hz, 6H; CH2�CH�CH2), 1.65 (m, 6H;
CH2�CH2�CH2); 13C NMR (CDCl3, 50.33 MHz): �� 156.70 (Cq, ArO),
137.54 (Cq, Ar), 134.56 (CH2�CH), 127.53 (CH, Ar), 117.41 (CH�CH2),
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113.69 (CH, Ar), 67.28 (CH2O), 44.84 (ClCH2), 42.55 (CqCH2), 41.83 (CH2),
32.25 (CH2), 28.55 (CH2), 23.51 (CH2); elemental analysis calcd (%) for
C21H29OCl (332.91): C 75.76, H 8.78; found: C 75.14, H 8.50.


Chloroalkyl 9-allyl dendron 8 : This compound was synthesized according
the same procedure described above for 3, by using 7 (72 h). Dendron 8was
obtained in 72% yield after chromatography. 1H NMR (CDCl3, 200 MHz):
�� 7.22 (d, 3J(H,H)� 8.8 Hz, 8H; Ar), 6.89 (d, 3J(H,H)� 8.8 Hz, 8H; Ar),
5.58 (m, 9H; CH2�CH), 5.05 (m, 18H; CH2�CH), 3.97 (t, 3J(H,H)� 7.0 Hz,
2H; CH2O), 3.89 (t, 3J(H,H)� 8.0 Hz, 8H; CH2O), 3.57 (t, 3J(H,H)�
8.0 Hz, 2H; CH2Cl), 2.41 (d, 3J(H,H)� 7.2 Hz, 6H; CH2�CH�CH2), 1.83
(m, 8H; CH2), 1.62 (m, 10H; CH2); 13C NMR (CDCl3, 50.33 MHz): ��
156.87 (Cq, ArO), 138.30 (Cq, Ar), 137.56 (Cq, Ar), 134.70 (CH2CH), 127.62
(CH, Ar), 117.50 (CHCH2), 113.84 (CH, Ar), 68.22 (CH2O), 67.90 (CH2O),
44.95 (ClCH2), 42.68 (CqCH2), 41.97 (CH2), 33.79 (CH2), 32.39 (CH2), 28.69
(CH2), 23.78 (CH2), 23.64 (CH2); MALDI TOF mass spectrum: m/z :
1040.73 [M�Na]� (calcd 1040.92); elemental analysis calcd (%) for
C69H89O4Cl (1017.92): C 81.42, H 8.81; found : C 80.52, H 8.65.


Iodoalkyl 3-allyl dendron 4 : A mixture of 3 (1.314 g, 3.958 mmol) and NaI
(2.968 g, 19.787 mmol) in butanone (30 mL) was stirred for 24 h at 80 �C.
After removal of the solvent under vacuum, the residue was extracted with
Et2O (3� 20 mL). The resulting solution washed with and an aqueous
solution saturated with Na2S2O3, dried over sodium sulfate and then
filtered. The solvent was removed under vacuum to provide 4 as a colorless
oil (1.580 g, 94%). 1H NMR (CDCl3, 200 MHz): �� 7.26 (d, 3J(H,H)�
8.8 Hz, 2H; Ar), 6.85 (d, 3J(H,H)� 8.8 Hz, 2H; Ar), 5.56 (m, 3H;
CH2�CH), 5.03 (m, 6H; CH2�CH), 3.96 (t, 3J(H,H)� 6.2 Hz, 2H;
CH2O), 3.21 (t, 3J(H,H)� 7.0 Hz, 2H; CH2I), 2.42 (d, 3J(H,H)� 7.2 Hz,
6H; CH2�CH�CH2), 1.85 (m, 4H; CH2�CH2), 1.57 (m, 2H; CH2);
13C NMR (CDCl3, 50.33 MHz): �� 156.67 (Cq, ArO), 137. 54 (Cq, Ar),
134.55 (Cq, Ar), 127.53 (Cq, Ar), 117.44 (CH, Ar), 113.69 (CH, Ar), 67.24
(CH2O), 42.55 (CqCH2), 41.83 (CH2), 33.13 (CH2), 28.20 (CH2), 27.12
(CH2), 6.73 (ICH2); elemental analysis calcd (%) for C21H29OI (424.36): C
59.44, H 6.89; found : C 59.47, H 6.8.


Iodoalkyl 9-allyl dendron 11: Compound 11 was synthesized according to
the same procedure decscribed above for 4, but with 8 instead of 3. Yellow
oil, 91% yield. 1H NMR (CDCl3, 200 MHz): �� 7.20 (d, 3J(H,H)� 8.8 Hz,
8H; Ar), 6.81 (d, 3J(H,H)� 8.8 Hz, 8H; Ar), 5.53 (m, 9H; CH2�CH), 5.00
(m, 18H; CH2�CH), 3.96 (t, 3J(H,H)� 8.0 Hz, 2H; CH2O), 3.90 (t,
3J(H,H)� 8.0 Hz, 6H; CH2O), 3.24 (t, 3J(H,H)� 8.0 Hz, 2H; CH2Cl), 2.41
(d, 3J(H,H)� 7.0 Hz, 6H; CH2�CH�CH2), 1.83 (m, 8H; CH2), 1.60 (m,
10H; CH2); 13C NMR (CDCl3, 50.33 MHz): �� 156.71 (Cq, ArO), 138.30
(Cq, Ar), 137.42 (Cq, Ar), 134.57 (CH2�CH), 127.45 (CH, Ar), 117.39
(CH�CH2), 113.88 (CH, Ar), 113.68 (CH, Ar), 68.06 (CH2O), 67.28
(CH2O), 42.54 (CqCH2), 41.95 (CH2), 33.64 (CH2), 32.13 (CH2), 28.20
(CH2), 27.12 (CH2), 23.62 (CH2), 6.71 (ICH2); MALDI TOF mass
spectrum: m/z : 1132.43 [M�Na]� (calcd 1132.35); elemental analysis calcd
(%) for C69H89O4I (1109.38): C 74.71, H 8.09; found : C 74.91, H 8.04.


Benzylalcohol 3-allyl dendron 5 : A mixture of HOCH2-p-C6H4OH
(0.146 g, 1.176 mmol) and K2CO3 (0.163g, 1.18 mmol) in DMF (5 mL)
was stirred for 30 min at room temperature. Dendron 4 (0.500g, 1.18 mmol)
was then added to the reaction mixture, and the resulting solution stirred at
40 �C for 72 h. The mixture was extracted with CH2Cl2 (3� 20 mL), and the
resulting solution washed with water and dried over sodium sulfate. After
removal of the solvent under vacuum, the product was purified by
chromatography on a silica-gel column with a 7:3 pentane/diethyl ether
mixture to provide 5 as a yellow oil (0.248 g, 0.590 mmol, 50%). 1H NMR
(CDCl3, 200 MHz): �� 7.24 (d, 3J(H,H)� 8.0 Hz, 4H; Ar), 6.85 (d,
3J(H,H)� 8.0 Hz, 4H; Ar), 5.50 (m, 3H; CH2�CH), 5.03 (m, 6H;
CH2�CH), 4.62 (br s, 2H; HOCH2), 3.98 (t, 3J(H,H)� 6.2 Hz, 2H;
CH2O), 3.97 (t, 3J(H,H)� 6.4 Hz, 2H; CH2O), 2.44 (d, 3J(H,H)� 7.2 Hz,
6H; CH2�CH�CH2), 1.86 (m, 4H; CH2�CH2), 1.62 (m, 2H, CH2); 13CNMR
(CDCl3, 50.33 MHz): �� 158.90 (Cq, ArO), 156 .83 (Cq, ArO), 137. 83 (Cq,
Ar), 134.68 (CHCH2), 132.96 (Cq, Ar), 128.92 (CH, Ar), 127.69 (CH, Ar),
117.53 (CHCH2), 114.77 (CH, Ar), 114.00 (CH, Ar), 67.92 (CH2O), 67.67
(CH2O), 65.15 (CH2OH), 42.76 (CqCH2), 40.00 (CH2), 29.13 (CH2), 29.07
(CH2), 22.86 (CH2); elemental analysis calcd (%) for C28H36O3 (420.58): C
79.96, H 8.62; found: C 79.95, H 8.67.


Benzyl alcohol 9-allyl dendron 12 : Dendron 12 was synthesized according
to the same procedure as described above for 5, but with 11 instead of 4
(96 h) giving a 90% yield after chromatography. 1H NMR (CDCl3,


200 MHz): �� 7.20 (d, 3J(H,H)� 8.0 Hz, 10H; Ar), 6.82 (d, 3J(H,H)�
8.0 Hz, 10H; Ar), 5.54 (m, 9H; CH2�CH), 5.00 (m, 18H; CH2�CH), 4.61
(s, 2H; HOCH2), 3.98 (t, 3J(H,H)� 6.4 Hz, 4H; CH2O), 3.87 (t, 3J(H,H)�
6.4 Hz, 6H; CH2O), 2.41 (d, 3J(H,H)� 7.2 Hz, 18H; CH2�CH�CH2), 1.85
(m, 10H; CH2), 1.60 (m, 8H; CH2); 13C NMR (CDCl3, 50.33 MHz): ��
158.90 (Cq, ArO), 156.81 (Cq, ArO), 156.72 (Cq, ArO), 138.24 (Cq, Ar),
137.42 (Cq, Ar), 134.57 (CH2CH), 128.55 (CH, Ar), 127.49 (CH, Ar), 127.38
(CH, Ar), 117.37 (CHCH2), 114.45 (CH, Ar), 113.91 (CH, Ar), 113.70 (CH,
Ar), 68.09 (CH2O), 67.72 (CH2O), 67.50 (CH2O), 65.00 (HOCH2), 42.54
(CqCH2), 41.95 (CH2), 33.65 (CH2), 29.02 (CH2), 28.93 (CH2), 23.64 (CH2),
22. 67 (CH2); MALDI TOF mass spectrum: m/z : 1127.55 [M�Na]� (calcd
1128.58); elemental analysis calcd (%) for C76H96O6 (1105.57): C 82.56, H
8.75; found: C 82.82, H 8.75.


Bromobenzyl 3-allyl dendron 6 : PBr3 (0.086 g, 0.317 mmol) was added to a
cooled mixture (0 �C) of dendron 5 (0.400 g, 0.951 mmol) in toluene
(10 mL). The resulting solution was stirred at room temperature for 4 h.
After removal of the solvent, the residue was extracted with Et2O, washed
with water, and dried over sodium sulfate. The solvent was removed under
vacuum providing 6 as a yellow oil (0.377 g, 0.779 mmol, 82%). 1H NMR
(CDCl3, 200 MHz): �� 7.24 (d, 3J(H,H)� 8.0 Hz, 4H; Ar), 6.85 (d,
3J(H,H)� 8.0 Hz, 4H; Ar), 5.50 (m, 3H; CH2�CH), 5.03 (m, 6H;
CH2�CH), 4.50 (s, 2H; BrCH2), 3.98 (t, 3J(H,H)� 6.2 Hz, 2H; CH2O),
3.97 (t, 3J(H,H)� 6.2 Hz, 2H; CH2O), 2.43 (d, 3J(H,H)� 7.2 Hz, 6H;
CH2�CH�CH2), 1.86 (m, 4H; CH2�CH2), 1.66 (m, 2H; CH2); 13C NMR
(CDCl3, 50.33 MHz): �� 159.20 (Cq, ArO), 156 .83 (Cq, ArO), 137.83 (Cq,
Ar), 134.57 (CHCH2), 130.33 (Cq, Ar), 127.53 (CH, Ar), 117.40 (CH, Ar),
114.62 (CH, Ar), 113.72 (CH, Ar), 67.72 (CH2O), 67.43 (CH2O), 42.76
(CqCH2), 41.84 (CH2), 34.00 (BrCH2), 29.01 (CH2), 22.67 (CH2); elemental
analysis calcd (%) for C28H35O2Br (483.48): C 69.55, H 7.29; found: C 69.58,
H 7.61.


Bromobenzyl 9-allyl dendron 13 : This compound was prepared according
to the same procedure as described above for 6, but with 12 instead of 5 ;
this gave a 95% yield after chromatography. 1H NMR (CDCl3, 200 MHz):
�� 7.22 (m, 10H; Ar), 6.82 (m, 10H; Ar), 5.53 (m, 9H; CH2�CH), 5.01 (m,
18H; CH2�CH), 4.50 (s, 2H; BrCH2), 4.00 (t, 3J(H,H)� 6.4 Hz, 4H;
CH2O), 3.89 (t, 3J(H,H)� 6.4 Hz, 6H; CH2O), 2.42 (d, 3J(H,H)� 7.2 Hz,
18H; CH2�CH�CH2), 1.86 (m, 10H; CH2), 1.63 (m, 8H; CH2); 13C NMR
(CDCl3, 50.33 MHz): �� 157.31 (Cq, ArO), 157.23 (Cq, ArO), 138. 74 (Cq,
Ar), 137. 93 (Cq, Ar), 135.06 (CH2CH), 130.81 (CH, Ar), 130.16 (CH, Ar),
127.98 (CH, Ar), 127.87 (CH, Ar), 117.87 (CHCH2), 115.13 (CH, Ar),
114.41 (CH, Ar), 114.20 (CH, Ar), 68.59 (CH2O), 60.23 (CH2O), 67.96
(CH2O), 43.04 (Cq�CH2), 42.45 (CH2), 34.47 (CH2), 34.15 (BrCH2), 30.09
(CH2), 29.50 (CH2), 29.38 (CH2), 24.14 (CH2), 23.16 (CH2), MALDI TOF
mass spectrum: m/z : 1191.62 [M�Na]� (calcd 1191.48); elemental analysis
calcd (%) for C76H95O5Br (1168.49): C 78.12, H 8.19; found : C 77.29,
H 8.36.


18-Allyl dendrimer 10 : A mixture of 1 (0.025 g, 0.058 mmol), KOH
(0.059 g, 1.050 mmol), and 4 (0.370 g, 0.872 mmol) in dimethoxyethane
(10 mL) was stirred for 24 h at 60 �C. After removal of the solvent under
vacuum, the residue was extracted with pentane (3� 10 mL), and the
resulting solution was concentrated and purified by chromatography on a
silica-gel column with a 4:1 pentane/diethyl ether mixture providing 10 as a
yellow-orange oil (0.052 g, 0.0235 mmol, 40%). 1H NMR (CDCl3,
200 MHz): �� 7.22 (d, 3J(H,H)� 8.0 Hz, 12H; Ar), 6.85 (d, 3J(H,H)�
8.0 Hz, 12H; Ar), 5.54 (m, 18H; CH2�CH), 5.03 (m, 36H; CH2�CH),
4.62 (s, 5H; C5H5), 3.96 (m, 12H; CH2O), 2.85 (br, 12H; CH2Ar), 2.4 (d,
3J(H,H)� 7.0 Hz, 36H; CH2�CH�CH2), 1.85 (m, 4H; CH2), 1.66 (m, CH2);
13C NMR (CDCl3, 50.33 MHz): �� 156.91 (Cq, ArO), 137.54 (Cq, Ar),
134.66 (CH2�CH), 127.68 (CHAr), 117.51 (CH2�CH), 113.87 (CHAr), 102.44
(Cq, Ar), 77.97 (C5H5), 67.59 (CH2O), 42.69 (CqCH2), 41.98 (CH2), 31.80
(CH2), 29.36 (CH2), 26.00 (CH2); MALDI TOF mass spectrum: m/z :
2061.64 [M�PF6]� (calcd 2061.93); elemental analysis calcd (%) for
C143H191O6F6PFe (2206.89): C 77.83, H 8.72; found: C 76.70, H 8.20.


18-Allyl dendrimer 9 : Dendrimer 9 was synthesized according to the same
procedure described above for 10, but with 6 instead of 4 (60 �C, 24 h); this
gave a 50% yield after chromatography. 1H NMR (CDCl3, 200 MHz): ��
7.26 (m, 24H; Ar), 6.89 (m, 24H; Ar), 5.56 (m, 18H; CH2�CH), 5.03 (m,
36H; CH2�CH), 4.87 (s, 5H; C5H5), 3.97 (m, 24H; CH2O), 3.10 (br;
CH2Ar), 2.43 (d, 3J(H,H)� 7.0 Hz, 36H; CH2�CH�CH2), 1.87 (m, 4H;
CH2), 1.66 (m; CH2); 13C NMR (CDCl3, 50.33 MHz): �� 158.06 (Cq, ArO),
156.77 (Cq, ArO), 134.56 (CH2�CH), 128.91 (Cq, Ar), 127.52 (CHAr), 117.39
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(CH2�CH), 114.95 (CHAr), 113.71 (CHAr), 77.91 (C5H5), 67.80 (CH2O),
67.45 (CH2O), 42.54 (CqCH2), 41.82 (CH2), 29.06 (CH2), 22.70 (CH2), 22.52
(CH2), 22.24 (CH2); MALDI TOFmass spectrum: m/z : 2698.54 [M�PF6]�


(calcd 2698.67); elemental analysis calcd (%) for C185H227O12F6PFe
(2843.64): C 78.14, H 8.05; found: C 76.82, H 8.65.


54-Allyl dendrimer 14 : Dendrimer 14 was synthesized according to the
same procedure decribed above for 10, with 13 (60 �C, 6 days); this gave an
8% yield after chromatography. 1H NMR (CDCl3, 200 MHz): �� 7.22 (m,
60H; Ar), 6.84 (m, 60H; Ar), 5.55 (m, 54H; CH2�CH), 5.01 (m, 108H;
CH2�CH), 4.00 (br, 60H; CH2O), 3.00 (br, 24H; ArCH2), 2.42 (d,
3J(H,H)� 7.0 Hz, 108H; CH2�CH�CH2), 1.86 (br, CH2), 1.63 (br, CH2);
13C NMR (CDCl3, 50.33 MHz): �??� 156.59 (Cq, ArO), 137.54 (Cq, Ar),
134.69 (CH2�CH), 127.61 (CHAr), 117.47 (CH2�CH), 113.90 (CHAr), 113.84
(CHAr), 67.92 (CH2O), 67.44 (CH2O), 42.68 (Cq�CH2), 41.97 (CH2), 33.78
(CH2), 29.59 (CH2), 23.87 (CH2); MALDI TOF mass spectrum: m/z :
6876.70 [M�PF6]� (calcd 6880.75); elemental analysis calcd (%) for
C479H587O30F6PFe (7025.72): C 81.89, H 8.42; found: C 83.00, H 8.09.
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Abstract: The selectivity-determining
step in enantioselective copper-cata-
lyzed cyclopropanation with diazo com-
pounds has been studied by experimen-
tal and computational methods. The
addition of the very reactive metallacar-
bene intermediate in an early transition
state to the substrate alkene is concerted
but strongly asynchronous, with substan-
tial cationic character on one alkene


carbon in the neighborhood of the
transition state. Evidence from isotope
effects and Hammett studies supports
the nature of the transition state. For-


mation of a metallacyclobutane inter-
mediate by a [2�2] addition is kineti-
cally disfavored. Ligand ± substrate in-
teractions influencing the enantio- and
diastereoselectivity have been identi-
fied, and the preferred orientation of
the alkene substrate during the addition
is suggested.


Keywords: asymmetric catalysis ¥
copper ¥ cyclopropanation ¥ density
functional calculations ¥ reaction
mechanisms


Introduction


In recent years, much effort has been devoted to the develop-
ment of methods for metal-catalyzed diastereo- and enantio-
selective cyclopropanation of olefins with diazo compounds.[1]


One of the most appealing catalytic systems relies on a copper
complex together with a C2-symmetric ligand, such as a
semicorrin[2] or a bis(oxazoline)[3] (Scheme 1). These ligands,
particularly the bis(oxazolines), which are easily available and
induce high levels of enantioselectivity for a range of olefinic
substrates, are currently the favorite ones for Cu-catalyzed


R N2 Z


R Z


+
CuI


ligand


Scheme 1. Copper-catalyzed cyclopropanation.


asymmetric cyclopropanation. However, as is often the case
for metal-mediated asymmetric catalysis, detailed mechanistic
understanding has lagged behind empirical catalyst develop-
ment. Since better mechanistic insight should aid in the
development of even more efficient catalysts, we now present
kinetic and computational studies of the copper-catalyzed
cyclopropanation of styrenes involving bis(oxazoline) ligands.


For the title reaction two points of mechanistic detail are
widely accepted: that the actual catalyst is a CuI species,[1±4]


even if CuII is used, and that a short-lived electrophilic
copper ± carbene intermediate is involved (Scheme 2).[1±6] We
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N2 Z


ML*


ZN2


R ZML*


Scheme 2. Proposed catalytic cycle for the asymmetric cyclopropanation.


have used a combination of Hammett-type kinetic studies,
isotopic labeling, and high-level computational methods to
investigate two of the points of contention, namely the nature
of the step which controls the stereochemistry of the
reaction[2, 4, 7] and the participation of a metallacyclobutane
intermediate.[4]


Results and Discussion


Kinetic studies : The relative rates of cyclopropanation of the
substituted styrenes (3 ± 8) used in the Hammett and isotope
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studies are shown in Table 1. All experimental procedures are
available as Supporting information. In calculations of rate
constants we assumed pure first-order kinetics in substrate,


that is, ln([A]0/[A])� kt where [A] is any styrene concen-
tration. To avoid influences from other steps in the catalytic
cycle (such as formation of the metal carbene), relative rate
constants were obtained from competition experiments
according to Equation (1). The slopes in Figure 1 for isotopi-


ln([A]0/[A])�krel ln([B]0/[B]) (1)


cally substituted styrenes in competition with p-methylstyrene
(4) give rates relative to that standard, whereas Table 1 has
been recalibrated to show rates relative to unsubstituted
styrene (2). The Hammett results are plotted as log(krel)
versus � or �� in Figure 2.


It is clear from Figure 2 that the data fit better to �� than to
� values. In combination with the modest ���0.51, this
indicates an early transition state with substantial positive
charge being developed at the benzylic position and is in
qualitative agreement with studies of Si�H insertion, showing
that the postulated copper carbene is a very reactive electro-
phile.[8] In an earlier Hammett study of cyclopropanation
employing an anionic ligand a correlation with � and a more
negative � value were found.[9] This difference is under-
standable, since the neutral Cu complex should be less
electrophilic than the cationic complexes employed here.


The isotope effects indicate that the �-carbon has been
somewhat rehybridized in the transition state (TS), whereas
no significant effect can be seen at the �-position (Table 1).
There can be many reasons for the absence of observable


Figure 1. Competition of isotopically substituted styrenes.


Figure 2. Hammett study, showing correlation with � and ��.


isotope effects, but the data are
consistent with the concerted
but asynchronous transition
state X, where the new bond to
the �-carbon is formed well
before the bond to the �-carbon.


Initial computational studies : Our first goal was to character-
ize the species in the postulated catalytic cycle (Scheme 2) for
a small model system.[10] We selected the model reaction of
ethene with diazoacetic acid catalyzed by the CuI complex of
1,4-diazabutadiene. For the initial studies, we employed the
B3LYP functional[11] in Gaussian98[12] together with the
6-311�G all-electron basis set for Cu and 6-31G set for the
remaining elements. The B3LYP level generally gives a good
performance for transition metal complexes,[13] and has
previously been shown to yield good bond energies for
copper compounds.[14] Both reactions in the catalytic cycle are


Table 1. Rates of cyclopropanation of substituted styrenes relative to
styrene (2).


Substrate Substituent � �� krel


3 p-MeO � 0.28 � 0.78 2.52
4 p-Me � 0.14 � 0.31 1.54
5 p-CF3 0.53 0.61 0.49
6 p-NO2 0.81 0.79 0.42[a]


7 �-[D] ± ± 1.02� 0.02[b]


8 �,�-[D2] ± ± 0.95� 0.02[b, c]


[a] Measured by NMR. [b] The rates for deuterated styrenes were
measured in competition with p-methylstyrene (4) and recalculated to
give rates relative to styrene. The limits are the sums of the standard errors
for the two determinations, as determined by linear regression using
Equation (1). [c] The isotope effect per deuterium atom is 0.974.
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exothermic (Scheme 3), which is one of the requirements for
an efficient catalytic cycle. The geometries and raw energies
are available as Supporting information. Other important
factors which can influence catalytic efficiency include side
paths and the nature of the rate-limiting step,[10] but in this
work we were mainly concerned with factors affecting the
selectivity of the reaction.


N2 COOH


N2


COOH


Cu


COOHH


HN NH


Cu


HN NH


E -58 kJ mol-1 E -138 kJ mol-1


10


11


Scheme 3. Computational small model system, with reaction energies.


Experimentally relevant models (12 and 13) of the two
metal complexes were also investigated utilizing the BP
functional[15] in ADF.[16] Most of the system is described by a
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double-� Slater-type basis (DZ). For the heavy atoms in the
carbene moiety, we added a polarization function (DZ*),
whereas the copper atom was described by a triple-� basis
with added diffuse functions, TZ� (types II, III, and IV in
ADF, respectively). The geometries and raw energies are
available as Supporting Information.


The geometries of the catalyst complexes 11 and 13 are
unsurprising, being near-planar and with the coordination
geometry determined by the ligand. Thus, in the small model
system 11 the N-Cu-N bond angle is constrained to 83�,
whereas the same angle in the more realistic model systems 13
is 110�� 2�. Similarly, the Cu�N bond is 2.033 ä in 11 and
decreases to 1.90 ± 1.91 ä in 13, very close to the observed
value (1.88 ä) for an oxazoline ± CuI bond.[17]


The calculated metallacarbenes 10 and 12 display some less
intuitively obvious features (Figure 3). The carbenoid carbon
is almost planar, with the Cu�C�C plane orthogonal to the
N-Cu-N plane. The plane of the carboxylate moiety is in turn
orthogonal to the plane through the carbenoid carbon,
minimizing conjugation. This is consistent with a strong
cationic character on the carbenoid carbon. The force
counteracting conjugation is quite strong; in 12 c, in which
the tert-butyl group interacts closely with the carboxylate, the
crowding is minimized mainly by distortion of the bis(oxazo-
line) ligand, not of the carboxylate.


A population analysis reveals that the d functions of Cu do
not participate to any significant degree in the bond between


Figure 3. Overlay of the Cu�C�C moieties of 10 and 12a ± 12c.


Cu and C, so it should more properly be drawn as Cu�C�,
corresponding to the lone pair of a singlet carbene coordi-
nated to a CuI cation. Again, this corresponds well with the
observed electrophilic character of 10/12. The analysis also
points to a slight donation from the carbonyl oxygen to the
carbene carbon as the major source of the strong orthogonal
preference of the carboxylate moiety.


The selectivity-determining step must be the addition of the
metallacarbene (10 or 12) to the substrate alkene, even
though formation of the metallacarbene has been shown to be
turnover-limiting.[5, 10] We have therefore focused our atten-
tion on reaction of the metallacarbene with alkene. Early in
our studies it became clear that investigation of this step
posed some severe problems. In all our model systems, the
reaction between the metal carbene and alkene displays a
monotonic downhill energy profile, with no transition state on
the potential-energy surface. This is apparently in violation of
the experimental evidence that there is a real transition state
for the addition, since a substrate-dependent selectivity was
observed in the competition studies. In a diffusion-controlled
reaction, substrate properties should have no influence on the
relative rates of reaction. There can be several reasons for the
apparent failure to find a TS in the calculations, each of which
can be addressed by computation.
1) The real free-energy transition state could exist without a


corresponding TS on the potential energy surface. A TS
may be located by direct calculation of the free-energy
surface.


2) The small model system 10 may not reflect the true
reaction closely enough. However, 12 a ± 12 c correspond
to experimentally tested systems.


3) It may be necessary to include the effect of solvation to
find a TS.[18]


4) The level of theory may be insufficient.
We do not have sufficient computational resources to


address all of these points in one calculation. Instead, we
implemented a combination method that has been successful
in earlier cases.[18] Several points on the path were located by
scanning along the reaction coordinate, whereupon all con-
tributions to the final energy were calculated at each point
and added together to form a composite high-level free
energy. We expect this method to yield barriers of sufficient
accuracy to allow correlation with experimental data and to
serve as a starting point for future development of a Q2MM
predictive model.[19]
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To achieve the smooth energy surface, without sudden
jumps in unconstrained coordinates, which is necessary for the
combination procedure to be successful, the scanning coor-
dinate(s) must be chosen with care and should also be as few
as possible to avoid the added complication of a multidimen-
sional surface. When the distance from the carbene carbon to
the approaching alkene was chosen as first scanning coor-
dinate, a discontinuous surface was obtained at which the
bond to the unconstrained carbon was formed suddenly
between one scanning point and the next. This problem could
be overcome by taking the angle of the alkene to the approach
vector as a second constrained coordinate. However, the
alternative of scanning the distance from the carbene carbon
to the alkene centroid was found to be more efficient, yielding
a smooth surface without application of additional constraints.
This latter method was employed for the model systems
reported here. For the small model 14 (reaction of 10 with


N N


Cu


O O


COOMeH


Ph


Cu


COOHH


HN NH
AMBER


BP/DZ


BP/DZ*
BP/TZ+


1514


ethene), we could employ high levels of theory and calculate
the most relevant contributions to the total free energy
profile. The more realistic model 15 (reaction of 12 b with
styrene) was too large to allow direct evaluation of high-level
contributions, but is closely related to the system employed in
our kinetic studies. We believe that a combination of the
results from the two model systems will allow a meaningful
comparison with the experimental results. The close corre-
spondence between 10 and 12 b (the overlay in Figure 3 gave
an r.m.s. deviation of only 0.008 ä) lends credence to the
expectation that the reaction paths will be similar.


As a basis for our computational investigation, we chose an
IMOMM-like[20] QM/MM approach[21] for the model system
15, utilizing the same functional and basis set combination as
for metallacarbene 12 b, with one exception; the steric
interaction is better described at the MM level (which
includes dispersion forces[22]). The isopropyl groups and their
interactions with the remainder of the system were therefore
described by AMBER,[23] with the QM/MM[21] method
implemented in ADF.[16]


The effect of contributions beyond the BP gas-phase
calculations were explored in Gaussian98[12] using the small
model system 14. Geometry optimization was performed by
using B3LYP[11] together with the LANL2DZ[24] basis set (to
correspond to the high-level correlation which was limited to
this basis set; vide infra). The geometries were optimized with
the same Z-matrix setup as in the ADF calculations, scanning
the distance from carbene carbon to alkene centroid. All
further contributions were calculated as single-point correc-
tions at the constrained B3LYP/LANL2DZ geometries.
Vibrational contributions for nonstationary points were
evaluated at the same level by using the projection method
of Handy and co-workers, reducing the degrees of freedom by


seven to remove the influence of the residual gradient along
the reaction coordinate in addition to translations and
rotations.[25] The B3LYP wavefunction was tested for triplet
instability. At all scan points, the energy required for vertical
excitation to the triplet exceeded 150 kJmol�1.


Solvation corrections for 14 were evaluated by using
B3LYP/LACVP[26] together with the PB-SCRF solvation
model[27] in Jaguar.[28] A continuum solvation treatment
similar to the one employed here is both necessary and
sufficient for correctly describing an ionic organometallic
reaction coordinate.[18]


Corrections for higher levels of theory were evaluated by
using CCSD(T)/LANL2DZ. Correlated calculations require
fairly large basis sets,[29] certainly larger than LANL2DZ. Our
computational resources were insufficient to go beyond this
basis set at the CCSD(T) level, but the effect of using a larger
basis can be estimated at a lower correlated level. Thus, we
calculated a basis set correction (�Ebasis) at the MP2 level as
the difference between MP2 with SDD on Cu and 6-311G**
on the remaining atoms, and MP2/LANL2DZ. Combining the
basis set correction with the CCSD(T) energy, we obtained a
high-level potential energy E for the model system [Eq. (2)],
our best estimate of what the potential energy would be if we
could perform the calculations at the CCSD(T) level with a
TZVP basis set. With E as a foundation, the total free energy
along the reaction path was calculated according to Equa-
tion (2). The geometries and all relevant single-point energies
are available as Supporting information.


G�E � �Gtherm � �GSolv (2)


E�CCSD(T)/LANL2DZ//B3LYP/LANL2DZ � �Ebasis


�Gtherm: vib, rot, and trans at B3LYP/LANL2DZ, 298 K, 3N� 7 harmonic
vibrations


�GSolv��GPB-SCRF(B3LYP/LACVP)//B3LYP/LANL2DZ
�Ebasis� (MP2/[SDD,6-311G**]�MP2/LANL2DZ)//B3LYP/LANL2DZ


To obtain the appropriate correction factor, all constrained
geometries of 14 were also calculated at the BP level with the
same combination of basis sets that was employed for model
system 15, that is, TZ� for Cu, DZ* for all atoms close to the
reaction center, and DZ for the bidentate imine ligand. A
correction term �G was calculated as the difference between
G [Eq. (2)] and BP.


For all energies, we are interested only in the relative
contributions along the reaction path. To best illustrate the
effects of the various contributions, they were adjusted by the
value at an arbitrary zero point, set to the longest scan
distance used for the small system 14, r0� 3.284 ä. Thus, the
relative correction ��G was calculated as shown in Equa-
tion (3).


��Gr��Gr��BPr (3)


�Xr�X(r)�X(r0), X�G, E, B3LYP, BP


A third-order polynomial expansion around r0 was fitted to
the total correction energies ��Gr and used to interpolate to
points on the finer scan employed for the large system 15. The
regression yielded a very good fit (r2� 0.9999), with a 95%
confidence interval of only 0.6 kJmol�1 for interpolated
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values. In no case was the polynomial used for extrapolations
beyond the range of the scan for system 14.


Analysis of the results in Figure 4, which shows the relative
potential energies at appropriate levels, together with the
correction energies and the corresponding polynomial
��G(r), demonstrates that the two DFT functionals agree
well, but differ slightly from the high-level potential energy E.
In no case can a transition state be located on the potential
energy surface (PES), but inclusion of the free energy terms
indicates a TS at around r� 2.5 ä.


Figure 4. Energies and correction (��G) from model system 14.


All four correction terms are of similar magnitude, and
follow the expected trend (Figure 5). Going along the reaction
coordinate towards the product, six degrees of freedom are
converted from rotations/translations to vibrations, increasing
the total free energy. The surface area decreases, which
lessens the stabilization by solvent. The basis set superposition
error (BSSE) is worsened by increased overlap, so correcting
for this by extending the basis set will also increase the energy


Figure 5. Contributions to the relative free energy correction, Equa-
tion (2). The last term, ��ECC, is the difference between CCSD(T)/
LANL2DZ and BP.


along the reaction path. Finally, the difference between
CCSD(T) and BP maximizes around the TS. This is consistent
with the concept of the TS being an avoided crossing of
reactant and product states, requiring extensive correlation
for an accurate description. A T1 test gave a value of 0.033,[30]


indicating that the system is borderline even for CCSD(T) and
might be better described by a multideterminant wavefunc-
tion, but such a calculation was unfortunately beyond our
resources.


With a well-behaved correction term ��G(r) in hand, we
initiated an extensive investigation of the larger model system
15. First, since the ligand is C2-symmetric, only one ligand
orientation needs to be considered. Inverting the carbene
substituent is exactly equivalent to rotating the entire carbene
complex by 180� around the Cu�C axis. We have chosen to
illustrate the reaction by always using an approach from the
left. Figure 6 shows attack from the two faces of the carbene.
Upon alkene approach, the carbene will bend as a result of
becoming more sp3-hybridized. For attack from the Si face,
this will bring the carboxylate into close proximity with the
ligand isopropyl group.
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Figure 6. Two possible approaches to a carbene with a C2-symmetric
ligand.


The approach vectors depicted in Figure 7 differ qualita-
tively: the open approach corresponds to a concerted but very
asynchronous addition, whereas the cyclic path leads to initial
formation of a metallacyclobutane, in analogy with known


Ph


Ph


Cu


COOMeH


Cu


COOMeH


Open Cyclic


Figure 7. Two addition mechanisms.


metathesis catalysts.[1] The two approaches are identical
beyond approximately 2.7 ä, but separate into two distinct
paths at shorter distances. To differentiate the paths, energy
scans were started at a point at which the two approaches are
clearly different (approximately 2.3 ä) and conducted in both
directions to complete the reaction profiles.


Finally, a monosubstituted alkene may approach with four
different orientations (Figure 8). One might envision other
orientations in which the alkene has been rotated around the
approach vector, and at long distances the alkene will orient
to achieve the optimum nonbonded distance between the
phenyl and the ligand. On closer approach following the open
mechanism, the alkene will orient to avoid eclipsing the
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Figure 8. Alkene approach orientations.


carbene substituents, whereas the cyclic mechanism can only
be realized when the two reacting bonds are parallel.


The relationship between the orientation of approach and
the configuration of the final product is not immediately
evident. The configuration of the phenyl-substituted cyclo-
propyl carbon depends only on which alkene face is attacked,
with the Re alkene always leading to 2S configuration.
However, the final configuration of the carbene carbon
depends on both the carbene face selectivity and the alkene
approach; a switch from exo to endo attack changes the final
configuration. Thus, the carbene-Re/exo and the carbene-Si/
endo combinations both lead to 1R configuration in the
product.


In general, the endo approach is disfavored. For the open
type of TS, the phenyl group can stabilize the developing
charge only in an exo orientation. For the cyclic TS, the steric
interaction with the ligand becomes severe. Most scan
attempts for endo approaches would be converted sponta-
neously to the corresponding exo orientation by a 180�
rotation of the alkene around the approach vector (Figure 8).
However, exceptions to this rule were observed (vide infra).


Free-energy surface for model system 15 : All free energies
were obtained by adding the correction function ��G(r) to
the QM/MM potential energies. We first compared the direct
addition to the initial formation of a metallacyclobutane
intermediate using exo approaches (Figure 9).


For the open TS, the QM/MM potential energy decreases
monotonically, but the free energy reaches a maximum
around 2.5 ä. The curvature is very gentle, and at longer
distances there is almost free rotation around the approach
vector. At short distances, the alkene bond has to align with
the Cu�C bond to form the final product, and the decrease in
the rotational freedom provides one reason why the vibra-
tional component of the free energy increases along the
reaction path (Figure 5), but at the TS there is still a certain
amount of flexibility in the orientation.


Some of the geometrical changes along the reaction path
are depicted in Figure 10. The hybridization of the alkene
carbons can be measured by the improper torsional angle
R�C�C ¥¥¥ H, where the last H is the second substituent on the
first carbon. A completely planar system has an improper
torsion of 180�, whereas for an idealized sp3 carbon it is 120�,
and the cyclopropyl carbons lie around 147�. The rehybrid-


Figure 9. Comparison of the open and cyclic exo paths (compare Figure 7).
To avoid extrapolation, a constant value of ��G(r)���G(2.284)�
36.26 kJmol�1 was used for short scan distances, r� 2.284 ä.


Figure 10. Asynchronicity of the concerted addition, exemplified by the
open exo-alkene-Re/carbene-Si path. The improper torsions correspond to
the R�C�X ¥¥¥ R dihedrals of the three R2C�X moieties, sp2� 180�, sp3�
120�.


ization of the �-carbon starts at approximately 2.8 ä, and this
carbon atom is already essentially completely sp3-hybridized
around 2.0 ä. Over most of the range, the substituents on the
�-carbon show a very slight bending towards the reaction
center. At r� 1.7 ä it becomes completely planar and then
rapidly forms the second C�C bond. The pyramidality of the
carbene carbon can likewise be measured as the C�C�Cu ¥¥¥
H improper torsion, at least for as long as a significant Cu�C
bond (r� 1.5 ä) exists. The bending away from planarity has
already started beyond r� 3 ä, and ends at complete sp3


character around r� 2 ä. The degree of asynchronicity is
also shown by the difference (�CC) between the lengths of
the C�C bonds that are forming, which reaches a maximum of
approximately 0.84 ä at r� 2.1 ä. The small model system 14
is much more synchronous (maximum �CC� 0.39 ä). This is
probably due to the lack of stabilization of the developing
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cationic charge on the primary carbon in the small model
system.


There is a significant barrier to formation of a metal-
lacyclobutane, even on the potential-energy surface. In an
absolute sense the barrier is still fairly low, and in the absence
of alternatives this would have been a feasible path. However,
as the direct addition through the open TS is about 40 kJmol�1


lower in energy, the possibility of an exo-metallacyclobutane
intermediate can be excluded, in agreement with our ob-
served isotope effects.


We concentrated on the open exo approaches. The four
possible vectors (Figure 11) were compared at one common
scan point, reaction coordinate 2.284 ä, at the the free-energy
curve turns sharply downward after a long, flat region. The
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Figure 11. The four possible open exo approaches. Energies [kJmol�1] are
relative to the most favorable form (alkene-Si, carbene-Re).


geometries and raw energies at this distance are available as
Supporting Information. At this point the addition is very
asynchronous, the length of the bond forming to the �-carbon
being 1.92 ± 1.99 ä and the carbene ±�-carbon distance still
2.73 ± 2.78 ä. The �-carbon is partially rehybridized towards
the sp3 form, whereas the �-carbon is essentially planar (sp2)
(Figure 10).


The structures are not properly converged transition states,
so the energy differences should be interpreted only qual-
itatively. For this scan point, the results are in good agreement
with the model proposed by Pfaltz and co-workers.[2] The path
leading to the observed major diastereomer (1R,2R) is indeed
lowest in energy. The enantioselectivity at the carboxylate
substituent arises from the hindered distortion of the Si
carbene. This penalty is more severe in the tert-butyl-
substituted ligand 12 c (Figure 3), in perfect agreement with
the higher experimental enantioselectivities observed with
this ligand. The alkene substituent does not interact signifi-
cantly with the ligand in any exo path; the cis ± trans selectivity
is solely an effect of the relatively weak steric repulsion
between carboxylate and alkene substituent in the transition
state. This is not true, however, for a 1,2-disubstituted alkene,
in which one substituent should be strongly affected by direct
interaction with the ligand.[7]


One additional low-energy path was found in the inves-
tigation of an endo approach. This path has all the character-
istics of the open mechanism, in that the bond to the styrene �-
carbon is formed first, but the alkene enters in a gauche-like
orientation which collapses to a metallacyclobutane inter-
mediate (Figure 12). Formation of the cyclopropane from this
intermediate is facile and exothermic. At the common


Figure 12. Gauche addition with collapse to a metallacyclobutane inter-
mediate. The ball-and-stick figure is viewed from the metallacyclobutane
apex (Cu hidden), as indicated on the right.


comparison point (r� 2.284 ä), this path is 26 kJmol�1 higher
in energy than the most favored mechanism shown in
Figure 11, so for this substrate it should not contribute
significantly to product formation. This is also indicated by
the fact that it would produce the observed minor enantiomer.
However, this asynchronous path to the metallacyclobutane,
with an endo substituent, is substantially lower in energy than
the direct [2�2] addition found for the cyclic exo path. It also
has a steric profile that differs substantially from the other
open paths. It is quite clear that the tert-butyl substituent (12 c)
would prohibit the metallacyclobutane formation completely,
but with less hindered ligands and other alkene substituent
patterns the gauche path cannot be excluded with absolute
certainty. The hybridization changes and degree of bond
formation along the reaction path closely parallels that for the
open mechanism, so the two mechanisms are not expected to
be distinguishable by the type of kinetic studies we employed
in this study. The only valid mechanistic indicator in this case
seems to be the product pattern to be expected from the
different paths.


Conclusion


The selectivity-determining step in the copper-catalyzed
cyclopropanation proceeds by a concerted but very asynchro-
nous addition of a metallacarbene to the alkene. For styrene
substrates, the bond to the �-carbon is formed early in the
reaction, with final ring closure to the cyclopropane product
occurring late but still in a concerted manner. In the
neighborhood of the free-energy TS, the �-carbon develops
substantial cationic character. For the monosubstituted styr-
enes studied here, a parallel orientation of the C�C and Cu�C
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bonds is preferred, with the phenyl group in an exo
orientation (not interacting with the ligand). The enantiose-
lectivity is determined by a direct repulsive interaction
between the carbene substituent and the ligand, whereas the
diastereoselectivity for monosubstituted alkenes is deter-
mined only by a relatively weak interaction between the
carbene and alkene substituents.[2] However, an alkene with
substituents on both carbon atoms could certainly interact
directly with the ligand.[7]


Metallacyclobutane formation through a direct [2�2]
addition is kinetically disfavored, but if the approaching
alkene adds in a gauche-like orientation, the second bond may
be formed to Cu, leading to a metastable metallacyclobutane.
The gauche orientation is disfavored for the styrenes studied
here, but cannot be excluded for more highly substituted
alkenes. The question of whether a metallacyclobutane is an
intermediate in the reaction is of no importance to selectivity
predictions, since the selectivity is fully determined in the
initial addition, which is irreversible. However, a gauche
addition would yield a stereoselectivity quite different from
the regular open exo addition.
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Ordered Arrays of II/VI Diluted Magnetic Semiconductor Quantum Wires:
Formation within Mesoporous MCM-41 Silica


Felix J. Brieler,[a] Michael Frˆba,*[a] Limei Chen,[b] Peter J. Klar,*[b] Wolfram Heimbrodt,[b]
Hans-Albrecht Krug von Nidda,[c] and Alois Loidl[c]


Abstract: We present a novel way of
synthesising highly ordered arrays of
hollow Cd1�xMnxS quantum wires with
lateral dimensions of 3 ± 4 nm separated
by 1 ± 2 nm SiO2 barriers by forming
Cd1�xMnxS (0� x� 1) semiconductors
inside the pore system of mesoporous
MCM-41 SiO2 host structures. X-ray
diffraction and transmission electron
microscopy (TEM) studies reveal the
hexagonal symmetry of these arrays
(space group p6m) and confirm the high
degree of order. Physisorption measure-
ments show the filling of the pores of the
MCM-41 SiO2. The X-ray absorption
near-edge structure (XANES), extend-
ed X-ray absorption fine structure (EX-
AFS), electron paramagentic resonance
(EPR), and Raman studies confirm the
good crystalline quality of the incorpo-


rated (Cd,Mn)S guest. The effects of
reducing the lateral dimensions on the
magnetic and electronic properties of
the diluted magnetic semiconductor
were studied by photoluminescence
(PL) and PL excitation spectroscopy
and by SQUID and EPR measurements
in the temperature range 2 ± 400 K. Due
to the quantum confinement of the
excitons in the wires, an increase of
about 200 meV in the direct band gap
was observed. In addition, the p-d hy-
bridisation-related bowing of the band
gap as a function of Mn concentration in
the wires is much stronger than in the


bulk. This effect is related to the in-
crease in the band gap due to quantum
confinement, which shifts the p-like
valence band edge closer to the 3d-
related states of Mn in the valence band.
Thus, the p-d hybridisation and the
strength of the band gap bowing are
increased. Compared to bulk (II,Mn)VI
compounds, antiferromagnetic coupling
between the magnetic moments of the
Mn2� ions is weaker. For the samples
with high Mn concentrations (x� 0.8)
this leads to a suppression of the
phase transition of the Mn system
from paramagnetic to antiferromagnet-
ic. This effect can be explained by the
fact that the lateral dimensions of the
wires are smaller than the magnetic
length scale of the antiferromagnetic
ordering.


Keywords: host ± guest systems ¥
mesoporous materials ¥ nanostruc-
tures ¥ semiconductors


Introduction


The group of molecular sieves was enriched in 1992 by the
discovery of a new family of materials called M41S phases.[1]


These materials expanded the range of pore sizes from the
micro- to the mesoporous range, and this attracted great
attention for size-selective applications such as catalysis,[2±4]


nanostructured host ± guest compounds[5] and sorption mate-
rials.[6] The original synthetic pathway used tetraalkylammo-
nium halides as structure-directing agents and tetraethyl
orthosilicate (TEOS) as the silica source under alkaline
conditions. This route led to three types of mesostructured
materials: hexagonal (MCM-41), cubic (MCM-48) and lamel-
lar (MCM-50). Since then a variety of syntheses has been
developed. Different kinds of amphiphilic molecules have
been utilised, for example, nonionic[7] or neutral surfactant
molecules,[8] which lead not only to powders but also to thin
films[9] and even monolithic structures.[10] The range of
different morphologies enhances the options for possible
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applications; for example, the catalytic properties of these
materials can be extended by the incorporation of guest
species such as Ti,[11, 12] Zr,[13] V,[14] Fe,[15, 16] Co,[17] Sn[18] and
Pt[19] into the pore structure. Inclusion chemistry in the pore
system has a wide field of possible chemical applications, such
as sorption, ion exchange or polymerisation inside the
channels.[5] The intrapore formation of catalytically active
nanostructured compounds such as Fe2O3


[20] or CoFe2O4
[21]


into the cubic, three-dimensional pore structure of MCM-48
makes this material suitable for catalytic applications, as well
as providing compounds with new physical and structural
properties.


The uniform, rod-like pore structure of MCM-41 provides
other interesting possibilities. From a physical point of view,
these mesoporous SiO2 materials are ideal host materials for
semiconductors due to their high degree of order and the large
band gap of SiO2, which serves as barrier material. Semi-
conductor compounds that have been implanted into
MCM-41 SiO2 to give regular arrays of quantum wires include
CdS,[22] CdSe,[23] GaAs,[24] InP,[25] Ge[26] and SiGe.[27] In general,
some of the optical properties of semiconductor nanostruc-
tures (e.g., exciton binding energies, oscillator strengths,
nonlinearities) are enhanced relative to the bulk material
due to the smaller dimensions.[28, 29]


Recently, we reported preliminary results on the first
incorporation of the diluted magnetic semiconductor
Cd1�xMnxS into MCM-41 SiO2.[30] Diluted magnetic semi-
conductors (DMS) are formed when the cation A of a
semiconductor AB is partially substituted by a magnetic ion
M to give an A1�xMxB structure. A large subgroup of the DMS
are the (II,Mn)VI semiconductors in which a fraction x
of the the Group II cations are substituted by Mn2� ions.[31, 32]


Due to its half-filled 3d shell with a spin of S� 5/2, manganese
has a large magnetic moment, and the magnetic phase
diagram of the ternary compound is accordingly rich. Besides
a paramagnetic phase, a spin-glass phase and an anti-
ferromagnetic phase are known. In the paramagnetic phase,
the exchange interaction between the localised magnetic
moments of the Mn2� ions and the spins of the extended
band states leads to so-called giant Zeeman splitting of the
band states of up to about 100 meV at magnetic fields of
only a few tesla. This s,p-d exchange interaction constitutes a
unique interplay between semiconductor properties and
magnetism.


Ordered arrays of identical magnetic clusters are of recent
scientific and technological interest.[33±37] They may provide a
way of studying the link between magnetism on a microscopic
atomic level and the macroscopic magnetic state. Interesting
properties are expected as the geometrical dimensions of the
clusters become comparable to the characteristic nanoscopic
and mesoscopic length scales (e.g., magnetic exchange length,
domain width).[33, 34] Ordered arrays of nanomagnets are also
promising components for new devices in magneto- or spin
electronics (e.g., magnetic hard-disc media, nonvolatile com-
puter memory chips).[38] Most previous work on ordered
arrays of magnetic clusters focussed on metal clusters. For
achieving a high degree of order, the fabrication of the arrays
usually involves a pattern-definition process. Various techni-
ques are in use, for example, electron-beam lithography, X-ray


lithography and pattern definition assisted by scanning
tunnelling microscopy.[34]


Far less work has been carried out on magnetic semi-
conductor nanostructures.[39±45] For metal structures, a high
degree of order could only be obtained so far by combining
lithographic pattern definition with epitaxial semiconductor-
growth techniques, either by growing structures on patterned
substrates[42] or by post-growth patterning and etching of the
epitaxial semiconductor layers.[45] However, the smallest
lateral sizes achievable by these techniques are much larger
than 10 nm. Other approaches, such as DMS clusters in
silicate glass,[39, 40] DMS clusters in reverse micelles[41] and self-
assembly by Stranski ±Krastanov growth[43] yield cluster sizes
below 10 nm but give a much smaller degree of order.


The synthesis of DMS nanostructures is of great interest, as
they combine semiconducting and magnetic properties in the
same nanostructure. Here, we give a detailed account of the
synthesis of Cd1�xMnxS nanoparticles (x� 1 ± 100%) in a
highly ordered MCM-41 silica matrix and discuss the effect of
the reduced dimensions on the magnetic and electronic
properties of the DMS.


Results and Discussion


Powder X-ray diffraction : From the powder X-ray diffraction
pattern of the pristine calcined MCM-41 silica, the hexagonal
symmetry of the space group p6m can clearly be indexed
(Figure 1). A high degree of long-range order and a relatively
thin wall thickness (ca. 1 ± 2 nm) can be assumed on the basis
of the reflections at higher angles 2�. After the intrapore
formation of the DMS compound (in this case Cd0.9Mn0.1S)
the peaks in the X-ray powder diffraction (XRD) are reduced
in intensity and slightly shifted to smaller d spacings.


Figure 1. Powder X-ray diffraction patterns of pristine calcined MCM-41
silica and an MCM-41 SiO2/Cd0.9Mn0.1S host ± guest compound.
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The loss in intensity is due to the fact that the introduction
of scattering material into the pores leads to an increased
phase cancellation between scattering from the walls and the
pore regions. Therefore, the intensities of the Bragg reflec-
tions are lower. This very sensitive phase relationship was first
described as a theoretical model[46] and was recently sub-
stantiated by experimental data.[20, 21, 47]


The contraction of mesoporous structures on calcination or
thermal treatment in acidic solutions is due to the influence of
the impregnation treatment, which is accompanied by thermal
treatment. It probably increases the connectivity within the
silica walls and results in a small contraction of the struc-
ture.[20, 21, 48] In the region between 2�� 20� and 60� no
reflections of the bulk DMS compounds are present. The
observed features are the same for all incorporated samples
Cd1�xMnxS.


Physisorption measurements : Figure 2 shows the amount of
physisorbed nitrogen (at 77 K) versus the relative pressure
p/p0 for pristine calcined MCM-41 silica and a representative
sample. Both isotherms are of type IV, typical for a meso-
porous material.[49] The step that indicates capillary conden-
sation within the pores is at p/p0� 0.3 ± 0.4. The amount of
adsorbed nitrogen strongly decreases after the incorporation
of the semiconductor, as does the specific inner surface area.


Figure 2. Nitrogen adsorption/desorption isotherms at 77 K of the pristine
calcined MCM-41 silica (a) and an MCM-41 SiO2/Cd0.95Mn0.05S host ± guest
compound (b).


The position of the step evoked by capillary condensation is
shifted to lower relative pressure due to the decrease in pore
size. After the incorporation of the semiconductor the specific
BET surface of the mesoporous compound is reduced by
more than 60% (for x� 0.2) with respect to MCM-41 silica.
The calculated BET surface area and the mean pore diameter
for all samples are listed in Table 1. Note that the introduction


of the heavy elements cadmium and manganese itself leads to
a decrease in the specific surface area of the MCM-41 silica
matrix.[6, 20] The mean pore diameter was calculated by using
the model of Barrett, Joyner and Halenda,[50] although this
well-established theory is actually valid for materials with
pores larger than 4 nm and underestimates the diameter of
mesopores by approximately 1 nm.[51, 52] However, it is an
appropriate method for determining changes in the pore-size
distribution.[6] After the intrapore formation of the different
semiconductor compounds, mesoporosity can still be found.
The lack of change in the type of the isotherm proves the
conservation of the cylindrical pore system. However, a
decrease in the mean pore diameter is indicated by the shift of
the main peak of the pore-size distribution to smaller values
and additional broadening due to a shoulder at smaller pore
sizes. In addition, the wall thickness increases (see Table 1).
These results clearly indicate coating of the walls of the pores
(hollow wires) and even partial filling.


Transmission electron microscopy : Figure 3 shows transmis-
sion electron micrographs of representative regions of pristine
calcined MCM-41 silica and an MCM-41/Cd0.5Mn0.5S host ±
guest compound. The hexagonal arrangement of the pores can
clearly be observed over a long range. Even after the
impregnation/conversion cycle the pronounced long-range
order is still intact. Furthermore no particles lying on the
outer surface of the MCM-41 silica material can be detected,
even on a larger length scale (Figure 3b). This supports the
conclusion from powder X-ray diffraction and the nitrogen
physisorption data that formation of the semimagnetic semi-
conductor nanoparticles took place predominantly inside the
pore structure.


Infrared and Raman spectroscopy: To confirm that the
conversion of the acetates to the sulfides by thermal treatment


Table 1. BET surface area, mean pore diameter D and wall thickness w
(calculated from w� a�D ; a� lattice constant) for the pristine MCM-41
silica material and the MCM-41 silica/semiconductor host ± guest com-
pounds.


Sample BET surface
area [m2g�1]


Mean pore
diameter D [nm]


Wall thick-
ness w [nm]


Pristine MCM-41 SiO2 1108 3.2 1.6
MCM-41 SiO2/Cd0.95Mn0.05S 478 2.8 2.0
MCM-41 SiO2/Cd0.9Mn0.1S 501 2.8 2.0
MCM-41 SiO2/Cd0.85Mn0.15S 491 2.8 2.0
MCM-41 SiO2/Cd0.8Mn0.2S 297 2.7 2.0
MCM-41 SiO2/Cd0.5Mn0.5S 156 3.2 2.2
MCM-41 SiO2/Cd0.1Mn0.9S 410 2.8 2.0
MCM-41 SiO2/CdS 383 2.8 2.1
MCM-41 SiO2/MnS 574 2.8 2.0
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Figure 3. Transmission electron micrographs of the pristine calcined
MCM-41 silica (a) and an MCM-41 SiO2/Cd0.5Mn0.5S host ± guest com-
pound (b).


in an H2S atmosphere is a quantitative process, IR spectra of
products were recorded after the various preparation steps
during the impregnation/conversion cycle. The spectra of the
MCM-41 silica/cadmium acetate host ± guest compound is
almost a sum of those of MCM-41 silica and bulk cadmium
acetate (Figure 4). After the thermal treatment all bands


Figure 4. IR spectra taken during the impregnation/conversion cycle of an
MCM-41 SiO2/CdS host ± guest compound.


corresponding to the acetate have vanished, and the IR
spectrum of the finished product is similar to that of calcined
MCM-41 silica. As (Cd,Mn)S has no phonon modes above
400 cm�1, this suggests quantitative conversion of the acetate
to the sulfide within the pore structure. This is further
confirmed by the Raman spectra in Figure 5. The room-
temperature Raman spectra of the MCM-41 SiO2/Cd1�xMnxS
host ± guest compounds clearly show features corresponding
to the longitudinal optical (LO) mode and 2LO phonon
modes of Cd1�xMnxS at about 300 and 600 cm�1, respectively.
The slight shift of the LO phonon mode to higher wave-
number and the development of a shoulder for x� 10% are in


Figure 5. Raman spectra of different MCM-41 SiO2/Cd1�xMnxS host ± guest
compounds with x� 20%.


good agreement with the results for corresponding bulk
crystalline samples.[53, 54] The increasing noise level with
increasing x is due to a strong luminescent background.


X-ray absorption spectroscopy : X-ray absorption spectrosco-
py addresses the question whether the guest species in the
MCM-41 silica pore structure are segregated cadmium sulfide
and manganese sulfide or whether the Mn2� ions are
incorporated into the cadmium sulfide matrix. Figure 6 shows


Figure 6. Normalised Cd K-XANES (a) and Mn K-XANES (b) spectra of
the host ± guest compounds with x� 20% and the bulk reference samples.


the normalized X-ray absorption near-edge structure
(XANES) regions of the Cd K-edge (Figure 6a) and Mn
K-edge spectra (Figure 6b), which can be used as ™finger-
prints∫ of the respective materials. All spectra recorded at the
Cd K-edge look very similar, and the resemblance of spectra
of the host ± guest compounds to the CdS reference spectrum
indicates formation of cadmium sulfide in the pores. Further-
more, the spectra of the host ± guest compounds recorded at
the Mn K-edge show no similarity to that of the bulk reference
material MnS. The features in the XANES region of the
spectrum of the reference material cannot be found in those of
the host ± guest compounds. This is a first indication that no
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MnS was formed in the pores, yet manganese is present in the
samples.


Further proof for the formation of DMS nanoparticles in
the pores of MCM-41 material is provided by the modified
radial distribution functions (not phase-corrected) extracted
from the extended X-ray absorption fine structure (EXAFS)
oscillations shown in Figure 7. In the Cd K-EXAFS spectra


Figure 7. Modified radial distribution functions (not phase-corrected) of
the Cd K-EXAFS (a) and Mn K-EXAFS (b) spectra of the host ± guest
compounds with x� 20% and the bulk reference sampless.


(Figure 7a) the first CdS shell at 2.52 ä can be observed for
the CdS reference and all MCM-41 silica/Cd1�xMnxS host ±
guest compounds. The next-nearest neighbour shell (CdCd) is
only observed in the reference and the sample with the lowest
Mn content. This is proof of the distortion of the CdS matrix
due to a lager amount of distributed manganese. Table 2 lists
the fit results of the Cd K-edge measurements. In the Mn
K-EXAFS spectra the corresponding next-nearest neighbour
shell (MnCd) can be recognised in the reference material
(wurtzite structure) but not in any of the host ± guest
compounds. The first MnS shell of the host ± guest compounds


is clearly shifted to smaller distances. In addition, it shows a
reduced coordination number. Both effects are caused by a
local disorder in the CdS matrix arising from the substitution
of Cd by Mn to give a distorted MnS geometry. Hence, it can
be concluded that Mn2� ions replace Cd2� ions in the
nanocrystalline structure, and a Cd1�xMnxS nanocrystal is
formed. Table 3 gives an overview of the fit results of the Mn
K-EXAFS measurements.


Photoluminescence spectroscopy : Figure 8 shows a schematic
diagram of the complex optical processes observable in wide-
gap (II,Mn)VI semiconductors. The semiconductor band
states with a direct band-gap transition and the 3d shells of


Figure 8. Schematic diagram of the optical processes observable in wide-
gap (II,Mn)VI semiconductors. The abscissa values are the same for all
three graphs.


the Mn2� ions with their internal transitions form subsystems
of the (II,Mn)VI semiconductor which are coupled by energy-
transfer processes. In addition to semiconductor band-gap-
related luminescence and absorption, luminescence and
absorption bands due to the intra-3d-shell transitions of the
Mn2� ions are observed. The states within the 3d shell are
strongly affected by the crystal field of the lattice site of the
corresponding Mn2� ion. The majority of the Mn2� ions are
incorporated on cation sites with a tetrahedral crystal field.
The lowest state is the 6A1 state originating from the 6S state of
the free ion, and the next higher states are 4T1, 4T2, 4A1 and 4E
originating from the 4G state of the free ion. Absorption
processes can take place between the 6A1 ground state and the
excited states. A yellow luminescence between the 4T1 first
excited state and the 6A1 ground state is observed for all wide-
gap (II,Mn)VI compounds, independent of Mn concentration.
In addition, there are a few Mn2� ions on other sites. These


Table 2. Fit results of the Cd K-EXAFS measurements. Abbreviations:
N� coordination number, R�bond length, ��2�Debye ±Waller factor,
�E� energy shift.


.Sample N R [ä] ��2 [10�3 ä2] �E0


CdS (reference)[a] 4/12 2.52/4.12 3.9/1.5 2.69/1.84
MCM-41 SiO2/Cd0.95Mn0.05S 4.81 2.52 5.4 3.10
MCM-41 SiO2/Cd0.9Mn0.1S 4.29 2.51 4.5 1.93
MCM-41 SiO2/Cd0.85Mn0.15S 4.47 2.52 5.2 2.99
MCM-41 SiO2/Cd0.8Mn0.2S 4.36 2.52 5.0 3.20


[a] The amplitude reduction factor S2
0 � 1.0254 was obtained from the


reference compound by keeping the coordination numbers constant.


Table 3. Fit results of the Mn K-EXAFS measurements. Abbreviations:
N� coordination number, R�bond length, ��2�Debye ±Waller factor,
�E� energy shift.


Sample N R [ä] ��2 [10�3ä2] �E0


MnS (wurtzite)[a] 4.01 2.44 4.5 2.53
MCM-41 SiO2/Cd0.95Mn0.05S 3.41 2.37 9.9 � 6.81
MCM-41 SiO2/Cd0.9Mn0.1S 3.28 2.37 10.1 � 6.76
MCM-41 SiO2/Cd0.85Mn0.15S 3.67 2.33 11.1 � 10.45
MCM-41 SiO2/Cd0.8Mn0.2S 3.02 2.36 10.1 � 6.98


[a} The amplitude reduction factor S2
0 � 0.7795 was obtained from MnS


with manganese in octahedral coordination geometry (rock salt structure).
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™defect∫ sites show a different crystal-field splitting between
the states of the 3d shell, and this leads to other absorption
and luminescence bands. A prominent example is the red
Mn2� luminescence. Energy-transfer processes can take place
between the band states and the Mn2� 3d shells, as well as
between Mn2� 3d shells corresponding to different sites.


Figure 9 depicts photoluminescence (PL) spectra recorded
at 10 K of five MCM-41 silica/Cd1�xMnxS samples (x� 1 ±
20%) recorded at low excitation densities. The PL spectra
for x� 5% are very similar and consist of two overlapping


Figure 9. Low-temperature Mn-related photoluminescence bands of
MCM-41 silica/Cd1�xMnxS with x� 20%.


broad bands: a dominant yellow band centered at 2.1 eVand a
red band at about 1.8 eV (marked by arrows). The yellow PL
band originates from the 3d internal transition of Mn2� on a
Cd site. The transition takes place between the 4T1 first
excited state and the 6A1 ground state. The red PL band
originates from the 3d internal transition of another Mn2�-
related defect, which either also has tetrahedral site symmetry
but a different crystal field or corresponds to a site with
octahedral symmetry. The two bands can be excited individ-
ually at higher excitation densities (i.e. , laser excitation).[55]


For excitation energies above 2.4 eV, the PL is dominated by
the yellow luminescence band. Laser excitation at energies
below the yellow PL band excites only the red PL band.[55]


These PL bands are typical for (Cd,Mn) and (Zn,Mn) mixed
chalcogenide crystals.[32, 56, 57] Because of the efficient energy
transfer from the Cd1�xMnxS band states into the Mn2�


subsystem, there is no band-gap-related excitonic PL in the
continuous-wave measurement. The PL of the sample with
x� 1% is very weak and probably consists of an additional
deep defect band in addition to the two Mn-related bands.


Temperature-dependent PL spectra of the Mn emission of
MCM-41 silica/Cd0.95Mn0.05S are shown as a typical example in
Figure 10. The peak positions of the two emission bands
hardly shift in energy with increasing temperature, and both
bands broaden. These are typical features of the Mn 3d
internal transitions. However, the spectra in Figures 9 and 10


Figure 10. Temperature dependence of the Mn-related photolumines-
cence bands of an MCM-41 SiO2/Cd0.95Mn0.05S host ± guest compound.


differ from those of bulk (Cd,Mn)S crystals in that the red Mn
emission band does not increase in intensity relative to the
yellow band, neither with increasing temperature nor with
increasing Mn concentration x. The unusual concentration
dependence can be taken as an indication of the good
crystalline quality of the incorporated (Cd,Mn)S nanoparti-
cles, as the red emission is usually assigned to Mn2� on sites
other than the cation sites of the wurtzite lattice. The unusual
temperature dependence might indicate that the transfer
processes from the band states and the yellow-emitting Mn
centres into the red-emitting Mn centres are altered by the
reduction of the dimensionality from three in the bulk
material to one or quasizero in the nanoparticles. However,
this needs to be studied in greater detail.


Photoluminescence excitation (PLE) spectroscopy: The PLE
spectra recorded at 10 K (Figure 11) are in good agreement
with the discussion of the PL data in Figures 9 and 10. The
difference between the PLE spectra detected on the yellow
emission (thick lines) and those detected on the red emission
(thin lines) confirms the assignment of the PL bands to the
two Mn centres. The PLE spectra corresponding to the yellow
band show a distinct peak which varies significantly with x.
For the MCM-41 silica/Cd0.99Mn0.01S sample the peak is at
about 2.95 eV, it has its lowest energy for x� 5% sample at
2.75 eV, and increases gradually to about 2.85 eV for x� 9, 14,
and 20%. This concentration dependence clearly shows that
these signals correspond to the band gap of the incorporated
(Cd,Mn)S compound, as peaks corresponding to absorption
of the 3d shell of Mn2� would not depend on x.[32] This shows
that the yellow emission arises predominantly from an energy
transfer from the band states to yellow-emitting centres. The
PLE spectra of the red PL of the samples with x�5 ± 20% are
very similar. They do not exhibit a signal related to the
(Cd,Mn)S band gap, but a broad peak centred at about 2.4 eV
corresponding to the absorption 6A1� 4T1 of yellow-emitting
Mn2� centres, which is Stokes-shifted by about 200 meV
relative to the yellow emission due to strong electron ±
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Figure 11. Photoluminescence excitation spectra of the host ± guest com-
pounds with x� 20%, detected for the yellow luminescence (thick lines)
and the red luminescence (thin lines).


phonon coupling in the (II,Mn)VI materials. The small band-
gap-related feature and the existence of an absorption peak
corresponding to the yellow-emitting centre in the PLE
spectrum of the red-emitting centre show that, as in bulk
(II,Mn)VI compounds, the red emission is mainly a result of
an energy transfer from the yellow-emitting centres to the red
centres.


Figure 12 compares the band-gap energies obtained from
the PLE spectra of the yellow PL band with those of bulk
Cd1�xMnxS.[58] The solid lines are guides to the eye and
represent the bowing of the the pd exchange-induced band


Figure 12. Dependence of the direct band gap on Mn concentration for
MCM-41 silica/Cd1�xMnxS host ± guest compounds and Cd1�xMnxS bulk
crystals at 10 K. The lines are guides to the eye.


gap.[59] The band-gap data of the Cd1�xMnxS quantum wires
show that the quantum confinement energy in the wires is
greater than 200 meV, which confirms the presence of an
intrapore nanostructured semiconductor. Similar confine-
ment energies were observed for Cd1�xMnxS nanoparticles
of comparable size that were synthesised in reverse mi-


celles.[41] An increase in the p-d exchange-induced band-gap
bowing is observed for the quantum wires, and this is also in
good agreement with previous studies.[41] A possible explan-
ation for this effect is an enhancement of the p-d exchange
interaction caused by modified positions of the p- and
d-related bands in the band structure of the quantum wires
compared to the bulk. Due to the quantum confinement, the
lowest valence-band state of the Cd1�xMnxS quantum wires is
shifted significantly towards the Mn 3d states, which are
positioned about 3 eV below the valence-band edge of the
bulk material. This enhancement effect is similar to that in
bulk Cd1�xMnxY (Y�Te, Se, S), for which increased p-d
hybridisation is observed with increasing band gap on going
from Te to S.[60]


Electron paramagnetic resonance (EPR) spectroscopy: Fig-
ure 13 shows EPR spectra of seven MCM-41 silica/Cd1�xMnxS
powder samples with x� 1, 5, 9, 14, 20, 90 and 100%. For
45� x� 80% there is a miscibility gap for Cd1�xMnxS. The


Figure 13. Normalised EPR spectra of seven host ± guest compound
powder samples of different Mn contents x at T� 4 K.


two miscibility regions may have different crystal structures:
wurtzite for the low-x region and rock salt or wurtzite for the
high-x region. All spectra were recorded at 4 K and normal-
ised to the same amplitude. In reality, their relative intensities
roughly increase with increasing Mn concentration. However,
we observed deviations from simple proportionality, which
can be ascribed to different degrees of implantation for the
seven samples. The EPR spectra are typical for exchange-
coupled Mn2� ions in (Cd,Mn) and (Zn,Mn) mixed chalcoge-
nide crystals.[61±63] The features in the EPR spectra can be best
explained for low x. The spectra consist of a sextet of sharp
lines, each of which has a pair of satellites at lower magnetic
field on a broad background. The g-factor is 2.001. The sharp
lines and their satellites correspond to the allowed (�mS�� 1,
�mI� 0) and forbidden (�mS�� 1, �mI�� 1) hyperfine
transitions of the Zeeman-split mS��1/2 and mS��1/2
levels of the 6S5/2 (or 6A1) ground state of the Mn2� 3d







FULL PAPER M. Frˆba, P. J. Klar et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0192 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 1192


electrons. The hyperfine structure arises from the interaction
between the S� 5/2 spin of the unpaired 3d electrons with the
I� 5/2 spin of the Mn2� nucleus. The �mS�� 1 transition
energies between the Zeeman levels mS�� 5/2 and mS�
� 3/2, as well as mS�� 3/2 and mS�� 1/2, vary with changing
crystal orientation in the range of about 20 G with respect to
the mS��1/2 to mS��1/2 transitions.[61] Therefore, the
corresponding sextets of lines cannot be distinguished in the
spectrum of powder samples, but their average determines the
width of the six resonance lines. The prominent forbidden
hyperfine transitions in the spectra are typical for Mn2� ions in
the tetrahedral environment of a Cd site in a wurtzite crystal.
In a zinc blende crystal these should be much weaker.[61, 64]


Thus, the crystal structure of all five Cd1�xMnxS wires of the
low-x miscibility region is wurtzite. Note that that CdS
nanoclusters with low manganese contents often have the
zinc blende structure.[64] We also reported a zinc blende
structure for Cd0.985Mn0.015S in MCM-41 silica.[55] For
Cd1�xMnxS nanoparticles with an x value of a few percent,
zinc blende and wurtzite structures seem to have very similar
total energies, so that both crystal structures might occur,
depending on the preparation process and the size of the
nanoparticles. This is also suggested by calculations on the
bulk material and clusters.[65, 66] With increasing x the struc-
tures in the EPR spectra are broadened and even disappear
for x� 90 and 100%, and the broad background strongly
increases due to increasing superexchange interaction be-
tween the Mn2� ions.[67, 68] Therefore, no information about the
crystal structure in the high-x miscibility region can be
obtained from EPR spectra.


As in bulk (II,Mn)VI materials, the integral EPR signal
corresponding to the Mn2� absorption has a Lorentzian line
shape in the paramagnetic regime.[67] Overall intensity Itotal
and line width �H of the Lorentzian are very sensitive to the
spin ± spin correlations of the Mn2� ions. Therefore, changes in
the magnetic order with temperature, for example, transitions
from the paramagnetic to the spin-glass phase or antiferro-
magnetic phase, are reflected in the temperature dependence
of �H and Itotal .[67, 68] The main graph of Figure 14 depicts plots
of �H versus temperature for various MCM-41 silica/
Cd1�xMnxS powder samples. Temperature trends and magni-
tudes of �H for the samples with x� 20% are similar to those
reported for the bulk material.[67] However, the increase in
�H with decreasing temperature appears to be weaker than
for bulk crystals, and this suggests that the spin ordering
leading to the spin-glass phase is suppressed in the nano-
crystals. The suppression of the spin ± spin correlations due to
the nanostructuring becomes more pronounced for samples
with high x, on the other side of the miscibility gap. Cd1�xMnxS
bulk crystals with x� 80% show a phase transition from
paramagnetic to antiferromagnetic with a Ne¬el temperature
of TN� 152 K for MnS and 127 K for Cd0.1Mn0.9S for the rock
salt modification and TN� 80 K for the wurtzite modification
of MnS. This is reflected in the EPR spectrum by a singularity
in the EPR line width �H on approaching TN from higher
temperatures and a vanishing EPR signal below TN.[68] Powder
samples with micrometer grains and thin films evaporated
onto glass substrates show similar anomalies, but not as
distinct, at a TN that is about 20 K lower. In contrast, the


Figure 14. Temperature dependence of the line width of the EPR
absorption signal for various host ± guest compounds. Inset: Plot of
reciprocal intensity of the EPR absorption signal versus temperature for
MCM-41 silica/Cd0.1Mn0.9S and MCM-41 silica/MnS.


MCM-41 silica/Cd0.1Mn0.9S and MCM-41 silica/MnS powder
samples show an increasing �H and an increasing intensity
down to the lowest temperature in the experiment, that is, the
Ne¬el temperature of the two samples must be lower than 4 K.
The Curie ±Weiss parameter �of the paramagnetic phase can
be obtained by linear extrapolation of a plot of the reciprocal
EPR intensity I�1


total versus temperature T (Figure 14, inset).
The intersection of the straight lines with the Taxis below 0 K
confirms the antiferromagnetic coupling between the Mn2�


spins. For both samples it yields a value of�� 20 K. However,
this value of � is about 20 times lower than that of bulk
MnS.[32]


The results of the SQUID measurements in Figure 15 fully
confirm the EPR results. Plotting the reciprocal dc magnetic
susceptibility ��1 of the MCM silica/Cd1�xMnxS samples as a
function of temperature basically yields straight lines. Hence,


Figure 15. Temperature dependence of the reciprocal magnetic suscepti-
bility for various MCM-41 silica/Cd1�xMnxS. Inset: Plot of the Curie ±Weiss
parameter as a function of Mn content obtained by SQUID (�) and EPR
(�) on these samples.
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no transition from the paramagnetic to the spin-glass phase
for x� 20% or to the antiferromagnetic phase for x� 80%
takes place in the temperature range from 400 down to 1.8 K.
The deviations from linear behaviour, in particular for x�
10% and above 200 K, are mainly due to experimental
difficulties as the magnitude of the susceptibility � approaches
the detection limit. Fitting the plots for x� 9% by using the
dependence ��1(T)	 (T��) for the paramagnetic region
allows one to determine the Curie ±Weiss parameter � as a
function of x (Figure 15, inset). The � values obtained by
analysing the SQUID data agree well with those obtained by
EPR spectroscopy. As expected, � increases with increasing
Mn content. The results of the EPR and the SQUID
measurements lead to the conclusion that the antiferromag-
netism in the MCM-41 silica/Cd1�xMnxS samples is strongly
suppressed due to the reduced dimensions of the nanowires.


Conclusion


The results of the various applied techniques confirm that
high-quality nanostructured Cd1�xMnxS (x� 1 ± 100%) was
formed and stabilised in the pore system of MCM-41 silica
matrices. Optical and EPR spectroscopic measurements show
the strong effect of the reduced dimensions on the electronic
and magnetic properties of Cd1�xMnxS. Besides the well-
known quantum confinement effect, which leads to an
increase in the direct band gap in nanoclusters by more than
200 meV compared to the bulk, an increase of the p-d
exchange-induced band-gap bowing as a function of x was
observed. This effect is probably due to the modified positions
of the p- and d-related bands in the band structure of the
Cd1�xMnxS wires. In addition, spin ± spin correlations between
the S� 5/2 spins of the Mn2� ions, which lead to the transition
from the paramagnetic phase to the spin-glass phase for 20�
x� 45% and to the transition from the paramagnetic phase to
the antiferromagnetic phase for x� 80% in bulk Cd1�xMnxS,
are strongly suppressed in the nanostructures. This becomes
clear in the temperature-dependent EPR and SQUID studies
on MCM-41 silica/Cd1�xMnxS, in which no phase transitions
were observed down to 2 K for all x, and Curie ±Weiss
parameters � in the paramagnetic regime that are more than
an order of magnitude smaller than in bulk Cd1�xMnxS reflect
the strong reduction of the antiferromagnetic coupling
between Mn2� spins.


Experimental Section


Synthesis of mesoporous MCM-41 silica : Hexadecyl trimethylammonium
bromide (C16TABr, 0.25 mol, Merck) was dissolved in water (35 mol) by
stirring and heating to 65 �C. Tetramethylammonium hydroxide (TMAOH,
0.2 mol, 25% in water, Merck) and, with vigorous stirring, SiO2 (1 mol,
Cab-O-Sil, Riedel-de-Haen) were added. The mixture was stirred at 65 �C
for 30 min, transferred into a Teflon-lined steel autoclave and stored at
room temperature for 24 h. The autoclave was then statically heated to
150 �C for 24 h. The resultant white precipitate was collected by filtration
and washed several times with warm deionised water. Drying at room
temperature under vacuum gave a white powder, which was calcined in
flowing air at 550 �C for 6 (heating rate: 1 K min�1).


Synthesis of the MCM-41 silica/DMS host ± guest materials : Impregnation
was carried out by stirring calcined MCM-41 silica (0.5 g) in a 0.5� solution
of cadmium acetate (Merck) and manganese acetate (Merck) with the
desired Cd/Mn ratio for 10 min. No further adjustment of the pH value was
carried out. The dispersion was separated by centrifugation. The residue
was dried in vacuum and stored in an H2S atmosphere at 70 �C for 48 h.
Elemental analyses revealed a very good agreement of the Cd/Mn ratio in
the host ± guest compound with the initial Cd/Mn ratio. The content of the
SiO2 matrix with metal ions was 40 ± 50 wt%. For detailed information on
the respective samples, see Table 1.


Analyses and measurements : Powder X-ray diffraction patterns were
recorded at room temperature on a Bruker AXS D8 Advance diffrac-
tometer (CuK�) in �/� geometry with a secondary monochromator.


Physisorption measurements were carried out with a Quantachrome
Autosorb 1 instrument with nitrogen as adsorptive at 77 K. Before each
sorption measurement the sample was outgassed at 100 �C for at least 24 h
under turbomolecular pump vacuum.


Infrared spectra were recorded on a Perkin-Elmer FT-IR 1720 in the range
400 ± 4000 cm�1 in shuttle mode. Phonon Raman spectra were obtained at
room temperature by using a Raman microscope system. An argon ion
laser operating at 488 nm was used for excitation, and a Jobin-Yvon T64000
triple Raman spectrometer in subtractive mode with a CCD detector for
detection.


The transmission electron micrographs were recorded on a Philips CM 300
UTand on a Philips CM 30 ST. The XAFS measurements on the K-edges of
Cd and Mn were recorded at HASYLAB at DESYon the beamlines X-1.1
for Cd and E-4 for Mn. All data were recorded at room temperature with a
silicon (111) monochromator for the Mn K-edge (fluorescence mode) and a
silicon (311) monochromator for the Cd K-edge absorption spectra
(transmission mode). For data analyses the programs FEFF WinXAS[69]


and 7.01[70] were used.


The photoluminescence-based optical measurements were carried out in
the temperature range 10 ± 300 K. Tuneable monochromatic excitation
light with a band width of 5 nm was provided by a tungsten lamp followed
by a 0.25 m monochromator. The sample luminescence was detected with a
0.5 m spectrometer equipped with a GaAs photomultiplier with a
resolution better than 1 nm. For the PL measurements the sample was
excited with 420 nm light (2.95 eV), and the PL signal detected in the range
450 ± 900 nm. For the photoluminescence excitation (PLE) measurements,
the PL intensity was detected at 580 nm or at 700 nm by varying the
wavelength of the excitation light from 350 to 560 nm and 350 to 680 nm,
respectively.


Electron paramagnetic resonance measurements on a Bruker Elexsys 500
CW spectrometer at X-band frequencies (9.48 GHz) and magnetic fields up
to 1 T were performed between 4 and 200 K in a continuous-flow He
cryostat.


The dc susceptibility of the samples was measured in the temperature range
from 1.8 to 400 K by using a Quantum Design SQUID magnetometer
operating at 1 kOe.
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Introduction


Inter- and intramolecular carbometallation reactions of
alkenes and alkynes are finding increasing use for regio- and
stereocontrolled carbon�carbon bond formation in organic
chemistry.[1, 2] Considerable efforts, particularly by Bailey and
co-workers, have shown that intramolecular carbolithiation
(anionic cyclization) reactions allow ready access to substi-
tuted cyclopentanes and other carbocyclic ring systems.[3] The
core, unsubstituted substrate, 5-hexenyllithium, can be pre-
pared by iodine ± lithium exchange with tert-butyllithium, and
undergoes cyclization with a half-life, t1/2 �5.5 min at 23 �C
(Scheme 1).[4, 5]


Scheme 1. Rate of anionic cyclization to cyclopentane ring in pentane/
Et2O.[5]


Our own work has made use of the ability to form an
organolithium species by tin ± lithium exchange from an
aminoalkylstannane.[6, 7] This led to a new route to substituted
pyrrolidines (Scheme 2).


Scheme 2. Anionic cyclizations to 3-substituted pyrrolidines.[6, 7] a) nBuLi,
hexane/Et2O 10:1, RT, 2 h, then E�, 44 ± 90%.


In this work, excellent results were obtained using the very
low polarity solvent system hexane/Et2O (�10:1) at room
temperature. Under these conditions transmetallation of the
�-amino-organostannane is slow, and complete tin ± lithium
exchange requires approximately 30 min. Other research
groups have also studied the formation of heterocyclic
compounds using an intramolecular carbometallation reac-
tion.[2a,b, 8] Access to chiral �-hetero-organolithium species, for
example by tin ± lithium exchange[9] or proton abstraction,[10]


opens up the possibility to determine the extent of intra-
molecular carbolithiation by retention or inversion of config-
uration at the carbanion centre, a study that is not feasible
using iodine ± lithium exchange with chiral secondary iodides.
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Chiral organolithium species are known to react intermolec-
ularly with electrophiles with retention, inversion or racemi-
zation of configuration, depending on the substrate and
electrophile.[10, 11] However, the stereoselectivity on intramo-
lecular quench (anionic cyclization) was unknown at the
outset of this work. This paper describes in full our results on
the use of enantiomerically enriched organolithium species
for the formation of cyclic amines and gives valuable
information on how the extent of racemization depends on
the N-alkenyl substituent. In addition to our own work,[7, 12]


the number of reports on the use of chiral organolithium
species for the formation of carbocyclic and heterocyclic ring
systems has been growing.[13]


Results and Discussion


We required a route to enantiomerically enriched amino-
alkylstannanes and hence (on transmetallation) �-amino-
organolithium species, in which the nitrogen atom is tethered
to an alkenyl group to allow intramolecular carbolithiation. A
popular and convenient method to introduce a trialkyltin
group � to a heteroatommakes use of chemistry developed by
Hoppe and Beak, in which proton abstraction in the presence
of (�)-sparteine induces asymmetry.[10] With the substrate N-
tert-butoxycarbonyl (Boc) pyrrolidine, the 2-tributyltin deriv-
ative 1 (Scheme 3) was prepared with high optical purity.[14]


Removal of the N-Boc group was problematic using a protic


Scheme 3. Preparation of N-(but-3-enyl)-2-(tributylstannyl)pyrrolidine.
a) B-bromocatecholborane, CH2Cl2, RT, 30 min, then CH2�CHCH2COCl,
65%; b) AlH3, Et2O, 0 �C, 2 h, 89%.


acid such as trifluoroacetic acid, but the use of the Lewis acid
B-bromocatechol borane[15] gave the unstable free amine,
which was treated immediately with 3-butenoyl chloride to
give the amide 2. Reduction of the amide with LiAlH4 or
alane (AlH3) gave the desired substrate 3. This amine had a
high specific rotation, [�]23D ��107.0 (c� 2.6, EtOH), al-
though we were not able to verify at this stage that no loss in
optical purity had occurred in the deprotection, acylation or
reduction steps.


Transmetallation of chiral �-amino-organostannanes is
often carried out at low temperature (typically �78 �C), in
order to avoid racemization of the chiral organolithium
species.[10a, 11a] We were somewhat disappointed to find, there-
fore, that treatment of the stannane 3 with nBuLi in THF at
�78 �C, followed by gradual warming to room temperature,
gave predominantly the protodestannylated product N-but-3-
enylpyrrolidine. Alternative conditions, using the much less
polar hexane/Et2O (10:1) solvent system, require temper-
atures above 0 �C to effect transmetallation. Gratifyingly,
these conditions resulted in a high yield of a single diaster-
eomer (as determined by NMR) of the cyclized product 5,


after quenching with methanol (Scheme 4). The stereochem-
istry was confirmed by NOE experiments and by correlation
with the known pseudoheliotridane 5.[16] The enantiomeric
excess (ee) of the product was determined by measuring the


Scheme 4. Anionic cyclization to (�)-pseudoheliotridane. a) nBuLi, hex-
ane/Et2O 10:1, RT, 2 h, then MeOH, 90%.


peak area of the methyl doublet in the 1H NMR spectrum in
the presence of the chiral solvating agent (R)-(�)-2,2,2-
trifluoro-1-(9-anthryl)ethanol.[17] Despite the ambient tem-
perature of the reaction, the product was determined to have
94% ee, which indicates a completely enantiospecific cycliza-
tion, with no loss of optical purity. This result was verified
from the specific rotation [�]23D ��6.8 (c� 0.5, EtOH), which
compared well with the literature value [�]23D ��7.0 (c� 0.5,
EtOH).[16] By the sign of rotation, we assign the product with
absolute configuration as illustrated, such that the cyclization
has occurred with complete retention of configuration at the
carbanion centre. This result suggests that the lithium atom in
the intermediate 4 (drawn as a monomer but note that the
corresponding N-methyl com-
pound has been found to be
dimeric in THF)[18] coordinates
to the alkene and that the
transition state adopts a con-
formation (Figure 1) with a
chair-like arrangement in
which the lone pair on the
nitrogen atom is pseudo-axial and could interact with the
lithium atom.[18, 19] This postulate is in agreement with
calculated[3] and experimental data.[20] This chemistry allows
a very short, enantiospecific synthesis of the pyrrolizidine
alkaloid (�)-pseudoheliotridane.


In addition, the result indicates that intramolecular carbo-
lithiation reactions onto an alkene occur with complete
retention of configuration at the carbanion centre. The
anionic cyclization contrasts sharply with the related radical
cyclization, which occurs to give predominantly the other
diastereomer, heliotridane, as a racemic mixture.[21]


We were intrigued as to the origin of the remarkable
configurational stability of the organolithium species 4.
Cyclization of the organolithium species 4 appears to proceed
at a rate that is comparable with (or faster than) 5-hexenyl-
lithium, as the cyclization of 4 is complete within the same
time scale as the tin ± lithium exchange (approximately 30 min
at room temperature in a solvent of very low polarity). The
organolithium species 4 is different from 5-hexenyllithium (it


Figure 1. Conformation of the
organolithium species 4 leading
to pyrrolizidine 5.
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is likely to have nitrogen ± lithium coordination[18, 19] and is a
cyclic, secondary organolithium species), however, if it does
cyclize at the same rate as 5-hexenyllithium, then it is possible
to calculate that the half-life for epimerization of 4must be at
least 5 h, in order that essentially no loss of optical purity
would result.


Intramolecular carbolithiation of the organolithium species
4 gives a new organolithium species which can be trapped with
a protic source to give (�)-pseudoheliotridane 5. Trapping
with other electrophiles led to a selection of different
substituted pyrrolizidines 6a ± e (Scheme 5, Table 1). In each
case the products 6 were optically active, although it was no
longer possible to verify the enantiomeric excess by NMR. As
the cyclization occurs enantiospecifically, setting up both
chiral centres in the product before electrophilic quench, then
it is anticipated that there would be no loss in the optical
purity of these products.


Scheme 5. Anionic cyclizations to 1-substituted pyrrolizidines. a) nBuLi,
hexane/Et2O 10:1, RT, 2 h, then E�, 41 ± 63%.


Transmetallation of the organostannane 3 at �78 �C in the
solvent THF gave, after warming to room temperature, N-but-
3-enylpyrrolidine together with a small amount (�19%) of
pseudoheliotridane 5. This product was determined (1H NMR
spectrum as above) to have been formed with 94% ee and had
therefore proceeded with no loss of optical purity. The
product pseudoheliotridane was also formed in 94% ee and
in good yield using hexane/Et2O as solvent in the presence of
the additives N,N,N�,N�-tetramethylethylene diamine (TME-
DA) or lithium iodide. Attempts to effect cyclization of the
racemic organolithium species 4 in the presence of (�)-
sparteine resulted in the formation of only N-but-3-enylpyr-
rolidine.


The observation that the intramolecular carbolithiation
reaction to the pyrrolizidine 5 occurs with complete retention
of configuration at the chiral carbanion centre is in agreement
with recent results on the cyclization of other chiral organo-
lithium species.[13] These cyclization reactions are restricted to
the formation of five-membered rings, and must occur at rates
that are significantly greater than the rate of racemization.
The next logical investigation is to determine the effect of ring
size on the stereochemical integrity of the chiral organo-
lithium species. We therefore selected to investigate first the
cyclization to the corresponding six-membered ring.


Removal of the N-Boc protecting group from the chiral
stannane (S)-1 (94% ee), followed immediately by N-acyla-
tion of the resulting 2-(tributylstannyl)pyrrolidine with 4-pen-
tenoyl chloride gave the carboxylic amide 7 (Scheme 6).
Reduction with LiAlH4 gave the amine 8. Alternatively, the
amine 8 could be prepared directly from the stannane 1 by
deprotection and immediate reductive amination with 4-pen-
tenal.[22]


Scheme 6. Preparation of N-(pent-4-enyl)-2-(tributylstannyl)pyrrolidine.
a) B-bromocatecholborane, CH2Cl2, RT, 30 min, then
CH2�CHCH2CH2COCl, 65%; b) LiAlH4, Et2O, 0 �C, 20 min, 90%.


The amine 8 in hexane/Et2O (4:1) was treated with nBuLi
(3 molar equivalents in hexanes) at room temperature to give
the desired enantiomerically enriched organolithium species 9
(Scheme 7). Complete transmetallation required approxi-
mately 30 min and complete cyclization of this substrate
required approximately 6 h at room temperature. Quenching


Scheme 7. Anionic cyclization to 1-methylindolizidine. a) nBuLi, hexane/
Et2O 4:1, RT, 6 h, then MeOH, 80% (10 :11 95:5); or nBuLi, hexane/Et2O/
TMEDA 4:1:1, RT, 6 h, then MeOH, 76% (10 :11 10:90).


with MeOH resulted in the formation of the diastereomeric
indolizidines 10 and 11 in high yield (80 ± 87%) and high
diastereoselectivity (95:5, 10 :11), together with small amounts
of the protodestannylated product N-pent-4-enylpyrrolidine.
The relative stereochemistry of the major diastereomer 10
was determined by NOE experiments. Using NMR spectros-
copy in the presence of (R)-(�)-2,2,2-trifluoro-1-(9-anthry-
l)ethanol,[17] the indolizidine 10 was determined to have 13%
ee. The absolute configuration of the major enantiomer of the
indolizidine 10 is unknown but is drawn as if cyclization occurs
with retention of configuration, as determined for the
corresponding cyclization to the five-membered ring.


An experiment in which aliquots were taken at different
reaction times was carried out and the data is illustrated in
Figure 2. After approximately 30 min, to allow for complete
transmetallation, the product indolizidines 10 and 11 (95:5)
could be isolated in low yield (22%) but enhanced enantio-
meric excess (10, 62% ee). Longer reaction times gave
increasing yields of the indolizidine products, but at the
expense of enantiomeric purity. However, the enantiomeric
excess did not drop off to zero on long reaction times, which
suggests that the cyclization is irreversible. By plotting the log
of the yield of product over time or the log of the amount of
organolithium 9 (as determined by the amount of its proto-


Table 1. Preparation of 1-substituted pyrrolizidines 6.


E� E Product Yield [%]


CD3OD D 6a 58
Ph2C�O C(OH)Ph2 6b 62
Me3SiCl SiMe3 6c 62
Me3SnCl SnMe3 6d 68
PhCHO CH(OH)Ph 6e 41[a]


[a] 6e was a mixture (1:1) at the alcohol center.
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Figure 2. Yield [%] and enantiomeric excess [%] of 10 over time.


nated derivative) over time (Figure 3), the cyclization best fits
first order kinetics, with a rate constant, kc �1.2� 10�4 s�1,
corresponding to a half-life for cyclization, t1/2 �90 min at
23 �C. This is significantly slower than the rate of cyclization to
the corresponding five-membered ring.


Figure 3. Determination of first order rate constant for cyclization of 9.


Once the rate of cyclization is known, then the rate of
epimerization of the organolithium species 9 can be deter-
mined (Scheme 8). The experimental data points and the
simulated kinetics for the epimerization and cyclization are
given in Figure 4. This graph illustrates the gradual formation
of the two enantiomeric indolizidine products 10 (13% ee
after 6 h) at the determined rate (1.2� 10�4 s�1) starting from
organolithium species of 94% ee [97:3 ratio of (S)-9 to (R)-9,
assuming transmetallation is rapid]. Using this data, it is clear
that epimerization of the organolithium species 9 is faster than


Scheme 8. Epimerization and cyclization of intermediate organolithium
species.


Figure 4. Kinetics simulation and plotted experimental data for cyclization
to 10.


cyclization and indeed that the organolithium species is
racemic within 60 min. From the data, the calculated rate of
epimerization of the organolithium species 9, ke �3.4�
10�4 s�1, corresponds to a half-life for epimerization, t1/2
�30 min at 23 �C in hexane/Et2O (4:1). This data is approx-
imate as tin ± lithium exchange requires 30 min, although it
does indicate that the formation of the indolizidines 10 and 11
beyond 60 min results from racemic organolithium species
and that the enantiomeric excess (13% ee) stems from
cyclization occurring within 60 min, prior to racemization.
The picture may be complicated further, if the organolithium
species 9 exists preferentially as a heterochiral dimer
(although NMR spectroscopy indicates that N-methyl-2-
lithiopyrrolidine is a homochiral dimer[18]). The heterochiral
dimer, if it forms, would be produced during racemization and
may have different kinetics from the monomer or homochiral
dimer for epimerization and cyclization.


As far as we are aware, this is the first determination of the
rate of epimerization of a chiral, cyclic �-amino-organo-
lithium species. An acyclic benzylic �-amino-organolithium
species has been reported to epimerize rapidly (�G��
9.0 kcalmol�1 at 190 K).[23] With a half-life for epimerization
of the organolithium species 9 of approximately only 30 min,
racemization is (not surprizingly) slow in comparison with a
benzylic organolithium species, but still competes with
cyclization to a six-membered ring. This is in stark contrast
to the completely enantiospecific cyclization of organolithium
species 4. If the organolithium species 4 epimerizes with a
half-life that is similar to that of 9 (approximately 30 min at
room temperature), then the rate of cyclization to the five-
membered ring must be extremely rapid (the half-life for
cyclization would have to be less than 30s), in order that
essentially no loss of optical purity (within expected error
limits) in the formation of 5 occurs. Unfortunately, the slow
transmetallation and rapid cyclization of the organolithium
species 4 preclude the determination of kinetic data. If
cyclization (to the five-membered ring) occurs at a rate that is
similar to that determined by Bailey (Scheme 1), then the
organolithium species 4 must racemize considerably more
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slowly than 9 and this would have to be due to the greater ease
with which the alkene (with a shorter tether) could coordinate
to the lithium atom. We are currently investigating the
relative ease of epimerization of different N-substituted
2-lithio-pyrrolidines.


The cyclization of the organolithium species 9 was sensitive
to the solvent. When the stannane 8was treated with nBuLi in
THF or in hexane/Et2O/(�)-sparteine, transmetallation took
place, but no cyclization occurred and only N-pent-4-enyl-
pyrrolidine could be isolated. However, the solvent system
hexane/Et2O/TMEDA (4:1:1, equating to 15 molar equiva-
lents of TMEDA) allowed transmetallation and cyclization to
give predominantly the indolizidine 11 (10:90, 10 :11; 76%).
This represents a complete reversal of the diastereoselectivity
in comparison with the reaction in the absence of TMEDA.
Unfortunately, under these conditions the products 10 and 11
were both found to be racemic. The rate of transmetallation
and cyclization in the presence of TMEDA was not deter-
mined but was not significantly different from that in the
absence of TMEDA. The addition of TMEDA therefore
appears to increase the rate of racemization of the organo-
lithium species, presumably via coordination of TMEDA to
the lithium atom.[24] This coordination must also influence the
diastereoselectivity of the cyclization, to favour the product
11.


In order to improve the optical purity of the indolizidine
products, it is necessary to increase the rate of cyclization and/
or to slow the rate of racemization of the organolithium
species. Alkenes substituted with an anion stabilising group
have been shown to increase the rate of anionic cyclization
reactions.[25, 26] We chose to investigate the phenylthio-sub-
stituted alkene, as the product sulfide after cyclization would
be amenable to reductive cleavage to give the same indoli-
zidines 10 and 11. The required vinyl sulfides were prepared
from the aldehydes E- and Z-14, which were prepared
according to a modified literature procedure (Scheme 9).[26]


Scheme 9. Preparation of E- and Z-5-(phenylthio)pent-4-enal. a) LiAlH4,
THF, 40 �C, 3 h, 93% (E-:Z-13 100:0); b) DIBAL, hexane, �18 �C to RT,
7 h, 99% (E-:Z-13 0:100); c) TsOH, MeOH, H2O, RT, 16 h, 100%;
d) (COCl)2, DMSO, CH2Cl2, �60 �C then Et3N, E-14 69%, Z-14 64%.


Reduction of the alkyne 12 with LiAlH4 gave exclusively the
vinyl sulfide E-13, whereas reduction with diisobutylalumi-
nium hydride (DIBAL) gave exclusively the vinyl sulfide Z-
13. Acid-catalyzed deprotection and Swern oxidation of the
resulting alcohol gave the desired aldehydes E- and Z-14.


The synthesis of the stannanes E- and Z-15 was achieved by
reductive amination.[22] The best yields were obtained using
the reducing agent NaBH3CN in the solvent nitromethane,
which was not buffered with an acid (Scheme 10). Under
these conditions the products 15 were obtained in good yield
without any isomerization.


Scheme 10. Reductive amination to phenylthio-substituted substrates E-
and Z-15. a) B-bromocatecholborane, CH2Cl2, RT, 10 min, then wash with
aq NaOH, then MeNO2, NaBH3CN, E- or Z-14, RT, 15 min, E-15 72%,
Z-15 69%.


An alternative route to the desired stannanes 15 was
achieved from the carboxylic amide 16, which was formed
from the stannane 1 by deprotection and acylation with
4-pentynoyl chloride (Scheme 11). Reduction with LiAlH4


gave the amine 17. Subsequent sulfenylation of the alkynyl
anion provides the alkynyl sulfide 18. In this reaction the
initial deprotonation of the alkyne must be accomplished in
Et2O, in order to avoid transmetallation of the stannane, a
rapid process in THF. However, addition of diphenyl disulfide
(activated with CH3I) is best accomplished in THF. Reduction
of the alkynyl sulfide 18 with LiAlH4 gave the stannane E-15,
whereas reduction with DIBAL gave the stannane Z-15.


Scheme 11. Acylation-reduction route to substrates E- and Z-15. a) B-
bromocatecholborane, CH2Cl2, RT, 10 min, then CH�CCH2CH2COCl,
59%; b) LiAlH4, Et2O, 0 �C, 20 min, 84%; c) nBuLi, Et2O, 0 �C, then
PhSSPh, MeI, THF, RT, 16 h, 66%; d) LiAlH4, THF, 40 �C, 3 h, E-15 80%;
e) DIBAL, hexane, �18 �C to RT, 7 h, Z-15 59%.


Treatment of the stannanes 15 with nBuLi in hexane/Et2O
(4:1) gave the diastereomeric cyclized products 19 and 20
(Scheme 12). From the stannane E-15, the major product was
the indolizidine 19 (77%, 70:30, 19 :20), formed in good
enantiomeric excess (19, 75% ee ; 20, 72% ee). The enantio-
meric excess values were determined by reduction to the


Scheme 12. Anionic cyclization to 1-(phenylthiomethyl)indolizidines.
a) nBuLi, hexane/Et2O 4:1, RT, 2 h, then MeOH, from E-15 77% (19 :20
70:30), from Z-15 79% (19 :20 50:50); or nBuLi, hexane/Et2O/TMEDA
4:1:1, RT, 6 h, then MeOH, from E-15 71% (19 :20 0:100), from Z-15 73%
(19 :20 0:100).
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indolizidines 10 and 11 with Raney nickel. The organolithium
species derived from the stannane Z-15 cyclized to give a
mixture of indolizidines 19 and 20 (79%, 50:50, 19 :20) in
slightly lower enantiomeric excess (19, 55% ee ; 20, 53% ee).
The transmetallation and cyclization of the stannanes 15 was
complete within 1 h at room temperature and the much
improved optical activity of the product indolizidines results
from the faster rate of cyclization in comparison with the
stannane 8. It is possible that, in addition to the faster rate of
cyclization, the organolithium species derived from E- or Z-15
epimerize at a rate that is slower than the epimerization of the
organolithium species 9. Assuming, however, that the rate of
epimerization of the organolithium species E-15 is the same as
that of the organolithium species 9 (in which ke �3.4�
10�4 s�1 at 23 �C in hexane/Et2O), then it is possible to
calculate that the cyclization onto the vinylsulfide to produce
the indolizidines with 75% ee would occur with a rate
constant k �3� 10�3 s�1, corresponding to a half-life for
cyclization, t1/2 �4 min at 23 �C. Whilst this determination is
based on the rate of epimerization of a different, although
related substrate, it does indicate that the presence of a
phenylthio substituent at the terminus of the alkene enhances
the rate of cyclization to give a six-membered ring to a level
that is similar to the cyclization onto an unactivated alkene to
give a five-membered ring.


Using the solvent system hexane/Et2O/TMEDA (4:1:1), the
organolithium species derived from the stannanes E- or Z-15
cyclized to give exclusively the indolizidine 20 in good yield
(71 ± 73%). The indolizidine 20 was formed as a racemic
mixture in both cases. These results are similar to those
obtained with the substrate 8 and we speculate that coordi-
nation of TMEDA to the lithium atom increases the rate of
racemization of the organolithium species, in addition to
altering the preferred conformation of the transition state for
cyclization, such that only the product 20 is formed. Attempt-
ed cyclization of the alkynyl stannanes 17 or 18 was
unsuccessful.


The successful intramolecular carbolithiation to give the
indolizidine ring system and the more favourable cyclization
with a pendent phenylthio substituent prompted us to
investigate the possibility of forming a four-membered ring
by this process. Gawley has described the addition of nBuLi to
the stannane 21 (94% ee) to give the corresponding organo-
lithium species 22 (Scheme 13).[27] This organolithium species
does not undergo cyclization, but does rearrange by a
combination of [2,3]- and [1,2]-sigmatropic rearrangement
pathways. The [2,3]-sigmatropic rearrangement occurs with
inversion of configuration at the carbanion centre, whereas
the [1,2]-process occurs with racemization. The product was
quenched with �-naphthoyl chloride to give the amide 23


Scheme 13. Sigmatropic rearrangement of N-allyl-2-(tributylstannyl)pyr-
rolidine.[27] a) nBuLi, THF-TMEDA, 13 �C, 4 h, then �-naphthoyl chloride,
64%.


(48% ee). It is interesting to note that the organolithium
species 22 had significant configurational stability (on quench-
ing after 2 h at 13 �C with tributyltin chloride, the stannane 21
was recovered in 65% ee). It is possible to calculate from this
data that the half-life for epimerization of the organolithium
species 22 must be approximately 7.5 h. This slow rate of
epimerization supports our results with the lack of racemiza-
tion of the organolithium species 4, but contrasts with the
much faster rate of epimerization of the organolithium spe-
cies 9.


We postulated that the presence of a phenylthio substituent
at the terminus of the allyl unit would promote cyclization in
preference to rearrangement. We were intrigued by the
possibility of influencing the reaction pathway and the
enantioselectivity by a pendent phenylthio group and describe
the results of this study below.


The desired substrate 26 bearing an N-(3-phenylthio)allyl
substituent was prepared from the stannane 1 by N-depro-
tection and immediate alkylation with propargyl bromide
(Scheme 14). Deprotonation of the resulting N-propargyl
compound 24 in Et2O (to avoid tin ± lithium exchange) and
addition of diphenyl disulfide (activated with CH3I) in THF
gave the alkynyl sulfide 25. Reduction of the alkyne with
LiAlH4 led to the vinyl sulfide E-26. In this case, use of
DIBAL for the reduction also led to the same E-stereoisomer,
rather than the isomer Z-26.


Scheme 14. Preparation of phenylthio-substituted substrate E-26. a) B-
bromocatecholborane, CH2Cl2, RT, 10 min, then CH�CCH2Br, 65%;
b) nBuLi, Et2O, 0 �C, 1 h, then PhSSPh, MeI, THF, RT, 1 h, 65%;
c) LiAlH4, THF, 40 �C, 1.5 h, E-26 80%.


Treatment of the stannane 26 with excess nBuLi in the low
polarity solvent system hexane/Et2O (4:1) at room temper-
ature resulted in partial transmetallation. The desired cycli-
zation products 27 and 28 were isolated (52%) with a high
diastereoselectivity (10:1) in favour of the isomer 27 as
determined by NMR spectroscopy (NOE experiments) on the
inseparable mixture (Scheme 15). No products from [2,3]- or
[1,2]-sigmatropic rearrangement were isolated. The remaining
material was recovered stannane 26 (35%). Attempts to
achieve complete transmetallation with further nBuLi or
longer reaction times were unsuccessful and it was deter-


Scheme 15. Anionic cyclization to azabicyclo[3.2.0]heptanes. a) nBuLi,
hexane/Et2O 4:1, RT, 30 min, then MeOH, 52% (27:28 10:1), or a) nBuLi,
THF, �78 �C, 2 min, then MeOH, 86% (27:28 1:1).
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mined, by quenching the reaction with MeOD, that the
recovered starting material was deuterated in the vinylic
position to give 29. Therefore tin ± lithium exchange competes
with deprotonation of this substrate in solvent of very low
polarity at room temperature.


In order to determine the enantiomeric excess of the
products 27 and 28, the phenylthio group was removed by
treatment with Raney nickel to give the amines 30 and 31
(Scheme 16). In a similar way to that used for the bicyclic
amines 5, 10 and 11, addition of the chiral solvating agent (R)-
(�)-2,2,2-trifluoro-1-(9-anthryl)ethanol[17] to the amines 30 or


Scheme 16. Reduction of azabicyclo[3.2.0]heptanes 27 and 28. a) Raney
nickel, EtOH, 60 �C, 1 h, 54 ± 71%.


31 promoted splitting of the methyl doublet peaks in the
1H NMR spectrum that allowed determination of the optical
purity. We were pleased to find that the product 30, and hence
27, had been formed in 88 ± 90% ee. The enantiomeric excess
of the minor diastereomer 28/31 could not be determined. The
high enantiomeric excess of 27 must reflect a cyclization that
is much more rapid than epimerization of the intermediate
organolithium species in hexane/Et2O. Cyclization to give an
azetidine ring with a phenylthio-stabilized organolithium
species therefore takes place with almost complete retention
(or inversion) of configuration at the carbanion centre (we
have not been able to determine the absolute configuration of
the products 27 and 28 and these are drawn as if cyclization
had occurred with retention of configuration).


The cyclization of the stannane 26 was sensitive to the
solvent. The solvent system hexane/Et2O/TMEDA (4:1:1)
gave similar results (yield 27� 28 43%, ratio 10:1, but with
reduced enantioselectivity: 27 54% ee) in comparison with
experiments in the absence of TMEDA (in contrast to the
influence of TMEDA on the cyclization of the stannanes 8 and
15). However, the use of THF caused a completely different
outcome. In THF, transmetallation and cyclization were
extremely rapid, being complete in less than 2 min at
�78 �C. The yield (86%) of the bicyclic amine products 27
and 28 was high using THF as the solvent, however, there was
no diastereomeric excess and both 27 and 28 were formed in
low enantiomeric excess (14 ± 24%). This result is surprising
considering the known configurational stability of N-methyl-
2-lithiopyrrolidine in THF at low temperature.[11a] Although
the cyclization in THF gives only a low enantiomeric excess,
the major enantiomer of 27 is the same as that formed in
hexane/Et2O.[28] It is not clear whether the low enantiomeric
excess in THF is a result of rapid epimerization of this
substrate in this solvent (at a rate that is competitive with
cyclization) or whether there is a mixture of cyclization with
retention and cyclization with inversion of configuration at
the carbanion centre.


Attempted transmetallation and cyclization of the alkyne
24 led only to N-propargyl-pyrrolidine (80%), although


cyclization of the alkyne 25 was rapid in THF and a good
yield (78%) of the bicyclic ring system 32 was obtained
(Scheme 17). The product was found to be a 1:1 mixture of
alkene geometrical isomers. Attempts to determine the
optical purity of these isomeric sulfides or to reduce the
alkene or to cleave the phenylthio group (e.g. with Raney
nickel or NaBH4/NiCl2) were unsuccessful.


Scheme 17. Anionic cyclization of phenylthio-substituted alkyne 25.
a) nBuLi, THF, �78 �C, 1.5 h, then MeOH, 78%.


In conclusion, chiral organolithium species �- to a nitrogen
atom of a tertiary amine can be used for the synthesis of
bicyclic amines with high enantiomeric excess. 1-Azabicyclo-
[3.2.0]heptane, 1-azabicyclo[3.3.0]octane and 1-azabicyclo-
[4.3.0]nonane ring systems have been prepared and the
stereoselectivity of the cyclization has been determined.
Cyclization competes with epimerization of the organolithium
species and a comparison of the rates of these processes has
been achieved. High yields and high optical purities of the
products can be obtained using, if necessary, a phenylthio-
substituted alkene as the electrophilic tether.


Experimental Section


General : Optical rotations were measured on an Optical Activity Ltd. AA-
1000 polarimeter, using a cell with a path length of 0.5 dm. IR spectra were
recorded as liquid films on NaCl plates unless otherwise stated, using a
Perkin ±Elmer 881 or Nicolet FT-IR Magna 550 spectrometer. 1H NMR
spectra were recorded on a Bruker AC 300 MHz or Bruker DRX 400 MHz
spectrometer using the residual solvent peak as an internal reference.
Chemical shifts are given in parts per million. Coupling constants J are
given in Hz. 13C NMR spectra are recorded on the above spectrometers
operating at 75 or 100 MHz, respectively, and are proton decoupled.
Additional analysis by DEPT, HMQC and NOE experiments was
performed when necessary. Mass spectra were measured on a Kratos
Profile HV3 spectrometer or by the EPSRC mass spectrometry service,
University of Wales Swansea. Elemental analyses were recorded on a Carlo
Erba EA1110 elemental analyser.


THF was freshly distilled from sodium/benzophenone. Petrol refers to light
petroleum ether (b.p. 40 ± 60 �C). For the transmetallation reactions, hexane
was distilled from calcium hydride and Et2O from sodium/benzophenone.
Flash column chromatography was performed on silica gel 60H (230 ±
400 mesh) (Merck 9385) or on basic alumina (150 mesh) (Brockmann 1).
Thin-layer chromatography was performed on silica-coated Merck Kiesel-
gel 60F254 0.25 mm plates, and visualised by UV irradiation at 254 nm or
potassium permanganate dip.


(2S)-1-[2-(Tributylstannyl)pyrrolidin-1-yl]-but-3-en-1-one (2): B-Bromo-
catecholborane[15] (3.3 g, 16.5 mmol) in CH2Cl2 (80 mL) was added to
carbamate (S)-1[14] (3.8 g, 8.2 mmol, 97:3 er) in CH2Cl2 (30 mL) at room
temperature. After 30 min, 3-butenoyl chloride (1.0 g, 9.6 mmol) in CH2Cl2
(40 mL) was added. After 2 h, sat. aqueous NaHCO3 (100 mL) was added
and the mixture was extracted with CH2Cl2 (2� 100 mL). The combined
organic extracts were dried (MgSO4), evaporated and purified by column
chromatography on silica gel, eluting with petrol/EtOAc 9:1 to give the
stannane 2 (2.2 g, 65%) as an oil; Rf� 0.29 (petrol/EtOAc 9:1); [�]23D �
�189 (c� 2.8 in EtOH); IR: �� � 1640 (C�C), 1610 cm�1 (C�O); 1H NMR
(300 MHz, C6D6, 25 �C): �� 0.94 ± 1.07 [m, 15H; Sn(CH2CH2CH2CH3)3],
1.34 ± 1.48 [m, 6H; Sn(CH2CH2CH2)3], 1.50 ± 1.73 [m, 6H; Sn(CH2CH2)3],
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1.73 ± 1.92 (m, 4H; NCH2CH2CH2), 2.77 (d, 3J(H,H)� 7 Hz, 2H; OCCH2),
2.80 ± 2.94 (m, 2H; 2�NCH), 3.12 (dd, 3,3J(H,H)� 9, 7 Hz, 1H; NCH),
4.98 (dd, 3,3J(H,H)� 12.5, 2 Hz, 1H; CHAHB�), 5.03 (dd, 3,3J(H,H)� 6,
2 Hz, 1H; CHAHB�), 5.97 ± 6.12 (m, 1H; CH�); 13C NMR (75 MHz, C6D6,
25 �C): �� 11.2 (CH2), 14.1 (CH3), 27.9 (CH2), 28.1 (CH2), 29.8 (CH2), 30.0
(CH2), 40.0 (CH2), 46.8 (CH, CH2), 117.0 (�CH2), 132.8 (�CH), 167.3
(C�O); MS (EI): calcd for C20H39NO120Sn: 429.2054; found: 429.2060 [M]� ;
m/z (%): 429 (0.5) [M]� , 372 (62) [M�Bu]� , 70 (100) [C4H6O]� .


(2S)-N-(But-3-enyl)-2-(tributylstannyl)pyrrolidine (3): Aluminium chlor-
ide (133 mg, 0.97 mmol) and lithium aluminium hydride (96 mg, 2.9 mmol)
in Et2O (5 mL) were stirred at 0 �C for 15 min. The amide (S)-2 (831 mg,
1.9 mmol) in Et2O (5 mL) was added dropwise through cannula. After 2 h,
aqueous NaOH (25 mL, 0.1�) and sodium potassium tartrate were added.
The mixture was filtered and extracted with Et2O (2� 25 mL). The
combined organic extracts were dried (Na2SO4), evaporated and purified
by column chromatography on alumina, eluting with petrol/EtOAc 9:1 to
give the amine 3 (718 mg, 89%) as an oil. Rf� 0.15 (petrol/EtOAc 4:1);
[�]23D ��107 (c� 2.6 in EtOH); IR: �� � 1640 cm�1 (C�C); 1H NMR
(400 MHz, C6D6, 25 �C): �� 1.04 ± 1.12 [m, 15H; Sn(CH2CH2CH2CH3)3],
1.43 ± 1.53 [m, 6H; Sn(CH2CH2CH2)3], 1.62 ± 1.84 [m, 6H; Sn(CH2CH2)3],
1.84 ± 2.10 (m, 5H; NCH2CH2CH�, NCH2CH2CH), 2.23 ± 2.33 (m, 1H;
CH), 2.33 ± 2.45 (m, 2H; 2�NCH), 2.52 (dd, 3,3J(H,H)� 9.5, 7.5 Hz, 1H;
NCH), 2.97 ± 3.10 (m, 2H; 2�NCH), 5.11 (dd, 3,4J(H,H)� 10, 2 Hz, 1H;
CHAHB�), 5.17 (dd, 3J(H,H)� 17, 2 Hz, 1H; CHAHB�), 6.00 (ddt,
3J(H,H)� 17, 10, 7 Hz, 1H; CH�); 13C NMR (100 MHz, C6D6, 25 �C):
�� 9.2 (CH2), 13.7 (CH3), 25.0 (CH2), 27.7 (CH2), 29.5 (CH2), 29.7 (CH2),
33.9 (CH2), 53.7 (CH2), 56.5 (CH2), 57.5 (CH), 115.0 (CH2), 137.2 (CH); MS
(EI): calcd for C20H41N120Sn: 415.2261; found: 415.2257 [M]� ; m/z (%): 415
(0.1) [M]� , 124 (100) [M� SnBu3]� , 55 (72) [C4H7]� ; elemental analysis
calcd (%) for C20H41NSn (414.3): C 57.99, H 9.98, N 3.38; found: C 58.06, H
10.07, N 3.23.


(1S,8R)-1-Methylhexahydro-1H-pyrrolizine (pseudoheliotridane) (5): n-
Butyllithium (1.5� in hexanes, 1.2 mL, 1.3 mmol) was added to the amine
(S)-3 (261 mg, 0.63 mmol) in dry hexane/Et2O 9:1 (10 mL) under argon at
�78 �C. The mixture was warmed to 25 �C for 4 h and was quenched with
MeOH (0.5 mL) at �78 �C. The mixture was warmed to 25 �C and sat.
aqueous NaCl (30 mL) was added. The mixture was extracted with Et2O
(2� 25 mL). The combined organic extracts were dried (NaSO4), evapo-
rated and purified by column chromatography on alumina, eluting with
petrol (b.p. 30 ± 40 �C), then Et2O to give pyrrolizidine 5[16] (69 mg, 87%) as
an oil. An excess of picric acid in EtOH was added and the mixture was
purified by column chromatography on silica gel, eluting with MeOH/
CH2Cl2 0:1 to 1:49 to give the picrate salt of the pyrrolizidine 5. M.p.
(picrate salt) 230 ± 234 �C, lit.[16a] 234 ± 236 �C; Rf (picrate salt)� 0.10
(CH2Cl2/MeOH/NH3 9:1:0.1); [�]23D ��6.8 (c� 0.5 in EtOH, free base);
IR (picrate salt, KBr disk): �� � 1560, 1365 cm�1 (NO2); 1H NMR (400 MHz,
CDCl3, picrate salt, 25 �C): �� 1.21 (d, 3J(H,H)� 6.5 Hz, 3H; CH3), 1.80 ±
2.33 (m, 7H; 3�CH2, CH), 2.82 ± 2.92 (m, 1H; NCHAHBCH2CH), 3.02 ±
3.12 (m, 1H; NCHAHBCH2CH2), 3.65 ± 3.75 (m, 1H; NCHAHBCH2CH2),
3.86 ± 3.95 (m, 1H; NCH), 3.98 ± 4.07 (m, 1H; NCHAHBCH2CH), 8.85 (s,
2H; Ar); 13C NMR (100 MHz, CDCl3, picrate salt, 25 �C): �� 16.7 (CH3),
24.8 (CH2), 29.3 (CH2), 33.9 (CH2), 40.0 (CH), 55.4 (CH2), 55.6 (CH2), 74.1
(CH), 126.6 (CH), 128.6 (C), 141.6 (C), 162.1 (C); MS (EI): calcd for
C8H15N: 125.1204; found: 125.1201 [M]� ; m/z (%): 229 (4) [picric acid]� ,
125 (51) [M]� , 83 (100) [C5H9N]� ; elemental analysis calcd (%) for
C14H18N4O7 (354.3): C 47.46, H 5.12, N 15.81; found: C 47.47, H 5.04, N
15.51. The chiral solvating agent (R)-(�)-2,2,2-trifluoro-1-(9-anthryl)etha-
nol[17] (0.03 mmol) split and shifted the CH3 doublet of the free base,
pseudoheliotridane (5 mg, 0.04 mmol) in CDCl3 (0.7 mL) from �� 1.02 (d,
J� 6.5 Hz, 3H) to �� 0.69 (d, J� 6.5 Hz, 3H) and �� 0.67 (d, J� 6.5 Hz,
3H), thereby allowing the measurement of the ee of 94%.


(1R,8R)-1-(Monodeutereomethyl)hexahydro-1H-pyrrolizine (6a, E�D):
In the same way as the amine 5, nBuLi (2.5� in hexanes, 0.30 mL,
0.75 mmol), the amine 3 (150 mg, 0.36 mmol) in hexane/Et2O 9:1 (7.5 mL)
and MeOD (0.04 mL, 1.0 mmol), gave, after adding an excess picric acid in
EtOH and purifying by column chromatography on silica gel, eluting with
CH2Cl2/MeOH 1:0 to 98:2, the picrate salt of the amine 6a, E�D (74 mg,
58%) as needles. M.p. 235 ± 236 �C (picrate salt); Rf� 0.10 (CH2Cl2/MeOH/
NH3 9:1:0.1); [�]24D ��0.95 (c� 0.6 in CHCl3, picrate salt); IR (picrate salt,
CDCl3): �� � 1570, 1365 cm�1 (NO2); 1H NMR (400 MHz, CDCl3, picrate
salt, 25 �C): �� 1.18 (dt, 3J(H,H)� 6.5 Hz, 2J(H,D)� 2 Hz, 2H; CH2D),


1.82 ± 1.98 (m, 2H; 2�CH), 1.98 ± 2.16 (m, 2H; 2�CH), 2.17 ± 2.33 (m,
3H; 3�CH), 2.84 ± 2.93 (m, 1H; NCH), 3.03 ± 3.13 (m, 1H; NCH), 3.64 ±
3.74 (m, 1H; NCH), 3.85 ± 3.95 (m, 1H; NCH), 3.99 ± 4.05 (m, 1H; NCH),
8.82 (s, 2H; Ar); 13C NMR (100 MHz, CDCl3, picrate salt, 25 �C): �� 16.2,
16.4/16.6 (CH2D), 24.8 (CH2), 29.3 (CH2), 33.9 (CH2), 39.9 (CH), 55.4
(CH2), 55.6 (CH2), 74.1 (CH), 126.6 (CH), 128.1 (C), 141.7 (C), 162.4 (C);
MS (EI): calcd for C8H14DN: 126.1267; found: 126.1270 [M]� ; m/z (%): 229
(23) [picric acid]� , 126 (25) [M]� , 83 (100) [C5H9N]� ; elemental analysis
calcd (%) for C14H17DN4O7 (355.3): C 47.33, H 4.82, N 15.77; found: C 47.80,
H 5.18, N 15.62.


(1R,8R)-1-[2,2-Diphenyl-2-hydroxyethyl)hexahydro-1H-pyrrolizine (6b,
E�C(OH)Ph2): In the same way as the amine 5, nBuLi (1.1� in hexanes,
0.92 mL, 0.97 mmol), the amine 3 (200 mg, 0.48 mmol) in hexane/Et2O 9:1
(10 mL) and benzophenone (175 mg, 0.96 mmol) in Et2O (1 mL), gave,
after purification by column chromatography on alumina, eluting with
petrol/EtOAc 1:0 to 0:1, the amine 6b, E�C(OH)Ph2 (92 mg, 62%) as
needles. M.p. 164 ± 166 �C; Rf� 0.11 (CH2Cl2/MeOH 9:1); [�]23D ��19.6
(c� 0.5 in EtOH); IR (KBr disc): �� � 3425 (OH), 1595, 1490 cm�1 (Ph);
1H NMR (400 MHz, CD3OD, 25 �C): �� 1.34 ± 1.45 (m, 2H; CH2CO),
1.58 ± 1.82 (m, 5H; 5�CH), 2.30 (ddd, 2,3,3� 11, 10, 6 Hz, 1H; CH), 2.38
(dd, 2,3J(H,H)� 13.5, 7.5 Hz, 1H; CH), 2.47 ± 2.53 (m, 2H; 2�NCH), 2.81
(dt, 2,3J(H,H)� 11, 6.5 Hz, 1H; NCH), 2.95 ± 3.01 (m, 1H; NCH), 3.08 (td,
3,3J(H,H)� 8, 5 Hz, 1H; NCH), 7.10 ± 7.18 (m, 2H; Ph), 7.22 ± 7.30 (m, 4H;
Ph), 7.41 ± 7.48 (m, 4H; Ph); 13C NMR (100 MHz, CD3OD, 25 �C): �� 24.7
(CH2), 30.4 (CH2), 34.9 (CH2), 41.5 (CH), 45.3 (CH2), 54.4 (CH2), 54.5
(CH2), 71.1 (CH), 77.1 (C), 125.9 (CH), 126.0 (CH), 126.1 (CH), 127.5 (2�
CH), 148.0 (C), 148.1 (C); MS (EI): calcd for C21H25NO: 307.1936; found:
307.1941 [M]� ; m/z (%): 307 (1.0) [M]� , 183 (4.5) [Ph2COH]� , 124 (100)
[C8H14N]� .


(1R,8R)-1-(Trimethylsilylmethyl)hexahydro-1H-pyrrolizine (6c, E�
SiMe3): In the same way as the amine 5, nBuLi (1.8� in hexane, 0.48 mL,
0.86 mmol), the amine 3 (180 mg, 0.43 mmol) in hexane/Et2O 9:1 (10 mL)
and Me3SiCl (0.11 mL, 0.86 mmol), gave, after adding an excess picric acid
in EtOH and purifying by column chromatography on silica gel, eluting
with CH2Cl2/MeOH 1:0 to 98:2, the picrate salt of the amine 6c, E�SiMe3
(113 mg, 62%) as needles. M.p. 145 ± 146 �C (picrate salt); Rf� 0.64
(CH2Cl2/MeOH 9:1); [�]23D ��5.3 (c� 0.7 in CHCl3, picrate salt); IR
(picrate salt, CDCl3): �� � 1565, 1360 cm�1 (NO2); 1H NMR (400 MHz,
CDCl3, picrate salt, 25 �C): �� 0.06 [s, 9H; (CH3)3Si], 0.70 (dd, 2,3J(H,H)�
14, 9.5 Hz, 1H; CHSi), 0.88 (dd, 2,3J(H,H)� 14, 4 Hz, 1H; CHSi), 1.59 (br s,
1H; NH), 1.80 ± 2.34 (m, 7H; NCH2CH2CH2CHCHCH2), 2.79 ± 2.92 (m,
1H; NCH), 3.03 ± 3.11 (m, 1H; NCH), 3.63 ± 3.74 (m, 1H; NCH), 3.84 ±
3.95 (m, 1H; NCH), 3.97 ± 4.08 (m, 1H; NCH), 8.87 (s, 2H; Ar); 13C NMR
(100 MHz, CDCl3, picrate salt, 25 �C): ���1.1 (CH3), 19.8 (CH2), 24.7
(CH2), 29.3 (CH2), 34.2 (CH2), 41.9 (CH), 55.4 (CH2), 55.6 (CH2), 75.5
(CH), 126.5 (CH), 128.0 (C), 141.7 (C), 162.4 (C); MS (EI): calcd for
C11H23NSi: 197.1601; found: 197.1600 [M]� ; m/z (%): 229 (12) [picric acid]� ,
197 (9) [M]� , 124 (28) [C8H14N]� , 83 (100) [C5H9N]� .


(1R,8R)-1-(Trimethylstannylmethyl)hexahydro-1H-pyrrolizine (6d, E�
SnMe3): In the same way as the amine 5, nBuLi (2.5� in hexane, 0.3 mL,
0.75 mmol), the amine 3 (150 mg, 0.36 mmol) in hexane/Et2O 9:1 (7.5 mL)
and Me3SnCl (0.8 mL, 1� in THF), gave, after adding an excess picric acid
in EtOH and purifying by column chromatography on silica gel, eluting
with CH2Cl2/MeOH 1:0 to 98:2, the picrate salt of the amine 6d, E� SnMe3
(126 mg, 68%) as needles. M.p. 146 ± 148 �C (picrate salt); Rf� 0.53
(CH2Cl2/MeOH 9:1); [�]23D ��29.5 (c� 0.9 in CHCl3, picrate salt); IR
(picrate salt, CDCl3): �� � 1565, 1360 cm�1 (NO2); 1H NMR (400 MHz,
CDCl3, picrate salt, 25 �C): �� 0.12 [s, 9H; (CH3)3Sn], 0.87 (dd, 2,3J(H,H)�
13, 9.5 Hz, 1H; CHSn), 1.11 (dd, 2,3J(H,H)� 13, 5 Hz, 1H; CHSn), 1.82 ±
1.95 (m, 3H; 3�CH), 2.04 ± 2.31 (m, 5H; 4�CH, NH), 2.83 ± 2.92 (m, 1H;
NCH), 3.04 ± 3.11 (m, 1H; NCH), 3.62 ± 3.70 (m, 1H; NCH), 3.82 ± 3.89 (m,
1H; NCH), 3.97 ± 4.03 (m, 1H; NCH), 8.85 (s, 2H; Ar); 13C NMR
(100 MHz, CDCl3, picrate salt, 25 �C): ���9.6 (CH3), 13.5 (CH2), 24.8
(CH2), 29.3 (CH2), 35.0 (CH2), 44.0 (CH), 55.4 (CH2), 55.5 (CH2), 75.7
(CH), 126.6 (CH), 128.0 (C), 141.7 (C), 162.4 (C); MS (EI): calcd for
C11H23N120Sn: 289.0863; found: 289.0863 [M]� ; m/z (%): 289 (0.4) [M]� , 126
(20) [C8H16N]� , 124 (100) [C8H14N]� .


(1R,8R,2�RS)-1-(2�-Hydroxy-2�-phenyl)ethylhexahydro-1H-pyrrolizine
(6e, E�CH(OH)Ph): In the same way as the amine 5, nBuLi (1.9� in
hexanes, 0.56 mL, 1.06 mmol), the amine 3 (220 mg, 0.53 mmol) in hexane/
Et2O 9:1 (10 mL) and PhCHO (0.11 mL, 1.06 mmol), gave, after adding an
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excess of picric acid in EtOH and purifying by column chromatography on
silica gel, eluting with CH2Cl2/MeOH 1:0 to 98:2, the picrate salt of the
amine 6e, E�CH(OH)Ph (102 mg, 41%) as a 1:1 mixture of diaster-
eomers as needles. M.p. 140 ± 143 �C (picrate salt); Rf� 0.55 (CH2Cl2/
MeOH 9:1); IR (picrate salt, CHCl3): �� � 3610 (OH), 1610, 1495 (Ar), 1565,
1365 cm�1 (NO2); 1H NMR (400 MHz, CDCl3, picrate salt, 25 �C): ��
1.20 ± 1.26 (m, 0.5H; 0.5�CH), 1.75 ± 1.84 (m, 0.5H; 0.5�CH), 1.87 ±
2.34 (m, 10H; 8�CH, NH, OH), 2.79 ± 2.83 (m, 1H; NCH), 3.00 ± 3.13
(m, 1H; NCH), 3.63 ± 3.74 (m, 1H; NCH), 3.98 ± 4.18 (m, 2H; 2�NCH),
4.71 ± 4.79 (m, 1H; CHOH), 7.26 ± 7.39 (m, 5H; Ph), 8.84 (s, 2H; Ar);
13C NMR (100 MHz, CDCl3, picrate salt, 25 �C): �� 24.8 (CH2), 25.0 (CH2),
29.9 (CH2), 30.1 (CH2), 32.1 (CH2), 32.7 (CH2), 41.2 (CH2), 41.4 (CH2), 41.9
(CH), 42.4 (CH), 55.2 (CH2), 55.3 (CH2), 55.4 (CH2), 72.6 (CH), 72.7 (CH),
72.8 (CH), 73.0 (CH), 125.6 (CH), 126.6 (CH), 128.1 (C, CH), 128.2 (CH),
128.8 (CH), 141.6 (C), 143.8 (C) 144.0 (C), 162.3 (C); MS (EI): calcd for
C15H21NO: 231.1623; found: 231.1622 [M]� ; m/z (%): 231 (20) [M]� , 229
(16) [picric acid]� , 124 (100) [C8H14N]� , 109 (86).


(2S)-1-[2-(Tributylstannyl)pyrrolidin-1-yl]-pent-4-en-1-one (7): B-Bromo-
catechol borane[15] (4.4 mL, 1.3 mmol, 0.3� in CH2Cl2) was added at room
temperature to a solution of the carbamate 1 (0.5 g, 1.1 mmol) in CH2Cl2
(10 mL). After 5 min, aq NaOH (5 mL, 2�) and 4-pentenoyl chloride
(0.59 g, 5.0 mmol) were added. The mixture was stirred for 16 h, extracted
into CH2Cl2 (3� 5 mL), dried (MgSO4) and evaporated. Purification by
chromatography on silica gel eluting with petrol/EtOAc 9:1 gave the
stannane (S)-7 (318 mg, 65%) as an oil. Rf� 0.35 (petrol/EtOAc 9:1);
[�]22D ��188 (c� 1.48 in CHCl3); IR: �� � 1615 cm�1 (C�O); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 0.82 ± 0.95 [m, 15H; Sn(CH2CH2CH2CH3)3],
1.22 ± 1.38 [m, 6H; Sn(CH2CH2CH2)3], 1.43 ± 1.58 [m, 6H; Sn(CH2CH2)3],
1.86 ± 2.02 (m, 3H; CH2CHAHB), 2.11 ± 2.20 (m, 1H; CH2CHAHB), 2.31 ±
2.46 (m, 4H; CH2CO, CH2C�), 3.32 ± 3.41 (m, 2H; 2�NCH), 3.47 ± 3.55
(m, 1H; NCH), 5.00 (d, 3J(H,H)� 9.5 Hz, 1H; CHAHB�), 5.08 (d,
3J(H,H)� 16.5 Hz, 1H; CHAHB�), 5.82 ± 5.95 (m, 1H; CH�); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 10.3 (CH2), 13.7 (CH3), 27.5 (CH2), 27.6 (CH2),
29.1 (CH2), 29.2 (CH2), 29.6 (CH2), 34.0 (CH2), 46.9 (CH), 47.2 (CH2), 114.9
(CH2), 137.8 (CH), 169.1 (C�O); MS (CI): calcd for C21H41NO120Sn:
443.2210; found: 443.2217 [M]� ; m/z (%): 443 (0.5) [M]� , 386 (56) [M�
C4H9]� , 70 (100).


(2S)-N-(Pent-4-enyl)-2-(tributylstannyl)pyrrolidine (8): LiAlH4 (0.70 mL,
0.70 mmol, 1� in Et2O) was added to a solution of the amide 7 (222 mg,
0.50 mmol) at 0 �C in Et2O (5 mL). After 20 min at 0 �C, MeOH (0.5 mL)
was added and the mixture was absorbed on alumina. Column chromatog-
raphy on alumina, eluting with petrol/EtOAc 9:1 gave the stannane (S)-8
(191 mg, 90%) as an oil. Rf� 0.17 (petrol/EtOAc 4:1); [�]20D ��67.5 (c�
1.20 in CHCl3); IR: �� � 1630 cm�1 (C�C); 1H NMR (400 MHz, C6D6,
25 �C): �� 0.92 ± 1.20 [m, 15H; Sn(CH2CH2CH2CH3)3], 1.43 ± 1.60 [m, 6H;
Sn(CH2CH2CH2)], 1.67 ± 1.80 [m, 6H; Sn(CH2CH2], 1.80 ± 2.33 (m, 10H;
5�CH2), 2.53 (dd, 2,3J(H,H)� 11, 7.5 Hz, 1H; CHAHBN), 2.95 (ddd,
2,3,3J(H,H)� 11, 8, 7.5 Hz, 1H; CHAHBN), 3.03 (dd, 3,3J(H,H)� 8, 7.5 Hz,
1H; NCHSn), 5.10 (dd, 3,2J(H,H)� 10, 2 Hz, 1H; CHAHB�), 5.17 (dd,
3,2J(H,H)� 17, 2 Hz, 1H; CHAHB�), 5.94 (ddt, 3,3,3J(H,H)� 17, 10, 6.5 Hz,
1H; CH�); 13C NMR (100 MHz, C6D6, 25 �C): �� 9.2 (CH2), 13.7 (CH3),
24.9 (CH2), 27.7 (CH2), 28.7 (CH2), 29.6 (CH2), 29.7 (CH2), 32.0 (CH2), 53.8
(CH2), 56.5 (CH2), 57.7 (CH), 114.4 (CH2), 138.8 (CH); MS (EI): calcd for
C21H43N120Sn: 429.2417; found: 429.2418 [M]� ; m/z (%): 429 (0.5) [M]� , 176
(35), 138 (100).


Alternatively, the amine 8 could be prepared from 1 by deprotection and
reductive amination: B-Bromocatecholborane[15] (2.2 mL, 0.66 mmol, 0.3�
in CH2Cl2) was added to carbamate (S)-1[14] (250 mg, 0.54 mmol) in CH2Cl2
(5 mL) at room temperature. After 10 min the mixture was washed rapidly
with aq 2� NaOH (3� 5 mL), dried (MgSO4) and evaporated. The residue
was dissolved in MeNO2 (2.5 mL) and NaBH3CN (126 mg, 2.0 mmol),
4-pentenal (92 mg, 1.1 mmol) and 4 ämolecular sieves were added at room
temperature. After 15 min the mixture was absorbed on alumina and
purified by column chromatography on alumina, eluting with petrol/EtOAc
9:1 to give the stannane (S)-8 (143 mg, 62%) as an oil, data identical to
above.


(1R,9R)-1-Methyloctahydroindolizine (10): The stannane 8 (84 mg,
0.20 mmol) in hexane/Et2O (3 mL, 4:1) was treated with n-butyllithium
(0.24 mL, 0.63 mmol, 2.5� in hexanes) at room temperature. After 6 h,
MeOH (0.5 mL) and picric acid (1.0 mL, 0.2 mmol, 0.2� in EtOH) were
added. The mixture was absorbed on silica gel and purified by column


chromatography on silica gel, eluting with MeOH/CH2Cl2 0:1 to 1:49 to
give an inseparable mixture of the picrate salts of 10, 11 and N-pent-4-
enylpyrrolidine (68 mg, 93%), consisting of amine 10[29] (76%, 13% ee),
amine 11 (4%) and N-pent-4-enylpyrrolidine (13%) as a powder. Rf� 0.34
(CH2Cl2/MeOH 9:1); IR (picrate salt, CHCl3): �� � 1630, 1610 (Ar), 1565,
1310 cm�1 (NO2); 1H NMR (400 MHz, CDCl3, picrate salt, major product,
25 �C): �� 1.02 (d, 3J(H,H)� 7 Hz, 3H; CH3), 1.21 ± 1.33 (m, 1H;
CHAHBCHMe), 1.66 ± 74 (m, 1H; CHAHBCHMe), 1.84 ± 2.23 (m, 6H;
CH2CH2CH, CH2CH2CHMe), 2.37 ± 2.47 (m, 1H; CHMe), 2.64 ± 2.74 (m,
1H; NCHCHD), 3.22 (ddd, 2,3,3J(H,H)� 13, 8, 3.5 Hz, 1H; NCHEHF), 3.42
(brd, 2J(H,H)� 12 Hz, 1H; NCHCHD), 3.55 ± 3.65 (m, 1H; NCHEHF),
3.79 ± 3.87 (m, 1H; NCH), 8.88 (s, 2H; Ar); 13C NMR (100 MHz, CDCl3,
picrate salt, 25 �C): �� 18.3 (CH3), 19.0 (CH2), 19.9 (CH2), 22.8 (CH2), 24.4
(CH2), 29.5 (CH), 47.7 (CH2), 54.2 (CH2), 65.9 (CH), 126.6 (CH), 128.2 (C),
141.7 (C), 162.2 (C); MS (CI): calcd for C9H18N: 140.1439; found: 140.1438
[M�H]� ; m/z (%): 140 (52) [M�H]� , 138 (42) [M�H]� 96 (55), 84 (100);
elemental analysis calcd (%) for C15H20N4O7 (368.3): C 48.91, H 5.47, N
15.21; found: C 49.09, H 5.48, N 14.98.


The enantioselectivity of the cyclization reaction was determined by
measuring (1H NMR) the relative peak areas of the methyl doublets of the
picrate salt of the amine 10 in the presence of the chiral solvating agent (R)-
(�)-2,2,2-trifluoro-1-(9-anthryl)ethanol.[17]


(1S,9R)-1-Methyloctahydroindolizine (11): The stannane 8 (40 mg,
0.09 mmol) in hexane/Et2O/TMEDA (2 mL, 4:1:1) was treated with n-
butyllithium (0.17 mL, 0.37 mmol, 2.2� in hexanes) at room temperature.
After 6 h, MeOH (0.5 mL) and picric acid (0.45 mL, 0.09 mmol, 0.2� in
EtOH) were added. The mixture was absorbed on silica gel and purified by
column chromatography on silica gel, eluting with MeOH/CH2Cl2 0:1 to
1:49 to give an inseparable mixture of the picrate salts of 10, 11 and N-pent-
4-enylpyrrolidine (33 mg, 97%), consisting of amine 10 (7.5%, 0% ee),
amine 11[29] (68.5%, 0% ee) and N-pent-4-enylpyrrolidine (21%) as a
powder. Rf� 0.34 (CH2Cl2/MeOH 9:1); IR (picrate salt, CHCl3): �� � 1630,
1610 (Ar), 1565, 1320 cm�1 (NO2); 1H NMR (400 MHz, CDCl3, picrate salt,
major product, 25 �C): �� 1.05 (d, 3J(H,H)� 7 Hz, 3H; CH3), 1.88 ± 2.30
(m, 9H; CH2CH2CHMeCHCH2CH2), 2.43 ± 2.54 (m, 1H; NCH), 2.60 ± 2.72
(m, 1H; NCHAHB), 2.76 ± 2.88 (m, 1H; NCHCHD), 3.82 ± 3.95 (m, 2H;
NCHAHB, NCHCHD), 8.87 (s, 2H; Ar); 13C NMR (100 MHz, CDCl3, picrate
salt, 25 �C): �� 18.4 (CH3), 19.4 (CH2), 22.9 (CH2), 26.6 (CH2), 31.6 (CH2),
33.5 (CH), 52.9 (CH2), 53.9 (CH2), 73.5 (CH), 126.7 (CH), 128.2 (C), 141.7
(C), 161.9 (C); MS (EI): calcd for C9H18N: 139.1361; found: 139.1362 [M]� ;
m/z (%): 139 (5) [M]� , 138 (7) [M�H]� 96 (7), 84 (100); elemental analysis
calcd (%) for C15H20N4O7 (368.3): C 48.91, H 5.47, N 15.21; found: C 48.87,
H 5.46, N 14.80.


The enantioselectivity of the cyclization reaction was determined by
measuring (1H NMR) the relative peak areas of the methyl doublets of the
free base of the amine 11 in the presence of the chiral solvating agent (R)-
(�)-2,2,2-trifluoro-1-(9-anthryl)ethanol.[17]


O-(2�-Tetrahydropyranyl)-5-phenylthiopent-4-ynol (12): nBuLi (7.5 mL,
18.80 mmol, 2.5� in hexanes) was added at 0 �C to a solution of alkyne
O-(2�-tetrahydropyranyl)-pent-4-ynol[26] (3.0 g, 17.9 mmol) in THF
(90 mL). After 1 h, a pre-mixed solution of PhSSPh (4.65 g, 21.5 mmol)
and MeI (3.0 g, 21.3 mmol) in THF (75 mL) was added over 45 min. After
30 min, the mixture was warmed to room temp and stirred for 18 h. Water
(75 mL) was added and the mixture was extracted into CH2Cl2 (3� 40 mL),
dried (MgSO4), evaporated and purified by column chromatography on
silica gel, eluting with petrol/EtOAc 19:1 to give the alkyne 12 (4.55 g,
92%) as an oil. Rf� 0.38 (petrol/EtOAc 10:1); IR: �� � 1580, 1475 cm�1


(Ar); 1H NMR (400 MHz, CDCl3, 25 �C): �� 1.48 ± 1.86 (m, 6H; 3�CH2),
1.90 (quintet, 3J(H,H)� 6.5 Hz, 2H; CH2CH2C�), 2.59 (t, 3J(H,H)�
6.5 Hz, 2H; CH2), 3.47 ± 3.55 (m, 2H; CHAHBO, CHCHDO), 3.84 ± 3.91
(m, 2H; CHAHBO, CHCHDO), 4.62 (t, 3J(H,H)� 3.5 Hz, 1H; CHO), 7.19 (t,
3J(H,H)� 7.5 Hz, 1H; Ar), 7.32 (t, 3J(H,H)� 7.5 Hz, 2H; Ar), 7.41 (d,
3J(H,H)� 7.5 Hz, 2H; Ar); 13C NMR (100 MHz, CDCl3, 25 �C): �� 17.3
(CH2), 19.5 (CH2), 25.5 (CH2), 28.9 (CH2), 30.7 (CH2), 62.2 (CH2), 65.0 (CS),
65.8 (CH2), 98.8 (CH), 99.3 (C), 125.8 (CH), 126.1 (CH), 129.1 (CH), 133.6
(C); MS (CI): calcd for C16H21O2S: 277.1262; found: 277.1264 [M�H]� ; m/z
(%): 277 (18%) [M�H]� , 193 (13), 102 (100); elemental analysis calcd (%)
for C16H20O2S (276.4): C 69.53, H 7.29; found: C 69.97, H 7.57.


E-O-(2�-Tetrahydropyranyl)-5-phenylthiopent-4-enol (13): Alkyne 12
(3.00 g, 10.9 mmol) in THF (30 mL) was added to a suspension of LiAlH4







FULL PAPER I. Coldham et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0204 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 1204


(800 mg, 21.0 mmol) in THF (20 mL). After heating at 40 ± 45 �C for 3 h, the
mixture was cooled to room temperature and stirred for 16 h. MeOH
(5 mL) and water (50 mL) were added and the mixture was extracted into
CH2Cl2 (3� 50 mL), dried (MgSO4) and evaporated. Purification by
column chromatography on silica gel, eluting with petrol/EtOAc 9:1 gave
the alkene E-13 (2.81 g, 93%) as an oil. Rf� 0.38 (petrol/EtOAc 10:1); IR:
�� � 1730 (C�C), 1575, 1480 cm�1 (Ar); 1H NMR (400 MHz, CDCl3, 25 �C):
�� 1.49 ± 1.87 (m, 8H; 4�CH2), 2.28 (dtd, 3,3,4J(H,H)� 7, 6.5, 1 Hz, 2H;
CH2C�), 3.43 (dt, 3,3J(H,H)� 9.5, 6.5 Hz, 1H; CHAHBO), 3.48 ± 3.54 (m,
1H; CHCHDO), 3.78 (dt, 3,3J(H,H)� 9.5, 6.5 Hz, 1H; CHAHBO), 3.87 (ddd,
2,3J(H,H)� 11, 7.5, 3.5 Hz, 1H; CHCHDO), 4.59 (t, 3J(H,H)� 3.5 Hz, 1H;
CHO), 6.00 (dt, 3,3J(H,H)� 14.5, 7 Hz, 1H; CH�), 6.18 (dt, 3,4J(H,H)�
14.5, 1 Hz, 1H; CHS), 7.17 ± 7.21 (m, 1H; Ar), 7.27 ± 7.33 (m, 4H; Ar);
13C NMR (100 MHz, CDCl3, 25 �C): �� 19.7 (CH2), 25.5 (CH2), 29.1 (CH2),
29.8 (CH2), 30.7 (CH2), 62.4 (CH2), 66.7 (CH2), 98.9 (CHO), 121.4 (CHS),
126.1 (CH), 128.5 (CH), 128.9 (CH), 136.4 (C), 136.5 (CH); MS (CI): calcd
for C16H26NO2S: 296.1684; found: 296.1684 [M�NH4]� ; m/z (%): 296 (10)
[M�NH4]� , 278 (3) [M]� ,102 (100); elemental analysis calcd (%) for
C16H22O2S (278.4): C 69.02, H 7.96; found: C 68.62, H 8.20.


Z-O-(2�-Tetrahydropyranyl)-5-phenylthiopent-4-enol (13): DIBAL
(30 mL, 1� in hexane) over 45 min was added at �18 �C to a solution of
the alkyne 12 (4.85 g, 17.6 mmol) in hexane (150 mL). The mixture was
warmed to 0 �C for 1 h, and then to room temperature for 16 h. MeOH
(2 mL) then aq NaOH (60 mL, 1�) were added and the mixture was
extracted into hexane (3� 50 mL), dried (MgSO4) and evaporated.
Purification by column chromatography on silica gel, eluting with petrol/
EtOAc 9:1 gave the alkene Z-13 (4.83 g, 99%) as an oil. Rf� 0.38 (petrol/
EtOAc 10:1); IR: �� � 1730 (C�C), 1580, 1480 cm�1 (Ar); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 1.48 ± 1.94 (m, 8H; 4�CH2), 2.36 (dt,
3,3J(H,H)� 7.5, 6.5 Hz, 2H; CH2C�), 3.45 (dt, 3,3J(H,H)� 10, 6.5 Hz, 1H;
CHAHBO), 3.47 ± 3.54 (m, 1H; CHCHDO), 3.79 (dt, 3,3J(H,H)� 10, 6.5 Hz,
1H; CHAHBO), 3.84 ± 3.91 (m, 1H; CHCHDO), 4.60 (t, 3J(H,H)� 3.5 Hz,
1H; CHO), 5.84 (dt, 3,3J(H,H)� 9, 7.5 Hz, 1H; CH�), 6.22 (d, 3J(H,H)�
9 Hz, 1H; CHS), 7.19 (t, 3J(H,H)� 7 Hz, 1H; Ar), 7.26 ± 7.35 (m, 4H; Ar);
13C NMR (100 MHz, CDCl3, 25 �C): �� 19.6 (CH2), 25.5 (CH2), 25.9 (CH2),
29.1 (CH2), 30.7 (CH2), 62.2 (CH2), 66.8 (CH2), 98.9 (CHO), 123.2 (CHS),
126.1 (CH), 128.7 (CH), 129.0 (CH), 132.7 (CH), 136.4 (C); MS (CI): calcd
for C16H26NO2S: 296.1684; found: 296.1685 [M�NH4]� ; m/z (%): 296 (7)
[M�NH4]� , 278 (2) [M]� , 102 (100); elemental analysis calcd (%) for
C16H22O2S (278.4): C 69.02, H 7.96; found: C 69.10, H 8.27.


E-5-(Phenylthio)pent-4-enal (14): Water (2.6 mL) and TsOH ¥H2O
(100 mg, 0.53 mmol) were added at room temperature to a solution of
the sulfide E-13 (2.60 g, 9.60 mmol) in MeOH (100 mL). After 16 h, K2CO3


(150 mg) and water (100 mL) were added. The mixture was extracted into
CH2Cl2 (3� 50 mL), dried (MgSO4) and evaporated. Purification by
column chromatography on silica gel, eluting with petrol/EtOAc 4:1 gave
the alcohol (1.86 g, 100%) as an oil. Rf� 0.48 (petrol/EtOAc 1:1); IR: �� �
3350 (O-H), 1740 (C�C), 1540, 1480 cm�1 (Ar); 1H NMR (400 MHz,
CDCl3, 25 �C): �� 1.44 (s, 1H; OH), 1.72 (quintet, 3J(H,H)� 6.5 Hz, 2H;
CH2CH2C�), 2.28 (qd, 3,4J(H,H)� 6.5, 1.5 Hz, 2H; CH2C�), 3.69 (t,
3J(H,H)� 6.5 Hz, 2H; CH2O), 5.98 (dt, 3,3J(H,H)� 14.5, 6.5 Hz, 1H;
CH�), 6.20 (dt, 3,4J(H,H)� 14.5, 1.5 Hz, 1H; CHS), 7.17 ± 7.22 (m, 1H; Ar),
7.27 ± 7.36 (m, 4H; Ar); 13C NMR (100 MHz, CDCl3, 25 �C): �� 29.4 (CH2),
31.9 (CH2), 62.2 (CH2), 121.8 (CHS), 126.2 (CH), 128.6 (CH), 129.0 (CH),
135.9 (CH), 136.2 (C); MS (CI): calcd for C11H18NOS: 212.1109; found:
212.1106 [M�NH4]� ; m/z (%): 212 (52) [M�NH4]� , 195 (100) [M�H]� ,
102 (41); elemental analysis calcd (%) for C11H14OS (194.3): C 68.00, H
7.26; found: C 68.00, H 7.46.


DMSO (1.6 mL, 20.0 mmol), followed by the above alcohol (1.92 g,
9.90 mmol) in CH2Cl2 (2 mL), was added to a solution of oxalyl chloride
(0.90 mL, 10.0 mmol) in CH2Cl2 (25 mL) at �60 �C. After 15 min at
�60 �C, Et3N (6.2 mL, 45.0 mmol) was added and the mixture was stirred
for a further 5 min then warmed to room temperature. Water (50 mL) was
added and the mixture was extracted into CH2Cl2 (3� 40 mL), dried
(MgSO4) and evaporated. Purification by column chromatography on silica
gel, eluting with petrol/EtOAc 9:1 gave the aldehyde E-14 (1.31 g, 69%) as
an oil. Rf� 0.35 (petrol/EtOAc 10:1); IR: �� � 1740 (C�O, C�C), 1540,
1480 cm�1 (Ar); 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.48 (q, 3J(H,H)�
6.5 Hz, 2H; CH2C�), 2.59 (t, 3J(H,H)� 6.5 Hz, 2H; CH2CH2C�), 5.92 (dt,
3,3J(H,H)� 14, 6.5 Hz, 1H; CH�), 6.22 (d, 3J(H,H)� 14 Hz, 1H; CHS),
7.18 ± 7.24 (m, 1H; Ar), 7.27 ± 7.36 (m, 4H; Ar) and 9.82 (s, 1H; CHO);


13C NMR (100 MHz, CDCl3, 25 �C): �� 25.5 (CH2), 42.9 (CH2), 123.3
(CHS), 126.5 (CH), 128.9 (CH), 129.0 (CH), 133.2 (CH), 135.7 (C), 201.3
(CO); MS (EI): calcd for C11H12OS: 192.0609; found: 192.0608 [M]� ; m/z
(%): 192 (25) [M]� , 110 (80), 86 (100).


Z-5-(Phenylthio)pent-4-enal (14): In the same way as the aldehyde E-14,
the sulfide Z-13 (4.17 g, 15.0 mmol) in MeOH (200 mL) and water (4 mL)
and TsOH ¥H2O (100 mg, 0.53 mmol) gave, after purification by column
chromatography on silica gel, eluting with petrol/EtOAc 4:1, the alcohol
(2.91 g, 100%) as an oil. Rf� 0.48 (petrol/EtOAc 1:1); IR: �� � 3350 (O-H),
1745 (C�C), 1575, 1475 cm�1 (Ar); 1H NMR (400 MHz, CDCl3, 25 �C): ��
1.63 (s, 1H; OH), 1.73 (tt, 3,3J(H,H)� 7, 6.5 Hz, 2H; CH2CH2C�), 2.35 (q,
3J(H,H)� 7 Hz, 2H; CH2C�), 3.70 (t, 3J(H,H)� 6.5 Hz, 2H; CH2O), 5.84
(dt, 3,3J(H,H)� 9.5, 7 Hz, 1H; CH�), 6.24 (d, 3J(H,H)� 9.5 Hz, 1H; CHS),
7.18 ± 7.24 (m, 1H; Ar), 7.26 ± 7.37 (m, 4H; Ar); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 25.4 (CH2), 31.8 (CH2), 62.2 (CH2), 123.7 (CHS), 126.3
(CH), 128.9 (CH), 129.0 (CH), 132.2 (CH), 136.1 (C); MS (CI): calcd for
C11H18NOS: 212.1109; found: 212.1104 [M�NH4]� ; m/z (%): 212 (55)
[M�NH4]� , 195 (100) [M�H]� , 102 (41); elemental analysis calcd (%) for
C11H14OS (194.3): C 68.00, H 7.26; found: C 68.48, H 7.54.


In the same way as the aldehyde E-14, oxalyl chloride (0.60 mL, 6.7 mmol)
in CH2Cl2 (15 mL), DMSO (1.1 mL, 13.4 mmol) and the alcohol (1.3 g,
6.70 mmol) in CH2Cl2 (2 mL) then Et3N (4.1 mL, 30.0 mmol) gave, after
purification by column chromatography on silica gel, eluting with petrol/
EtOAc 9:1, the aldehyde Z-14 (821 mg, 64%) as an oil. Rf� 0.37 (petrol/
EtOAc 10:1); IR: �� � 1730 (C�O, C�C), 1590, 1480 cm�1 (Ar); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 2.56 ± 2.62 (m, 4H; CH2CH2), 5.76 ± 5.84 (m,
1H; CH�), 6.28 (d, 3J(H,H)� 10.5 Hz, 1H; CHS), 7.21 ± 7.26 (m, 1H; Ar),
7.29 ± 7.38 (m, 4H; Ar), 9.81 (s, 1H; CHO); 13C NMR (100 MHz, CDCl3,
25 �C): �� 21.9 (CH2), 43.0 (CH2), 125.0 (CHS), 126.5 (CH), 129.0 (CH),
129.1 (CH), 130.1 (CH), 135.7 (C), 201.6 (CO); MS (ES): calcd for
C11H13OS: 193.0687; found: 193.0684 [M�H]� ; m/z (%): 193 (100)
[M�H]� , 118 (87).


E-(2S)-N-(5-Phenylthiopent-4-enyl)-2-(tributylstannyl)pyrrolidine (E-15):
In the same way as the alkene E-13, LiAlH4 (90 mg, 2.4 mmol) and the
alkyne 18 (388 mg, 0.73 mmol) gave, after purification by column
chromatography on alumina, eluting with petrol/EtOAc 10:1, the stannane
E-15 (314 mg, 80%) as an oil. Rf� 0.11 (petrol/EtOAc 4:1); [�]20D ��55.3
(c� 1.14 in CHCl3); IR: �� � 1740 (C�C), 1585, 1480 cm�1 (Ar); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 0.86 ± 0.93 [m, 15H; Sn(CH2CH2CH2CH3)3],
1.26 ± 1.37 [m, 6H; Sn(CH2CH2CH2)3], 1.45 ± 1.52 [m, 6H; Sn(CH2CH2)3],
1.59 ± 2.90 (m, 13H; 6�CH2, CH), 5.95 (dt, 3,3J(H,H)� 15, 6.5 Hz, 1H;
CH�), 6.16 (d, 3J(H,H)� 15 Hz, 1H; CHS), 7.16 ± 7.24 (m, 1H; Ar), 7.27 ±
7.34 (m, 4H; Ar); 13C NMR (100 MHz, CDCl3, 25 �C): �� 9.3 (CH2), 13.7
(CH3), 24.5 (CH2), 26.8 (CH2), 27.5 (CH2), 27.8 (CH2), 29.3 (CH2), 31.1
(CH2), 54.0 (CH2), 56.3 (CH2), 57.7 (CH), 121.6 (CH), 126.1 (CH), 128.6
(CH), 128.9 (CH), 134.7 (CH), 136.4 (C); MS (CI): calcd for C27H47NS120Sn:
538.2529; found: 538.2530 [M�H]� ; m/z (%): 538 (18) [M�H]� , 308 (33),
246 (100).


Z-(2S)-N-(5-Phenylthiopent-4-enyl)-2-(tributylstannyl)pyrrolidine (15): In
the same way as the alkene Z-13, DIBAL (0.65 mL, 1� in hexane) and the
alkyne 18 (169 mg, 0.32 mmol) gave, after purification by column
chromatography on alumina, eluting with petrol/EtOAc 10:1, the alkene
Z-15 (101 mg, 59%) as an oil. Rf� 0.13 (petrol/EtOAc 4:1); [�]20D ��46
(c� 0.98, CHCl3); IR: �� � 1760 (C�C), 1605, 1480 cm�1 (Ar); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 0.87 ± 0.94 [m, 15H; Sn(CH2CH2CH2CH3)3],
1.26 ± 1.38 [m, 6H; Sn(CH2CH2CH2)3], 1.46 ± 1.54 [m, 6H; Sn(CH2CH2)3],
1.59 ± 3.00 (m, 13H; 6�CH2, CH), 5.80 (dt, 3,3J(H,H)� 8.5, 7 Hz, 1H;
CH�), 6.24 (d, 3J(H,H)� 8.5 Hz, 1H; CHS), 7.20 (t, 3J(H,H)� 7 Hz, 1H;
Ar), 7.27 ± 7.34 (m, 4H; Ar); 13C NMR (100 MHz, CDCl3, 25 �C): �� 9.7
(CH2), 13.7 (CH3), 24.4 (CH2), 27.0 (CH2), 27.5 (CH2), 27.6 (CH2), 29.2
(CH2), 31.1 (CH2), 47.2 (CH2), 53.8 (CH2), 57.7 (CH), 123.9 (CH), 126.1
(CH), 128.7 (CH), 128.8 (CH), 131.7 (CH), 136.1 (C); MS (CI): calcd for
C27H47NS120Sn: 538.2529; found: 538.2533 [M�H]� ; m/z (%): 538 (4)
[M�H]� , 248 (100), 140 (95); elemental analysis calcd (%) for C27H47NSSn
(536.4): C 60.45, H 8.83, N 2.61; found: C 60.63, H 9.21, N 2.51.


Alternatively, the amines E- and Z-15 could be prepared from 1 by
deprotection and reductive amination with 14 : In the same way as the
amine 8, the stannane 1 (250 mg, 0.54 mmol), B-bromocatecholborane
(2.2 mL, 0.66 mmol, 0.3� in CH2Cl2) then NaBH3CN (126 mg, 2.0 mmol) in
MeNO2 (2.5 mL) and the aldehyde E- or Z-14 (211 mg, 1.1 mmol) gave,
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after purification by column chromatography on alumina, eluting with
petrol/EtOAc 10:1, the stannane E-15 (209 mg, 72%) or Z-15 (198 mg,
0.37 mmol, 69%), data identical to above.


(2S)-1-[2-(Tributylstannyl)pyrrolidin-1-yl]-pent-4-yn-1-one (16): In the
same way as the amide 7, B-bromocatechol borane[15] (4.4 mL, 1.2 mmol,
0.3� in CH2Cl2), the carbamate (S)-1[14] (0.5 g, 1.1 mmol) in CH2Cl2
(10 mL) and 4-pentynoyl chloride (392 mg, 4.0 mmol) gave, after purifica-
tion by column chromatography on silica gel eluting with petrol/EtOAc 9:1,
the stannane 16 (279 mg, 59%) as an oil. Rf� 0.36 (petrol/EtOAc 4:1);
[�]22D ��248 (c� 1.2 in CHCl3); IR: �� � 3305 (�C-H), 1615 cm�1 (C�O);
1H NMR (400 MHz, CDCl3, 25 �C): �� 0.80 ± 0.90 [m, 15H;
Sn(CH2CH2CH2CH3)3], 1.23 ± 1.33 [m, 6H; Sn(CH2CH2CH2)3], 1.41 ± 1.52
[m, 6H; Sn(CH2CH2)3], 1.84 ± 2.00 (m, 4H;�CH, CH2CHAHB), 2.12 ± 2.19
(m, 1H; CHAHB), 2.46 ± 2.57 (m, 4H; CH2CH2C�), 3.31 ± 3.39 (m, 2H; 2�
NCH), 3.47 ± 3.54 (m, 1H; NCH); 13C NMR (100 MHz, CDCl3, 25 �C): ��
10.2 (CH2), 13.8 (CH3), 14.6 (CH2), 27.5 (CH2), 27.6 (CH2), 29.2 (CH2), 29.6
(CH2), 33.6 (CH2), 47.0 (CH), 47.2 (CH2), 68.6 (CH), 83.8 (C), 167.5 (CO);
MS (EI): calcd for C21H39NO120Sn: 441.2054; found: 441.2054 [M]� ; m/z
(%): 441 (5) [M]� , 384 (100), 382 (78); elemental analysis calcd (%) for
C21H39NOSn (440.3): C 57.29, H 8.93, N 3.18; found: C 57.40, H 9.27, N 3.14.


(2S)-N-(Pent-4-ynyl)-2-(tributylstannyl)pyrrolidine (17): In the same way
as the amine 8, the amide 16 (183 mg, 0.42 mmol) and LiAlH4 (0.60 mL,
0.60 mmol, 1� in Et2O) gave, after purification by column chromatography
on alumina, eluting with petrol/EtOAc 19:1, the stannane 17 (151 mg,
84%) as an oil. Rf� 0.18 (petrol/EtOAc 4:1); [�]22D ��73.1 (c� 0.73 in
CHCl3); IR: �� � 3310 cm�1 (�C-H); 1H NMR (400 MHz, CDCl3, 25 �C):
�� 0.81 ± 0.98 [m, 15H; Sn(CH2CH2CH2CH3)3], 1.24 ± 1.35 [m, 6H;
Sn(CH2CH2CH2)3], 1.41 ± 1.56 [m, 6H; Sn(CH2CH2)3], 1.68 ± 1.90 (m, 5H;
5�CH), 1.93 (t, 4J(H,H)� 2 Hz, 1H; �CH), 1.94 ± 2.07 (m, 2H; 2�CH),
2.09 ± 2.33 (m, 3H; 3�CH), 2.35 ± 2.46 (m, 1H; CH), 2.79 ± 3.03 (m, 2H;
2�CH); 13C NMR (100 MHz, CDCl3, 25 �C): �� 9.2 (CH2), 13.7 (CH3),
16.5 (CH2), 24.5 (CH2), 27.5 (CH2), 27.7 (CH2), 29.3 (CH2), 29.4 (CH2), 53.9
(CH2), 55.7 (CH2), 57.6 (CH), 68.5 (CH), 83.5 (C); MS (EI): calcd for
C21H41N120Sn: 427.2261; found 427.2250 [M]� ; m/z (%): 427 (6) [M]� , 368
(42), 134 (100); elemental analysis calcd (%) for C21H41NSn (426.3): C
59.17, H 9.69, N 3.29; found: C 59.43, H 10.13, N 3.21.


(2S)-N-(5-Phenylthiopent-4-ynyl)-2-(tributylstannyl)pyrrolidine (18):
nBuLi (0.39 mL, 0.98 mmol, 2.5� in hexanes) was added at 0 �C to a
solution of the alkyne 17 (378 mg, 0.89 mmol) in Et2O (5 mL). After
90 min, a pre-mixed solution of PhSSPh (243 mg, 1.07 mmol) and MeI
(0.06 mL, 0.98 mmol) in THF (10 mL) was added. The mixture was allowed
to warm to room temperature. After 16 h, the mixture was absorbed on
alumina and purified by column chromatography on alumina, eluting with
petrol/EtOAc 10:1 to give the alkyne 18 (312 mg, 66%) as an oil. Rf� 0.14
(petrol/EtOAc 4:1); [�]22D ��36.5 (c� 1.04 in CHCl3); IR: �� � 1595,
1480 cm�1 (Ar); 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.81 ± 0.96 [m,
15H; Sn(CH2CH2CH2CH3)3], 1.21 ± 1.39 [m, 6H; Sn(CH2CH2CH2)3],
1.41 ± 1.55 [m, 6H; Sn(CH2CH2)3], 1.61 ± 2.23 (m, 8H; 3�CH2, 2�CH),
2.38 ± 2.57 (m, 3H; CH2C�, NCH), 2.80 ± 2.99 (m, 2H; 2�NCH), 7.19 (t,
3J(H,H)� 7 Hz, 1H; Ar), 7.31 (t, 3J(H,H)� 7 Hz, 2H; Ar), 7.41 (t,
3J(H,H)� 7 Hz, 2H; Ar); 13C NMR (75 MHz, CDCl3, 25 �C): �� 9.1
(CH2), 13.6 (CH3), 14.2 (CH2), 18.4 (CH2), 24.5 (CH2), 27.5 (CH2), 29.3
(CH2), 29.4 (CH2), 54.0 (CH2), 55.9 (CH2), 57.7 (CH), 60.4 (C), 99.2 (C),
125.7 (CH), 126.0 (CH), 129.0 (CH), 134.6 (C); MS (CI): calcd for
C27H45NS120Sn: 536.2373; found: 536.2373 [M�H]� ; m/z (%): 536 (7)
[M�H]� , 308 (50), 84 (100); elemental analysis calcd (%) for C27H45NSSn
(534.4): C 60.68, H 8.49, N 2.62; found: C 60.73, H 8.88, N 2.33.


Cyclization of the stannane E-15 : The stannane E-15 (1.16 g, 2.16 mmol) in
hexane/Et2O (25 mL, 4:1) was treated with n-butyllithium (2.6 mL,
6.50 mmol, 2.5� in hexanes) at room temperature. After 2 h, MeOH
(2 mL) was added, the solvent was removed under reduced pressure and
the residue was purified by column chromatography on alumina, eluting
with petrol-EtOAc (1:0 to 4:1) to give the amines 19 and 20 (409 mg, 77%)
as a 7:3 ratio of diastereomers as an oil. IR: �� � 3020, 2935 cm�1 (C-H);
1H NMR (400 MHz, CDCl3, 25 �C): �� 1.25 ± 2.21 (m, 12H; 4�CH2, 4�
CH), 2.46 ± 2.50 (m, 0.3H; CHAHBN), 2.62 (dd, 2,3J(H,H)� 12, 8.5 Hz,
0.3H; CHAHBS), 2.93 ± 3.03 (m, 1.7H; CHAHBN, CHCHDN), 3.05 (dd,
2,3J(H,H)� 12, 3.5 Hz, 0.3H; CHAHBS), 3.19 (dd, 2,J(H,H)� 12.5, 9 Hz,
0.7H; CHAHBS), 3.32 (dd, 2,3J(H,H)� 12.5, 4.5 Hz, 0.7H; CHAHBS), 6.98 ±
7.04 (m, 1H; Ar), 7.09 ± 7.14 (m, 2H; Ar), 7.38 ± 7.43 (m, 2H; Ar); 13C NMR
(100 MHz, CDCl3, 25 �C): �� 20.8 (CH2), 21.1 (CH2), 25.7 (CH2), 26.3


(CH2), 28.5 (CH2), 29.3 (CH2), 31.4 (CH2), 35.4 (CH), 37.7 (CH2), 41.9
(CH), 52.5 (CH2), 53.8 (CH2), 54.4 (CH2), 54.7 (CH2), 66.6 (CH), 68.3 (CH),
125.3 (CH), 125.5 (CH), 127.7 (CH), 127.8 (CH), 128.8 (CH), 138.2 (C),
138.3 (C); MS (CI): calcd for C15H22NS: 248.1473; found: 248.1468
[M�H]� ; m/z (%): 248 (100) [M�H]� , 140 (62) [C9H18N]� , 138 (60)
[M�C6H5S]� . The enantioselectivity of the cyclization was determined by
treating the mixture of amines 19 and 20with Raney nickel in EtOH (60 �C,
30 min, 90%) to give the amines 10 and 11.


Cyclization of the stannanes E- or Z-15 in the presence of TMEDA : The
stannane E- or Z-15 (1 mol equiv, 0.1�) in hexane/Et2O/TMEDA 4:1:1 was
treated with n-butyllithium (3 mol equiv) at room temperature. After 2 h,
MeOH (excess) was added, the solvent was removed under reduced
pressure and the residue was passed through a plug of alumina, eluting with
petrol/EtOAc 4:1 to give the amine 20 as an oil. Treatment with Raney
nickel in EtOH (60 �C, 30 min), filtration and treatment with picric acid
(1 mol equiv) gave, after chromatography on silica gel, eluting with MeOH/
CH2Cl2 0:1 to 1:49, the amine 11 (71 ± 73%), data identical to above.


(2S)-N-(Prop-2-ynyl)-2-(tributylstannyl)pyrrolidine (24): B-Bromocate-
chol borane[15] (4.4 mL, 0.3� in CH2Cl2, 1.32 mmol) was added to the
carbamate (S)-1[14] (0.5 g, 1.1 mmol) in CH2Cl2 (10 mL) at room temper-
ature. After 10 min, aqueous NaOH (10 mL, 2�) was added, followed by
propargyl bromide (0.12 mL, 1.1 mmol, 80% w/w in PhMe). After 75 min,
the organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (3� 10 mL). The combined organic extracts were dried (MgSO4),
absorbed on alumina and purified by column chromatography on alumina,
eluting with petrol/EtOAc 1:0 to 9:1 to give the alkyne 24 (280 mg, 65%) as
an oil. Rf� 0.65 (petrol/EtOAc 4:1); [�]22D ��93.4 (c� 3.5 in CHCl3); IR:
�� � 3320 cm�1 (�C-H); 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.82 ± 0.95
[m, 15H; Sn(CH2CH2CH2CH3)3], 1.30 [sextet, 3J(H,H)� 7Hz, 6H;
Sn(CH2CH2CH2)3], 1.43 ± 1.58 [m, 6H; Sn(CH2CH2)3], 1.70 ± 1.90 (m, 3H;
3�CH), 1.96 ± 2.10 (m, 1H; CH), 2.18 (t, 4J(H,H)� 2.5 Hz, 1H;�CH), 2.26
(q, 3J(H,H)� 8.5 Hz, 1H; CH), 2.47 ± 2.53 (m, 1H; CH), 2.93 ± 3.00 (m, 1H;
CH), 3.36 (dd, 2,4J(H,H)� 17, 2.5 Hz, 1H; NCHAHBC�C), 3.64 (dd,
2,4J(H,H)� 17, 2.5 Hz, 1H; NCHAHBC�C); 13C NMR (75 MHz, CDCl3,
25 �C): �� 8.7 (CH2), 13.7 (CH3), 24.8 (CH2), 27.5 (CH2), 29.3 (CH2), 29.9
(CH2), 43.0 (CH2), 53.0 (CH2), 53.7 (CH), 72.6 (CH), 79.2 (C); MS (CI):
calcd for C19H38N120Sn: 400.2026; found: 400.2028 [M�H]� ; m/z (%): 400
(2.8) [M�H]� , 308 (3.0), 108 (13) [M� SnBu3]� , 70 (100) [C4H8N]� .


(2S)-N-[3-(Phenylthio)prop-2-ynyl]-2-(tributylstannyl)pyrrolidine (25): In
the same way as the sulfide 18, the alkyne 24 (329 mg, 0.83 mmol) in Et2O
(6.5 mL), PhSSPh (230 mg, 1.0 mmol) and MeI (0.057 mL, 0.91 mmol) in
THF (3.5 mL) gave, after allowing to warm to room temperature for 1 h
and purification by column chromatography on alumina, eluting with
petrol/EtOAc 100:1 to 9:1, the alkyne 25 (275 mg, 65%) as an oil. Rf� 0.65
(petrol/EtOAc 4:1); [�]22D ��88.8 (c� 1.1 in CHCl3); IR: �� � 1585,
1485 cm�1 (Ar); 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.89 ± 0.98 [m,
15H; Sn(CH2CH2CH2CH3)3], 1.35 [sextet, 3J(H,H)� 7Hz, 6H;
Sn(CH2CH2CH2)3], 1.49 ± 1.59 [m, 6H; Sn(CH2CH2)3], 1.78 ± 2.13 (m, 4H;
4�CH), 2.38 (q, 3J(H,H)� 8.5 Hz, 1H; CH), 2.59 (t, 3J(H,H)� 8.5 Hz,
1H; CH), 2.97 ± 3.04 (m, 1H; CH), 3.65 (d, 2J(H,H)� 18 Hz, 1H;
NCHAHBC�C), 3.88 (d, 2J(H,H)� 18 Hz, 1H; NCHAHBC�C), 7.24 ± 7.45
(m, 5H; Ar); 13C NMR (75 MHz, CDCl3, 25 �C): �� 8.8 (CH2), 13.7 (CH3),
24.9 (CH2), 27.6 (CH2), 29.3 (CH2), 30.0 (CH2), 44.5 (CH2), 53.2 (CH2), 53.8
(CH), 70.3 (C), 95.4 (C), 126.0 (CH), 126.3 (CH), 129.1 (CH), 133.2 (C); MS
(CI): calcd for C25H42NS120Sn: 508.2060; found: 508.2065 [M�H]� ; m/z
(%): 508 (1.3) [M�H]� , 308 (3.0), 216 (2.7) [M� SnBu3]� , 108 (13) [M�
SPh�SnBu3]� , 70 (100) [C4H8N]� .


E-(2S)-N-[3-(Phenylthio)prop-2-enyl]-2-(tributylstannyl)pyrrolidine (26):
In the same way as the alkene E-13, LiAlH4 (55 mg, 1.45 mmol) and the
alkyne 25 (210 mg, 0.42 mmol) in THF (2 mL) gave, after 1.5 h at 45 �C and
purification by column chromatography on alumina, eluting with petrol/
EtOAc 1:0 to 4:1, the stannane E-26 (172 mg, 80%) as an oil. Rf� 0.22
(petrol/EtOAc 4:1); [�]22D ��34.0 (c� 2.0 in CHCl3); IR: �� � 1585,
1480 cm�1 (Ar); 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.82 ± 0.95 [m,
15H; Sn(CH2CH2CH2CH3)3], 1.35 [sextet, 3J(H,H)� 7 Hz, 6H;
Sn(CH2CH2CH2)3], 1.42 ± 1.58 [m, 6H; Sn(CH2CH2)3], 1.62 ± 2.08 (m, 5H;
5�CH), 2.40 (t, 3J(H,H)� 8.5 Hz, 1H; CH), 2.74 ± 2.88 (m, 1H; CH),
2.90 ± 3.05 (m, 1H; CH), 3.49 (dd, 3,3J(H,H)� 13.5, 6.5 Hz, 1H; CH), 5.99
(dt, 3,3J(H,H)� 14, 7 Hz, 1H; CH�CHS), 6.35 (d, 3J(H,H)� 14 Hz, 1H;�
CHS), 7.17 ± 7.36 (m, 5H; Ar); 13C NMR (75 MHz, CDCl3, 25 �C): �� 9.1
(CH2), 13.7 (CH3), 24.6 (CH2), 27.6 (CH2), 29.3 (CH2), 29.6 (CH2), 54.4
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(CH2), 56.9 (CH), 58.4 (CH2), 124.3 (CH), 126.5 (CH), 129.0 (CH), 129.4
(CH), 132.2 (CH), 135.6 (C); MS (CI): calcd for C25H44NS120Sn: 510.2216;
found: 510.2217 [M�H]� ; m/z (%): 510 (24) [M�H]� , 308 (26), 218 (86)
[M� SnBu3]� , 70 (100) [C4H8N]� ; elemental analysis calcd (%) for
C25H43NSSn (508.4): C 59.06, H 8.53, N 2.76; found: C 58.88, H 8.76, N 2.52.


6-Phenylthiomethyl-1-azabicyclo[3.2.0]heptane (27� 28): The stannane E-
26 (116 mg, 0.23 mmol) in hexane/Et2O (3.2 mL, 4:1) was treated with n-
butyllithium (0.23 mL, 0.58 mmol, 2.5� in hexanes) at room temperature.
After 30 min, MeOH (0.2 mL) and picric acid (1.1 mL, 0.23 mmol, 0.2� in
EtOH) were added and the mixture was absorbed on silica gel. Purification
by column chromatography on silica gel, eluting with CH2Cl2/MeOH 1:0 to
50:1 gave the picrate salts of the amines 27 and 28 (52 mg, 52%) as a 10:1
ratio of diastereomers as a solid. M.p. (decomp.) 134 �C; Rf� 0.45 (CH2Cl2/
MeOH 9:1); [�]18D ��1.1 (c� 1.3 in CHCl3); IR (picrate salt, CHCl3): �� �
1630, 1615 (Ar), 1560, 1320 cm�1 (NO2); 1H NMR (400 MHz, CDCl3, 25 �C,
picrate salt, major product): �� 1.99 ± 2.04 (m, 1H; NCHCHEHF), 2.13 ±
2.23 (m, 1H; NCHCHEHF), 2.34 ± 2.42 (m, 2H; NCH2CH2), 2.52 (sextet,
3J(H,H)� 7.5 Hz, 1H; NCH2CH), 3.24 ± 3.29 (m, 1H; NCHCHDCH2), 3.33
(d, 3J(H,H)� 8 Hz, 2H; CH2S), 3.32 ± 3.41 (m, 1H; NCHCHDCH2), 3.56
(dd, 2,3J(H,H)� 11.5, 10 Hz, 1H; NCHAHBCH), 4.30 (dd, 2,3J(H,H)� 11.5,
7.5 Hz, 1H; NCHAHBCH), 4.76 (t, 3J(H,H)� 7 Hz, 1H; NCH), 7.24 ± 7.36
(m, 5H; Ph), 8.85 (s, 2H; Ar); 13C NMR (100 MHz, CDCl3, 25 �C, picrate
salt, major product) �� 24.5 (CH2), 30.7 (CH2), 35.1 (CH), 36.7 (CH2), 53.2
(CH2), 55.6 (CH2), 72.2 (CH), 126.6 (CH), 127.4 (CH), 128.2 (C), 129.3
(CH), 130.8 (CH), 133.7 (C), 141.7 (C), 162.4 (C); MS (CI): calcd for
C13H18NS: 220.1160; found: 220.1159 [M�H]� ; m/z (%): 220 (100)
[M�H]� , 110 (23); elemental analysis calcd (%) for C19H20N4O7S (448.5):
C 50.89, H 4.50, N 12.49; found: C 50.55, H 4.30, N 12.30. In addition, the
picrate salt of the stannane 26 (61 mg, 36%) was isolated.


Alternatively, the amines 27 and 28 could be prepared from 26 in THF: The
stannane E-26 (76 mg, 0.15 mmol) in THF (2 mL) was treated over 1 min
with n-butyllithium (0.15 mL, 0.38 mmol, 2.5� in hexanes) at�78 �C. After
a further 1 min, MeOH (0.2 mL) and picric acid (0.73 mL, 0.15 mmol, 0.2�
in EtOH) were added and the mixture was warmed to room temperature
and absorbed on silica gel. Purification by column chromatography on silica
gel, eluting with CH2Cl2/MeOH 1:0 to 50:1 gave the picrate salts of the
amines 27 and 28 (59 mg, 86%) as a 1:1 ratio of diastereomers as a solid.
Data as above but 1H NMR (300 MHz, CDCl3, 25 �C, picrate salt): ��
1.98 ± 2.57 (m, 10H; 10�CH), 2.93 ± 3.06 (m, 2H; 2�CH), 3.20 ± 3.40 (m,
7H; 7�CH), 3.56 (dd, 2,3J(H,H)� 11.5, 10 Hz, 1H; CH), 4.30 (dd,
2,3J(H,H)� 11.5, 7.5 Hz, 1H; CH), 4.48 ± 4.63 (m, 1H; CH), 4.76 (t,
3J(H,H)� 7 Hz, 1H; CH), 5.00 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.20 ± 7.38
(m, 10H; 2� SPh), 8.80 (s, 4H; 2�Ar); 13C NMR (75 MHz, CDCl3, 25 �C,
picrate salt): �� 24.5 (CH2), 25.5 (CH2), 25.8 (CH2), 30.4 (CH), 30.7 (CH2),
32.8 (CH2), 35.1 (CH), 36.7 (CH2), 53.1 (CH2), 53.2 (CH2), 55.6 (CH2), 56.8
(CH2), 69.7 (CH), 72.2 (CH), 126.6 (CH), 127.4 (CH), 127.7 (CH), 128.2 (C),
129.3 (CH), 129.5 (CH), 130.8 (CH), 131.3 (CH), 133.3 (C), 133.7 (C), 141.7
(C), 162.4 (C).


E-(2S)-N-[3-Deuterio-3-(phenylthio)prop-2-enyl]-2-(tributylstannyl)pyr-
rolidine (29): In the same way as the amines 27� 28, prepared in hexane/
Et2O 4:1, the stannane 26 (120 mg, 0.24 mmol) and nBuLi (0.24 mL,
0.60 mmol, 2.5� in hexanes), gave, after quenching with MeOD (0.2 mL),
addition of picric acid (1.2 mL, 0.24 mmol, 0.2� in EtOH) and purification
by column chromatography on silica gel, eluting with CH2Cl2/MeOH 1:0 to
50:1, the picrate salt of the stannane 29 (59 mg, 33%) as an oil. Rf� 0.85
(CH2Cl2/MeOH 9:1); IR (picrate salt, CHCl3): �� � 1630, 1615 (Ar), 1570,
1330 cm�1 (NO2); 1H NMR (300 MHz, CDCl3, 25 �C, picrate salt): ��
0.79 ± 1.08 [m, 15H; Sn(CH2CH2CH2CH3)3], 1.18 ± 1.54 [m, 12H;
Sn(CH2CH2CH2)3], 1.96 ± 2.08 (m, 1H; CH), 2.19 ± 2.36 (m, 3H; 3�CH),
2.56 ± 2.68 (m, 1H; CH), 2.78 ± 2.92 (m, 1H; CH), 3.50 (dt, 2,3J(H,H)� 13,
6.5 Hz, 1H; CH), 3.60 ± 3.74 (m, 1H; CH), 4.08 (dd, 2,3J(H,H)� 13, 6.5 Hz,
1H; CH), 5.55 (t, 3J(H,H)� 7.5 Hz, 1H; CH�CS), 7.22 ± 7.40 (m, 5H; Ar),
8.87 (s, 2H; Ar); 13C NMR (75 MHz, CDCl3, 25 �C, picrate salt): �� 9.9
(CH2), 13.6 (CH3), 23.9 (CH2), 27.3 (CH2), 28.9 (CH2), 29.4 (CH2), 54.2
(CH2), 55.3 (CH), 56.8 (CH2), 115.7 (CH), 126.7 (CH), 128.0 (C), 128.4
(CH), 129.5 (CH), 131.7 (C), 132.0 (CH), 141.5 (C), 162.0 (C); MS (FAB):
calcd for C25H43DNS120Sn: 511.2273; found: 511.2279 [M�H]� ; m/z (%):
511 (57) [M�H]� , 219 (40) [M� SnBu3]� , 150 (100).


6-Methyl-1-azabicyclo[3.2.0]heptane (30� 31): Sulfides 27� 28 (69 mg,
0.32 mmol, 1:1 mixture of the free bases) in EtOH (2 mL) at 60 �C were
added to a suspension of Raney nickel (1.0 g) in EtOH (2 mL). After 1 h


the mixture was filtered and picric acid (1.5 mL, 0.32 mmol, 0.2� in EtOH)
was added. The solution was absorbed on silica gel and purified by column
chromatography on silica gel, eluting with CH2Cl2/MeOH 1:0 to 50:1, to
give the picrate salts of the amines 30� 31 (77 mg, 71%) as a 1:1 mixture of
diastereomers as a solid. Rf� 0.40 (CH2Cl2/MeOH 9:1); IR (picrate salt,
CHCl3): �� � 1620 (Ar), 1575, 1320 cm�1 (NO2); 1H NMR (300 MHz,
CDCl3, 25 �C, picrate salt): �� 1.15 (d, 3J(H,H)� 7.5 Hz, 3H; CH3), 1.39 (d,
3J(H,H)� 7.5 Hz, 3H; CH3), 2.07 ± 2.56 (m, 10H; 10�CH), 3.17 ± 3.42 (m,
5H; 5�CH), 3.61 ± 3.71 (m, 1H; CH), 4.21 (dt, 2,3J(H,H)� 12, 7.5 Hz, 1H;
CH), 4.58 ± 4.71 (m, 2H; 2�CH), 5.05 (q, 3J(H,H)� 7.5 Hz, 1H; CH), 9.04
(s, 4H; 2�Ar); 13C NMR (75 MHz, CDCl3, 25 �C, picrate salt): �� 13.0
(CH3), 18.4 (CH3), 24.5 (CH2), 25.2 (CH2), 25.7 (CH2), 25.7 (CH), 30.4
(CH), 30.6 (CH2), 52.9 (CH2), 53.2 (CH2), 57.6 (CH2), 58.6 (CH2), 70.5
(CH), 74.2 (CH), 126.6 (CH), 128.2 (C), 141.6 (C), 162.2 (C); MS (ES):
calcd for C7H14N: 112.1126; found: 112.1124 [M�H]� ; m/z (%): 112 (100)
[M�H]� .


Alternatively, the free base of the amines 30� 31 (10:1) could be prepared:
To a suspension of Raney nickel (1.0 g) in EtOH (2 mL) was added sulfide
27� 28 (82 mg, 0.37 mmol, 10:1) in EtOH (2 mL) at 60 �C. After 1 h, the
mixture was filtered and evaporated to give the amines 30� 31 (23 mg,
54%) as a 10:1 mixture of diastereomers as an oil. 1H NMR (300 MHz,
CDCl3, 25 �C, major diastereomer): �� 1.26 (d, 3J(H,H)� 7.5 Hz, 3H;
CH3), 1.92 ± 2.00 (m, 2H; 2�CH), 2.15 ± 2.40 (m, 3H; 3�CH), 2.98 ± 3.15
(m, 2H; 2�CH), 3.40 (dd, 2,3J(H,H)� 10 Hz, 1H; CH), 3.95 (dd,
2,3J(H,H)� 10, 7.5 Hz, 1H; CH), 4.44 (t, 3J(H,H)� 6 Hz, 1H; CH);
13C NMR (75 MHz, CDCl3, 25 �C): �� 18.4 (CH3), 24.5 (CH2), 30.4
(CH), 30.7 (CH2), 52.3 (CH2), 56.4 (CH2), 72.4 (CH); MS (CI): calcd for
C7H14N: 112.1126; found: 112.1126 [M�H]� ; m/z (%): 112 (100) [M�H]� .


The enantioselectivity of the cyclization reaction was determined by
measuring (1H NMR) the relative peak areas of the methyl doublets of the
amines 30� 31 (as their free bases) in the presence of the chiral solvating
agent (R)-(�)-2,2,2-trifluoro-1-(9-anthryl)ethanol.[17]


E- and Z-6-Phenylthiomethylene-1-azabicyclo[3.2.0]heptane (32): n-Bu-
tyllithium (0.3 mL, 0.68 mmol, 2.5� in hexanes) was added to the stannane
24 (139 mg, 0.27 mmol) in THF (2.5 mL) at �78 �C. After 1.5 h, MeOH
(0.5 mL) was added and the mixture was absorbed on alumina. Purification
by column chromatography on alumina, eluting with petrol/EtOAc 1:0 to
0:1 then EtOAc/MeOH 50:1 to 5:1, gave the amines E- and Z-32 (45 mg,
78%) as a 1:1 mixture of geometrical isomers as an oil. Rf� 0.07 (MeOH);
IR: �� � 1585, 1485 cm�1 (Ar); 1H NMR (300 MHz, CDCl3, 25 �C): ��
1.76 ± 2.15 (m, 8H; 2�NCH2CH2CH2), 2.66 ± 2.87 (m, 4H; 2�
NCH2CH2), 3.44 (dt, 2,4J(H,H)� 15, 3.0 Hz, 1H; NCHAHBC�), 3.55 (ddd,
2,4,4J(H,H)� 15, 3.5, 2.5 Hz, 1H; NCHAHBC�), 4.23 (dd, 2,4J(H,H)� 15,
2.5 Hz, 1H; NCHAHBC�), 4.29 (dd, 2,4J(H,H)� 15, 1.5 Hz, 1H;
NCHAHBC�), 4.57 ± 4.66 (m, 2H; 2�NCH), 5.87 (q, 4J(H,H)� 1.0 Hz,
1H; CHS), 5.92 (q, 4J(H,H)� 1.0 Hz, 1H; CHS), 7.14 ± 7.32 (m, 10H; 2�
Ar); 13C NMR (75 MHz, CDCl3, 25 �C): �� 23.9 (CH2), 23.9 (CH2), 30.8
(CH2), 32.7 (CH2), 55.9 (CH2), 56.0 (CH2), 60.2 (CH2), 60.8 (CH2), 72.6
(CH), 73.0 (CH), 111.5 (2�CH), 126.0 (CH), 126.1 (CH), 128.1 (CH), 128.3
(CH), 129.0 (CH), 136.0 (C), 136.4 (C), 145.6 (C), 146.3 (C); MS (CI): calcd
for C13H16NS: 218.1003; found: 218.1002 [M�H]� ; m/z (%): 218 (43) [M�
H]� , 110 (100).
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Stereoselective Synthesis of Heterocyclic Cage Compounds by Domino
Conjugate Additions**
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Abstract: Heterocyclic cage compounds have been stereoselectively synthesized
from enantiopure [(S)R]-[(p-tolylsulfinyl)methyl]-p-quinols or their amine ana-
logues and 2-(trimethylsilyloxy)furan in the presence of Bu4NF. The method
is particularly valuable not only because of the stereochemical control but also
because the reactions occur in an experimentally simple one-pot procedure through a
domino sequence of three consecutive conjugate additions. The intermediate 1,4-
adducts could be isolated when the reaction was carried out in the presence of
BF3 ¥OEt2.


Keywords: 4-aminocyclohexa-2,5-
dienones ¥ cage compounds ¥ dom-
ino reactions ¥ heterocycles ¥
p-quinols ¥ sulfoxides


Introduction


Domino reactions leading to the stereoselective formation of
carbon ± carbon and carbon ± heteroatom bonds have been
the focus of intense studies.[1, 2] This interest stems from the
possibility of rapid and economic preparation of structurally
complex molecules from simple starting materials. The
sequential formation of increasing number of bonds is favored
when dense functionalization is present in such materials. For
instance, 1,4-dien-3-one derivatives have been efficiently used
to synthesize polycyclic systems through domino sequences
including [3�2] cycloadditions with allylsilanes[3, 4] or succes-
sive Michael additions.[4b] Alkoxy substituted quinones and
quinoneimines[5] reacted with styrenes in the presence of
Lewis acids to form bridged compounds through domino
cycloadditions that take advantage of the dienone fragment.
The 2,5-cyclohexadienone system present in p-quinols is a


potential double Michael acceptor that has not been exploited
in domino reactions. Enantiopure [(S)R]-[(p-tolylsulfinyl)-
methyl]-p-quinols, which can be easily prepared by a method
described by our laboratory,[6, 7] show the dienone fragment, as
well as a sulfoxide, providing optical activity to the system,
which bears a prochiral cyclohexadienone moiety. Such p-
quinols have shown an excellent ability to direct the approach
of dienes in Diels ±Alder reactions[6] or organoaluminum
derivatives in conjugate additions[7] by the face containing the


OH. The efficiency of the hydroxy group in directing the face
selectivity of 1,4-conjugate additions has also been pointed
out in reactions of achiral p-quinol derivatives.[8] A logical
extension of our work was to achieve consecutive diastereo-
selective conjugate additions to the dienone system in a single
step. The potential usefulness of the sequential 1,4-adducts as
building blocks for chiral targets prompted us to investigate
such a process. We reasoned that the use of a nucleophile such
as 2-(trimethylsilyloxy)furan,[9] which gives rise to a buteno-
lide fragment on reaction with electrophiles[10] and can later
act as a Michael acceptor,[11] could facilitate further trans-
formation of the initial 1,4-adducts.
In this paper we report the achievement of a highly


stereoselective synthesis of various tetracyclic cage com-
pounds[12] bearing two heterocyclic rings through the reaction
between [(S)R]-4-amino or 4-hydroxy-4-[(p-tolylsulfinyl)-
methyl]cyclohexa-2,5-dienone derivatives and 2-(trimethyl-
silyloxy)furan. This combination provides a short and simple
access to optically pure heterotetracyclic cage compounds not
accessible by other methods through a one-pot, domino, triple
conjugate addition process.


Results and Discussion


Enantiopure 4-amino-4-[(p-tolylsulfinyl)methyl]cyclohexa-
2,5-dienone [(S)R]-7[13] and the 3-methyl-substituted ana-
logues 8 were easily accessible in high ee (�98%)[14a] by
addition of �-lithiocarbanion derived from [(S)R]-methyl p-
tolylsulfoxide[15] to quinoneimine monoacetals 1 and 2[16]


(Scheme 1). From the crude reaction mixture, hydrolysis of
the acetal groups of 3 and 4 was effected with an aqueous
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Scheme 1. Synthesis of 4-amino-4-[(p-tolylsulfinyl)methyl]cyclohexa-2,5-
dienones. i) LDA, THF, �78 �C; ii) oxalic acid, THF:H2O, RT; iii) TFA,
CH2Cl2, RT.


solution of oxalic acid (10%) to afford N-Boc derivatives 5
and 6 in 80% and 82% overall yield, respectively. The latter
was characterized as a 77:23 mixture of epimers at C-4.
Diastereomers [4R,(S)R]-6 and [4S,(S)R]-6 could be separat-
ed by chromatography, and were isolated pure in 58% and
19% yield, respectively. N-Boc deprotection (TFA) of 5 and
the major diastereomer [4R,(S)R]-6 allowed the formation of
compounds [(S)R]-7 (97% yield) and [4R, (S)R]-8 (99%
yield), respectively. The minor epimer [4S,(S)R]-8 could also
be obtained pure by hydrolysis of [4S,(S)R]-6 (88% yield).
The absolute configuration of the stereogenic amino-


substituted carbons in diastereomers 8 could be assigned on
the basis of a comparative analysis of their 1H NMR
parameters with those of [(S)R]-7 and the p-quinols [(S)R]-
9, [4R,(S)R]-10 as well as the 3,5-dimethyl-substituted ana-
logue whose structure had been already assigned.[6a, 7a] The
most significant data correspond to the different chemical
shifts observed for the substituents situated at the olefinic �-
carbons (H and CH3). In the cyclohexadienone moiety of the
[4S,(S)R] epimer, the olefinic proton, which is situated on the
unsubstituted double bond, appears more shielded than in the
[4R,(S)R] diastereomers, whereas the methyl group is more
shielded in the latter.[17]


Enantiomerically pure [(S)R]-4-hydroxy-4-[(p-tolylsulfi-
nyl)methyl]cyclohexa-2,5-dienones 9 and 10 (Table 1) were


prepared as previously described.[6, 7] The results of the
reactions of 7 ± 10 with 2-(trimethylsilyloxy)furan 11 promot-
ed by Bu4NF are given in Table 1. Under the conditions used
(CH2Cl2, RT), amino-substituted derivative 7 is rapidly
converted into a 1:1 mixture of two diastereomeric cage
compounds 12a and b in 67% total isolated yield (entry 1).
Under the same conditions, asymmetrically substituted cyclo-
hexadienone [4R,(S)R]-8 afforded diastereomer 13a[14b] ex-
clusively (56% yield, entry 2), whereas epimer [4S,(S)R]-8
was transformed stereospecifically into 13b (70% yield,
entry 3). The oxygenated derivative [(S)R]-9 behaved sim-
ilarly and gave rise to a 1:1 mixture of diastereomers 14a and
b (67% yield, entry 4), and the reaction of the 3-methyl
substituted p-quinol [4R,(S)R]-10 gave rise exclusively to 15a
(67% yield, entry 5). The transformation was faster when
compounds 7 and 9, which have an unsubstituted cyclo-
hexadienone moiety, were allowed to react.
The structures of compounds 12 ± 15 were characterized by


different spectroscopic techniques. The 1H NMR spectra
feature similar chemical shifts and coupling constants for all
the hydrogens of the cage moiety, except for the one situated
at C-6[18] that supports an O (in compounds 14 and 15) or NH
substituent (in compounds 12 and 13). The differences
observed in chemical shifts of the CH2SOTol AB system in
diastereomers 13a, 15a, and 13b, allowed the determination
of their relative configurations. Such an assignment was
confirmed in compound 13a,[19] which was a crystalline solid
and could be subjected to X-ray crystallographic analysis. Its
absolute configuration was established by taking into account
the R configuration of the starting sulfoxide. The most
significant spectral data for the configurational assignment
of 13a, 13b, and 15a are displayed in Figure 1. The con-
formation around the CH2�SO bond represented shows the
disposition found for 13a in the solid state (Figure 2), which is
the most stable rotamer due to the anti disposition of the
bulky p-tolyl substituent and the cage moiety. As can be seen,
the AB system of 13a appears at �� 2.85 and 3.27. A
noticeable shielding effect of the sulfinyl oxygen situated anti


Abstract in Spanish:La sÌntesis estereoselectiva de compuestos
heterocÌclicos con estructura de tipo jaula se ha descrito a partir
de [(S)R]-[(p-tolilsulfinil)metil]-p-quinoles o sus ana¬logos
nitrogenados enantiome¬ricamente puros y 2-(trimetilsililoxi)-
furano. El proceso, que tiene lugar en una u¬nica etapa cuando
se lleva a cabo en presencia de Bu4NF, transcurre a trave¬s de
una secuencia de reacciones domino¬ en la que se producen tres
adiciones conjugadas. Adema¬s de un eficaz control de la
estereoselectividad, el me¬todo permite aislar alguno de los
intermedios de adicio¬n 1,4- cuando la reaccio¬n se lleva a cabo
en presencia de BF3 ¥OEt2.


Table 1. Results of domino reactions of 7 ± 10 with 11.
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4


Starting R X Products Yield
material (ratio) [%]


1 [(S)R]-7 H NH 12a :12b 67
(1:1)


2 [4R(S)R]-8 CH3 NH 13a 56
3 [4S,(S)R]-8 CH3 NH 13b 70
4 [(S)R]-9 H O 14a :14b 67


(1:1)
5 [4S,S)R]-10 CH3 O 15a 67
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Figure 1. Significant spectral data for configurational assignment.


Figure 2. ORTEP plot of compound 13a.


to HA, appearing at �� 2.85,[20] is observed. Conversely, the
deshielding observed for HB (�� 3.27) must be a consequence
of the 1,3-parallel disposition of the CH3 group with respect to
this hydrogen[21] together with the gauche conformation of the
sulfinyl oxygen.[22] Confirmation of the absolute configuration
of 13a in this manner permitted reliable definition of the
stereochemistry of the diastereomer 13b, (Figure 1) whose
CH2�SO AB system appears much less differentiated (��
3.01 and 3.10). The shielding effect of the anti-sulfinyl oxygen
on HA is now attenuated by the gauche disposition of the NH
and the 1,3-parallel methyl group, which do not affect HB (��
3.10) and so HB appears less deshielded than in 13a.
Comparison of these spectral features with those of 15a
allowed its configurational assignment, which was confirmed
by NOESY experiments that displayed a NOE between HB


(�� 3.46) and the CH3 group, whereas HA (�� 3.04) pre-


sented a NOEwith the axial hydrogen � to the carbonyl group
of the cyclohexanone moiety (�� 2.29). The slight differences
observed in the 1H NMR data of diastereomers 12a and 12b
or 14a and 14b did not allow unequivocal assignment of their
configurations.
The diastereomeric relationship between 14a and 14b was


confirmed by oxidation of a 1:1 mixture of 14a and 14b with
mCPBA (83% yield) that gave a single racemic sulfone 16
(Scheme 2).
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Scheme 2. Oxidation of 14a and 14b to sulfone 16. i) mCPBA, CH2Cl2,
83%


The following experimental evidence allowed a mechanistic
rationalization of the process. When p-quinol [4R,(S)R]-10
was treated with 2-(trimethylsilyloxy)furan 11 in the presence
of 1.5 equivalents of a mixture of TiCl4 and Ti(OiPr)4[23]


instead of Bu4NF to trigger the reaction (Table 2, entry 1),
�,�-unsaturated lactone 17 was stereoselectively formed.
Chromatographic purification of the crude mixture gave only
10% yield of pure 17 due to its transformation into the
tricyclic derivative 18 (30% isolated yield), which resulted
from an intramolecular stereoselective conjugate addition of
the OH to the butenolide moiety of 17 in the presence of silica
gel. When BF3 ¥OEt2 was present in the reaction medium,
[4R,(S)R]-10 gave a 63:4:30 mixture of 17, 18, and 15a, from
which 17 and 18 were isolated in 30 and 34% yield after flash
chromatography (Table 2, entry 2). These results suggested
that 17 and 18 were the precursors of 15a, which must be
formed from 18 through a new intramolecular conjugate
addition of the enolate derived from the lactone moiety to the
methyl-substituted conjugate position of cyclohexenone 18.
Two mechanistic pathways could be envisaged to explain the


Table 2. Reaction of compounds 10 and 8 with 11.
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Additive


4


11


++


Starting Additive T [a] t Products[a] Yield Product[d]


material (equiv) [�C] [h] (ratios) [%]


1 [4R,(S)R]-10 TiCl4/Ti(OiPr)4 � 78 6 17 :18 :15a 10 17[e]


(1.5/1.5) (90:0:0)[b] 30 18
2 [4R,(S)R]-10 BF3 ¥OEt2 RT 24 17 :18 :15a 30 17[f]


(3) (63:4:30)[c] 34 18
3 [4R,(S)R]-8 BF3 ¥OEt2 RT 24 20 :13a 37 20


(3) (85:5)[b]


[a] Determined by 1H NMR spectroscopy from the crude product. [b] 10% of
10 or 8 was detected. [c] 3% of 10 was recovered. [d] Yield after flash column
chromatography. [e] Eluent: AcOEt. [f] Eluent: CH3CN/CH2Cl2.
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formation of compound 17: an initial Diels ±Alder cyclo-
addition followed by an acid-catalyzed rearrangement[24] or a
1,4-conjugate addition of 2-(trimethylsilyloxy)furan through
its more nucleophilic position to the unsubstituted enone
moiety of 10. The former is unlikely since no Diels ±Alder
adducts were detected under any conditions. When the
reaction of amino derivative [4R,(S)R]-8 with 11 was run in
the presence of BF3 ¥OEt2 (Table 2, entry 3), an 85:5 mixture
of tricyclic derivative 20 and the cage compound 13a were
formed, even though the conversion was not complete (10%
of starting material was recovered). Although compound 19,
the nitrogen analogue of 17, was not detected in this case, we
can assume a similar transformation from 19. Thus, once 19
has been formed, the higher nucleophilicity of the nitrogen
facilitates its immediate attack on the �,�-unsaturated lactone
moiety leading directly to 20 and 13a. Compound 20 was
isolated from this mixture in 40% yield. Although only 5% of
13a was detected under these conditions, this is additional
evidence of the intermediate formation of 19 and 20 en route
to 13a. All of these compounds were stereoselectively formed
since only one diastereomer of each was detected.
When unsubstituted cyclohexadienone 9 was treated with


11 in the presence of BF3 ¥OEt2 two diastereomers 21a and
21b, resulting from an initial conjugate addition, were formed
in a 1:1 ratio (Scheme 3). After flash chromatography, a 1:1
mixture of tricyclic derivatives 22a and 22b could be isolated
in a 50% yield. Although two diastereomers are formed as a
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Scheme 3. Sequential 1,4-additions in the reaction of 9 with 11. i) 11,
CH2Cl2, �78 �C; ii) BF3 ¥OEt2 (8 equiv), 5 h.


consequence of the initial attack of 2-(trimethylsilyloxy)furan
11 to both prochiral conjugate positions of the unsubstituted
cyclohexadienone, such a reaction is highly �-facially diaster-


eoselective from the face of the OH group. Since cage
compound 13a was formed from 8 in the presence of BF3 ¥
OEt2 (Table 2, entry 3), we can assume that similar inter-
mediates are formed when the reactions are carried out in the
presence of Bu4NF. Although compounds 21 and 12 were not
detected in the reaction of 9 with 11 in the presence of Bu4NF,
similar intermediates must be formed en route to cage
compounds 12a and 12b. Under these conditions, an initial
Diels ±Alder reaction is not possible since cycloadducts only
rearrange in the presence of acids.[24]


In order to know the role of the sulfoxide in the process, we
decided to use p-quinamine 24 and p-quinol 25, which lack
such a group, in the reaction with 11 in the presence of Bu4NF.
Compound 24 was synthesized from N-Boc p-benzoquinone-
imine dimethylacetal[16] 1 by addition of MeLi followed by
hydrolysis of the acetal and N-Boc protecting groups (50%
overall yield); see Scheme 4. Derivative 25[8b] was obtained
similarly from p-benzoquinone dimethylacetal[25] 23 by 1,2-
addition of MeLi and hydrolysis of the acetal group, and
isolated in a 62% overall yield.
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X = N-Boc, 70%
24, X = NH
25, X = O, 62%


 1: X = N-Boc
23: X = O


Scheme 4. Synthesis of compounds 24 and 25. i) MeLi, THF, �78 �C;
ii) oxalic acid, THF:H2O; iii) TFA, CH2Cl2, RT, 71%.


When treated with 2-(trimethylsilyloxy)furan 11 in the
presence of Bu4NF/CH2Cl2, 24 and 25 gave only but-2-
enolactone, whereas 7 and 9 were transformed in 1 h into cage
compounds under the same conditions. This lack of reactivity,
suggests that the sulfoxide plays an essential role in the
process. The easy transformation of 7 ± 10 into 12 ± 15 under
the experimental conditions used for these reactions (Bu4NF/
CH2Cl2), could only be due to the presence of the sulfoxide on
the side chain at C-4, which must increase the electrophilicity
of the cyclohexadienone framework. Thus, although this
group is not directly involved in the transformations, it plays
a double role: making the molecule optically active and
increasing the reactivity of the cyclohexadienone framework.
Although the experimental result is unequivocal, the origin of
such increased reactivity is not evident.


Stereochemistry : The stereoselectivity of the overall process
must be defined in the first 1,4-addition conjugate addition.
The �-facial diastereoselectivity of this reaction on the
cyclohexadienone fragment was the expected one according
to previous results on p-quinol derivatives,[7, 8a] and was
independent of the additive used to initiate the process. Steric
effects are at the origin of the preferred attack of 11 on the
face containing the OH of the cyclohexadienone system. The
configuration of the stereogenic carbon of the lactone frag-
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ment in 17 is consistent with the favored endo approach of
2-(trimethylsilyloxy)furan[26] to the enone, as shown in
Scheme 5. This attack gives rise to intermediate A, whose
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Scheme 5. Stereochemical course of domino conjugate additions. i) 11,
Bu4NF, CDCl3, RT; ii) Bu4NF, CDCl3.


protonation would yield 17. Compound 17 was detected when
this reaction was performed in a NMR sample tube (CDCl3 as
solvent). The preferred attack of 2-(trimethylsilyloxy)furan 11
on the more electrophilic C-5 conjugate position of 3-methyl-
substituted cyclohexadienones 8 and 10 was also expected on
the basis of its higher electrophilicity. The stereoselective 1,4-
addition of the OH or NH2 to the �,�-unsaturated lactone
may be rationalized through the favored disposition of the �-
systems, which results in the first reaction. As shown in
Scheme 5 for intermediate A, a second conjugate addition to
the butenolide led to the all-cis fused tricyclic intermediate B,
which was observed in the NMR experiment as the proto-
nated derivative 18. Compound 18 was isolated when the
reaction of 10 was carried out in the presence of TiCl4/
Ti(OiPr)4 or BF3 ¥OEt2 (Table 2). The concave geometry of
intermediate B (Scheme 5) facilitates the attack of the
enolized lactone fragment on the cyclohexenone from the
face containing the oxygenated substituent. When these
reactions are carried out in the presence of Bu4NF, the
formation of negatively charged intermediates must be
responsible for the quick transformation observed. When
BF3 ¥OEt2 or TiCl4/Ti(OiPr)4 are in the medium, the role of
the Lewis acids must be to activate the �,�-unsaturated
systems for the Michael type additions through coordination
to the C�O.
The elimination of the sulfoxide group is important for


future applications of this methodology. This was quantita-
tively achieved in compounds 13b, 15a, 14a, and 14b upon
reaction with Raney nickel, which gave optically pure
compounds (�)-26 (80%) and (�)-28 (92%) and racemic
derivative 27 (90%), respectively (Scheme 6).
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Scheme 6. Raney Ni desulfurization of heterocyclic cage compounds.


Conclusion


A short and efficient asymmetric synthesis of a 7-aza-3-oxa or
3,7-dioxatetracyclo[6.4.0.02,6.05,9] skeleton from simple start-
ing materials has been described. The method is based on the
introduction of a homochiral p-tolylsulfinylmethyl substituent
at C-4 of a p-quinol or p-quinamine, which significantly
increases the acceptor character of the cyclohexadienone
system. The available evidence suggests that a domino
sequence of three conjugate additions occurs when a mixture
of 2-(trimethylsilyloxy)furan and enantiomerically pure com-
pounds is treated with Bu4NF; this gives rise to the stereo-
selective formation of tetracyclic cage compounds in a one-
pot reaction. The reactions described define a practical and
unprecedented method resulting in the formation of complex
structures with up to six stereogenic centers in a highly
stereocontrolled manner.


Experimental Section


General : All reactions were monitored by TLC, which was performed on
precoated silica gel 60F254 plates. Flash column chromatography was
effected with silica gel 60 (230 ± 240 mesh). 1H NMR spectra were recorded
at 200 or 300 MHz. 13C NMR were recorded at 50 or 75 MHz. Chemical
shifts are reported in ppm relative to TMS in CDCl3. All NMR spectra
were obtained in CDCl3 at room temperature. HRMS were measured at
70 eV. All reagents were purchased from Aldrich and were used without
further purification.


[(S)R]-4-(tert-Butoxycarbonyl)amino-4-[p-(tolylsulfinyl)methyl]cyclo-
hexa-2,5-dienone (5): A solution of [(S)R]-methyl-p-tolylsulfoxide (1.6 g,
10 mmol, 1 equiv) in THF (15 mL) was added at �78 �C to a solution of
LDA (1.2 equiv) in THF (20 mL). After 30 min of stirring, N-(tert-
butoxycarbonyl)-p-benzoquinonemonoimine dimethylacetal (1)[16] (3.0 g,
12 mmol, 1.1 equiv) in THF (20 mL) was added at�78 �C. The mixture was
stirred for 5 h. Hydrolysis was performed with saturated NH4Cl, the residue
was extracted with AcOEt, then the organic phase was dried (Na2SO4) and
concentrated to dryness. The resulting ketal derivative 3 was dissolved in
THF, then an aqueous solution of oxalic acid (10%) was added at RT. After
2 h, the solution was neutralized with saturated NaHCO3 and extracted
with AcOEt. The organic phase was dried (Na2SO4) and concentrated in
vacuo. The crude product was recrystallized from AcOEt as a white solid.
Yield: 3.0 g, 80%; m.p. 169 ± 170 �C; [�]20D ��60.1(c� 1 in CHCl3);
1H NMR (300 MHz): �� 7.51 ± 7.48 (AA�, 2H; Tol), 7.33 ± 7.31 (BB�, 2H;
Tol), 7.30 (dd, J� 10.1 and 3.1 Hz, 1H; H-3), 7.03 (dd, J� 10.1 and 3.1 Hz,
1H; H-5), 6.33 (dd, J� 10.1 and 1.9 Hz, 1H; H-2), 6.32 (s, 1H; NH), 6.23
(dd, J� 10.1 and 1.9 Hz, 1H; H-6), 3.01 (br s, 2H; CH2SOTol), 2.39 (s, 3H;
Tol), 1.42 (s, 9H; tBu); 13C NMR (75 MHz): �� 184.3 (CO), 154.2 (CO),
149.0 (C-3), 147.9 (C-5), 142.4 (C; Tol), 139.7 (C; Tol), 130.2 (2C; Tol), 129.4
(C-2), 128.7 (C-6), 123 (2C; Tol), 80.8 (C; tBu), 65.6 (CH2SOTol), 54.5 (C-
4), 28.2 (3C; tBu), 21.3 (Tol); elemental analysis calcd for C19H23NO4S: C
63.13, H 6.41, N 3.88, S 8.87; found C 62.73, H 6.29, N 3.31, S 9.25.


[4R,(S)R] and [4S,(S)R] 4-(tert-Butoxycarbonyl)amino-3-methyl-4-
[p-(tolylsulfinyl)methyl]cyclohexa-2,5-dienone (6): A solution of [(S)R]-
methyl-p-tolylsulfoxide (775.0 mg, 5.03 mmol, 1 equiv) in THF (15 mL),
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was added via cannula to a solution of LDA (1.2 equiv) at �78 �C in THF
(20 mL). After 30 min of stirring, N-(tert-butoxycarbonyl)-2-methyl-p-
benzoquinonmonoimine dimethylacetal 2[16] (1.53 g, 5.7 mmol, 1.1 equiv) in
THF (20 mL) was added at �78 �C. The mixture was stirred for 5 h.
Hydrolysis was performed with saturated NH4Cl, and the residue was
extracted with AcOEt. The organic phase was dried (Na2SO4) and
concentrated in vacuo. An aqueous solution of oxalic acid (10%, 2 mL)
was added at RT to the resulting acetal derivatives 4, which were dissolved
in THF (20 mL). After 2 h of stirring, the solution was neutralized with
saturated NaHCO3. The organic phase was extracted with AcOEt, dried
(Na2SO4), and concentrated in vacuo to give a mixture of [4R,(S)R]-6 and
[4S,(S)R]-6 (77:23, 82% overall yield), which could be separated by column
chromatography (hexane/AcOEt 4:1) to afford [4R,(S)R]-6 (1.1 g, 58%
yield) and [4S,(S)R]-6 (360 mg, 19% yield) as white solids.


[4R,(S)R]-6 : M.p. 136 ± 137 �C; [�]20D ��60.1 (c� 1 in CHCl3); 1H NMR
(200 MHz): 7.48 ± 7.44 (AA�, 2H; Tol), 7.39 (d, J� 11.2 Hz, 1H; H-5), 7.29 ±
7.26 (BB�, 2H; Tol), 6.91 (br s, 1H; NH), 6.39 (dd, J� 11.2 and 2.1 Hz, 1H;
H-6), 6.07 (br s, 1H; H-2), 3.15 and 2.42 (AB system, J� 13.3 Hz, 2H;
CH2SOTol), 2.41 (s, 3H; Tol), 1.91 (d, J� 1.6 Hz, 3H; CH3), 1.37 (s, 9H;
tBu); 13C NMR (75 MHz): 184.7 (CO), 160.3 (CO), 154.1 (C-3), 150.6 (C-5),
142.9 (C; Tol), 140.1 (C; Tol), 129.9 (2C; Tol), 130 (CH), 127.8 (CH), 124.0
(2C; Tol), 80.78 (C; tBu), 67.2 (CH2SOTol), 57.7 (C-4), 28.4 (3C; tBu), 21.7
(Tol), 18.8 (CH3); elemental analysis calcd for C20H25NO4S: C 63.97, H 6.71,
N 3.73, S 8.54; found C 63.98, H 6.68, N 3.55, S 8.65.


[4S,(S)R]-6 : M.p. 121 ± 122 �C; [�]20D ��30 (c� 1 in CHCl3); 1H NMR
(300 MHz): 7.51 ± 7.47 (AA�, 2H; Tol), 7.34 ± 7.30 (BB�, 2H; Tol), 6.92 (d,
1H, J� 10.2 Hz; H-5), 6.63 (br s, 1H; NH), 6.24 ± 6.15 (m, 2H; H-6 and
H-2), 3.00, 2.80 (AB system, J� 13.4 Hz, 2H; CH2SOTol), 2.39 (s, 3H; Tol),
2.21 (s, 3H; CH3), 1.38 (s, 9H; tBu); 13C NMR (75 MHz): 184.7 (CO), 159.1
(CO), 154.0 (C-3), 151.1 (C-5), 142.0 (C; Tol), 139.2 (C; Tol), 129.5 (2C;
Tol), 128.1 (CH), 127 (CH), 123.4 (2C; Tol), 80.6 (C; tBu), 65.7
(CH2SOTol), 57.3 (C-4), 27.7 (3C; tBu), 21.2 (Tol), 19.2 (CH3).


[(S)R]-4-amino-4-[p-(tolylsulfinyl)methyl]cyclohexa-2,5-dienone (7): TFA
(10 equiv) was added to a solution of 5 (3 g, 8.3 mmol, 1 equiv) in CH2Cl2
(40 mL). The mixture was stirred at RT for 2 h, and an aqueous solution of
NaOH (2�) was added slowly at 0 �C until the pH was basic. The product
mixture was extracted with AcOEt, and the combined organic phases were
washed with brine and dried (Na2SO4). After removal of the solvent in
vacuo, the residue was recrystallized from AcOEt to afford a white solid.
Yield: 2.1 g, 97%; m.p. 162 ± 163 �C; [�]20D ��146 (c� 1 in CHCl3);
1H NMR (300 MHz): 7.54 ± 7.50 (AA�, 2H; Tol), 7.35 ± 7.31 (BB�, 2H;
Tol), 7.15 (dd, J� 9.6 and 3.2 Hz, 1H; H-3), 6.99 (dd, J� 9.6 and 3.2 Hz,
1H; H-5), 6.27 (dd, J� 9.6 and 1.6 Hz, 1H; H-2), 6.19 (dd, J� 9.6 and
1.6 Hz, 1H; H-6), 3.10, 2.75 (AB system, J� 13.4 Hz, 2H; CH2SOTol), 2.41
(s, 3H; Tol), 2.01 (br s, 2H; NH2); 13C NMR (75 MHz): 184 (CO), 151.0 (C-
3), 150.8 (C-5), 142.2 (C; Tol), 140.3 (C; Tol), 130.1 (2C; Tol), 128.0 (C-2),
127.8 (C-6), 123.8 (2C; Tol), 67.2 (CH2SOTol), 53.0 (C-4), 21.3 (Tol).


[4R,(S)R]-4-Amino-3-methyl-4-[p-(tolylsulfinyl)methyl]cyclohexa-2,5-di-
enone [4R,(S)R]-(8): TFA (10 equiv) was added to a solution of [4R,(S)R]-
6 (1.1 g, 2.9 mol, 1 equiv) in CH2Cl2 (50 mL). The mixture was stirred at RT
for 1 h, then aqueous NaOH (2�) was added slowly at 0 �C until the pH was
basic. The mixture was extracted with AcOEt. The combined extracts were
washed with brine and dried (Na2SO4). After removal of the solvent in
vacuo, the residue was recrystallized from AcOEt to afford a white solid.
Yield: 694 mg, 87%; m.p. 118 ± 119 �C; [�]20D ��130 (c� 1 in CHCl3);
1H NMR (300 MHz): 7.47 ± 7.44 (AA�, 2H; Tol), 7.34 (d, J� 10.1 Hz, 1H;
H-5), 7.30 ± 7.28 (BB�, 2H; Tol), 6.25 (dd, J� 10.1 and 2 Hz, 1H; H-6), 6.04
(br s, 1H; H-2), 3.20, 2.65 (AB system, J� 13.3 Hz, 2H; CH2SOTol), 2.36 (s,
3H; Tol), 1.99 (d, J� 1.2 Hz, 3H; CH3), 1.95 (br s, 2H; NH2); 13C NMR
(50 MHz): 184.9 (CO), 159.9 (C-3), 151.9 (C-5), 142.0 (C; Tol), 140.6 (C;
Tol), 130.0 (2C; Tol), 127.4 (C-2), 127.2 (C-6), 123.7 (2C; Tol), 66.9
(CH2SOTol), 55.1 (C-4), 21.2 (Tol), 18.5.


[4S,(S)R]-4-Amino-3-methyl-4-[p-(tolylsulfinyl)methyl]cyclohexa-2,5-di-
enone [4S,(S)R]-(8): Starting from [4S,(S)R]-6 (360 mg, 0.96 mmol,
1 equiv) and following the procedure for the synthesis of [4R,(S)R]-8, the
diastereomer [4S,(S)R]-8 was obtained as a white solid. Yield: 262 mg,
99%; m.p. 168 ± 169 �C; [�]20D ��242 (c� 1 in CHCl3); 1H NMR
(300 MHz): 7.49 ± 7.46 (AA�, 2H; Tol), 7.31 ± 7.28 (BB�, 2H; Tol), 7.03 (d,
J� 10.6 Hz, 1H; H-5), 6.16 (dd, J� 10 and 1.8 Hz, 1H; H-6), 6.13 (br s, 1H;
H-2), 3.05, 2.93 (AB system, J� 13.3 Hz, 2H; CH2SOTol), 2.39 (s, 3H), 2.13


(br s, 3H; CH3), 1.83 (br s, 2H; NH2); 13C NMR (50 MHz): 184.9 (CO),
160.5 (C-3), 151.9 (C-5), 142.1 (C; Tol), 140.0 (C; Tol), 130.1 (2C; Tol),
128.2 (C-2), 127.3 (C-6), 123.9 (2C; Tol), 67.8 (CH2SOTol), 52.9 (C-4), 21.3
(Tol), 18.3 (CH3); HRMS (FAB� ) calcd for C15H17NO2S: m/z : 276.1061
[M]� , found 276.1058.


[1R,2R,5S,6R,8S,9R,(S)R] and [1S,2S,5R,6S,8R,9S,(S)R]-8-[(p-tolyl-
sulfinyl)methyl]-3-oxa-7-azatetracyclo [6.4.0.02,6.05,9]dodecane-4,11-dione
(12a/12b): 2-(Trimethylsilyloxy)furan 11 (20.3 mg, 0.13 mmol, 1.2 equiv)
and Bu4NF (1� in THF, 130 �L, 1.1 equiv) were sequentially added at RT to
a solution of 7 (30 mg, 0.11 mmol, 1 equiv) in dry CH2Cl2 (0.5 mL). After
1 h of stirring, a saturated aqueous solution of NaCl was added. The
solution was extracted with AcOEt, and the combined organic phases were
dried (Na2SO4). Removal of the solvent in vacuo afforded a residue, which
was purified by column chromatography (CH3CN/CH2Cl2 4:1). Com-
pounds 12a and 12b were obtained as white solids as a 1:1 mixture of two
diastereomers. Yield: 25.5 mg, 67%; 1H NMR (300 MHz): 7.59 ± 7.56 (AA�,
2H; Tol, two diastereomers), 7.38 ± 7.36 (BB�, 2H; Tol, two diastereomers),
4.80 ± 4.79 (m, 1H; H-2, two diastereomers), 4.58 ± 4.54 (m, 1H; H-6, two
diastereomers), 3.36, 3.07 (AB system, J� 14.1 Hz, 2H; CH2SOTol, one
diastereomer), 3.32, 3.03 (AB system J� 13.7 Hz, 2H; CH2SOTol, one
diastereomer), 3.13 (br s, 1H; H-1, two diastereomers), 2.90 ± 2.30 (m, 6H;
two diastereomers), 2.46 (s, 3H; Tol, two diastereomers); 13C NMR
(75 MHz): 203.8 (CO; two diastereomers), 175.8 (CO), 175.7 (CO), 142.5
(Tol; two diastereomers), 140.1 (Tol; two diastereomers), 130.4 (2C, Tol;
two diastereomers), 123.9 (2C, Tol; two diastereomers), 81.1 (C-2), 80.0 (C-
2), 64.3 (C-8), 64.2 (C-8), 63.9 (CH2SOTol; two diastereomers), 58.9 (C-6),
58.7 (C-6), 45.9 (C-5), 45.8 (C-5), 45.2 (C-1), 44.5 (C-1), 44.1 (C-9), 43.7 (C-
9), 36.8 (C-12), 36.7 (C-10), 35.5 (C-12), 35.4 (C-10), 21.4 (Tol; two
diastereomers); HRMS(EI) calcd for C18H19NO4S: m/z : 345.1036, found
345.1034.


[1R,2R,5S,6R,8R,9R,(S)R]-9-Methyl-8-[(p-tolylsulfinyl)methyl]-3-oxa-
7-azatetracyclo[6.4.0.02,6.05,9]dodecane-4,11-dione (13a): 2-(Trimethylsilyl-
oxy)furan 11 (33.7 mg, 0.21 mmol, 1.8 equiv) and Bu4NF (1� in THF,
132 �L, 0.13 mmol, 1.1 equiv) were sequentially added at room temper-
ature to a solution of [4R,(S)R]-8 (32 mg, 0.12 mmol, 1 equiv) in dry CH2Cl2
(0.5 mL). After 24 h of stirring, a saturated aqueous solution of NaCl was
added. Extractions were carried out with AcOEt, and the combined
organic phases were dried (Na2SO4). Removal of the solvent in vacuo
afforded a residue that was purified by column chromatography (CH3CN/
CH2Cl2 3:1) to give 13a as a white solid. Yield: 24 mg, 56%; m.p. 249 ±
250 �C; [�]20D ��140 (c� 1.05 in MeOH); 1H NMR (200 MHz): 7.62 ± 7.59
(AA�, 2H; Tol), 7.41 ± 7.38 (BB�, 2H; Tol), 4.86 (dd, J� 8.0 and 4.9 Hz, 1H;
H-2), 4.49 (br t, J� 4.9 Hz, 1H; H-6), 3.27, 2.85 (AB system, J� 13.1 Hz,
2H; CH2SOTol), 3.03 ± 2.93 (m, 1H; H-1), 2.70 ± 2.49 [m, 3H; H-12a, H-12e,
H-10e), 2.43 (s, 3H; Tol), 2.32 (d, J� 4.9 Hz, 1H; H-5), 2.15 (part B of AB�
system, J� 16.3 Hz, 1H; H-10a), 1.09 (s, 3H; CH3); 13C NMR (50 MHz):
204.1 (CO), 175.6 (CO), 142.5 (Tol), 139.9 (Tol), 130.3 (2C; Tol), 124.0 (2C;
Tol), 82.0 (C-2), 66.3 (C-8), 63.1 (C-6), 56.5 (CH2SOTol), 50.5 (C-5), 48.8
(C-9), 44.9 (C-1), 44.3 (C-10), 36.3 (C-12), 25.5 (CH3), 21.4 (Tol).


[1S,2S,5R,6S,8R,9S,(S)R]-9-Methyl-8-[(p-tolylsulfinyl)methyl]-3-oxa-7-
azatetracyclo[6.4.0.02,6.05,9] dodecane-4,11-dione (13b): 2-(Trimethylsilyl-
oxy)furan 11 (37.5 mg, 0.24 mmol, 1.8 equiv) and Bu4NF (1� in THF,
156 �L, 1.2 equiv) were sequentially added at RT to a solution of [4S,(S)R]-
8 (37 mg, 0.13 mmol, 1 equiv) in dry CH2Cl2 (0.5 mL). After 24 h of stirring,
a saturated aqueous solution of NaCl was added. Extraction was carried out
with AcOEt, and the combined organic phases were dried (Na2SO4).
Removal of the solvent in vacuo, afforded a crude product which was
purified by column chromatography (CH3CN/CH2Cl2 3:1) to give 13b as a
white solid. Yield: 33 mg, 70%; m.p. 203 ± 204 �C; [�]20D ��170 (c� 1 in
CHCl3); 1H NMR (200 MHz): 7.58 ± 7.55 (AA�, 2H; Tol), 7.38 ± 7.35 (BB�,
2H; Tol), 4.84 (dd, J� 8.0 and 4.8 Hz, 1H, H-2), 4.52 (br t, J� 4.8 Hz, 1H;
H-6), 3.10, 3.01 (AB system, J� 13.1 Hz, 2H; CH2SOTol), 3.01 ± 2.98 (m,
1H; H-1), 2.68 ± 2.62 [m, 3H; H-12a, H-12e, H-10e), 2.42 (s, 3H; Tol), 2.36 (d,
J� 4.8 Hz, 1H; H-5), 2.16 (part B of AB� system, J� 16.0 Hz, 1H; H-10a),
1.09 (s, 3H; CH3); 13C NMR (75 MHz): 204.6 (CO), 175.5 (CO), 142.3 (Tol),
140.7 (Tol), 130.3 (2C; Tol), 123.8 (2C; Tol), 81.4 (C-2), 66.5 (C-8), 63.5 (C-
6), 58.0 (CH2SOTol), 51.7 (C-5), 48.9 (C-9), 45.7 (C-10), 45.0 (C-1), 36.3 (C-
12), 25.6 (CH3), 21.5 (Tol): HRMS(EI) calcd for C19H21NO4S: m/z :
359.1191, found 359.1189.


[1S, 2R, 5S, 6R, 8S, 9R, (S)R] and [1R, 2S, 5R, 6S, 8R, 9S, (S)R]-8-
[(p-Tolylsulfinyl)methyl]-3,7-dioxa tetracyclo[6.4.0.02,6.05,9]dodecane-4,11-
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dione (14a/14b): 2-(Trimethylsilyloxy)furan 11 (167 mg, 1.07 mmol,
1.5 equiv) and Bu4NF (1� in THF, 1.4 mL, 1.5 equiv), were sequentially
added at RT to a solution of [(S)R]-9 (270 mg, 1.03 mmol, 1 equiv), in dry
CH2Cl2 (4 mL). After 1 h of stirring, a saturated aqueous solution of NaCl
was added. Extractions were carried out with AcOEt, and the combined
organic phases were dried (Na2SO4). Removal of the solvent in vacuo
afforded a residue, which was purified by column chromatography
(Hexane/AcOEt/CH3CN 1:1:0.2) to give 14a :14b as a white solid as a 1:1
mixture of two diastereomers. Yield: 239 mg, 67%; 1H NMR (300 MHz):
7.60 ± 7.57 (AA�, 2H; Tol, two diastereomers), 7.38 ± 7.35 (BB�, 2H; Tol, two
diastereomers), 5.45 (br t, 1H, J� 4.9 Hz; H-6, two diastereomers), 4.98 ±
4.83 (m, 1H; H-2, two diastereomers), 3.39, 3.10 (AB system, J� 15 Hz,
2H; CH2SOTol, two diastereomers), 3.19, 2.94 (m, 3H; two diastereomers),
2.75 (dd, J� 10 and 4.1 Hz, 2H; two diastereomers), 2.62 ± 2.32 (m, 2H; two
diastereomers), 2.42 (s, 3H; Tol, two diastereomers); 13C NMR (75 MHz):
203.1 (CO), 174.1 (CO; two diastereomers), 174.0 (CO), 142.3 (Tol, two
diastereomers), 140.5 (Tol, two diastereomers), 130.3 (2C; two diaster-
eomers), 123.8 (2C; two diastereomers), 82.9 (C-8; two diastereomers),
81.8 (C-6; two diastereomers), 80.4 (C-2; two diastereomers), 60.4
(CH2SOTol), 60.3 (CH2SOTol), 46.8 (C-5), 45.4 (C-5), 45.3 (C-1), 45.0
(C-1), 44.0 (C-9), 42.7 (C-9), 36.8 (C-12; two diastereomers), 35.6 (C-10),
35.5 (C-10), 21.4 (Tol; two diastereomers); HRMS(EI) calcd for C18H17O5S:
m/z : 346.0871, found 346.0874.


[1R,2R,5S,6R,8R,9R,(S)R]-9-Methyl-3,7-dioxa-8-[(p-tolylsulfinyl)meth-
yl]tetracyclo[6.4.0.02,6.05,9]dodecane-4,11-dione (15a): 2-(Trimethylsilyl-
oxy)furan 11 (59.0 mg, 0.37 mmol, 1.8 equiv) and Bu4NF (1� in THF,
228 �L, 1.1 equiv) were sequentially added at RT to a solution of [4R,(S)R]-
10 (60 mg, 0.21 mmol, 1 equiv) in dry CH2Cl2 (0.5 mL). After 24 h of
stirring, a saturated aqueous solution of NaCl was added. Extractions were
carried out with AcOEt, and the combined organic phases were dried
(Na2SO4). Removal of the solvent in vacuo afforded a residue whose
purification by column chromatography (CH3CN/CH2Cl2 3:1) gave 15a as a
white solid. Yield: 52 mg, 67%; m.p. 228 ± 229 �C; [�]20D ��237 (c� 0.36 in
CHCl3); 1H NMR (500 MHz): 7.62 ± 7.61 (AA�, 2H; Tol), 7.41 ± 7.40 (BB�,
2H; Tol), 5.39 (t, J� 5.02 Hz, 1H; H-6), 4.95 (dd, J� 7.9 and 4.9 Hz, 1H;
H-2), 3.46 ± 3.04 (AB system, J� 14.6 Hz, 2H; CH2SOTol), 3.02 ± 3.0 (m,
1H; H-1), 2.81 (part A of ABX system (H-12eq) and part A of AB system
(H-10eq)), J� 18.4 Hz, 2H), 2.69 (part B of ABX system (H-12ax)), J� 18.3
and 6.2 Hz, 1H), 2.52 (d, J� 5.1 Hz, 1H; H-5), 2.47 (s, 3H; Tol), 2.29 (part
B of AB system, J� 18.4, 1H; H-10ax), 1.18 (s, 3H; CH3); 13C NMR
(75 MHz): 203.1 (CO), 174.1 (CO), 142.3 (Tol), 140.5 (Tol), 130.3 (2C; Tol),
124 (2C; Tol), 84.9 (C-8), 81.1 (C-6), 80.4 (C-2), 58.3 (CH2SOTol), 51.8 (C-
5), 50.1 (C-9), 45.1 (C-10), 44.2 (C-1), 36.4 (C-12), 25.4 (CH3), 21.4 (Tol);
HRMS(EI) calcd for C19H20O5S: m/z : 360.1031, found 360.1029.


[1S*,2R*,5S*,6R*,8S*,9R*]-8-[(p-Tolylsulfonyl)methyl]-3,7-dioxatetra-
cyclo [6.4.0.02,6.05,9]dodecane-4,11-dione (16): A solution of m-chloroper-
oxybenzoic acid (50 ± 70% w/w, 24 mg, 0.07 ± 0.10 mmol, 1.4 ± 2 equiv) in
CH2Cl2 (10 mL) was added to a solution of a mixture of 14a and 14b (1:1,
18 mg, 0.052 mmol, 1 equiv) in CH2Cl2 (0.5 mL) at 0 �C. The reaction
mixture was stirred for 1 h and then washed with saturated aqueous Na2SO3


and NaHCO3. The combined organic phases were dried (Na2SO4) and
concentrated in vacuo. The residue was purified by crystallization (AcOEt)
to afford 16 as a white solid. Yield: 16 mg, 83%; m.p. 218 ± 219 �C; 1H NMR
([D6]DMSO, 300 MHz): 7.81 ± 7.78 (AA�, 2H; Tol), 7.43 ± 7.40 (BB�, 2H;
Tol), 5.28 (br t, J� 4.8 Hz, 1H; H-6), 4.78 (dd, J� 7.0 and 5.2 Hz, 1H; H-2),
4.26, 4.18 (AB system, J� 15.3 Hz, 2H; CH2SO2Tol), 2.8 ± 2.6 (m, 6H), 2.40
(s, 3H; Tol), 2.32 ± 2.24 (m, 2H); 13C NMR ([D6]DMSO, 75 MHz): 205.0
(CO), 175.2 (CO), 144.5 (Tol), 138.2 (Tol), 129.8 (2C; Tol), 128.0 (2C; Tol),
82.0 (C-8), 81.5 (C-6), 79.9 (C-2), 54.8 (CH2SOTol), 44.3 (2C; C-5 and C-1),
43.3 (C-9), 36.8 (C-12), 35.4 (C-10), 21.2 (Tol).


[1S,2R,(S)R]-5-{2-Hydroxy-3-methyl-5-oxo-2-[(p-tolyl)sulfinyl]methyl}-
3-cyclohexenyl}-2(5H)-furanone (17) and [3aR,4aR,8aS,8bR,(S)R]-5-
Methyl-4a-[(p-tolylsulfinyl)methyl]-3a,8a,8b-tetrahydrofuro[3,2-b]benzo-
furan-2,7(3H, 4aH)-dione (18):


BF3OEt2 : 2-(Trimethylsilyloxy)furan 11 (39.0 mg, 0.25 mmol, 1.5 equiv)
and BF3OEt2 (68.5 mg, 0.48 mmol, 3 equiv) were sequentially added at RT
to a solution of [4R,(S)R]-10 (44.4 mg, 0.161 mmol, 1 equiv) in dry CH2Cl2
(0.5 mL). After 24 h of stirring, a saturated aqueous solution NaCl was
added. Extractions were carried out with AcOEt, and the combined
organic phases dried (Na2SO4) and concentrated in vacuo to give a
63:4:30:3 mixture of 17/18/15a/10. Purification by column chromatography


(AcOEt) gave 17 as a pale yellow oil (yield: 18 mg, 30%) and 18 as a yellow
oil (yield: 24 mg, 40%).


TiCl4/Ti(OiPr)4 : Ti(OiPr)4 (59.6 mg, 0.21, 1.5 equiv), TiCl4 (39.8 mg, 0.21,
1.5 equiv), and 2-(trimethylsilyloxy)furan 11 (32.8 mg, 0.21 mmol,
1.5 equiv) were sequentially added at �78 �C to a solution of [4R,R(S)]-
10 (40 mg, 0.14 mmol, 1 equiv) in dry CH2Cl2 (0.5 mL). After 6 h stirring, a
saturated aqueous solution of NaCl was added. Extractions were carried
out with AcOEt, and the combined organic phases dried (Na2SO4) and
concentrated in vacuo to give a 90:10 mixture of 17/18/15a/10. Purification
by column chromatography (AcOEt) gave 17 as a pale yellow oil (yield:
6 mg, 10%) and 18 as a yellow oil (yield: 18 mg, 30%).


Compound 17: 1H NMR (300 MHz): 7.59 ± 7.55 (AA�, 2H; Tol), 7.41 ± 7.37
(BB�, 2H; Tol), 7.32 (dd, J� 5.9 and 1.6 Hz, 1H; H-4�), 6.06 (dd, J� 5.9 and
2.1 Hz, 1H; H-3), 5.84 (br s, 1H; H-4�), 5.80 (ddd, J� 4.3, 2.1 and 1.6 Hz,
1H; H-5), 5.58 (s, 1H; OH), 3.84 ± 3.78 (m, 1H; H-1�), 3.20 ± 3.80 (AB
system, J� 13.9 Hz, 2H; CH2SO2Tol), 2.49 ± 2.44 (m, 2H; Heq/ax-6�), 2.44 (s,
3H; Tol), 2.07 (d, J� 1.6 Hz, 3H; CH3); 13C NMR (75 MHz): 193.7 (CO),
172.0 (CO), 162.3 (C-3�), 153.6 (C-4�), 143.3 (Tol), 138.5 (Tol), 130.6 (2C;
Tol), 128.1 (C-4), 124 (2C; Tol), 122.5 (C-3), 81.8 (C-5), 74.3 (C-2�), 61.1
(CH2SOTol), 45.2 (C-6�), 33.8 (C-1×), 21.5 (Tol), 18.8 (CH3).


Compound 18 : 1H NMR (200 MHz): 7.52 ± 7.48 (AA�, 2H; Tol), 7.36 ± 7.32
(BB�, 2H; Tol), 6.04 (br s, 1H; H-6), 5.13 (t, J� 4.4 Hz, 1H; H-3a), 4.93
(br t, J� 4.8 Hz, 1H; H-8b), 3.24 ± 2.90 (m, 4H), 2.86 (m, 3H), 2.42 (s, 3H),
1.98 (s, 3H; CH3); 13C NMR (75 MHz): 193.9 (CO), 173.7 (CO), 142.2 (Tol),
140.3 (Tol), 130.5 (C-6), 130.3 (2C, Tol), 124.0 (C-5), 123.9 (2C, Tol), 87.0
(C-3a), 82.6 (C-8b), 66.3 (CH2SOTol), 56.7 (C-4a), 46.8 (C-8a), 37.1 (C-3),
33.5 (C-8), 21.4 (Tol), 18.1 (CH3).


[3aR,4aR,8aR,8bR,(S)R]-5-Methyl-4a-[(p-tolylsulfinyl)methyl]-3a,4,4a,
8,8a,8b-hexahydro-2H-furo[3,2-b]indole-2,7(3H)-dione (20): 2-(Trimeth-
ylsilyloxy)furan 11 (30.0 mg, 0.19 mmol, 1.2 equiv) and BF3OEt2 (68.1 mg,
0.48, 3 equiv) were sequentially added at RT to a solution of [4R,(S)R]-8
(45.7 mg, 0.16 mmol, 1 equiv) in dry CH2Cl2 (0.5 mL). After 24 h of stirring,
a saturated aqueous solution of NaCl was added. Extractions were carried
out with AcOEt, and the combined organic phases dried (Na2SO4) and
concentrated in vacuo to give a 85:5:10 mixture of 20/13a/8. Purification by
column chromatography (AcOEt) gave of 20 as a pale yellow oil. Yield:
22 mg, 37%; 1H NMR (200 MHz): 7.53 ± 7.50 (AA�, 2H; Tol), 7.38 ± 7.35
(BB�, 2H; Tol), 5.92 (br s, 1H; H-6), 5.19 (t, J� 6.0 Hz, 1H; H-8b), 4.32
(br t, J� 6,2 Hz, 1H; H-3a), 3.30 (br t, J� 6.8 Hz, 1H; H-8a), 3.21, 3.69 (AB
system, J� 13.9 Hz, 2H; CH2SOTol), 3.0 (part A of AB system, J�
18.2 Hz, 1H; H-8), 2.76 (m, 2H; H-8 and H-3), 2.42 (s, 3H; Tol), 2.39
(part B of AB� system, J� 17.0 Hz, 1H; H-3), 2.0 (d, J� 1.2 Hz, 3H; CH3);
13C NMR (50 MHz): 193.7 (CO), 175.3 (CO), 142.6 (Tol), 139.5 (Tol), 130.4
(2C; Tol), 128.9 (C-6), 125.3 (C-5), 123.8 (2C; Tol), 87.4 (C-8b), 64.8 (C-4a),
61.9 (CH2SOTol), 55.8 (C-3a), 46.5 (C-8a), 37.8 (C-3), 33.8 (C-8), 21.4 (Tol),
19.0 (CH3).


[1S,2R,(S)R]- and [1R,2S,(S)R]-5-{2-Hydroxy-5-oxo-2-[[p-tolylsulfinyl]-
methyl}-3-cyclohexenyl}-2(5H)-furanone (21a/21b), and [3aR,4aR,
8aS,8bR,(S)R]- and [3aS, 4aS, 8aR, 8bS,(S)R]-4a-[(p-tolylsulfinyl)meth-
yl]-3a, 8a, 8b-tetrahydrofuro[3, 2-b]benzofuran-2, 7(3H,4aH)-dione
(22a/22b): 2-(Trimethylsilyloxy)furan 11 (14.2 mg, 0.09 mmol, 1.2 equiv)
and BF3OEt2 (86.3 mg, 0.60 mmol, 8 equiv) were sequentially added at RT
to a solution of [(S)R]-9 (20.5 mg, 0.076 mmol, 1 equiv) in dry CH2Cl2
(0.3 mL). After 5 h of stirring, a saturated aqueous solution of NaCl was
added. Extractions were carried out with AcOEt, and the combined
organic phases dried (Na2SO4) and concentrated in vacuo to give a 1:1
mixture of 21a :21b, which gave 22a :22b after purification by column
chromatography (AcOEt) as a pale yellow oil (yield: 13.1 mg, 50%).


Compound 21a/21b : 1H NMR (200 MHz): 7.61 ± 7.52 (m, 2H; Tol, two
diastereoisomers), 7.41 ± 7.32 (m, 2H; Tol, two diastereoisomers), 6.94 (d,
J� 10.2 Hz, 1H; H-3�, two diastereoisomers), 6.19 ± 6.08 (m, 1H; H-4, two
diastereoisomers), 5.92 (d, J� 10.2 Hz, 1H; H-4�, two diastereoisomers),
5.73 ± 5.68 (m, 1H; H-2, two diastereoisomers), 5.59 ± 5.53 (m, 1H; H-5, two
diastereoisomers), 3.43 and 2.12 (AB system, J� 14 Hz, 2H; CH2SOTol),
3.39 ± 3.23 (m, 1H; H-1�, one diastereoisomer), 3.25, 3.17 (AB system, J�
14 Hz, 2H; CH2SOTol, one diastereoisomer), 2.78 ± 2.73 (m, 1H; H-1�, one
diastereoisomer), 2.58 ± 2.29 (m, 2H; H-6�, two diastereoisomers), 2.42
(3H, Tol, two diastereoisomers).


Compound 22a/22b : 1H NMR (200 MHz): 7.57 ± 7.53 (AA�, 2H; Tol, one
diastereoisomer), 7.56 ± 7.51 AA� 2H; Tol, one diastereoisomer), 7.37 ± 7.33
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(BB�, 2H; Tol, two diastereoisomers), 6.73 (dd, J� 10 and 1.9 Hz, 1H; H-5,
one diastereoisomer), 6.44 (dd, J� 10.1 and 1.9 Hz, 1H; H-5, one
diastereoisomer), 6.23 (d, J� 10 Hz, 1H; H-6, one diastereoisomer), 6.02
(d, J� 10.1 Hz, 1H; H-6, one diastereoisomer), 5.18 ± 5.12 (m, 1H; H-8b,
two diastereoisomers), 4.95 (t, J� 6.5 Hz, 1H; H-3a, two diastereoisomers),
3.25, 2.98 (AB system, J� 14 Hz, 2H; CH2SOTol), 3.91 ± 3.85 (m, 1H;
H-8a, one diastereoisomer), 3.40 ± 3.03 (m, 1H; H-8a, one diastereoisom-
er), 3.08, 2.92 (ABX system, JAB� 13.5 and JBX� 5 Hz, 2H; two diaster-
eoisomers, H-8), 2.78, 2.65 (ABX system, JAB� 17.1, JAX� 5.7 and JBX�
2 Hz, 2H; two diastereoisomers, H-2), 2.41 (3H; Tol, two diastereoiso-
mers); 13C NMR (50 MHz): 194.1, 193.9, 174.0, 173.8, 146.3, 145.9, 142.1,
140.5, 140.4, 130.9, 130.4, 130.2, 123.8, 86.7, 86.4, 68.0, 47.0, 44.2, 37.5, 37.4,
33.6, 33.3, 21.3, 20.9.


4-(tert-Butoxycarbonyl)amino-4-methylcyclohexa-2,5-dienone (N-Boc-
24): A solution of N-(tert-Butoxycarbonyl)-p-benzoquinoneimine dimeth-
ylacetal 1,[16] (2.5 g, 9.4 mmol, 1 equiv) in THF (15 mL) was added via
cannula to a solution of MeLi (1.6� in diethyl ether, 6.7 ml, 10 mmol,
1.1 equiv) in THF (20 mL) at �78 �C. The mixture was stirred 5 h and then
hydrolyzed with a saturated aqueous solution of NH4Cl. The mixture was
concentrated with AcOEt, and the organic phase dried (Na2SO4) and
concentrated to dryness. The resulting acetal derivative was dissolved in
THF, and then an aqueous solution of oxalic acid (10%) was added at RT.
After 2 h of stirring, the solution was neutralized with saturated NaHCO3


and extracted with AcOEt. The organic phase was dried (Na2SO4) and
concentrated in vacuo. The crude product was recrystallized from AcOEt
as a white solid. Yield: 1.5 g, 70%; m.p. 119 �C; 1H NMR (200 MHz): 6.80
(d, J� 9.8 Hz, 2H; H-3 and H-5), 6.18 (dd, J� 9.8 and 1.6 Hz, 2H; H-2 and
H-6), 1.34 (s, 3H; CH3), 1.33 (s, 9H; tBu); 13C NMR (75 MHz): 185.1 (CO),
152.4 (2C), 127.8 (2C), 80.5 (C-4), 52.0 (C-tBu), 28.1 (3C, tBu), 26.8 (CH3).


4-Amino-4-methylcyclohexa-2,5-dienone (24): TFA (10 equiv) was added
to a solution of N-Boc-24 (1.5 g, 6.7 mmol, 1 equiv) in CH2Cl2. The mixture
was stirred at RT for 1 h, and NaOH (2�) was added slowly at 0 �C until the
pH was basic. The mixture was extracted with AcOEt. The combined
extracts were washed with brine and dried (Na2SO4). After removal of the
solvent in vacuo, the residue was crystallized fromAcOEt to give an unstable
white solid that must be used immediately after the synthesis. Yield:
585 mg, 71%; 1H NMR (200 MHz): 6.75 (dd, J� 10.1 and 1.7 Hz; 2H), 5.98
(dd, J� 10.1 and 2.0 Hz; 2H), 1.51 (br s, 1H; NH), 1.26 (s; 3H); 13C NMR
(75 MHz): 185.2 (CO), 154.9 (2C), 126.2 (2C), 50.4 (C-4), 26.9 (CH3).


4-Hydroxy-4-methylcyclohexa-2,5-dienone (25):[8b] Compound 25 was
obtained by following the procedure used to synthesize N-Boc-24 starting
from p-benzoquinone dimethylacetal 23[24] (600 mg, 1 equiv) in THF
(15 mL) and MeLi (1.6� in ether) (2.6 mL, 1.1 equiv), and allowing them
to react for 3 h. The resulting acetal derivative was dissolved in THF, then
an aqueous solution of oxalic acid (10%) was added at RT. After 1.5 h of
stirring, the solution was neutralized with a saturated aqueous solution of
NaHCO3, followed by extraction with AcOEt. The organic phase was dried
(Na2SO4) and concentrated in vacuo. Purification by column chromatog-
raphy (AcOEt/hexane 3:2) gave 25 as a light yellow oil. Yield: 302 mg,
62%; 1H NMR (200 MHz): 6.83 (dd, J� 8.4 and 1.6 Hz, 2H; H-3 and H-5),
5.98 (dd, J� 8.4 and 1.8 Hz, 2H; H-2 and H-6), 1.39 (s, 3H, CH3).


General method for desulfinylation : Activated Raney-Ni (1 ± 2 equiv) was
added at RT to a solution of the sulfinyl compound (1 equiv) in EtOH
(0.2�). The reaction was monitored by TLC. When the starting material
could no longer be observed, the mixture was filtrated through Celite.
Concentration of the filtrate in vacuo gave quantitative yield of the crude
desulfinylated compound. Purification was done by recrystallization (the
solvent is indicated in each case).


(1S,2S,5R,6S,8S,9S)-9,8-Dimethyl-3-oxa-7-azatetracyclo [6.4.0.02,6.05,9]-
dodecane-4,11-dione (26): Compound 26 was obtained from 13b (20 mg)
by following the general method and purified by recrystallization (AcOEt/
Hexane). Yield: 80%. [�]20D ��8.5 (c� 0.4 in CHCl3); 1H NMR
(200 MHz): 5.22 (br t, J� 4.8 Hz, 1H; C-2), 4.81 (dd, J� 6.6 and 4.8 Hz,
1H; C-6), 2.69, 2.23 (AB system, J� 18.7 Hz, 2H; 2H-10), 2.65, 2.43 (ABX
system, J� 17.7, 6.0, and 2.2 Hz, 2H; 2H-12), 2.31 (d, J� 4.3 Hz, 1H; H-5),
2.17 ± 2.10 (m, 1H; H-1), 1.38 (s, 3H; C8-CH3), 1.09 (s, 3H; C9-CH3);
13C NMR (75 MHz): 205.4 (CO), 176.3 (CO), 81.6 (C-2), 65.3 (C-8), 63.3 (C-
6), 52.5 (C-5), 48.3 (C-10), 47.8 (C-9), 45.2 (C-1), 36.5 (C-12), 25.8 (CH3),
14.8 (CH3); HRMS calcd for C12H15NO3 (M�): m/z : 221.1051, found
221.1051.


(1S*,2R*,5S*,6R*,8S*,9R*)-8-Methyl-3,7-dioxatetracyclo[6.4.0.02,6.05,9]-
dodecane-4,11-dione (27): Compound 27 was obtained from a 1:1 mixture
of 14a and 14b (60 mg) by following the general method and purified by
crystallization (CH2Cl2/Hexane). Yield: 90%; m.p. 193 ± 194 �C; 1H NMR
(200 MHz): 5.27 (br t, J� 4.9 Hz, 1H), 4.83 (dd, J� 7.2 and 4.8 Hz, 1H),
2.93 (dd, J� 11.3 and 4.8 Hz, 1H), 2.79 ± 2.70 (m, 1H), 2.66 (t, J� 2.0 Hz,
1H; H-9), 2.56 ± 2.40 (m, 3H), 2.29 ± 2.23 (m, 1H), 1.63 (s, 3H); 13C NMR
(75 MHz): 203.9, 174.8, 83.1, 81.0, 46.4, 45.6, 45.0, 37.3, 35.8, 17.8;
HRMS(FAB� ) calcd for C11H12O4 [M�1]�:m/z : 209.0813, found 209.0815.
(1S,2R,5S,6R,8R,9R)-8,9-dimethyl-3,7-dioxatetracyclo[6.4.0.02,9.05,9]do-
decane-4,11-dione (28): Compound 28 was obtained from 15a (40 mg)
according to the general method and purified by crystallization (AcOEt/
Hexane). Yield: 92%; m.p. 211 ± 212 �C; [�]20D ��9 (c� 0.6 in CHCl3);
1H NMR (200 MHz): 5.22 (br t, J� 4.8 Hz, 1H; H-6), 4.81 (dd, J� 6.6 and
4.8 Hz, 1H; H-2), 2.76 ± 2.66 (m, 2H; H-10 and H-12), 2.49 ± 2.41 (m, 2H;
H-5 and H-12), 2.28 ± 2.16 (m, 2H; H-1 and H-10), 1.51 (s, 3H; C8-CH3),
1.12 (s, 3H; C9-CH3); 13C NMR (75 MHz): 204.4 (CO), 174.8 (CO), 85.2 (C-
8), 81.1 (C-6), 80.6 (C-2), 52.0 (C-5), 48.5 (C-9), 47.5 (C-1), 45.3 (C-10), 36.5
(C-12), 25.6 (CH3), 14.8 (CH3); HRMS calcd for C12H14O4 [M]�: m/z :
222.0892, found 222.0891.
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Highly Efficient Antibody-Catalyzed Deuteration of Carbonyl Compounds


Avidor Shulman,[a] Danielle Sitry,[a] Hagit Shulman,[a] and Ehud Keinan*[a, b, c]


Abstract: Antibody 38C2 efficiently
catalyzes deuterium-exchange reactions
at the � position of a variety of ketones
and aldehydes, including substrates that
have a variety of sensitive functional
groups. In addition to the regio- and
chemoselectivity of these reactions, the
catalytic rates (kcat) and rate-enhance-
ment values (kcat/kun) are among the
highest values ever observed with cata-
lytic antibodies. Comparison of the sub-
strate range of the catalytic antibody


with highly evolved aldolase enzymes,
such as rabbit-muscle aldolase, high-
lights the much broader practical scope
of the antibody, which accepts a wide
range of substrates. The hydrogen-ex-
change reaction was used for calibration
and mapping of the antibody active site.


Isotope-exchange experiments with cy-
cloheptanone reveal that the formation
of the Schiff base species (as concluded
from the 16O/18O exchange rate at the
carbonyl oxygen) is much faster than the
formation of the enamine intermediate
(as concluded from the H/D exchange
rate), and both steps are faster than the
antibody-catalyzed aldol addition reac-
tion.


Keywords: aldol reaction ¥ catalytic
antibodies ¥ deuterium ¥ isotopic
labeling ¥ reaction mechanisms


Introduction


Deuterium- and tritium-labeled organic compounds have
become increasingly important for the role they play in
structure determination, in mechanistic studies, in the eluci-
dation of biosynthetic pathways and in biochemical studies.
One of the most commonly used deuteration/tritiation
methods is the acid- or base-catalyzed exchange of protons
� to a carbonyl function by using D2O or tritiated water.
Unfortunately, the fairly strenuous aqueous conditions re-
quired to complete this exchange reaction are incompatible
with substrates that contain acid/base-sensitive functional
groups.[1, 2] These difficulties have inspired much activity and
innovation at the level of process engineering.[3] Deuteration
of aldehydes is a particularly difficult task because most
aldehydes are incompatible with both the basic and acidic


conditions required for the exchange reaction.[4] The use of
amine catalysts that form intermediate enamines could
represent a solution to this problem. This approach, however,
is applicable only in rare cases in which the enamine can be
formed in water.[5]


Biocatalysis could provide an attractive strategy for achiev-
ing these goals. Biocatalysts have already proven to be useful
tools in synthetic organic chemistry, mainly due to their high
levels of catalytic efficiency under mild reaction conditions.[6]


Catalytic antibodies, in particular, have been shown to
catalyze a remarkable range of chemical reactions with
impressive rates.[7] Of special interest are the aldolase anti-
bodies, such as 38C2 and 33F12, which have been obtained by
reactive immunization.[8] These antibodies were elicited
against a 1,3-diketone hapten to evoke covalent bonding
between the hapten and an active-site lysine residue. One of
the most remarkable features of these antibodies is their
ability to accept a broad range of substrates.[1e, 9] It has been
shown that this feature reflects termination of the immuniza-
tion process before the antibody shape complementarity has
been fully optimized by somatic mutations.[10]


We reasoned that aldolase antibodies could provide an
opportunity to solve the above-mentioned problems, since the
deuterium-exchange reaction could be carried out under
neutral conditions. Here we report that antibody 38C2
efficiently catalyzes the exchange reaction of �-protons in a
variety of ketones and aldehydes. The observed catalytic rates
(kcat) and rate-enhancement values (kcat/kun) are among the
highest values ever observed with catalytic antibodies. Fur-
thermore, we show that, unlike natural aldolase enzymes, this
catalytic antibody is much more able to accept a wide range of
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substrates, including a variety of functionalized aldehydes or
ketones. This study also highlights mechanistic details of the
catalytic machinery of antibody 38C2. For example, it shows
that the deuteration reaction proceeds by the Schiff base
mechanism, that the formation of the Schiff base is rapid in
comparison with the tautomerization to the enamine inter-
mediate, and that both steps are faster than the antibody-
catalyzed aldol addition reaction.


Results and Discussion


Antibody-catalyzed deuterium-exchange reactions were stud-
ied with a broad range of ketones and aldehydes (Tables 1 ± 4,
below). All reactions were carried out in D2O under neutral
conditions and in the presence of catalytic amounts of the
commercially available antibody 38C2.[11] The exchange
reaction was followed either by mass spectrometry (GCMS)
or by 1H NMR. The high sensitivity of the GCMS method
with respect to substrate and product concentrations allowed
for the determination of the kinetic parameters of these
reactions (kcat and KM) by using Lineweaver ±Burk analysis
(Figure 1).[12] In all cases that were studied by GCMS, the


Figure 1. Lineweaver ±Burk plots of the 38C2-catalyzed deuterium ex-
change reaction with three representative substrates: heptan-2-one (Ta-
ble 1, entry 6), cycloheptanone (Table 2, entry 4), and heptanal (Table 3,
entry 3).


deuterium exchange reaction followed Michaelis ±Menten
kinetics and was effectively inhibited by acetylacetone, which
is a mechanism-based inhibitor of antibody 38C2.[8] All NMR
measurements were carried out with a high substrate concen-
tration (100m�) in order to approach substrate saturation and
thereby determine vmax and kcat . These experiments also
provided useful regioselectivity information with nonsym-
metrical ketones (vide infra), and chemoselectivity data with
polyfunctional carbonyl compounds. The NMR approach,
however, is limited in the case of substrates with large KM


values (e.g. Table 1, entries 3, 4). In such cases the apparent
vmax measured by NMR is actually smaller than the more
accurate vmax measured by MS. For example, in cases where
KM is nearly 100m�, vmax (as measured by MS) was found to


be twice the value of the apparent reaction velocity measured
by NMR, in accordance with the Michaelis ±Menten kinetic
theory. For the substrates with lower KM values (e.g. Table 1,
entries 5, 10, 12), an excellent agreement was obtained
between the NMR and MS kinetic data.


It is difficult to assess the actual rate enhancement of the
deuteration reaction because of the divergence in the
reported uncatalyzed background rates.[13] We found it
necessary to run the uncatalyzed reaction of many substrates
for periods of time up to five months in order to detect
measurable quantities of products. Thus, even taking the most
generous estimate for the uncatalyzed rates, we found that, in
some cases, the rate enhancement (kcat/kun) of the deuteration
reaction exceeded 108-fold.


Beyond the practical applicability of the isotopic labeling of
organic compounds, the kinetic parameters for the substrates
point to important features of the antibody active site and
suggest mechanistic details of the exchange reaction. The
remarkably broad scope of carbonyl substrates accepted by
antibody 38C2 ranges from acyclic and cyclic ketones
(Tables 1 and 2, below) to aldehydes (Table 3, below) and
polyfunctional ketones (Table 4, below).


Acyclic ketones : Table 1 exhibits a variety of symmetrical and
nonsymmetrical ketones that undergo the 38C2-catalyzed
deuterium-exchange reaction. The regioselectivity of ex-
change at the � versus �� positions of nonsymmetrical ketones
is of particular interest because it may provide useful
information about the exchange mechanism. For example,
with linear ketones such as butanone (entry 2), the regiose-
lectivity is known to depend on the nature of the catalyst used.
Under strong acid catalysis, exchange of the methylene
protons is generally preferred over that of the methyl protons
(kCH2


/kCH3
� 2.5). A similar trend was reported for neutral


conditions (kCH2
/kCH3


� 1.6).[14] Conversely, the opposite regio-
selectivity has been observed under strong base catalysis
(kCH2


/kCH3
� 0.7).[14] Other ratios within this range (kCH2


/kCH3
�


1.0 ± 2.0) have been reported for a variety of weak acid and
base catalysts, such as acetate buffer solutions.[5a, 15] We found
that the antibody-catalyzed exchange with butanone at
neutral pH is significantly more regioselective (kCH2


/kCH3
�


3.0) than the highest value reported for acid catalysis. With
larger ketone substrates, in which the two alkyl groups are
considerably different from one another such as hexan-2-one
(entry 4), the discrimination in favor of the methylene is even
higher (kCH2


/kCH3
� 5.8, Figure 2). These observations show


that although the reaction is carried out under neutral
aqueous conditions, its mechanism is reminiscent of a typical
acid-catalyzed exchange reaction. This is consistent with a
protonated Schiff base intermediate that is formed from the
carbonyl moiety and the lysine residue in the antibody active
site (I in Scheme 1). We have already reported that the 38C2-
catalyzed aldol reaction has characteristics that resemble
those of an acidic mechanism.[10]


That the observed regioselectivity under antibody catalysis
is higher than that expected for simple acid catalysis could
reflect a nonsymmetrical binding mode of the substrate with
subsequent formation of a nonsymmetrical Schiff base
intermediate, I. This covalent interaction could define two
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Figure 2. a) Regioselective 38C2-catalyzed deuteration of hexan-2-one
(Table 1, entry 4) as monitored by 1H NMR. b) Time-resolved 1H NMR
monitoring of the regioselective 38C2-catalyzed deuteration of hexan-2-
one. The methylene signal (�� 2.6) decreased with time while that of the
methyl group (�� 2.22) remained unchanged.


binding regions in the protein that accommodate the large and
small alkyl groups of the ketone substrate.[16] Considering the
known structure of the hapten used to raise antibody 38C2, it
seems likely that the large binding region is positioned away
from the lysine group towards the solvent. Our results suggest
that a general base residue located between the lysine group
and the solvent is responsible for the regioselective deproton-
ation (Scheme 1). This general base may preferentially
deprotonate the �� position directly (as shown in the Scheme)
or the � position by a relay of water molecules. This
assumption is supported by the consistent exchange rates at
the methyl group of several methyl ketones (approximately
0.8 min�1, Table 1 entries 2, 4, 10, 15) in contrast to the higher
rate with acetone (2.6 min�1), in which one methyl group is
positioned in close proximity to the general base.


Therefore, it is interesting to compare the kinetic param-
eters of different symmetrical ketones, R2CO (Table 1, entries
1, 3, 7, 8, 11), which can have only one binding mode. This


comparison provides a rough
estimate of the size of the
smaller binding region. Thus,
while the reactivity of the
smaller substrates, with R being
a methyl, ethyl, or n-propyl
group is quite similar, symmet-
rical ketones with larger alkyl


Table 1. Kinetic data for the antibody 38C2-catalyzed deuteration of acyclic
ketones.


Substrate kcat (apparent) kcat (MS)[a] KM kcat/kun
[b]


(NMR)[a] [min�1] [min�1] [m�]


1 2.6 2.6� 107


2 2.36 (CH2) 2.4� 107


0.8 (CH3)


3 4.8 10.7 79 1.1� 108


4 3.5 (CH2) 9.7 105 9.7� 107


0.6 (CH3)


5 7.4 8.8 47 8.8� 107


6 3.5 16 6.9� 107


7 4.4 13 4.4� 107


8 nd


9 nd


10 0.4 (CH2) 1.4 45 1.4� 107


0.9 (CH3)


11 nd


12 0.1 0.1 31 1.0� 106


13 nd � 0.1


14 nd nd


15 1[c] 10[c] 1.0� 107


[a] All kinetic parameters refer to the exchange of one hydrogen atom. [b] The
consistent kun value (10�7min�1), which was measured for heptan-2-one (entry
4), cyclohexanone and cycloheptanone (Table 2, entries 3, 4), was applied for all
substrates. [c] Estimated value on the basis of relative rates. nd� not detected.


Scheme 1.
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groups (n-butyl or i-butyl) are nonsubstrates. Therefore we
conclude that the smaller binding region in the antibody can
accommodate fragments no larger than an n-propyl group.
This is further supported by the finding that di-n-propyl
ketone has a smaller KM value than diethyl ketone.


Our structural hypothesis was reinforced by computational
modeling (Figure 3) with the crystal structure of another
aldolase antibody, 33F12,[8b] which is a very close homologue


Figure 3. Hexan-2-one bound in the active site of antibody 33F12, after
energy minimization with the Discover module of Insight II.


of antibody 38C2. That structure reveals several active-site
residues that could function as a general base: a carboxylate
(Glu H50), an alcohol (Ser H35), and three phenols (Tyr H95,
Tyr L96, Tyr L36) all positioned within 7 ä of the active-site
lysine (Lys H93). To gain more information about this
catalytic machinery we used the Insight II software package
to carry out energy minimization of the lysine-bound hexan-2-
one within the active site of antibody 33F12. We chose to
model the reduced Schiff base intermediate so as to allow
maximum conformational flexibility during the calculation.
This model suggests that Tyr H95, which is positioned in close
proximity to the substrate �-protons, is the catalytic base. All
the other basic residues are positioned further away from the
substrate. Moreover, this calculated model suggests that the
general basicity of Tyr H95 is enhanced by hydrogen bonding
to Glu H50. The observed regioselectivity with this substrate
could be explained by the close proximity (3.3 ä) between the
C3 hydrogens and Tyr H95 (Figure 3). By contrast, the
approach of this base to the C-1 hydrogens (which are
positioned 6 ± 7 ä away from Tyr H95) is obstructed by the
substrate itself.


An interesting experimental observation that further sup-
ports our hypothesis about the location and function of the
general base is the low reactivity of branched substrates
(entries 9 ± 14). This trend probably reflects a sterically
hindered approach of the general base towards the acidic
proton, for example, the C-3 protons in 4-methylpentan-2-one
(entry 10). In this case the steric hindrance seems to be
sufficiently large to cause reversal of regioselectivity (kCH2


/
kCH3


� 0.44).


Cyclic ketones : As can be seen in Table 2, the unsubstituted
monocyclic substrates (entries 2 ± 5) are generally more
reactive than the acyclic ketones. The lack of reactivity of
cyclobutanone (entry 1) can be attributed to the relatively
high energy required to form its enamine derivative. The
highest reactivity was observed by NMR (Figure 4) with


Figure 4. 1H NMR trace of the antibody-38C2-catalyzed deuteration of
cyclohexanone (Table 2, entry 3).


Table 2. Kinetic data for the antibody-38C2-catalyzed deuteration of cyclic
ketones.


Substrate kcat (MS)[a] [min�1] KM [m�] kcat/kun
[b]


1 nd


2 29.9 25 3.0� 108


3 84.9 (194)[d] 5 5.9� 108


4 13.1 16 1.0� 108


5 47.4 23 4.7� 108


6 8.8 14 8.8� 107


7 0.07 20 7.0� 105


8 0.95 13.5 9.5� 106


9 1[c]


[a ± c] See notes to Table 1. [d] The number in parentheses, which refers to
saturation conditions in NMR experiment, is more accurate than the value
obtained by MS. The error limit is approximately 15%.
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cyclohexanone, which exhibits a record value of kcat in the
order of 200 min�1 (kcat/kun� 6� 108). As was the case with the
branched acyclic ketones (vide supra), substituted cyclic
ketones (entry 6) and bicyclic substrates (entries 7 ± 9) are
much less reactive than the simple monocyclic ketones.


Aldehydes : The efficient antibody-catalyzed deuteration of
aldehydes (Table 3) is of particular synthetic significance
because aldehydes are less chemically stable than ketones.
The aldehyde substrates we used are incompatible with even
mild reaction conditions (room temperature, neutral aqueous
medium) over the prolonged periods of time required for the
formation of any detectable amounts of deuterated products
in the uncatalyzed reaction. The data in Table 3 indicate that
aldehydes are generally much better substrates than ketones,
as reflected by their relatively higher kcat and lower KM values.
Although aldehydes are known to undergo rapid self-aldol
condensations, neither uncatalyzed nor 38C2-catalyzed self
condensations were observed with valeraldehyde and higher
homologues under the reaction conditions. Thus, the only
detectable reaction with such aldehydes was the deuterium
exchange.


Bifunctional ketones : Chemoselective deuteration of bifunc-
tional carbonyl compounds (Table 4) not only affords syn-
thetically useful intermediates but also provides insight into
the catalytic machinery of the antibody. Under neutral
conditions, antibody 38C2 catalyzes the deuteration of acid-/
base-sensitive substrates, such as ketoketals (entry 8), keto-


Table 3. Kinetic data for the antibody-38C2-catalyzed deuteration of
aldehydes.


Substrate kcat (MS)[a] [min�1] KM [m�] kcat/kun
[b]


1 19.0 0.7 [d]


2 27.6 0.6 [d]


3 45.2 4 [d]


4 127 1 [d]


5 50[c] 1[c] [d]


6 50[c] 1[c] [d]


7 5.8 0.5 [d]


8 32.5 3 [d]


[a ± c] See notes to Table 1. [d] d) No background rate could be determined
due to the complete loss of starting material before any exchange product
could be detected. The error limit is approximately 15%.


Table 4. Kinetic data for the antibody 38C2-catalyzed deuteration of
bifunctional ketones.


Substrate kcat (apparent) kcat (MS)[a] KM


(NMR)[a] [min�1] [min�1] [m�]


1 0.4 (CH2) 0.08 3
0 (CH3)


2 � 0.4 (CH)[c]


0 (CH3)


3 nd


4 � 0.1 � 0.1


5 1 ± 5[c]


6 1 ± 10[c]


7 246 340


8 1 ± 10[c]


9 0.66 (CH2) 0.4 10
0.14 (CH3)


10 1 ± 10[c]


11 0.2 (CH2)
0.2 (CH3)


12 nd


13 1 ± 5[c]


14 1[c]


15 10[c]


[a and c] See notes to Table 1. The error limit is approximately 15%.
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esters (entries 9, 10), and �-haloketones (entries 11, 13). No
background reaction could be detected with these substrates.
For example, with ethyl 5-oxohexanoate (entry 9) we failed to
detect any product of the uncatalyzed deuteration reaction
due to the faster consumption of the substrate in various side
reactions even in a neutral aqueous medium. An attempt to
catalyze this reaction with n-butylamine yielded the corre-
sponding butylamide as the only detectable product. With
38C2, however, highly chemoselective deuterium exchange
occurred at the position � to the carbonyl but not � to the
ester group (Figure 5). Furthermore, as in the case of the


Figure 5. 1H NMR trace of the regioselective 38C2-catalyzed deuteration
of ethyl 5-oxohexanoate (Table 4, entry 9). The C4 methylene signal (��
2.7) decreased with time, while that of the methyl group (�� 2.24) decreased
very slowly. All other signals were totally preserved during this reaction.


nonsymmetrical acyclic ketones, deuteration of the methylene
hydrogens was highly favored (kCH2


/kCH3
� 4.7). Interestingly,


although fluoroacetone (entry 11) is a moderate substrate,
trifluoroacetone (entry 12) is a nonsubstrate in this reaction.
Other functional groups that were found to be compatible
with the antibody-catalyzed reaction conditions are ethers
(entries 4 ± 6), unsaturated ketones (entry 14) and 1,2-
diketones (entry 16).


Of particular interest is the behavior of the hydroxyketones
(entries 1 ± 3), in which the presence of a hydroxy substituent
in the molecule significantly impairs the deuterium exchange
reaction. This observation is intriguing, particularly when
considering the high reactivity of hydroxyacetone and hy-
droxybutanone in the 38C2-catalyzed aldol addition.[8] To gain
more information about the interaction of hydroxyketones
with 38C2 we carried out inhibition experiments in which the
deuteration of cycloheptanone took place in the presence of
25 mol% (with respect to the substrate) of acetylacetone, 3-
hydroxybutanone, cyclohex-2-en-1-one, and fluoroacetone
(Figure 6). As expected, acetylacetone caused almost com-
plete inhibition of the deuteration reaction. The low levels of
inhibition by cyclohex-2-en-1-one and fluoroacetone indicate
that these two ketones are competitive inhibitors, whose
binding affinities are similar to that of cycloheptanone. Yet,
the much stronger inhibition with 3-hydroxybutanone sug-
gests that the active site binds this compound more efficiently
than a simple ketone. We suggest that the hydroxyl group,
unlike simple ketones, may interact with an active


Figure 6. Inhibition of the deuteration of cycloheptanone (Table 2, entry
4) by various ketones. � no inhibitor; � cyclohex-2-en-1-one; � fluoro-
acetone; � 3-hydroxybutanone; � acetylacetone.


site residue by additional hydrogen bonding. In hydroxy-
ketone substrates, this additional bonding could stabilize the
Schiff base intermediate and inhibit its tautomerization to the
enamine. Yet hydroxyketones may still be active in the aldol
addition reaction because their binding mode and propensity
to form an enamine intermediate may change upon addition
of an aldol acceptor molecule.


An interesting case of high regioselectivity was exhibited by
2-methoxycyclohexanone (Table 4, entry 5). We had initially
observed in preliminary mass spectrometry experiments that
the exchange reaction does not progress beyond 35%
conversion. This observation could reflect exchange of just
one out of the three acidic protons in the molecule. Indeed,
further 1H NMR experiments revealed that, even after long
reaction times, only one proton (at the C-6 methylene) was
exchanged for deuterium. Closer inspection of the 1H NMR
spectra revealed that only the axial proton at C-6 (td, J� 13.2,
5.9 Hz) was exchanged by deuterium. Similar regioselectivity
was observed with 2-methylcyclohexanone (Table 2, entry 6).
Further studies on the use of antibody 38C2 for the kinetic
resolution of these substrates and other substituted cyclic
ketones are currently underway.


Mechanistic studies :


The 38C2-catalyzed deuteration reaction : It is interesting to
compare the mechanistic details of the antibody-catalyzed
exchange reaction with similar reactions catalyzed by natural
enzymes. Prior observations with antibody-38C2-catalyzed
aldol, retroaldol, and decarboxylation reactions[17] suggest
that all of these reactions involve the formation of a Schiff
base intermediate with an active-site lysine residue. Therefore
it is likely that the deuterium exchange reaction involves a
multistep process in which every proton is exchanged
individually in a series of equilibria, as exemplified by
Scheme 1. An important question relates to the relative rates
of the two main steps, that is, formation of the protonated
Schiff base, I, and tautomerization of the latter to enamine II.
If the first step is faster than the second, the expected kinetic
behavior of the entire process is that of consecutive pseudo-
first-order reactions with the formation and disappearance of
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partially deuterated products, [D1], [D2], [D3] etc. Alterna-
tively, if the second step is faster than the first one, it is to be
expected that no partially deuterated intermediates would be
observed during the overall reaction.


To check this issue, we followed the progress of the
exchange reaction of cycloheptanone, 1, by GCMS using a
low concentration of catalyst to allow detailed monitoring of
this multistep reaction (Figure 7a). It is noteworthy that the
antibody-catalyzed deuteration reaction was complete before
any background reaction could be detected. The data in
Figure 7a fit well with a kinetic model of four consecutive first
order reactions where each step is independent of the
others.[18] A single rate constant with statistical corrections
describes the seemingly complicated array of data. Thus, the
first-order rate constant (k) related to the first step (mono-
deuteration of 1 to produce [D1]1) was easily obtained from
the exponential curve, which describes the disappearance of
[D0]1. The rate constant for the next step (formation of [D2]1)
was determined as 3³4k. The rate constant for the third step
(formation of [D3]1) was 1³2k. Accordingly, the rate constant
for the fourth step (formation of [D4]1) was 1³4k. The excellent
agreement between the experimental data and the calculated
curves in Figure 7a confirmed that the exchange reaction
occurs in a stepwise manner. This agreement justifies the
neglect of a second-order isotope effect. Thus, referring to
Scheme 1, k�1 is large compared with k2, and the process that
corresponds to k1/k�1 can be treated as a rapid pre-equilib-
rium. Similar behavior has been observed by Pratt in the
RMA-catalyzed (RMA� rabbit-muscle aldolase) deuteration
of hydroxyacetone phosphate[19] and by Westheimer in the
acetoacetate decarboxylase-catalyzed de-deuteration reac-
tion with [D6]acetone.[20] This model of a rapid pre-equilib-
rium fits the kinetics of most of the ketone and aldehyde
substrates shown in Tables 1 ± 4.


To further verify the assumption that the Schiff base
intermediate is formed in a rapid pre-equilibrium, we
examined the antibody-catalyzed 16O/18O exchange of the
carbonyl oxygen in cycloheptanone. The reaction, carried out
with cycloheptanone in H2


18O, was found to be very fast and to
require a low antibody concentration (0.1 mgmL�1) and a
short reaction time (2 min). An excellent fit with Michaelis ±
Menten kinetics was observed (kcat� 418 min�1, KM� 21m�).
Comparing these results with the kinetic parameters for the
38C2-catalyzed H/D exchange with the same substrate (kcat�
13 min�1, KM� 16m�), one may conclude that the formation
of intermediate I is indeed faster (by a factor of at least 30)
than the formation of intermediate II. Thus, we can conclude
that the rate-determining step in the deuterium exchange
reaction is the formation of the enamine intermediate, II.


The 38C2-catalyzed aldol reaction : This reaction is a multistep
cascade of events in which the formation of the Schiff base (I)
and enamine (II) intermediates represent the first two steps.
The slowest step in the enzyme-catalyzed aldol addition is the
reaction of II with the carbonyl acceptor to form a new C�C
bond. Accordingly, the antibody-catalyzed aldol addition is
expected to be a slower process in comparison with the
deuterium-exchange reaction. Indeed, comparison of the
reported 38C2-catalyzed aldol reaction rates with our ex-


Figure 7. a) Antibody-38C2-catalyzed deuteration of cycloheptanone
(Table 2, entry 4). All data points were obtained from time-resolved
GCMS measurements. The calculated curves are based on a four-step series
of consecutive first-order reactions by using a single rate constant (kobs�
0.00045 s�1) multiplied by the appropriate statistical factor. The back-
ground rate is undetectable under the reaction conditions. b) Antibody-
38C2-catalyzed deuteration of 1-methylpiperid-4-one (Table 4, entry 7).
All data points were obtained from time-resolved GCMS measurements.
The calculated curves are based on the kinetic model shown in Scheme 2.
The kinetic behavior of the background (uncatalyzed) reaction (c) agrees
with the simple stepwise model (calculated lines).


change reaction rates for the same ketone substrates reveals
that the aldol reactions are generally 100 ± 10000-fold slow-
er.[1e, 9] The aldol reaction has a much more sterically
demanding transition state than the exchange reaction. This
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explains why the difference between the aldol and exchange
reaction rates for a given substrate depends strongly on the
substrate size. For example, the deuterium-exchange reaction
with acetone is 500-fold faster than the aldol reaction between
acetone and 4-acetamidodihydrocinnamaldehyde. Yet, with
more sterically demanding donors, the difference between the
corresponding reaction rates increases. For example, the
exchange reaction with cyclohexanone is 30000 fold faster
than the aldol reaction between cyclohexanone and the
above-mentioned aldehyde acceptor. Cyclooctanone, which
is an even more sterically demanding ketone, is an active
substrate for the exchange reaction (Table 2, entry 5) but is a
nonsubstrate for the aldol reaction.[9]


The 38C3-catalyzed deuteration of bifunctional compounds :
While the above-described rapid pre-equilibrium results in
stepwise deuteration of simple ketones, the situation could
change with bifunctional substrates. For example, the kinetic
behavior exhibited by 1-methylpiperid-4-one (Figure 7b)
represents a different mechanistic model in which a rapid
pre-equilibrium no longer exists. While the background
deuteration reaction of 1-methylpiperid-4-one follows the
stepwise kinetics described above (see Figure 7c), the kinetic
behavior of the antibody-catalyzed reaction with this sub-
strate reflects a more complex sequence of events.


In principle, all substrates may undergo more than a single
proton exchange in every encounter with the antibody active
site. While in the case of cycloheptanone (Figure 7a) such
double and triple deuteration steps seem negligible, multiple
deuteration reactions become significant in the case of
1-methylpiperid-4-one. As can be seen from Figure 7b, the
kinetic behavior of this substrate, whose catalytic conversion
is much more efficient than that of cycloheptanone, does not
fit the simple stepwise kinetic model. In order to estimate the


rate constants in this case, we
developed a set of integrated
rate equations on the basis of
the kinetic model shown in
Scheme 2. To simplify this rath-
er complex kinetic model, we
did not take the background
reaction into account. Addi-
tionally, all the reverse reac-
tions and the triple deuteration
reactions (represented in
Scheme 2 by k6 and k9) were


neglected. Although this treatment should be considered as a
qualitative analysis, it yielded an interesting conclusion that
the values of the rate constants of the single and double
deuteration steps are approximately of the same magnitude.
This finding suggests that k�1 (Scheme 1) is no longer much
larger than k2. This, in turn, results in an increased residence
time of this substrate in the active site of 38C2. The increased
reactivity of this substrate could also result from the close
proximity between the tertiary amine, which is probably
protonated under neutral pH, and the Schiff base. This
proximity could facilitate the conversion of the protonated
Schiff base intermediate (I in Scheme 1) to the enamine
intermediate II.


The H/D kinetic isotope effect in the exchange reaction
(Figure 8) was studied by comparing the rate of the trans-
formation of 1 into [D4]1 (in D2O) with the rate of the reverse
transformation ([D4]1 into 1, in H2O). No significant primary


Figure 8. Lineweaver ±Burk plots of the 38C2-catalyzed deuteration
reaction of cycloheptanone in D2O (kcat� 13min�1, KM� 16m�), and de-
deuteration of [D4]cycloheptanone in H2O (kcat� 27min�1, KM� 29m�).


kinetic hydrogen isotope effect was found to be associated
with the exchange reaction. The small isotope effect (kD/kH�
2, kcat/KM(D)/kcat/KM(H)� 1.1) can be attributed to solvent
and to equilibrium isotope effects. The lack of a large isotope
effect, which would be expected if the formation of the
enamine occurred in the rate determining step, probably
reflects a nonsymmetrical transition state. Similar observa-
tions and interpretations have already been reported for
RMA.[19] It is remarkable that a catalytic antibody and highly
evolved enzymes share the fine details of their catalytic
mechanisms.


Comparison with enzymes : Although there are a few reported
cases of an enzyme-catalyzed exchange of protons � to
carbonyl groups under mild conditions, practically all of them
were limited to very few substrates. For example, pyruvic acid
was deuterated by using oxaloacetate decarboxylase,[21] ace-
tone and butanone were deuterated by using acetoacetate
decarboxylase under slightly acidic conditions (pH 5.9),[22]


dihydroxyacetone phosphate was tritiated by using RMA,[23]


and enantioselective deuteration of 2-carboxycyclohexanone
was achieved with acetoacetate decarboxylase.[24] Few other
examples of substrate-specific deuterium exchange reactions
have been reported.[25]


The results summarized in Tables 1 ± 4 highlight the re-
markably broad range of substrates that are accepted by
antibody 38C2. To compare the substrate range of 38C2 with
that of the widely studied RMA, we studied the biocatalyzed
deuterium-exchange reaction with a representative selection
of substrates: heptan-2-one, heptan-4-one, cycloheptanone,
cyclooctanone, octanal, hydroxyacetone, 3-hydroxybutanone,
and ethyl-5-oxohexanoate. No RMA-catalyzed reaction was
observed with any of these substrates. Very modest catalytic


Scheme 2.
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activity (significantly lower than that of 38C2) was observed
with heptanal and cyclohexane carboxaldehyde. RMA ex-
hibited high reactivity only with its specific substrate,
dihydroxyacetone phosphate.


Conclusion


We have shown here that antibody 38C2 catalyzes deuterium
exchange reactions with a broad variety of ketones and
aldehydes. The catalytic rates and rate-enhancement values
are among the highest values ever observed with catalytic
antibodies. Since all reactions were carried out under neutral
conditions the method was compatible with aldehydes and
other sensitive functional groups. The usefulness of this
catalytic reaction is evident from the ability to carry out the
reaction with a broad scope of substrates, from the regiose-
lectivity with nonsymmetrical ketones, and from the chemo-
selectivity observed with polyfunctional substrates. A relative
reactivity study with many substrates represents a useful
method of mapping and calibrating the active site. The
observed regioselectivity suggests the existence of two bind-
ing regions in the antibody that accommodate the small and
large alkyl groups of unsymmetrical ketones. Furthermore,
qualitative computational modeling suggests that either Tyr
H95 or Glu H50 or a combination of both residues could
function as the general base in the catalytic machinery.


Isotope-exchange experiments with cycloheptanone reveal
that the formation of the Schiff base species (as concluded
from the 16O/18O exchange rate at the carbonyl oxygen) is
much faster than the formation of the enamine intermediate
(as concluded from the H/D exchange rate), and both steps
are faster than the antibody-catalyzed aldol addition. These
findings reinforce the hypothesis that the slowest step in the
catalytic aldol addition reaction is the formation of a new C�C
bond. Time-resolved studies show that polydeuteration of
simple ketones and aldehydes occurs by a stepwise mecha-
nism in which each deuteration step is independent. By
contrast, with bifunctional substrates, such as 1-methylpiper-
id-4-one, multiple exchanges may occur before substrate
dissociation. Comparison of the substrate range of the
catalytic antibody with highly evolved aldolase enzymes, such
as rabbit-muscle aldolase, highlights the much broader
practical scope of the antibody. Further applications of these
results are currently being developed, particularly with
respect to enantioselectivity and preparative-scale reactions.


Experimental Section


General methods : All kinetic studies that were based on mass spectrometry
analysis were carried out with a Finnigan TSQ-70 GCMS-CI linked to a
Varian GC equipped with a DB-5ms capillary column. 1H NMR kinetic
measurements were recorded on a Bruker AM200 operating at 200 MHz
or a Bruker AM400 operating at 400 MHz. UV/Vis measurements were
recorded on a Shimadzu UV-1601 spectrophotometer with a UV/Vis
microcuvette (100 �L). Long-period reactions were maintained at 25 �C by
using a Friocell incubator. All substrates (analytical grade) and deuterated
solvents were purchased from Aldrich and were used without further
purification. All solvents (HPLC grade) were purchased from either
Aldrich or Merck.


Catalysts : Catalytic antibody 38C2 was purchased from Aldrich in the form
of a lyophilized powder. For all deuteration experiments, the antibody was
dissolved in a solution of D2O containing 0.1� NaCl. The antibody final
concentration was established by its absorbance at 280 nm. The same
results were obtained with an antibody solution that was obtained from
dialysis of a concentrated antibody sample in phosphate-buffered saline
(PBS ±H2O, pH 7.4) against a solution of 0.1� NaCl in D2O. In the reactions
in which a deuterium atom was exchanged for hydrogen, the antibody was
dissolved in H2O (HPLC grade) containing 0.1� NaCl. For the oxygen
exchange experiments, the antibody (1 mg) was dissolved in 1 mL of H2


18O
(97%, purchased from Rotem Industries Ltd., Israel) containing 0.1�
NaCl.


Determination of the background reactions : The background deuteration
reaction was monitored along with the catalytic reaction. In most cases,
during the time period suitable for obtaining the kinetic parameters of the
catalyzed reaction, no background products could be detected. For entries
6 in Table 1; 3, 4 in Table 2; 1, 3, 4 in Table 3; and 9 in Table 4, the
background reaction was measured over a period of 5 months. Five
different samples were prepared for each substrate (0.5m� in D2O
containing 10% acetonitrile and 0.1� NaCl). These samples were main-
tained at room temperature for a period of 5 months and then analyzed by
GCMS-CI. The average rate of these measurements was calculated as the
uncatalyzed rate of the deuteration reaction.


NMR kinetics : All deuteration reactions were conducted by using 0.1� of
substrate and 1 mgmL�1 of antibody in D2O containing 0.1� NaCl. The
control samples were measured in D2O containing 0.1� NaCl without
antibody. The reaction mixtures contained 10% v/v of deuterated
acetonitrile, except in the case of acetone, butanone, acetol, fluoroacetone,
and 1,1,1, trifluoroacetone.


With most substrates analyzed by NMR, a peak resulting from nonex-
changeable protons was used as an internal standard to calibrate the
integration. This allowed monitoring of the decrease in peak area of the �-
hydrogens. With substrates containing only exchangeable protons, the
reaction mixture contained 0.1� of acetonitrile, and the acetonitrile signal
was used as an internal standard.


The initial rate of hydrogen exchange was monitored during the first 24 h at
time intervals of 2 ± 3 h. Each sample was analyzed by 24 scans by using a
relaxation delay of 10 s and file size of 16 K. In the case of cyclohexanone,
due to the extremely high exchange rate, the reaction was monitored only
during the first hour at time intervals of 2 min by using 16 scans with a
relaxation delay of 5 s.


MS-CI kinetics : In all cases, a preliminary investigation of the reaction rate
was conducted by monitoring the deuteration reaction with 2m� substrate
and 0.2 mgmL�1 antibody. This allowed for the determination of the time
needed to measure the initial rates (approximately 5% conversion) with a
good signal to noise ratio. Samples of the catalyzed and uncatalyzed
reactions (70 �L each) were withdrawn at different time intervals during a
two day period. These samples were quenched with dichloromethane
(1 mL) and shaken vigorously for 1 min to allow efficient extraction of the
substrate and products to the organic solvent and to destroy all antibody
activity. The organic phase was separated and analyzed by GCMS-CI.


The kinetic measurements for each substrate were carried out by
monitoring a set of 15 reaction mixtures with a constant antibody
concentration (0.1 to 1 mgmL�1 for different substrates) and various
substrate concentrations (0.1m� to 10m�). All kinetic measurements were
conducted in D2O containing 0.1� NaCl and 10% acetonitrile. The
reactions were allowed to reach 5% conversion, and then quenched with
dichloromethane as described for the preliminary experiment. Analysis of
the product distribution was carried out by MS. The rate of the uncatalyzed
reaction was subtracted when necessary. The kinetic parameters kcat and KM


were elucidated from Lineweaver ±Burk plots.


Time resolved MS experiments : The exchange reaction was followed as a
function of time. Each reaction was carried out as described above for the
preliminary kinetic experiments, by using 0.1 mgmL�1 of antibody and a
substrate concentration of 0.2m�. Samples were withdrawn at various time
intervals over a period of 24 h and analyzed by MS.


Kinetic models for the polydeuteration reactions : The time-resolved MS
technique allowed for the determination of each of the partially deuterated
species in terms of molar ratio. This analysis reflected the product
distribution as a function of time. The following integrated rate equations
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were developed[18] in accordance with the consecutive pseudo first order
reactions model ([D0]� [D1]� [D2]� [D3]� [D4]) in which d0


0 is the
initial concentration of the molecule with no deuterium atoms and dn refers
to the concentration of molecules with n deuterium atoms:


d0�d0
0e�k0t


d1� 4d0
0(e�k1t� e�k0t)


d2� 6d0
0(e�k0t� 2e�k1t � e�k2t)


d3� 4d0
0(�e�k0t � 3e�k1t� 3e�k2t � e�k3t)


d4�d0
0(1 � e�k0t� 4e�k1t � 6e�k2t� 4e�k3t)


These equations were used to produce the lines shown in Figure 7a,
representing the best fit between the calculated model and the exper-
imental results. For the case of 1-methylpiperid-4-one (Figure 7b), another
set of integrated rate equations, developed on the basis of the kinetic model
shown in Scheme 2, was used.


Preparation of [D4]cycloheptanone : Cycloheptanone (50 mmol, 5.9 mL)
was dissolved in anhydrous ether (30 mL) and D2O (20 mL) under argon.
Aqueous NaOD (8 g, 40% in D2O, 80 mmol) was added, and the mixture
was stirred vigorously for 5 days. D2O and NaCl were added, and the
mixture was extracted twice with diethyl ether. The combined organic
phase was dried over magnesium sulfate and filtered, and the solvent was
removed under reduced pressure to yield 5 g of partially deuterated
cycloheptanone (by 1H NMR analysis). This procedure was repeated two
more times to yield 3.9 g [D4]cycloheptanone (isotopic purity above 98%).
1H NMR (CDCl3): �� 1.62 (br s).


Kinetic H/D isotope effect : Two kinetic experiments were carried out
according to the general procedure described above by using GCMS. In the
first experiment, nondeuterated cycloheptanone was treated with antibody
38C2 (0.1 mgmL�1) in saline solution (D2O containing 0.1� NaCl). The
second experiment was carried out in the same way with [D4]cyclo-
heptanone in H2O containing 0.1� NaCl. Both experiments were carried
out with substrate concentrations between 0.4 and 4.5m�. The reaction
mixtures were quenched after 40 min at room temperature.


Oxygen-exchange experiments : The rate of Schiff base formation was
measured by following the 16O/18O exchange rate of the carbonyl oxygen of
cycloheptanone. A set of nine reaction mixtures, all containing antibody
38C2 (0.1 mgmL�1) and cycloheptanone (0.4 ± 4.0m�) in H2


18O (containing
0.1� NaCl), was kept at room temperature. All reactions were quenched
after 2 min as described above and analyzed by MS. The background
reaction in the absence of 38C2 was allowed to stand for 40 minutes at
room temperature before being quenched. A Lineweaver ±Burk plot of the
results (9 points) afforded a good linear fit with kcat� 418min�1 and KM�
21m� (R2� 0.997).


Enzymatic reactions : Rabbit-muscle aldolase (EC 4.1.2.13), which was
purchased from Sigma in the form of a lyophilized powder, was dissolved in
D2O containing 0.1� NaCl. The kinetic measurements with this enzyme
were based on 1H NMR and GCMS analyses as described above for
antibody 38C2.


Inhibition experiments : Preliminary inhibition experiments were conduct-
ed as described above for the preliminary kinetic experiments with the
following substrates: heptan-2-one, heptanal, and cycloheptanone. The
inhibitors used were: acetylacetone, cyclohex-2-en-1-one, 3-hydroxybuta-
none and fluoroacetone. In all cases a substrate concentration of 2m� and
an inhibitor concentration of 0.5m� were used. The reactions were
monitored over a period of 48 h.


Stereoselective deuteration of 2-methoxycyclohexanone : The deuterium
exchange reaction was monitored by 1H NMR (400 MHz) according to the
general procedure described above. Both the antibody-catalyzed reaction
and the corresponding uncatalyzed reaction were carried out for 42 days at
room temperature. 1H NMR (D2O): �� 4.15 (dd, J� 12.0, 6.2 Hz, 1H;
H2ax), 3.44 (s, 1H; H7), 2.54 (td, J� 13.2, 5.9 Hz, 1H; H6ax), 2.44 (m, 2H;
H6eq, H3eq), 2.11 (dm, 1H; H5eq), 1.93 (dm, 1H; H4eq), 1.78 (qt, J� 13.0,
3.59 Hz, 1H; H4ax), 1.62, (qt, J� 13.0, 4.0 Hz, 1H; H5ax), 1.55 (qd, J� 12.4,
4.0 Hz, 1H; H3ax).


Molecular mechanics calculations : The molecular mechanics studies were
accomplished by using the Discover module with CVFF force field within
the Insight-II molecular simulation package. The calculations were carried
out on a Silicon Graphics Indigo work station. The initial coordinates for


antibody 33F12 were acquired from the Brookhaven Protein Data Bank
(entry 1axt). All water molecules and all residues except those amino acids
that construct the Fv region of the protein were deleted from the model.
The geometry of the Fv region (Light 1 ± 107, Heavy 5 ± 110) was optimized
with no constraints. A three-carbon unit simulating acetone was then
bound to the �-nitrogen of lysine H-93 by using the Builder module. The
resultant amine was protonated to simulate the positive charge of the
protonated Schiff base intermediate in the antibody-catalyzed reaction.
The geometry of the structure was optimized until the root-mean-square
(rms) energy gradient was less than 0.01 Kcalmol�1. The larger substrate
molecules were built stepwise onto the resultant scaffold. The geometry of
the structures was repeatedly optimized after each modification. The
dielectric constant was set to 1 throughout the calculations. Glutamate H50
was deprotonated by setting the pH to 7.0, which was the pH of all
antibody-catalyzed reactions. In all calculations with the modified protein,
the bound substrate as well as all six CDR regions of the Fv (H31 ± 37,
H50 ± 65, H90 ± 102; L-24 ± 36, L-50 ± 56, L-89 ± 98) were not constrained.
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The Thermal Decomposition of Thiirane:
A Mechanistic Study by Ab Initio MO Theory**


Yana Steudel,[a] Ralf Steudel,*[a] and Ming Wah Wong[b]


Abstract: Using high-level ab initio MO
methods, we have identified two reac-
tion pathways with different thermody-
namic and kinetic properties for the
thermal decomposition of the three-
membered heterocycle thiirane (C2H4S)
and related derivatives. A homolytic
ring opening, followed by attack of the
generated diradical on another thiirane
molecule, and subsequent elimination of
ethene in a fast radical chain reaction
results in the formation of disulfur
molecules in their triplet ground state
(3S2) and requires activation enthalpies
of �H#


298 � 222 kJmol�1 and �G#
298 �


212 kJmol�1. This reaction mechanism
would result in a first-order rate law in
agreement with one reported gas-phase
experiment but does neither match the
experimental activation energy nor does
it explain the observed retention of the
stereochemical configuration in the
thermal decomposition of certain sub-
stituted thiiranes. Alternatively, sulfur


atoms can be transferred from one
thiirane molecule to another with the
intermediate formation of thiirane 1-sul-
fide (C2H4S2). This molecule can either
decompose unimolecularly to ethene
and disulfur in its excited singlet state
(1S2) or, by means of spin crossover, S2 in
its triplet ground state may be formed.
On the other hand, the thiirane 1-sulfide
may react with itself and transfer one
sulfur atom from one molecule to an-
other with formation of thiirane 1,1-
disulfide (C2H4S3), which is an analogue
of thiirane sulfone; thiirane is formed as
the second product. The 1,1-disulfide
may then decompose to ethene and S3.
In still another bimolecular reaction, the
thiirane 1-sulfide may react with itself in
a strongly exothermic reaction to give S4


and two equivalents of ethene. This
series of reactions results in a second-
order rate law and requires activation
enthalpies of �H#


298 � 109 kJmol�1 and
�G#


298 � 144 kJmol�1 for the formation
of thiirane 1-sulfide, while the consec-
utive reactions require less activation
enthalpy. Elemental sulfur (S8) is even-
tually formed by oligomerization of
either S2, S3, or S4 in spin-allowed
reactions. These findings are in agree-
ment with most experimental data on
the thermal desulfurization of thiirane
and its substituted derivatives. Thiirane
1-persulfide (C2H4S3) with a linear ar-
rangement of the three sulfur atoms as
well as zwitterions and radicals derived
from thiirane are not likely to be inter-
mediates in the thermal decomposition
of episulfides.


Keywords: ab initio calculations ¥
desulfurization ¥ episulfide ¥
radicals ¥ reaction mechanisms


Introduction


Thiiranes or episulfides are an interesting class of highly
reactive compounds which also occur naturally.[1a, b] Certain
thiirane derivatives have found technical or pharmaceutical
applications.[1b] Episulfides contain the thermally unstable


three-membered C2S ring, which tends to decompose to the
corresponding olefin and elemental sulfur.[1] Since the sulfur is
usually observed as the thermodynamically stable allotrope
orthorhombic cyclo-octasulfur (�-S8), it is evident that the
overall reaction mechanism must involve several steps. In the
case of the most simple episulfide, that is, thiirane C2H4S (1a),
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the actual mechanism of this decomposition has never been
studied in detail. In a short communication,[2] the gas-phase
thermolysis of 1a at a pressure of �150 Torr (15 kPa) and at
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temperatures below 250 �C was reported to be a first-order
reaction with an Arrhenius activation energy (Ea) of
40 kcalmol�1 (168 kJmol�1); neither a standard deviation
nor a temperature was given for this value, and no exper-
imental details were disclosed. Ethene and sulfur were the
only products. From the small and negative activation entropy
of �2.5 e.u. (�11 Jmol�1K�1) it was concluded that the cyclic
structure is preserved in the ™activated complex∫, which was
proposed to be an electronically excited state of thiirane. This
excited molecule was assumed to rapidly react with another
molecule of thiirane to give S2 and two molecules of ethene.[2]


At pressures ™well below 15 kPa∫ the reaction was said to be
of higher order. In addition, it was observed that under similar
conditions, trans-but-2-ene episulfide decomposed with 99%
retention of the stereochemical configuration, while the cis
isomer yielded a �90% retention of its configuration.[2]


The only other study of the gas-phase thermolysis of a
thiirane is the flow pyrolysis of trans-diethynylthiirane
reported in another short communication.[3] The sole product
observed at a reaction temperature of 395 �C (contact time
15 s) was the corresponding olefin (probably together with
elemental sulfur). The stereochemical configuration of the
olefin was hardly retained since a 3:4 mixture of cis and trans
olefin was recovered. The corresponding cis isomer decom-
posed at 250 �C to a 2:1 mixture of cis and trans olefin, but in
addition other products were observed. No reaction order or
activation energy was reported.
The reaction of sulfur atoms both in the triplet ground state


(3P) and in the excited singlet state (1D) with gaseous ethene
has been studied repeatedly both experimentally as well as
theoretically,[4±7] and it was shown that both reactions yield
thiirane. In this context, the chainlike diradical .CH2CH2S


.


(2a) has been studied. Its ground state is a triplet, which at the
HF/6-31G* level with limited CI calculation is by 227 kJmol�1


less stable than thiirane 1a ;[6] at the G2 level the same relative
energy of 227 kJmol�1 was obtained for 2a at the potential
energy minimum,[8] while 198 kJmol�1 were obtained at the
MP3(full)/6-31G*//HF/6-31G*�ZPE level and 194 kJmol�1


at the level B3LYP/6-31G*�ZPE.[9] Since these energies are
of the same order of magnitude as the reported activation
energy of 168 kJmol�1,[2] one may conclude that the homolytic
ring opening is the first step in the thermal decomposition of
gaseous thiirane following a first-order rate law. However, the
further fate of the thiirane diradical 2a is unknown.
From thermodynamic data it has been known from the


earliest studies that sulfur atoms cannot be the primary
reaction products in the thermal decomposition of thiirane
since the measured activation energy is much lower than the
enthalpy of the hypothetical sulfur extrusion reaction
[Eq. (1)].[2] Using the experimental enthalpies of formation
of the reactants[10] the following reaction enthalpy is obtained.


1a�C2H4�S(3P) �Ho
298 � 247 kJmol�1 (1)


Most probably, there is an additional activation energy for
this reaction.[6] Should the sulfur atom be formed in its excited
singlet state to observe the law of spin conservation, the
required enthalpy would be still higher. Trapping experiments


with pentene did not provide any evidence for sulfur atoms as
intermediates in the thermolysis of 1a.[2]


In this work, we have investigated the various possibilities
for the decomposition of thiirane to identify the most likely
reaction mechanism and the intermediates involved using the
high-level G3(MP2) theory.


Computational Methods


Standard ab initio MO calculations were performed using the Gauss-
ian98[11] series of programs. The energies of various equilibrium structures
and transition states of C2H4S, C2H4S2, C2H4S3, and C4H8S2 systems and
related species were examined using the G3(MP2) level of theory.[12] In
brief, the G3(MP2) method is a composite procedure, which aims at
providing an accurate approximation to the high level of theory at
QCISD(T)/GTMP2LARGE//MP2/6-31G(d), with the incorporation of
zero-point energy (calculated fromHF/6-31G(d) vibrational wavenumbers,
scaled by 0.8929) and higher level corrections. This level of theory is usually
within 6 kJmol�1 of accurate experimental values.[12] Spin-restricted
calculations were used for closed-shell systems, and spin-unrestricted ones
for open-shell systems. The effect of a dielectric medium was examined
using Onsager×s self-consistent reaction field theory[13] at the B3 LYP/
6-31G* level. Charge density analysis, at the MP2/6-31G* level, was
performed using the natural bond orbital (NBO) approach.[14] Unless
otherwise noted, all relative energies reported in this publication are given
as �Ho


298 and correspond to the G3(MP2) level, while structural parameters
were obtained at the MP2/6-31G* level. In the case of reactions involving
the molecule S4 the geometries had to be optimized at the QCISD/6-31G*
level since S4 requires a higher level treatment of electron correlation for a
proper description of its geometry.[15] The energies were then obtained at
the G3(MP2) level based on the QCISD/6-31G* optimized geometry.


Results and Discussion


Ring opening of thiirane : The calculated structure of thiir-
ane 1a shown in Figure 1 is in excellent agreement with the
experimental structure, which was determined by microwave
spectroscopy[16] and which is characterized by the following
parameters: C�C 1.483 ä, C�S 1.815 ä, C�H 1.083 ä, C�S�C
48.3�, C�C�S 65.9�, H�C�H 115.8�. An almost perfect
agreement was obtained at the MP2/6-311�G(2df,p) level,
which resulted in the following parameters: C�C 1.479 ä,
C�S 1.817 ä, C�H 1.084 ä, C�S�C 48.0�, C�C�S 66.0�,
H�C�H 115.5�, H�C�C 118.1�, H�C�S 115.0�. The dipole
moment of gaseous thiirane was measured as 1.84 D.[17] Our
calculated value of 2.09 D (Table 1) is in better agreement
with values from experiments than any previously reported
value.[1a] At the MP2/6-311�G(2df,p) level an even better
agreement was obtained: 1.93 D.
If the ring opening of 1a is the first step in the thermal


decomposition, one has to determine whether the chainlike
intermediate is a triplet diradical (2a) or possibly a singlet
zwitterion (3a). Our calculations confirm the earlier findings
that the triplet diradical 2a is lower in energy than the singlet
zwitterion 3a (Table 1). The formation of 2a from the
thiirane 1a at 298 K requires a Gibbs free energy of
212 kJmol�1. The reported activation energy of 168 kJmol�1[2]


is much lower than the enthalpy difference between 1a and 2a
(222 kJmol�1).
Interestingly, the ring opening of 1a causes only small


changes of the bond lengths in the generated diradical 2a
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despite the now much larger C�C�S bond angle of 113.8�
compared with 65.9� in 1a. The C�C bond lengths of both
species are practically identical as are the C�H bonds of the
terminal CH2 group. The other C�H bonds and the C�S bond
increased in length by about 1%. The molecular symmetry is
Cs. The atomic spin densities in 2a are practically 1.0 each at
the terminal sulfur and carbon atoms. The NBO atomic
charges were obtained as �0.12 at the sulfur atom (the same
as in 1a), as �0.71 at the central carbon atom (�0.56 in 1a),
and as �0.33 at the terminal carbon atom.
The geometry of the zwitterion 3a differs from that of 2a


insofar as the terminal methylene group is now coplanar with
the carbon�sulfur bond, and the C�C�S bond angle is


considerably larger, by 21�. The symmetry was restricted to
Cs in this calculation since this structure collapses to that of 2a
upon geometry optimization if the symmetry constraint is
lifted. The energy of 3a is 7 kJmol�1 higher than that of the
diradical 2a (Table 1) despite the fact that the C�S and C�C
bonds are considerably shorter than those of 2a. The NBO
atomic charge on the sulfur atom is �0.06, at the neighboring
carbon atom it is �0.79, and at the terminal carbon �0.46.
However, species 3a does not represent a minimum on the
potential energy surface (PES) since it has one imaginary
wavenumber. This holds true not only for the free molecule
but also in a polar dielectric medium of �� 40.
As an excited state of thiirane was proposed to be the rate-


determining intermediate in the thermal decomposition of
1a,[2] it is important also to consider the triplet state of cyclic
thiirane. However, all our attempts to locate a stable triplet
structure of 1a failed. Under the C2v constraint, a first-order
saddle point was located, which lies 408 kJmol�1 above the
ground-state thiirane. Relaxing the symmetry constraint upon
geometry optimization leads to the diradical 2a. Thus, we
conclude that the thermal decomposition of thiirane 1a is
unlikely to involve an excited state.
The substituted derivative 2,2-difluorothiirane 1b has been


claimed as an intermediate in the reaction of thiocarbonyldi-
fluoride F2C�S with diazomethane in ether at 0 ± 10 �C. It was
assumed that 1b is formed but rapidly decomposes to the
observed products elemental sulfur and F2C�CH2.[18] To find
out the reasons for this claimed instability, we have calculated
the structures of 1b as well as of its triplet diradical 2b and the
related singlet zwitterion 3b (Figure 1). It turned out that the
homolytic ring opening of 1b at the S�CF2 bond requires a
similarly high amount of Gibbs energy (�Go


298 � 211 kJmol�1)
as the ring opening of 1a, and that the triplet diradical 2b is


Figure 1. Calculated structures of thiirane 1a, of the diradical 2a, of 2,2-difluorothiirane 1b and its diradical (2b, 3b), and zwitterionic isomers (2b�, 3b�),
both in triplet and singlet electronic states. Bond lengths in ä, angles in �.


Table 1. Calculated total and relative energies[a] and dipole moments (�)[b]


of C2H4S and C2H2F2S species.


Species Total energy[c] � Relative energy
�Eo


0 �Ho
298 �Go


298


C2H4S
1a � 476.19189 2.09 0.0 0.0 0.0
2a � 476.10839 1.47 219.2 222.2 212.2
3a � 476.10504 2.36 228.0 229.4 225.1
CH2�CH2�S(3P) � 476.09853 245.1 244.2 206.7


C2H2F2S
1b � 674.51467 1.94 0.0 0.0 0.0
2b � 674.43168 2.00 217.9 219.6 211.2
2b� � 674.42901 1.96 224.9 227.7 219.4
3b � 674.39825 7.65 305.7 305.5 304.6
3b� � 674.43253 2.26 215.6 216.5 214.8
CH2�CF2� S(3P) � 674.42487 235.8 243.8 194.3


[a] G3(MP2) level; total energies in hartrees and relative energies in
kJmol�1. [b] MP2/6-31G* values; in Debye. [c] Calculated G3(MP2) Eo


energies of CH2�CH2, CH2�CF2, and S(3P) are �78.43477, �276.76111,
and �397.66376 hartrees, respectively.
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significantly more stable than the singlet zwitterion 3b
(��Go


298 � 93 kJmol�1) despite the asymmetric charge distri-
bution in 1b and 3b as a result of the two highly electro-
negative fluorine substituents (Table 1). The energetically
unfavorable zwitterion 3b is characterized by an extremely
large dipole moment of 7.65 D compared with 2.00 D for 2b
and 1.94 D for 1b (Table 1).
As expected, the C�S bond originating from the fluorinated


carbon atom of 1b is much shorter than the C�S bonds in 1a,
and the same holds for the C�C bond (Figure 1). In fact, the
two C�S bonds of 1b differ in length by 0.07 ä or approx-
imately 4%. The NBO atomic charges of 1b are�0.15 for the
sulfur atom, �0.60 for the carbon atom of the methylene
group, and �0.63 for the fluorine bearing carbon atom. In the
diradical 2b, the corresponding charges are�0.14,�0.78, and
�0.81. If the ring opening of 1b takes place at the S�CH2


bond which is longer than the S�CF2 bond, a triplet
diradical 2b� or a singlet zwitterion 3b� is obtained, which
are of similar conformations to the unsubstituted derivatives
2a and 3a, respectively. Surprisingly, the relative enthalpies of
2b� and 3b� are rather similar to those of 2b with the
zwitterion 3b� slightly more favorable than the diradical 2b�
(Table 1). In other words, in the case of asymmetrically
substituted episulfides it cannot be ruled out that, in addition
to the homolytic ring-opening reaction, a heterolytic ring
opening takes place, especially in highly polar solvents. The
atomic charges on the backbone atoms S�C1�C2 of 2b� are as
follows (data for 3b� in parentheses): S �0.16 (�0.32), C1
�0.52 (�0.41), C2 �0.38 (�0.43). According to these results
there is no evident reason for any lower stability of 1b
compared with that of 1a as far as ring-opening reactions are
concerned.
Finally, we have calculated the reaction enthalpy for the


decomposition of 1a to ethene and ground-state sulfur atoms
(3P) as 244 kJmol�1, which is in excellent agreement with the
experimental value of 247 kJmol�1[10] cited in the Introduc-
tion.


Attack of thiirane 1a by the diradical 2a : If the thermal
decomposition reaction of thiirane 1a begins with formation
of the diradical 2a, this reaction should be the rate-determin-
ing step. Species 2a may then attack other molecules of 1a to
initiate a series of fast radical chain reactions, in which the
observed products will eventually be formed. In principle, this
attack may occur either at the sulfur atom or at one of the


carbon atoms of 1a, and the attacking atom of 2a may be
either the sulfur atom or the terminal carbon atom. Con-
sequently, there are four possibilities for the attack, two of
which yield carbon�sulfur interactions (4b and 4c) while the
other two would result in carbon�carbon (4a) or sulfur�sulfur
(4d) bonds.
The configuration 4a with a carbon�carbon interaction can


be ruled out since the two interacting carbon atoms are
negatively charged and therefore will repel each other.
Furthermore, this type of reaction would result in a chain of
four carbon atoms which is not observed among the products.
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The alternative 4b can also be ruled out for the following
reason. The attack would probably result in loss of one ethene
molecule to give an intermediate of composition C2H4S2 in a
triplet state. We have calculated the structures of the two most
likely conformations of this species (5a and 5b).
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The open chain 5a (symmetry C2h) is a minimum on the
PES. Its geometry is shown in Figure 2. The formation of 5a
from 1a and 2a by reaction (2) is exothermic by 33 kJmol�1.


1a� 2a� 5a�C2H4 (2)


However, this species does not help to explain the
formation of elemental sulfur by a unimolecular dissociation
process unless it isomerizes to the heterocyclic species 5b.
This 1,2-dithietane molecule in its excited triplet state is highly
unstable. Its formation from 1a and 2a requires 56 kJmol�1.
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The species 5b (with C2v symmetry) is best considered as an
adduct between 3S2 and C2H4, as can be seen from the rather
long C�S bonds (2.178 ä) and the short S�S bond (1.982 ä),
which is about halfway between the single and double bond
lengths known from S8 (2.05 ä) and S2 (1.89 ä)[19a] (Figure 2).
Therefore, we conclude that the configuration 4b does not
provide a useful reaction mechanism to explain the thermo-
lysis of thiirane.
The attack of 2a on 1a via the configuration 4cwould result


in a chain of the type C�C�S�C�C�S if one assumes that the
formation of the new C�S bond results in an opening of the
attacked thiirane ring at the neighboring C�S bond. For
reasons outlined above, it cannot easily be seen how such an
intermediate would result in the observed formation of
elemental sulfur even if the loss of one molecule of ethene
is assumed as the next step. Hence, configuration 4c is also
ruled out.
Thus, we are left with the fourth possibility (4d) which is the


only reaction yielding a sulfur�sulfur bond right from the
beginning of the attack of 2a on 1a. The first step of this
interaction may be the formation of an intermediate with a
three-electron �-bond which is a well-known structural unit in
sulfur chemistry.[20±22] After the thiirane ring has opened up, a
triplet chain molecule of connectivity C�C�S�S�C�C (6) is
formed which is calculated to have C2 symmetry and
represents a minimum on the PES (see Figure 2). Its
formation from 1a and 2a is exothermic by 44 kJmol�1. The
structure of 6 is characterized by C�C bonds (1.479 ä) which
are of the same length as in 1a, by an S�S bond with about the
same length (2.055 ä) as in S8, and C�S bonds slightly longer
than those of 1a (by 2%). The further reactions of the
diradical 6 will be discussed in the next section.


Loss of ethene and S2 formation from diradical 6 : The triplet
chain 6 may either dissociate in a single step into triplet
disulfur (3S2) and twomolecules of singlet ethene or first into a
triplet chain of connectivity S�S�C�C (7) and one molecule
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of singlet ethene. The second possibility will be discussed first.
The activation energy for the cleavage of 6 into 7 and C2H4 is
only 13 kJmol�1. The corresponding transition state for the
decomposition of 6 (6TS) is shown in Figure 2. It is of C1


symmetry. Its breaking carbon�sulfur bond (2.301 ä) is
0.45 ä longer than that of 6, while at the same time the S�S
bond has shortened by 0.04 ä to 2.018 ä. The triplet chain
molecule .CH2CH2SS


. formed from 6TS exists as two
rotamers of very similar energy (7a and 7b ; see Figure 2),


S S


C C
H
H


H
H


S


S


C C
H
H


H
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7a 7b


Figure 2. Calculated structures of four isomeric triplet molecules (5a, 5b, 7a, 7b) of composition [2C, 4H, 2S], of the diradical (C2H4)2S2 (6), and of the
transition states 6TS and 7aTS (bond lengths in ä).
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with 7a as the more stable species (by 0.3 kJmol�1). The
energy of the transition state 7aTS for the decomposition of
7a into 3S2 and C2H4 is just 2 kJmol�1 higher than the energy
of 7a. The geometry of 7aTS is also shown in Figure 2. It can
be concluded that the thiirane decomposition via configura-
tion 4d is a facile process once the diradical 2a has been
formed. The final step of this decomposition, that is, the
formation of C2H4 and 3S2 from 7a is exothermic by
74 kJmol�1.
For the concerted dissociation of diradical 6 into two


molecules of C2H4 and 3S2, we have successfully located a
saddle point 6TS�, with C2 symmetry and d(C�S)� 2.276 ä.
However, 6TS� is a second-order saddle point with two
imaginary wavenumbers corresponding to the asymmetric
and symmetric combination of the two breaking C�S bonds.
Thus, it is unlikely that a single-step pathway is possible for
the dissociation of 6. It is worth noting that 6TS� lies
13 kJmol�1 higher in energy than the rate-determining step
of the stepwise dissociation pathway via 6TS.


Formation of S8 : The formation of homocyclic sulfur mole-
cules in the thermal decomposition of thiirane can easily be
explained by a sequence of well-known reactions starting
from triplet S2. The ground state S2 molecule is known to
dimerize to S4 even at very low temperatures.[23] The molecule
S4 exists as an unbranched planar chain in a singlet ground
state.[15, 24] Such a dimerization reaction is allowed by the rule
of spin conservation. Two molecules of S4 may then combine
to form the cyclic S8 molecule, which has also a singlet ground
state. However, if radicals are involved in the thiirane
decomposition, one can also imagine the formation of
diradical homoatomic sulfur chains by combination of S4 with
one or several molecules of S2. From such a long chain, rings
of any size can eventually be split off.[25] In fact, it has been


observed that the rather bulky
and stereochemically protect-
ed episulfide 8 decomposes
thermally in solution with the
formation of the homocycles S8
and S6 along with the corre-
sponding olefin.[26] The mecha-
nism of this decomposition
may, however, differ from that
of 1a since it has been reported


that the reaction order depends on the concentration,[27, 28] and
that certain spin trapping reagents have no influence on the
rate of decomposition.[28] These implications will be discussed
below.
In our results on the homolytic ring opening of thiirane we


present for the first time the activation energy of this process.
The calculated activation enthalpy of 212 kJmol�1 is much
higher than the experimental Arrhenius activation energy of
168 kJmol�1 reported by Strausz et al.[2] While a ring opening
as the rate-determining step would be in agreement with the
first-order rate law reported for thiirane pressures of
�15 kPa, the retention of configuration in the thermal
desulfurization of gaseous trans- and cis-but-2-ene episulfide[2]


definitely excludes a ring-opening step. Therefore, a different
mechanism has to be considered.


Reaction kinetics in solution : Several authors have studied
the kinetics of the thermal decomposition (desulfurization) of
substituted thiiranes in solution. The trans-diethynylthiirane
mentioned in the Introduction was found to decompose in
toluene at 100 �C by second-order kinetics at concentrations
of approximately 0.15 molL�1, while at lower concentrations
the kinetics changed to a first-order rate law.[3] The second-
order reaction occurred with greater than 90% retention of
the stereochemical configuration, which excludes a ring-
opening mechanism. Ando et al.[29] studied the thermal
decomposition of tetramethylallene episulfide at 110 �C in
solution and observed a first-order reaction rate-determining
step (initial concentration 0.2 molL�1).[29a] The same reaction
order was found in the case of diphenyl(di-tert-butylallene)-
episulfide and di-tert-butyl(diphenylallene)episulfide at 150 ±
180 �C. For these species the Arrhenius activation energies
were determined in 1,2-dichlorobenzene as 98.3 and
115.5 kJmol�1, respectively.[29b] The authors claimed that a
symmetrical diradical intermediate is formed in the rate-
determining step; this species might contain a �-bond system
delocalized over the three carbon atoms.[29a±c]


Chew and Harpp[28b] studied extensively the thermal
desulfurization of episulfide 8 at 80 �C in twelve different
solvents and observed that in each solvent the reaction follows
an unimolecular, first-order process at low concentrations of
episulfide (0.1 ± 0.15 mmolL�1), but at higher concentrations
(2 mmolL�1) a bimolecular pathway becomes more impor-
tant. Depending on the solvent, the activation enthalpies
varied between 41 and 89 kJmol�1 for the unimolecular
process (�G#� 100 ± 119 kJmol�1) and between 28 and
111 kJmol�1 for the bimolecular reaction (�G#� 99 ± 124
kJmol�1). Increasing solvent polarity resulted in decreasing
�G# values. Since the reaction rate (in toluene) did not
significantly change on addition of either styrene or acetani-
lide as radical inhibitors, the authors assumed that an
unimolecular ring-opening reaction produces a zwitterionic
intermediate,[28b] which in the light of our results reported
above is rather unlikely. For the bimolecular reaction the
formation of a thiirane 1-sulfide C2H4S2 as the primary
intermediate was proposed.[26, 28b] We have now studied for the
first time the structures and thermodynamics of thiirane
1-sulfide theoretically.[30]


Thiirane 1-sulfide and related species : As was shown above,
certain isomers of composition C2H4S2, namely 5a, 5b, 7a,
and 7b could be intermediates in the reactions following the
attack of the diradical 2a on thiirane 1a by either of the
configurations 4b, 4c, or 4d. Thus, we have investigated
various possible singlet isomers of the composition [2C,4H,2S]
which may be more stable than the triplet species discussed so
far. The results are shown in Figure 3 and in Table 2.
Three plausible structures (9a, 9b, and 9c) exist with


minimal energy in singlet ground states. Surprisingly, the
hypothetical S-sulfide of thioacetaldehyde 9a is the most
stable isomer followed by the 1,2-dithietane 9c, while the
thiirane 1-sulfide 9b is the least stable structure. The relative
enthalpies (�Ho


298� of these singlet species with respect to
the triplet diradical 7a are �150 (9a), �91 (9b), and
�142 kJmol�1 (9c), respectively (Table 2). Selected geomet-


C C


S
Cl


Cl


8







Thermal Decomposition of Thiirane 217±228


Chem. Eur. J. 2002, 8, No. 1 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0223 $ 17.50+.50/0 223


rical parameters are shown in Figure 3. The species 9a is of
little relevance in the present discussion although it shows that
S-sulfides are sometimes more stable than unbranched
isomers with a disulfane unit like 9c.


S


C C


H
H H


H


C C


S


H
H H
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H H
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S S


9b9a 9c


Sulfur transfer reactions : Several authors have discussed
hypothetical species of the type 9b as precursors of the sulfur
molecules in the thermolysis of various episulfides.[26, 28, 31] It
was assumed that the transfer of sulfur atoms from one
episulfide molecule to another would produce such species. To
examine whether this mechanism is a realistic alternative to
the ring-opening reaction discussed above, we have calculated
the structure and energy of thiirane 1-sulfide 9b in the singlet


ground state and established
the reaction enthalpy for its
formation as well as for its
decomposition reactions (Ta-
ble 3).
The structure of 9b is analo-


gous to the experimental struc-
ture of the related thiirane
1-oxide C2H4SO, which is also
of Cs symmetry and in which
the terminal sulfur atom of 9b
has been replaced by oxy-
gen.[32a, b] The geometry of the
three-membered ring in 9b is
almost identical to that of 1a.


The length of the S�S bond (1.985 ä) is halfway between
those of 3S2 (1.892 ä; double bond) and cyclo-S8 (2.048 ä;
single bond).[19a] For acyclic thiosulfoxides like H2S�S and
Me2S�S the sulfur�sulfur bond lengths have been calculated
by ab initio MO methods as 2.00 ± 2.02 ä.[19b, 33] Evidently,
these bonds are best described by two canonical structures.


S


S
R


R
S


S
R


R


However, for convenience we will use the symbol S�S in the
following sections. The NBO atomic charges of 9b are �0.53
for the terminal sulfur atom, �0.62 for the central sulfur, and
�0.58 for the carbon atoms.


Figure 3. Calculated structures of three isomeric singlet molecules of composition [2C, 4H, 2S] (bond lengths in
ä, angles in �).


Table 2. Calculated total and relative energies[a] and dipole moments (�)[b]


of several C2H4S2 and C4H8S2 species.


Species Total energy[c] � Relative energy
�Eo


0 �Ho
298 �Go


298


C2H4S2
7a � 873.89570 2.84 0.0 0.0 0.0
7b � 873.89557 2.56 0.3 0.0 0.8
5a � 873.87806 0.00 46.3 43.7 51.1
5b � 873.84385 1.97 136.1 133.2 141.2
7aTS � 873.89460 3.00 2.9 2.1 2.0
CH2�CH2� 3S2 � 873.92348 � 77.4 � 73.5 � 96.2
9a � 873.95229 3.48 � 148.6 � 150.1 � 138.6
9b � 873.92891 2.62 � 87.2 � 90.5 � 80.0
9c � 873.94804 5.29 � 137.4 � 141.5 � 128.2


C4H8S2
6 � 952.31795 2.15 0.0 0.0 0.0
6TS � 952.31261 2.36 14.0 13.1 12.1
6TS�[d] � 952.30763 2.35 27.1 25.4 25.9
1a� 1a � 952.33028 46.4 43.9 2.1
7a�CH2�CH2 � 952.33047 � 32.9 � 32.7 � 76.1


[a] G3(MP2) level; total energies in hartrees and relative energies in
kJmol�1. [b] MP2/6-31G* values; in Debye. [c] Calculated G3(MP2) Eo


energy of 3S2 �795.48872 hartrees. [d] 6TS� is a second-order saddle point.


Table 3. Calculated total and relative energies[a] and dipole moments (�)[b]


of the transition states 1aTS, 9bTS, 11TS, and 11aTS as well as of thiirane
1-persulfide 10 and the isomeric thiirane 1,1-disulfide 11.


Species Total energy[c] � Relative energy
�Eo


0 �Ho
298 �Go


298


1a� 1a � 952.38378 0.0 0.0 0.0
1aTS � 952.34309 3.23 106.8 108.9 144.2
9b�CH2�CH2 � 952.36368 52.8 55.4 53.8
1S2� 2CH2�CH2 � 952.33349[d] 132.0 139.2 95.0


9b � 873.94804 5.29 0.0 0.0 0.0
9bTS � 873.90216 3.39 70.2 72.3 68.4
1S2�CH2�CH2 � 873.89872[d] 79.3 84.6 42.1


9b� 9b � 1747.85782 0.0 0.0 0.0
10TS � 1747.78973 3.25 178.8 182.0 217.4
10[c]� 1a � 1747.86810 � 27.0 � 22.6 � 44.0


11 � 1271.64614 6.14 0.0 0.0 0.0
11aTS � 1271.62648 7.17 51.6 52.8 49.5
1S3�CH2�CH2 � 1271.68746 � 108.5 � 104.5 � 154.0


9b� 9b � 1747.85782 0.0 0.0 0.0
11TS � 1747.83752 2.93 53.3 54.9 95.3
11� 1a � 1747.83803 52.0 51.9 54.8


[a] G3(MP2) level; total energies in hartrees and relative energies in
kJmol�1. [b] MP2/6-31G* values; in Debye. [c] The calculated G3(MP2) Eo


energies of 1S2, 1S3, and 10 are �795.46396, �1193.25269, and
�1271.67621 hartrees, respectively. The Eo energy of 1S2 is 65.0 kJmol�1


higher than that of 3S2. [d] The reported S2 corresponds to the 1��
g state.


Full valence CASPT3/6-311G** calculations predict that the 1��
g state is


just 1.0 kJmol�1 less stable than the 1�g state.
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The formation of 9b from 1a according to Equation (3) is
endothermic by 55 kJmol�1 (9b).


21a� 9b�C2H4 (3)


The unimolecular decomposition of 9b with production of
elemental sulfur should observe the rule of spin conservation
to avoid additional activation barriers. Consequently, a
decomposition reaction according to Equation (4) should be
discussed.


9b� 1S2�C2H4 �Ho
298 � 84 kJmol�1 (4)


As can be seen, the formation of 1S2 from 1a via
reactions (3) and (4) requires only 139 kJmol�1, much less
than the ring opening of 1a. Thus, it seems that the sulfur atom
transfer mechanism is more favorable thermodynamically
than the radical chain mechanism, although such a bimolec-
ular mechanism would result in a rate law of second order in
contrast to the reported first order of the gas-phase reaction at
higher pressures. It should be kept in mind however that at
low pressures the thiirane decomposition becomes a higher
order process.[2] We have investigated the PES for reaction (3)
with no symmetry constraints to locate the transition state
(1aTS) and to find out whether there is an activation barrier
in the formation of 9b. In addition, we have identified the
transition state 9bTS for the decomposition of thiirane
1-sulfide according to Equation (4). The transition state 1aTS
is of Cs symmetry and characterized by an almost linear
arrangement between the two sulfur atoms and the center of
the C�C bond of one of the episulfide molecules (Figure 4).
The C�C bond of the leaving C2H4 unit is much shorter
(1.361 ä) than the C�C bond of the other C2H4 group
(1.477 ä) which is to become part of the epidisulfide
molecule. Simultaneously, the two breaking C�S bonds are
much longer (2.395 ä) than the remaining ones (1.818 ä).
The S�S bond length (2.307 ä) is still much longer than in the


Figure 4. Calculated structures of the transition states 1aTS (sulfur atom
transfer from one thiirane molecule to another) and 9bTS (elimination of
1S2 from thiirane 1-sulfide) and of the thiirane 1-persulfide 10 (bond lengths
in ä, angles in �).


thiirane 1-sulfide to be formed (1.985 ä). The unique config-
uration of 1aTS results in a rather high negative activation
entropy of �S#


298 ��188 Jmol�1K�1.
The transition state 9bTS is also of Cs symmetry and quite


similar to the thiirane 1-sulfide structure, although the C�S
bonds have increased in length from 1.829 ä to 2.417 ä, while
the S�S bond length slightly decreased from 1.985 ä to
1.933 ä (Figure 4). Consequently, the activation entropy is
rather small (�S#


298 � 13 Jmol�1K�1).
The spin-allowed unimolecular decomposition of 9bTS


initially yields a van der Waals complex of 1S2 and C2H4 with a
C ¥¥¥ S distance of 3.087 ä. This complex is 2 kJmol�1 more
stable than 9bTS (��Go


298 � 28 kJmol�1) and finally disso-
ciates endothermically to 1S2 and C2H4 (�Ho


298 � 12 kJmol�1).
In contrast to the positive reaction enthalpy, the Gibbs free
energy of this reaction is negative (�Go


298 ��26 kJmol�1). In
Figure 5, a schematic energy level diagram (�Go


298� for the
thiirane decomposition according to reactions (3) and (4) is
given.


Figure 5. Energy level diagram for the decomposition of thiirane 1a via
the thiirane 1-sulfide 9b into two molecules of ethene and singlet disulfur
(which initially form a van der Waals adduct C2H4 ¥¥ ¥ 1S2 before
they separate).


As can be seen from Figure 5, the overall Gibbs energy
required for the sequence of reactions (3) and (4) is
95 kJmol�1 of 1S2 or 48 kJmol�1 of 1a. The rate-determining
step will be the bimolecular formation of the epidisulfide 9b ;
this reaction results in a second-order rate law. The Gibbs
activation energy for this process is 109 kJmol�1 of S2. In this
context, it is interesting to compare the decomposition of 9b
with the products of the thermolysis of thiirane 1-oxide which
theoretically should be ethene and sulfur monoxide in its
excited 1� singlet state (1SO). However, it has repeatedly
been observed spectroscopically that the SO molecule is
formed in its 3� triplet ground state.[32c±e] If such a spin-
crossover reaction should also take place in the unimolecular
decomposition of 9b, we end up with triplet disulfur and
ethene directly. In this case, the reaction would be endother-
mic by only �Ho


298 ��19 kJmol�1 (�Go
298 ��24 kJmol�1).


The activation enthalpy would of course be lower than in the
spin-allowed case (�70 kJmol�1).
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It is evident now that the decomposition of 1a via thiirane
1-sulfide 9b is much more favorable thermodynamically than
the ring-opening reaction discussed above. However, the
disulfide 9b may also undergo bimolecular decomposition
reactions; these will be discussed in the next section.


Thiirane trisulfides : The decomposition reaction (5) is
shown below.


1a�C2H4� 1/2 3S2 (5)


The reaction was calculated to be endothermic by
37 kJmol�1, in excellent agreement with the experimental
value of 35 kJmol�1 obtained from the enthalpies of forma-
tion of the reactants.[10] From published enthalpies of for-
mation, it follows that the overall decomposition reaction (6)
is endothermic by 13 kJmol�1 in the gas phase.


1a�C2H4� 1/8 S8 (6)


But it is endothermic by only 1 kJmol�1 if all reactants are
in their standard states at 298 K and 1.013 bar (liquid episulfide,


gaseous ethene, and solid �-S8).
The formation of homocycles


like S8 from 9b may theoret-
ically occur either by oligomer-
ization of S2 or by further
growth of the sulfur chain with
formation of a thiirane 1-per-
sulfide 10.
The formation of 10 from 9b


and 1a with elimination of
C2H4 according to Equation (7) requires a reaction enthalpy
of �Ho


298 � 33 kJmol�1 (�Go
298 � 10 kJmol�1).


9b� 1a� 10�C2H4 (7)


From these data, it follows that the generation of 10 from
three molecules of 1a is endothermic by �Ho


298 � 88 kJmol�1;
thermodynamic data of 10 are listed in Table 3. Reaction (7) is
not very likely since it represents an autocatalytic process: the
first intermediate 9b reacts with the starting material 1a, and
this results in an accelerated consumption of 1a. Such
behavior during the desulfurization reaction has never been
observed.
Alternatively, 10 could be formed from two molecules of


9b [Eq. (8)].


29b� 10� 1a (8)


This reaction is even exothermic by �Ho
298 ��23 kJmol�1


and �Go
298 ��44 kJmol�1. The transition state 10TS of this


reaction has been located; its structure is shown in Figure 6.
The activation enthalpies of reaction (8) are �H#


298 �
182 kJmol�1 and �G#


298 � 217 kJmol�1. A reaction pathway
of this type might explain a reaction order lower than two of
the gas-phase decomposition of thiirane, since after starting
from four molecules of 1a in reaction (3) to make two
molecules of 9b in reaction (4) one molecule of 1a is


Figure 6. Calculated structures of the thiirane 1,1-disulfide 11 and of the
transition states 10TS, 11TS, and 11aTS (bond lengths in ä, angles in �).


recovered in reaction (8). But the relatively high barrier
makes this reaction unlikely at moderate temperatures.
The thiirane 1-persulfide 10 has no analogue in any existing


compound but it corresponds to a minimum on the PES. Its
hypothetical analogue is the persulfoxide R2SOO, which has
been claimed as an intermediate in the reaction of organic
sulfides R2S with singlet dioxygen (1O2).[34] The structure of 10
is of Cs symmetry (see Figure 4) and is characterized by one
rather long S�S bond of 2.728 ä, while the terminal S�S bond
(1.926 ä) is almost as short as the bond in the free S2 molecule
(3S2: 1.892 ä; 1S2: 1.898 ä). Thus, one may interpret the
geometry of 10 as an adduct between thiirane 1a and 1S2. For
comparison, the van der Waals contact distance between two
sulfur atoms is 3.5 ä.[19c]


One of the possible decomposition products of 10, the
ozone-analogue S3, is a singlet molecule of C2v symmetry.[35]


Its formation from 10 by reaction (9) is exothermic, while the
dissociation of 10 into thiirane and singlet disulfur by
reaction (10) to observe the law of spin conservation is
endothermic.


10� S3�C2H4 �Ho
298 ��30 kJmol�1 (9)


10� 1S2� 1a �Ho
298 � 51 kJmol�1 (10)


S
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Thus, a reaction of 9b with 1a to give S3 directly together
with two equivalents of ethene is endothermic by only
2 kJmol�1. However, this reaction is unlikely to occur since
it would again result in autocatalysis, which has never been
observed for any episulfide decomposition. The formation of
S3 from 1a by Equations (3), (8), and (9) requires only
�Ho


298 � 58 kJmol�1 or �Go
298 � 8 kJmol�1. If S3 is formed, it


will probably oligomerize to S6 and larger rings.
The direct formation of S3 from thiirane 1-sulfide as shown


in Equation (11) is fairly strongly exothermic (�Ho
298 �


�53 kJmol�1, �Go
298 ��99 kJmol�1).


29b� S3� 1a�C2H4 (11)


This reaction could also proceed via an intermediate of
type 11, which may be termed as thiirane 1,1-disulfide
(symmetry C2v).


S


S S


11


This species is formed by the transfer of a sulfur atom from
one molecule of 9b to another (reaction (12)).


29b� 11TS� 11� 1a (12)


This overall reaction is endothermic by �Ho
298 � 52 kJmol�1


and �Go
298 � 55 kJmol�1. The activation parameters for 11TS


were calculated as �H#
298 � 55 kJmol�1 and �G#


298 �
95 kJmol�1. Remarkably, thiirane disulfide 11 is 79 kJmol�1


less stable than the isomer 10 (�Go
298 � 97 kJmol�1). The


structures of 11 and of the transition state 11TS of reac-
tion (12) are shown in Figure 6.
The structure of 11 is analogous to the structure of the well-


known thiirane 1,1-dioxide C2H4SO2 (ethylene episulfone).[36a]


The two S�S bonds are remarkably short (1.947 ä) which
justifies the notation S�S. As expected, the decomposition of
11 according to Equation (13) is strongly exothermic
(�Ho


298 ��105 kJmol�1, �Go
298 ��154 kJmol�1).


11� S3�C2H4 (13)


The extrusion of S3 from 11 should be as easy a reaction as
the facile decomposition of thiirane 1,1-dioxide into SO2 and
ethene which requires an activation energy of 136 kJmol�1 at
a temperature of 348 K (calculated at the MP4SDTQ(fc)/
6-31G*//MP2(fc)/6-31G* level of theory).[36b] We have located
the transition state 11aTS for reaction (13); its structure is
shown in Figure 6. The barriers are rather small : �H#


298 �
53 kJmol�1 and �G#


298 � 50 kJmol�1. All these results show
that S3 is likely to be formed by reactions (12) and (13), since
compared with reactions (5) and (8) the bimolecular decom-
position of 9b by reactions (12) and (13) is thermodynami-
cally much more favorable (see Figure 7).


A compound of composition
C2H4S3 could also have the struc-
ture of a spiro-trisulfide 12 with C2v


symmetry. Attempts to optimize
the geometry of this structure at
the HF/6-31G* level resulted in
dissociation into thiirane and sin-
glet disulfur. A similar decomposi-
tion occurred when we tried to
optimize the structure of two isomers of C2H4S4 with a
chainlike arrangement of the four sulfur atoms and the ethene


Figure 7. Energy level diagram for the various bimolecular decomposition
reactions of thiirane 1-sulfide 9b.


unit attached to either the first or the second sulfur atom
(derivatives of 10 or 11, respectively). These structures
dissociated spontaneously into 9b and S2 (HF/6-31G*).


Formation of tetrasulfur S4 : Theoretically, the disulfide 9b
may also undergo a bimolecular decomposition reaction, for
example, according to Equation (14).


29b� 2C2H4� S4 (14)


At higher concentrations of the thiirane the intermedi-
ate 9b will also be present at a higher concentration, and
bimolecular reactions may now be faster than the unimolec-
ular decomposition (4). Reaction (14) is exothermic by
�80 kJmol�1 (�Go


298 ��127 kJmol�1) at the G3(MP2)//
QCISD/6-31G* level. Despite numerous attempts, we were
not successful in locating a transition state for reaction (14),
which may proceed in two steps. Hence, the activation energy
remains unknown, but given the strong exothermic nature of
this reaction we expect �G#


298 to be quite small.


Reaction order : The bimolecular starting reaction (3) ex-
plains the second-order rate laws observed for the thermal
decomposition reactions of certain thiirane derivatives in
solution at higher concentrations as well as the decomposition
of gaseous thiirane at pressures below 15 kPa. It should be
pointed out however that our calculated activation enthalpies
cannot be compared with the experimental values since the
solution experiments apply to substituted episulfides, and the
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solvation effects need to be taken into account; the gas-phase
Ea value for the decomposition of 1a is evidently in error,
since the reported first-order rate law[2] is unlikely according
to our results.
The bimolecular decomposition of difluorothiirane 2a is


expected to proceed in a similar fashion to the decomposition
of 1a described in Equations (3) and (4). However, the
activation parameters will possibly be slightly higher than
those of 1a, since the positive charge on the sulfur atom of 2a
is slightly higher than in the case of 1a, and the charge results
in a somewhat stronger repulsion of the sulfur atoms in the
corresponding transition state 2aTS compared with 1aTS.
Thus, 2a is not expected to be less stable than 1a.
Finally, we would like to address the question whether


disulfur reacts with thiirane to give ethene and trisulfur (S3),
which then could oligomerize. Such a reaction would also
result in an autocatalytic process and therefore can be
excluded. Furthermore, we found that the decomposition of
singlet 9c to C2H4 and 1S2 is endothermic by 134 kJmol�1, and
thus the reaction excludes the species 9c as a potential
intermediate.


Vibrational spectra : Some of the reaction intermediates
discussed above are separated from their decomposition
products by substantial energy barriers which makes it likely
that one day they might be observed in low-temperature
experiments. Others might be produced by photolysis of
suitable precursors. The most likely detection technique for
these species will be infrared spectroscopy. Therefore, we
have listed the wavenumbers and absolute IR intensities of
the harmonic fundamental vibrations of the species 1a, 9a ± c,
and 10 in Table 4. This table also contains the wavenumbers of
thiirane observed in either the infrared spectrum of the
gaseous compound or the Raman spectrum of liquid 1a.[38]


The agreement with our calculated data (wavenumbers and
intensities, the latter not shown) is excellent supporting the
theoretical level used for these calculations (MP2/6-31G*).
The assignment of the experimental data is based on infrared
band shapes and Raman polarization data as well as on
normal-coordinate analyses and ab initio SCF calcula-
tions at the HF/6-31G* level of thiirane, [D2]thiirane, and
[D4]thiirane.[38]


Conclusion


We have shown that there exist two principally different
mechanisms for the thermal desulfurization of thiirane to give
ethene and elemental sulfur. The first type starts with a
homolytic ring-opening reaction resulting in a diradical, which
then attacks other thiirane molecules with eventual formation
of S2 in its triplet ground state together with ethene. The ring
opening is the rate-determining step with a Gibbs activation
enthalpy of 212 kJmol�1, which is much higher than all
experimental values. Therefore, the second type of mecha-
nism is more likely which begins with the transfer of a sulfur
atom from one thiirane molecule to another with formation of
a thiirane 1-sulfide molecule C2H4S2 without ring opening.
This species is of Cs symmetry and has a structure analogous


to that of thiirane 1-oxide C2H4SO (ethylene episulfoxide).
The thiirane 1-sulfide is proposed to either dissociate uni-
molecularly into ethene and disulfur in its excited singlet state
(1S2) or, by means of a spin crossover, to triplet S2 molecules
(3S2). At higher concentrations, the thiirane 1-sulfide may also
decompose in bimolecular exothermic reactions to give
ethene and either trisulfur S3 or tetrasulfur S4. The latter
mechanism explains the reaction kinetics for the thermal
decomposition of a number of substituted thiiranes in solution
which at certain concentrations follow a second-order rate law
with relatively low activation energies. The rate-determining
step is the intermolecular sulfur atom transfer, for which the
Gibbs activation energy has been calculated as 109 kJmol�1.
The observed elemental sulfur (homocycles S6 and S8) then
results from the oligomerization of S2, S3, and S4 as well as
from interconversion reactions.[39] The observation that some
episulfides, under certain conditions, decompose by first-
order kinetics with relatively low activation energies (com-
pared with the ring-opening enthalpy) can probably be
rationalized by consecutive reactions of the thiirane 1-sulfide
intermediate with re-formation of some starting material.
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Table 4. Calculated harmonic vibrational wavenumbers [cm�1] and infra-
red intensities [kmmol�1] of the species 1a (C2v), 9a (Cs), 9b (Cs), 9c (C2),
and 10 (Cs)[a] and experimental wavenumbers of 1a taken from the infrared
and Raman spectra.[38]


1a (calcd) 1a (exptl)[b] 9a 9b 9c 10


3121 (3) 3088 (B1) 3057 (4) 3124 (4) 3034 (9) 3108 (1)
3110 (0) (3104) (A2) 3034 (13) 3114 (1) 3021 (2) 3098 (0)
3027 (8) 3014 (A1) 2954 (5) 3019 (2) 2960 (28) 2983 (5)
3025 (7) 3013 (B2) 2900 (5) 3017 (0) 2958 (13) 2983 (1)
1473 (5) 1457 (A1) 1442 (3) 1440 (1) 1460 (1) 1453 (7)
1446 (0) 1436 (B2) 1431 (15) 1412 (8) 1444 (3) 1428 (9)
1162 (0) (1159) (A2) 1383 (23) 1170 (0) 1264 (6) 1164 (0)
1128 (2) 1110 (A1) 1310 (5) 1103 (12) 1241 (12) 1135 (8)
1061 (38) 1051 (B2) 1098 (3) 1042 (14) 1164 (1) 1077 (32)
1037 (1) 1024 (A1) 1025 (22) 1031 (11) 1068 (4) 1050 (6)
949 (6) 945 (B1) 995 (0) 937 (18) 971 (0) 951 (6)
897 (0) 896 (A2) 814 (61) 871 (0) 939 (0) 915 (1)
818 (0) 824 (B1) 629 (44) 785 (2) 852 (3) 796 (2)
676 (1) (631) (B2) 626 (52) 599 (8) 707 (5) 672 (0)
644 (20) 627 (A2) 454 (2) 597 (14) 667 (0) 650 (19)


296 (1) 513 (41) 469 (0) 639 (9)
172 (2) 242 (0) 437 (1) 191 (0)
109 (1) 216 (3) 216 (1) 176 (0)


162 (42)
128 (8)
20 (1)


[a] MP2/6-31G* values; wavenumbers were scaled by 0.9427;[37] intensity
values are given in parenthesis. [b] Some vibrations do not show up
in either the infrared or Raman spectrum. Therefore, the wavenumbers
in parentheses were taken from the normal-coordinate analysis of
Allen et al.[38]
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Total Synthesis of Calditol: Structural Clarification of this Typical
Component of Archaea Order Sulfolobales**


Yves Ble¬riot, Edouard Untersteller, BenoÓt Fritz, and Pierre Sinay»*[a]


Abstract: The original structure of calditol–that is, an open-chain branched
nonitol–has recently been questioned by various research groups and cyclo-
pentane-based structures have been proposed. To unambiguously clear up this
confusion, four isomeric cyclopentane candidates 26 ± 29 have been synthesized. Of
these, compound 27 was found to be fully identical to the natural product present in
Sulfolobus solfataricus (A.T.C.C. 49155). The synthesis of 27 uses a samarium-
diiodide-induced pinacolization reaction of the ketoaldehyde 15 as the critical step.


Keywords: archaea ¥ calditol ¥
structure elucidation ¥ sulfolobales
¥ total synthesis


Introduction


In addition to prokaryotes and eukaryotes, archae have been
introduced, on the basis of 16S ribosomal RNA sequence
analyses,[1] as the third group of living organisms. Sulfolobus is
a genus of sulfur-oxidizing archae characterized by aerobic
growth at high temperatures and low pH in the presence of
elemental sulfur.[2] Organisms of this genus are usually found
in sulfur-containing habitats such as acidic hot springs and
mud holes. The known species of Sulfolobus include Sulfolo-
bus acidocaldarius, originally discovered in Yellowstone Na-
tional Park (USA) and Sulfolobus solfataricus, originally
discovered in Pisciarelli (Italy), and these have been widely
used in research. Brock et al. suggested that Sulfolobus may
be important geochemical agents in the production of sulfuric
acid from elemental sulfur in high-temperature hydrothermal
systems.[2a] The membranes of extreme thermoacidophiles are
based on two major types of complex macrocyclic tetraethers
in which two polyols are linked together through two
isoprenoid chains.[3] In one type, the hydrophilic portions
are two glycerol units in which the ether bonds are located at
the sn-2 and sn-3 positions of glycerol.[4] The diglycerol


tetraether structure 1 has been termed diglycerocaldarch-
aeol[5] or GDGT (glycerodialkylglycerol tetraether).[6]


The second type is based on
glycerol on one hand and on a
polyol on the other, for which
the trivial name calditol has
been coined.[7] It may thus be
termed calditoglycerocaldarch-
aeol according to Nishihara et al. ,[5] or glycerodialkyl calditol
tetraether (GDCT). The history of this polyol is very
interesting.


The early history of calditol–Langworthy and De Rosa : In
1974, Langworthy et al.[8] studied the structure of various
lipids extracted from Sulfolobus acidocaldarius (Strain 98-3),
an archae originally isolated by Brock et al.[2] from Locomo-
tive Spring in Yellowstone National Park. One component,
identified as a glycolipid B, after acidic methanolysis to
remove the glucose unit gave a product which was identified
as the polyol dialkyl glycerol triether 2 (Scheme 1). Although


Scheme 1. Isolation of a polyol dialkyl glycerol triether 2 by Langworthy.


the structure of this new polyol was not determined at that
time, they suggested that it might be cyclic, and demonstrated
that it was connected through an ether linkage to glycerol.
At about the same time, the Italian group of De Rosa


studied the structure of the second lipid type from Caldariella
acidophila (Strain MT-4), isolated from an acid hot spring in
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Agnano, Naples.[9] This archaeon should now be renamed[2c]


Sulfolobus solfataricus (A.T.C.C. 49155). In complete contrast
to Langworthy, they proposed that calditol was a unique
acyclic branched-chain nonitol 3 containing no ether bond,
and the structure of the corresponding calditol glycerol
tetraether 4 was proposed by the Italian group. The stereo-
chemistry of the calditol was not determined.


An improved purification of this so-called glycerol dialkyl
nonitol tetraether (GDNT) has subsequently been report-
ed.[10]


Structural and chemical investigations–doubts about the
correctness of the original structure of calditol : In 1990,
Jeganathan and Vogel reported the first synthesis of two
defined stereoisomers of De Rosa×s nonitol.[11] The 1H NMR
spectra of the corresponding peracetates were both different
from the one reported by De Rosa et al. for the natural
calditol peracetate. They concluded at this stage that the
natural product was another stereoisomer. In 1995, we
reported the chemical synthesis of another defined peracety-
lated isomer.[12] Comparison of the 13C NMR skeletal
chemical shifts of this synthetic compound with those given
by De Rosa for the nonacetate of calditol revealed odd
discrepancies. From a critical analysis of De Rosa×s structural
work, we detected various significant anomalies, so that we
seriously questioned the correctness of the original structure
assigned to this natural product by the Italian group.[12]


In addition to these synthetic efforts, two independent
structural investigations of calditol also invalidated the
original open-chain structure. SugaÔ et al.,[13] in accordance
with Langworthy×s prediction and on the basis of NMR
analysis, proposed the new structure 5 for calditol, which
could be isolated in pure form from type two lipids of
Sulfolobus acidocaldarius (A.T.C.C. 33909). Arigoni×s group
independently reinvestigated the structure of the calditol


tetraether lipids from Sulfolobus solfataricus and also detect-
ed several significant differences in comparison with the
spectral data reported by De Rosa et al.[14] The interpretation
of NMR data of their own lipid sample led to the proposed
new structure 6 for calditol. In both structures 5 and 6, a cyclic
polyol is connected to sn-1 glycerol by an ether linkage. These
structures only differ in the configuration at a single stereo-
center.


Results and Discussion


To clarify this rather confusing situation, we launched a
programme of chemical synthesis of various stereoisomers. A
key derivative in this piece of work was the protected �-
glucopyranose derived diol 14. In this compound, the hexitol
derivative is connected through an ether linkage to the sn-1
position of di-O-benzylated glycerol. The strategy was then to
convert the diol into a substituted cyclopentane ring by
pinacolization. The synthesis of the key diol 14 is given in
Scheme 2. To alkylate the sn-1 position of glycerol, we first
transformed the sn-3-O-benzyl glycerol (7)[15] into the cyclic
sulfate 9, via the cyclic sulfite 8. Sharpless demonstrated that
cyclic sulfates are easily opened by nucleophilic attack at the
less hindered position.[16] Indeed, phenyl 2,3,6-tri-O-benzyl-1-
thio-�-��glucopyranose (10)[17] was efficiently alkylated[18]


with cyclic sulfate 9 to give, after acidic hydrolytic removal
of the transient sulfate, the secondary alcohol 11. Benzylation
of this product gave compound 12, which was converted into
the hemiacetal 13 using N-bromosuccinimide in moist ace-
tone, and then into the target intermediate 14 (in 84% yield
from 12) after reduction with lithium aluminum hydride. This
synthetic pathway is of general interest for the efficient
anchoring of a glyceryl appendage onto a secondary alcohol.
As shown in Scheme 3, the glucitol derivative 14 was
submitted to Swern oxidation[19] to afford the unstable
ketoaldehyde 15 which was not isolated. Immediate sama-
rium-diiodide-promoted pinacolization gave an inseparable
mixture of two cis diols, 16 and 17, in a 3:1 ratio (78% yield).
A similar pinacolization reaction has recently been report-
ed.[20]


We then moved on to the problem of the inversion of
configuration at C-1 of 16 and 17. Our first approach consisted
of the transformation of the cis diols into the corresponding
separable cyclic sulfates and their subsequent opening with a
nucleophile by an SN2 mechanism. Several nucleophiles such
as lithium acetate, cesium acetate, ammonium benzoate, and
sodium azide were tried in various solvents (DMF, HMPT,
acetonitrile), but only elimination products and/or starting
material were detected and no opening of the sulfate was
observed.


Abstract in French: La structure d×origine du calditol–‡
savoir un nonitol branchÿ en chain droite–a ÿtÿ sÿrieusement
remise en question rÿcemment par plusieurs groupes de
recherche, et des structures cyclopentaniques ont ÿtÿ proposÿes.
Afin de totalement clarifier cette situation pluto√t confuse,
quatre candidats isomõres structuraux cyclopentaniques 26 ±
29 ont ÿtÿ synthÿtisÿs. Seul l×un d×eux, le composÿ 27, est
totalement identique au produit naturel prÿsent chez Sulfolo-
bus solfataricus (A.T.C.C. 49155). La synthõse de 27met en jeu
dans l×ÿtape critique une rÿaction de pinacolisation du cÿtoal-
dÿhyde 15, initiÿe par le diiodure de samarium.
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Scheme 3. Synthesis of cis diols 16 and 17 by pinacol coupling. i) oxalyl
chloride, DMSO, Et3N, CH2Cl2,� 65 �C; ii) SmI2, tBuOH, THF, �40 �C.


A strategy consisting of the oxidation of the alcohol at C-1,
followed by the reduction of the resulting ketone to the
inverted alcohol was then examined. For this purpose, the
mixture of cis diols 16 and 17 were conveniently separated as
their carbonates 18 and 19 (Scheme 4), which were then


Scheme 4. Protection of the cis diols 16 and 17 as carbonates 18 and 19 and
acetonides 20 and 21. i) 1,1�-carbonyl diimidazole, CH2Cl2; ii) K2CO3,
CH3OH; iii) 2,2 dimethoxypropane, acetone, CSA.


deprotected with potassium
carbonate in 87 ± 92% yield to
afford the pure cis diols 16 and
17, respectively. The structures
of the two cyclopentane rings
were unambiguously establish-
ed at this stage by recording
NOESY spectra of the corre-
sponding acetonides 20 and 21
(Figure 1, Table 1). The dis-
criminating nuclear Overhauser
effects observed were as fol-
lows: 1) irradiation of H-6 of
acetonide 20 gave an NOE with
H-1 and H-4 indicating that H-1
and H-4 are on the same (top)
face of the cyclopentane ring,
and 2) irradiation of one of the
methyl groups of the acetonide


21 gave an NOE with H-4 and H-2 indicating that H-4, H-2
and the hydroxyl groups of the corresponding diol 17 are all
on the same (top) face of the cyclopentane ring. Thus
compound 16 has the diol moiety located under the cyclo-
pentane ring, whereas compound 17 has the diol unit pointing
above the cyclopentane ring.


Figure 1. Nuclear Overhauser effects observed for acetonides 20 and 21.
Benzyl groups (R) are not shown for clarity.


The oxidation of the cis diols 16 and 17 was problematic.
Swern oxidation[19] gave a mixture of elimination products,
whereas the Dess ±Martin periodinane[21] cleaved the C�C
bond formed during the pinacol coupling to afford the glucitol
derivative 14 after sodium borohydride reduction. Bromine
oxidation of the diol-derived stannylenes, followed by sodium
borohydride reduction, also gave poor results. Finally, and as
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Scheme 2. Synthesis of glucitol derivative 14. i) SOCl2, Et3N, CH2Cl2; ii) NaIO4, RuCl3, 0 �C, CH2Cl2; iii) a)
nBuLi, THF, HMPA; b) 2� H2SO4; iv) BnBr, NaH, THF; v) NBS, dark, acetone/H2O; vi) LiAlH4, THF.


Table 1. Nuclear Overhauser effects observed for acetonides 20 and 21.


Irradiated proton[a] NOE observed
Acetonide 20 Acetonide 21


CH3 (isopropylidene) H-1, H-6 H-4 (weak), H-6, benzyl
CH3 (isopropylidene) H-3 H-2 (weak), H-4
H-1 H-2 H-4, H-6
H-2 H-1, benzyl benzyl
H-3 H-2, H-4, CH3 H-4, H-6
H-4 H-1, H-3 (weak) ±
H-6, H-6� H-1, H-4, benzyl H-4, CH3


[a] Key NOEs are indicated in bold.
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observed by Adinolfi et al. in a similar case,[22] oxidation was
achieved in a satisfying yield using sodium hypochlorite/
2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) methodol-
ogy.[23] Subsequent sodium borohydride reduction of the
resulting ketones 22 and 23, probably directed by the tertiary
alcohol, selectively afforded the expected trans diols 24
(Scheme 5) and 25 (Scheme 6). Traces of cis diols were easily
separated after conversion into their corresponding aceto-
nides 20 and 21, respectively. Catalytic hydrogenolysis of the
trans diols 24 and 25 afforded the corresponding heptitols,
which were directly peracetylated to give compounds 26 and
27, respectively. The same sequence was applied to the cis
diols 16 and 17 to afford the peracetylated compounds 28 and
29, respectively (Scheme 5 and 6). Comparison of the 1H and
13C NMR spectra of the peracetates 26 ± 29 with an authentic
sample of peracetylated calditol, kindly provided to us by A.
SugaÔ, showed that the peracetylated natural product and
compound 27 were identical. Furthermore, the optical rota-
tions of both synthetic 27 and natural calditol heptacetate
were very close (natural sample: [�]D��14.6 (c� 1.56 in
CHCl3), synthetic compound 27: [�]D��14 (c� 0.27 in
CHCl3)).


Conclusion


This synthetic work unambiguously demonstrates for the first
time that the structure of calditol (including its absolute
configuration) isolated from the archaeon Sulfolobus acid-


ocaldarius (A.T.C.C. 33909) by
SugaÔ et al.[13] is that shown in
Figure 2.
The depicted relative stereo-


structure is indeed that previ-
ously proposed by Gr‰ther and
Arigoni, working on a sample
isolated from Sulfolobus solfataricus (A.T.C.C. 49155), the
same archaeon that had been extensively studied by De Rosa
et al. and initially named Caldariella acidophila. Although no
sample of peracetylated calditol has been available to us from
De Rosa or Arigoni for direct comparison, we consider it
highly probable that the calditol present in various archaea
has the same structure. This work also firmly establishes that
the cyclic part of calditol is connected through an ether
linkage to the sn-1 carbon atom of glycerol. It is worth noting
that kerufarrides[24] and crasserides,[25] which are natural
products of marine origin, contain a cyclopentane-pentol
moiety that is also connected through an ether linkage,
probably to sn-1 position of glycerol.


Experimental Section


Cyclic sulfite 8 : Diol 7 (9.0 g, 49.4 mmol) and Et3N (27.7 mL, 198 mmol)
were dissolved in anhydrous CH2Cl2 (100 mL), and the solution was cooled
to 0 �C. A solution of freshly distilled SOCl2 (5.4 mL, 74.1 mmol) in
anhydrous CH2Cl2 (50 mL) was added dropwise under argon. The reaction
mixture was then stirred at RT for 1 h, diluted with cold Et2O (100 mL),
and washed with cold water (2� 100 mL) and brine (100 mL). The organic


phase was dried over MgSO4 and
filtered, and the solvent was removed
in vacuo. Purification by column chro-
matography (EtOAc/cyclohexane 1:6
then 1:4) afforded cyclic sulphite 8
(8.0 g, 78%). This compound was
immediately used in the next step.


Cyclic sulfate 9 : H2O (120 mL), Ru-
Cl3 ¥ 3H2O (1 mg), and then NaIO4


(15 g, 70 mmol) were added to a
solution of 8 (8.0 g, 38.5 mmol) in
CH3CN (80 mL) and CH2Cl2 (80 mL)
at 0 �C. The reaction mixture was
stirred at 0 �C for 45 min, diluted with
diethyl ether (150 mL), and the aque-
ous phase was extracted with Et2O
(2� 100 mL). Organic extracts were
combined, washed with 5% aq Na2-
S2O3 solution (2� 100 mL), and dried
over MgSO4. The solvent was re-
moved under reduced pressure to
afford 9 (8.42 g, 89%) as a brown oil.
MS (CI, NH3): m/z (%): 245 (15)
[M�H]� , 262 (100) [M�NH4]� ; ele-
mental analysis calcd (%) for
C10H12O5S (244.3): C 49.17, H: 4.95;
found: C 49.54, H 4.82.


Alcohol 11: Compound 10 (15 g,
27.7 mmol) and 2,2�-bisquinoline
(20 mg) were dissolved in anhydrous
THF (150 mL). The solution was
cooled to �40 �C, and nBuLi
(17.4 mL, 10.9 mmol, 1.6� in hexane)
was added dropwise until the solution
became orange. Hexamethyl phos-
phoramide (HMPA; 30 mL) was
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Figure 2. Structure of calditol.
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added dropwise under stirring followed by a solution of cyclic sulfate 9
(6.7 g, 27.7 mmol) in anhydrous THF (10 mL). The reaction mixture was
allowed to warm to RTand acidified to pH 1 with H2SO4 (2�). The reaction
mixture was then heated at reflux for 3 h, cooled to RT, neutralized with
solid NaHCO3, filtered, diluted with Et2O (200 mL), and washed with
water (200 mL). The aqueous layer was extracted with Et2O (2� 200 mL).
Organic extracts were combined and dried over MgSO4, and the solvent
removed under reduced pressure. Purification by column chromatography
(EtOAc/cyclohexane 1:4 then 1:2) afforded alcohol 11 (17 g, 87%) as a
white solid. M.p. 60 ± 61 �C; [�]22D ��3.8 (c� 0.51 in CHCl3); 1H NMR
(CDCl3, 400 MHz): �� 7.64 ± 7.30 (m, 25H; 5Ph), 4.97 (d, J� 10.7 Hz, 2H;
2CHPh), 4.91 (d, J� 10.7 Hz, 1H; CHPh), 4.78 (d, J� 10.2 Hz, 1H;
CHPh), 4.72 (d, J� 9.7 Hz, 1H; H-1), 4.69 (d, J� 12.0 Hz, 1H; CHPh), 4.63
(d, J� 12.0 Hz, 1H; CHPh), 4.57 (s, 2H; CH2Ph), 3.94 (m, 1H; H-8), 3.90 ±
3.82 (m, 3H; H-6, H-6�, H-7), 3.78 (dd, J� 3.8 Hz, 10.2 Hz, 1H; H-7�), 3.72
(app t, J� 8.9 Hz, 1H; H-3), 4.02 (app t, J� 9.3 Hz, 1H; H-4), 3.57 (app t,
J� 9.5 Hz, 1H; H-2), 3.51 (m, 1H; H-5), 3.49 (appd, J� 5.3 Hz, 2H; H-9,
H-9�), 3.05 (d, J� 4.3 Hz, 1H; OH); 13C NMR (CDCl3, 100 MHz): ��
137.99, 137.89, 137.84, 137.83, 133.58 (5Cipso), 131.86 ± 127.41 (5Ph), 87.32
(CH-1), 86.14 (CH-3), 80.69 (CH-2), 78.92 (CH-5), 78.37 (CH-4), 75.67
(CH2Ph), 75.26 (CH2Ph), 74.21 (CH2Ph), 73.36 (CH2Ph), 73.29 (CH2Ph),
70.92 (CH2-9), 69.93 (CH-8), 68.84 (CH2-6); MS (CI, NH3): m/z (%): 724
(100) [M�NH4]� ; elemental analysis calcd (%) for C43H46O7S (706): C
73.06, H 6.56; found: C 73.05, H 6.65.


Thiophenyl derivative 12 : A solution of alcohol 11 (9 g, 12.7 mmol) in
anhydrous THF (80 mL) was added dropwise to a cooled suspension of
BnBr (1.8 mL, 15.1 mmol) and NaH (624 mg, 15.6 mmol, 60% dispersion in
mineral oil) in anhydrous THF (30 mL). The solution was stirred at RT for
3 h, cooled to 0 �C, and quenched with CH3OH (100 mL). The solvent was
removed under reduced pressure, and the residue dissolved in Et2O
(200 mL), and washed with water (3� 200 mL). The organic layer was
dried over MgSO4, and the solvent was removed under reduced pressure.
Purification by column chromatography (EtOAc/cyclohexane 1:8 then 1:7)
afforded 12 (9.43 g, 93%) as a yellow oil. [�]22D ��2.1 (c� 0.93 in CHCl3);
1H NMR (C6D6, 400 MHz): �� 7.82 ± 7.30 (m, 30H; 6Ph), 5.03 (d, J�
10.7 Hz, 1H; CHPh), 4.99 (s, 2H; CH2Ph), 4.81 (d, J� 10.7 Hz, 1H;
CHPh), 4.73 (d, J� 9.1 Hz, 1H; H-1), 4.63 (s, 2H; CH2Ph), 4.56 (d, J�
12.0 Hz, 1H; CHPh), 4.51 (d, J� 12.0 Hz, 1H; CHPh), 4.43 (s, 2H; CH2Ph),
4.16 (dd, J� 5.2, 9.8 Hz, 1H; H-7), 3.91 (dd, J� 4.6, 9.8 Hz, 1H; H-7�),
3.82 ± 3.76 (m, 3H; H-6, H-6�, H-8), 3.70 ± 3.60 (m, 5H; H-2, H-3, H-4, H-9,
H-9�), 3.31 (m, 1H; H-5); 13C NMR (C6D6, 100 MHz): �� 139.95, 139.93,
139.66, 139.55, 139.45, 135.49 (6Cipso), 132.65, 129.61, 129.04 ± 127.90 (6Ph),
88.32 (CH-1), 87.40 (CH-2), 81.69 (CH-4), 79.93 (CH-5), 79.08 (CH-3),
78.57 (CH-8), 75.93 (CH2Ph), 75.90 (CH2Ph), 73.93 (CH2Ph), 73.91
(CH2Ph), 73.37 (CH2-7), 72.69 (CH2Ph), 71.08 (CH2-9), 69.74 (CH2-6);
MS (CI, NH3):m/z (%): 724 (100) [M�NH4]� ; elemental analysis calcd (%)
for C50H52O7S (797.03): C 75.34, H 6.57; found: C 75.31, H 6.60.


Alcohol 13 : Compound 12 (5.9 g, 7.4 mmol) was dissolved in acetone/water
(290 mL, 95% v/v). The reaction mixture was cooled to 0 �C and NBS
(6.6 g, 36.9 mmol, recrystallized from water) was added in one portion in
the dark. After 3 min of vigorous stirring, sat. aq Na2CO3 solution (200 mL)
was added, and a white precipitate formed. The acetone was evaporated,
and the remaining aqueous white suspension was extracted with CH2Cl2/
cyclohexane (2� 200 mL, 50% v/v). Organic extracts were combined and
dried over MgSO4, and the solvent removed under reduced pressure. The
resulting solid was recrystallized from cyclohexane to afford 13 (4.6 g,
89%) as a white solid. Data for the major � anomer: 1H NMR (CDCl3,
400 MHz): �� 7.37 ± 7.30 (m, 25H; 5Ph), 5.23 (app t, J� 3.0 Hz, 1H; H-1),
4.92 (d, J� 10.8 Hz, 1H; CHPh), 4.84 (d, J� 10.8 Hz, 1H; CHPh), 4.79 (d,
J� 11.8 Hz, 1H; CHPh), 4.69 (d, J� 11.8 Hz, 1H; CHPh), 4.63 (d, J�
12.1 Hz, 1H; CHPh), 4.59 (d, J� 12.1 Hz, 1H; CHPh), 4.55 (d, J� 12.2 Hz,
1H; CHPh), 4.51 (s, 2H; CH2Ph), 4.49 (d, J� 12.2 Hz, 1H; CHPh), 4.01 (m,
2H; H-5, H-7), 3.90 (t, J� 9.2 Hz, 1H; H-3), 3.72 ± 3.65 (m, 4H; H-6, H-6�,
H-7�, H-8), 3.56 (dd, J� 3.0 Hz, J� 9.2 Hz, 1H; H-2), 3.54 (m, 2H; H-9,
H-9�), 3.48 (t, J� 9.2 Hz, 1H; H-4), 2.87 (d, J� 2.2 Hz, 1H; OH); 13C NMR
(CDCl3, 100 MHz): �� 138.63, 138.60, 137.94, 137.90, 137.81 (5Cipso),
128.46 ± 127.51 (5Ph), 91.26 (CH-1), 81.46 (CH-3), 79.77 (CH-2), 78.16
(CH-4), 77.45 (CH-8), 75.47 (CH2Ph), 73.35 (CH2Ph), 73.31 (CH2Ph), 73.21
(CH2Ph), 72.53 (CH2-7), 72.04 (CH2Ph), 70.26 (CH-5), 70.31 (CH2-9), 68.64
(CH2-6); MS (CI, NH3):m/z (%): 722 (100) [M�NH4]� ; elemental analysis
calcd (%) for C44H48O8 (704.86): C 74.97, H 6.86; found: C 74.89, H 6.80.


�-Glucitol derivative 14 : Alcohol 13 (5.1 g, 7.3 mmol) was dissolved in
anhydrous THF (80 mL) under argon, the solution was cooled to 0 �C, and
LiAlH4 (0.55 g, 14.6 mmol) was added portionwise. The reaction mixture
was allowed to warm to RTover 2 h. Ethyl acetate (80 mL) was added, and
the solution acidified to pH 1 with 1� HCl. The aqueous phase was
extracted with EtOAc (3� 80 mL), the organic extracts were combined,
dried over MgSO4, and concentrated. Purification by column chromatog-
raphy (EtOAc/cyclohexane 1:5 then 1:2) afforded diol 14 (4.9 g, 95%) as a
colorless oil. [�]22D ��12.5 (c� 0.56 in CHCl3); 1H NMR (CDCl3,
400 MHz): �� 7.37 ± 7.34 (m, 25H; 5Ph), 4.64 ± 4.53 (m, 10H; 5CH2Ph),
4.02 (m, 1H; H-5), 3.96 (dd, J� 4.4, 5.9 Hz, 1H; H-3), 3.82 (m, 2H; H-1,
H-2), 3.77 (m, 5H; H-1�, H-4, H-7, H-7�, H-8), 3.69 (dd, J� 4.0, 9.7 Hz, 1H;
H-6), 3.62 (dd, J� 5.3, 9.7 Hz, 1H; H-6�), 3.61 (m, 2H; H-9, H-9�), 3.35 (d,
J� 6.1 Hz, 1H; OH-5), 2.37 (app t, 1H; OH-1); 13C NMR (CDCl3,
100 MHz): �� 138.18, 138.14, 138.02, 138.00, 137.91 (5Cipso), 128.35 ±
127.55 (5Ph), 79.61 (CH-4), 79.38 (CH-2), 79.30 (CH-3), 77.27 (CH-8),
74.50 (CH2Ph), 73.31 (CH2Ph), 73.26 (CH2Ph), 72.69 (CH2Ph), 72.06
(CH2Ph), 71.63 (CH2-7), 71.04 (CH2-6), 70.32 (CH-5), 69.61 (CH2-9), 61.62
(CH2-1); MS (CI, NH3):m/z (%): 724 (100) [M�NH4]� ; elemental analysis
calcd (%) for C44H50O8 (706): C 74.87, H 6.99; found: C 74.77, H 7.05.


Cis diols 16 and 17: Oxalyl chloride (2.3 mL, 26.7 mmol) was dissolved in
anhydrous THF (180 mL) under argon. The solution was cooled to �78 �C,
anhydrous DMSO (2.3 mL, 32.0 mmol) was added dropwise, and the
solution stirred for 10 min at �60 �C. A solution of compound 14 (3.8 g,
5.3 mmol) in anhydrous THF (60 mL) was then added slowly, and the
resulting solution stirred for 10 min at �60 �C. The reaction mixture was
allowed to warm to �45 �C and stirred for 45 min. Anhydrous Et3N
(7.5 mL, 53.4 mmol) was then added, the solution was stirred for 10 min and
allowed to warm up to RT for 1 h. The resulting white suspension was then
transferred by cannula under argon to a 1� solution of SmI2 in THF
(60 mL) containing degassed tert-butanol (1 mL) at �78 �C. The reaction
mixture was stirred for 4 h at�40 �C and then allowed to warm up to RT. A
semi-saturated aq. NH4Cl solution (80 mL) was added to the reaction
mixture, and the aqueous phase was extracted with EtOAc (3� 80 mL).
Organic extracts were combined and dried over MgSO4, and the solvent
removed under reduced pressure. Purification by column chromatography
(EtOAc/cyclohexane 1:4 then 1:1) afforded an inseparable 3:1 mixture of
the cis diols 16 and 17 (2.9 g, 78%) as a yellow oil.


Carbonates 18 and 19 : Diols 16 and 17 (2.4 g, 3.4 mmol) and 1,1�-carbonyl
diimidazole (2.2 g, 13.75 mmol) were dissolved in anhydrous CH2Cl2
(150 mL) under argon. The solution was heated at reflux for 16 h, cooled
to RT, and washed with water (2� 100 mL). The organic phase was dried
over MgSO4, and the solvent removed under reduced pressure. Purification
by column chromatography (EtOAc/cyclohexane 1:7 then 1:5) afforded
carbonate 19 (490 mg, 19%) as a colourless oil. [�]22D ��10.0 (c� 0.55 in
CHCl3); 1H NMR (C6D6, 400 MHz): �� 7.41 ± 7.20 (m, 25H; 5Ph), 4.82 (dd,
J� 1.8, 3.5 Hz, 1H; H-1), 4.76 (d, J� 12.0 Hz, 1H; CHPh), 4.72 (d, J�
12.0 Hz, 1H; CHPh), 4.59 (m, 3H; 3CHPh), 4.41 (m, 3H; 3CHPh), 4.26
(app d, J� 12.1 Hz, 2H; CH2Ph), 3.89 (m, 2H; H-2, H-3), 3.82 (dd, J� 4.4,
5.7 Hz, 1H; H-4), 3.75 (m, 2H; H-7, H-7�), 3.72 (d, J� 11.2 Hz, 1H; H-6),
3.71 (m, 1H; H-8), 3.58 (m, 2H; H-9, H-9�), 3.51 (d, J� 11.2 Hz, 1H; H-6�);
13C NMR (CDCl3, 100 MHz): �� 153.87 (C�O), 138.25, 137.99, 137.67,
137.18, 136.82 (5Cipso), 128.65 ± 127.51 (5Ph), 87.57 (C-5), 86.82 (CH-4),
83.85 (CH-3), 82.56 (CH-2), 82.18 (CH-1), 76.82 (CH-8), 73.64, 73.41, 73.03,
72.26, 72.11 (5CH2Ph), 71.84 (CH2-7), 69.37 (CH2-9), 68.11 (CH2-6); MS
(CI, NH3):m/z (%): 748 (100) [M�NH4]� ; elemental analysis calcd (%) for
C45H46O9 (730.8): C 73.95, H 6.34; found: C 73.78, H 6.52.


Further elution afforded carbonate 18 (1.7 g, 67%) as a colourless oil.
[�]22D ��30.1 (c� 1.02 in CHCl3); 1H NMR (C6D6, 400 MHz): �� 7.44 ±
7.19 (m, 25H; 5Ph), 4.76 (d, J� 11.7 Hz, 1H; CHPh), 4.68 (d, J� 12.0 Hz,
1H; CHPh), 4.64 (d, J� 12.0 Hz, 1H; CHPh), 4.63 (d, J� 11.7 Hz, 1H;
CHPh), 4.59 (d, J� 11.7 Hz, 1H; CHPh), 4.51 (d, J� 5.4 Hz, 1H; H-1), 4.45
(s, 2H; CH2Ph), 4.35 (app t, J� 8.7 Hz, 1H; H-3), 4.30 (d, J� 11.7 Hz, 1H;
CHPh), 4.26 (d, J� 12.0 Hz, 1H; CHPh), 4.15 (d, J� 12.0 Hz, 1H; CHPh),
3.94 (m, 2H; H-7, H-7�), 3.83 (m, 1H; H-8), 3.73 (d, J� 8.6 Hz, 1H; H-4),
3.67 (appd, J� 4.6 Hz, 2H; H-9, H-9�), 3.61 (dd, J� 5.4, 8.7 Hz, 1H; H-2),
3.36 (d, J� 10.1 Hz, 1H; H-6), 3.38 (d, J� 10.1 Hz, 1H; H-6�); 13C NMR
(C6D6, 100 MHz): �� 154.52 (C�O), 139.88, 139.51, 139.43, 138.41, 138.07
(5Cipso), 129.27 ± 128.12 (5Ph), 85.96 (C-5), 85.39 (C-3), 81.55 (CH-4), 79.91
(CH-2), 78.36 (CH-8), 77.52 (CH-1), 74.12 (CH2Ph), 74.01 (CH2Ph), 73.93
(CH2Ph), 72.76 (CH2Ph), 72.64 (CH2-7), 72.59 (CH2Ph), 70.58 (CH2-9),
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70.34 (CH2-6); MS (CI, NH3): m/z (%): 748 (100) [M�NH4]� ; elemental
analysis calcd (%) for C45H46O9 (730.8): C 73.95, H 6.34; found: C 73.83, H
6.50.


Acetonide 20 : Camphorsulphonic acid (3 mg) and 2,2-dimethoxypropane
(2 mL, 16 mmol) were added to a solution of diol 16 (207 mg, 0.29 mmol) in
acetone (18 mL) under argon. The solution was stirred at RT for 17 h, and
the reaction mixture then neutralized with Et3N. The solvent was removed
in vacuo and purification by column chromatography (EtOAc/cyclohexane
1:5) afforded acetonide 20 (175 mg, 80%) as a colorless oil. [�]20D ��10.8
(c� 1.0 in CHCl3); 1H NMR (C6D6, 400 MHz): �� 7.50 ± 7.19 (m, 25H;
5Ph), 5.03 (d, J� 12.0 Hz, 2H; CH2Ph), 4.81 (m, 3H; 3CHPh), 4.71 (dd,
J� 7.5, 8.9 Hz, 1H; H-3), 4.63 (d, J� 4.1 Hz, 1H; H-1), 4.62 (d, J� 11.9 Hz,
1H; CHPh), 4.48 (s, 2H; CH2Ph), 4.33 (appq, 2H; CH2Ph), 4.15 (dd, J�
4.8, 9.7 Hz, 1H; H-7), 4.04 (appq, J� 4.8 Hz, 1H; H-8), 3.97 (dd, J� 4.1,
8.9 Hz, 1H; H-2), 3.94 (d, J� 7.3 Hz, 1H; H-4), 3.84 (dd, J� 4.8, 9.7 Hz,
1H; H-7�), 3.81 (dd, J� 4.5, 10.1 Hz, 1H; H-9),3.73 (dd, J� 4.5, 10.1 Hz,
1H; H-9�), 3.53 (d, J� 9.5 Hz, 1H; H-6), 3.49 (d, J� 9.5 Hz, 1H; H-6�), 1.69,
1.44 (2 s, 6H; 2CH3); 13C NMR (C6D6, 100 MHz): �� 138.80, 139.59, 139.67,
140.21, 140.22, (5Cipso), 129.17 ± 127.90 (5Ph), 112.74 (C(CH3)2), 87.20 (CH-
3), 85.24 (C-5), 83.39 (CH-4), 80.76 (CH-1), 80.21 (CH-2), 78.65 (CH-8),
74.22 (CH2-6), 74.10 (CH2Ph), 73.88 (CH2Ph), 73.59 (CH2Ph), 72.79
(CH2Ph), 72.32 (CH2Ph), 71.79 (CH2-7), 71.67 (CH2-9), 27.55, 27.59
(2CH3); MS (CI, NH3): m/z (%): 762 (100) [M�NH4]� ; elemental analysis
calcd (%) for C47H52O8 (744.9): C 75.78, H 7.03; found: C 75.71, H 7.16.


Acetonide 21: This compound was synthesized from 17 by the procedure
described for 20 and was obtained as a colorless oil. [�]22D ��6.2 (c� 0.7 in
CHCl3); 1H NMR (C6D6, 400 MHz): �� 7.45 ± 7.19 (m, 25H; 5Ph), 4.96 (d,
J� 12.0 Hz, 1H; CHPh), 4.94 (d, J� 2.5 Hz, 1H; H-1), 4.92 (d, J� 12.0 Hz,
1H; CHPh), 4.83 (d, J� 12.0 Hz, 1H; CHPh), 4.73 (d, J� 12.0 Hz, 1H;
CHPh), 4.68 (d, J� 12.0 Hz, 1H; CHPh), 4.62 (d, J� 12.0 Hz, 1H; CHPh),
4.49 (dd, J� 7.1, 9.5 Hz, 1H; H-3), 4.50 ± 4.41 (m, 4H; 2CH2Ph), 4.35 (dd,
J� 2.5, 7.1 Hz, 1H; H-2), 4.32 (d, J� 9.5 Hz, 1H; H-4), 4.19 (dd, J� 4.3,
10.3 Hz, 1H; H-7), 4.00 (dd, J� 5.1, 10.3 Hz, 1H; H-7�), 3.97 (d, J� 10.3 Hz,
1H; H-6), 3.91 (m, 1H; H-8), 3.90 (d, J� 10.3 Hz, 1H; H-6�), 3.71 (m, J�
5.3 Hz, 2H; H-9, H-9�), 1.57, 1.52 (2s, 6H; 2CH3); 13C NMR (C6D6,
100 MHz): �� 140.01, 139.84, 139.55, 139.35, 139.11 (5Cipso), 129.02 ± 127.84
(5Ph), 113.68 (C(CH3)2), 90.87 (CH-4), 88.39 (C-5), 87.46 (CH-4), 86.15
(CH-2), 84.57 (CH-1), 78.46 (CH-8), 74.15 (CH2Ph), 73.90 (CH2Ph), 73.37
(CH2Ph), 72.71 (CH2Ph), 72.26 (CH2Ph), 72.00 (CH2-7), 71.03 (CH2-9),
70.72 (CH2-6), 29.16, 27.43 (2CH3); MS (CI, NH3): m/z (%): 762 (100)
[M�NH4]� ; elemental analysis calcd (%) for C47H52O8 (744.9): C 75.78, H
7.03; found: C 75.67, H 7.15.


Cis diol 16 : Carbonate 18 (545 mg, 0.75 mmol) was dissolved in CH3OH
(50 mL). Potassium carbonate (309 mg, 2.24 mmol) was added under
argon, and the reaction mixture stirred at RT. After 20 h, the reaction
mixture was stirred with ion exchange resin IR-120 (2 g) for 30 min and
then filtered. The solvent was removed under reduced pressure, and the
residue was purified by column chromatography (EtOAc/cyclohexane 1:2)
to afford the cis diol 16 (505 mg, 98% yield) as a colorless oil. [�]22D ��7.4
(c� 0.51 in CHCl3); 1H NMR (C6D6, 400 MHz): �� 7.43 ± 7.19 (m, 25H;
5Ph), 4.69 (d, J� 11.8 Hz, 1H; CHPh), 4.67 (s, 2H; CH2Ph), 4.66 (d, J�
11.0 Hz, 1H; CHPh), 4.62 (d, J� 11.0 Hz, 1H; CHPh), 4.52 (d, J� 11.8 Hz,
1H; CHPh), 4.44 (s, 2H; CH2Ph), 4.43 (m, 1H; H-3), 4.42 (d, J� 12.0 Hz,
1H; CHPh), 4.35 (d, J� 12.0 Hz, 1H; CHPh), 4.32 (dd, J� 6.1, 8.1 Hz, 1H;
H-1), 4.11 (d, J� 6.0 Hz, 1H; H-4), 4.02 (dd, J� 4.5, 10.2 Hz, 1H; H-7),
3.94 (m, 2H; H-2, H-7�), 3.81 (m, 1H; H-8), 3.66 (appd, J� 5.2 Hz, 2H;
H-9, H-9�), 3.58 (d, J� 9.4 Hz, 1H; H-6), 3.53 (d, J� 9.4 Hz, 1H; H-6�), 3.52
(s, 1H; OH-5), 3.19 (d, J� 8.1 Hz, 1H; OH-1); 13C NMR (C6D6, 100 MHz):
�� 139.80, 139.54, 139.41, 139.24, 139.13, (5Cipso), 129.08 ± 128.14 (5Ph),
88.47 (CH-3), 83.76 (CH-4), 82.22 (CH-2), 78.12 (C-5), 78.11 (CH-8), 74.01
(CH2Ph), 73.93 (CH2Ph), 73.02 (CH2Ph), 72.81 (CH2Ph), 72.66 (CH2Ph),
72.60 (CH2-6), 71.76 (CH2-7), 71.53 (CH-1), 70.88 (CH2-9); MS (CI, NH3):
m/z (%): 722 (100) [M�NH4]� ; elemental analysis calcd (%) for C44H48O8


(704.8): C 74.97, H 6.86; found: C 74.85, H 7.00.


Cis diol 17: This compound was synthesized from carbonate 19 by the
procedure described for diol 16 and was obtained as a colorless oil. [�]22D �
�9.0 (c� 0.1 in CHCl3); 1H NMR (C6D6, 400 MHz): �� 7.48 ± 7.17 (m,
25H; 5Ph), 4.91 (d, J� 11.9 Hz, 1H; CHPh), 4.76 (s, 2H; CH2Ph), 4.69 (d,
J� 11.9 Hz, 1H; CHPh), 4.64 (d, J� 2.1 Hz, 2H; CH2Ph), 4.44 (s, 2H;
CH2Ph), 4.30 (d, J� 11.9 Hz, 2H; CH2Ph), 4.27 (m, 1H; H-2), 4.26 (app t,
J� 4.5 Hz, 1H; H-1), 4.15 (d, J� 5.4 Hz, 1H; H-4), 4.11 (app t, J� 5.4 Hz,


1H; H-3), 3.93 (dd, J� 4.4, 10.4 Hz, 1H; H-7), 3.89 (dd, J� 5.0, 10.4 Hz,
1H; H-7�), 3.88 (d, J� 9.5 Hz, 1H; H-6), 3.80 (m, 1H; H-8), 3.71 (d, J�
9.5 Hz, 1H; H-6�), 3.65 (appd, J� 5.4 Hz, 2H; H-9, H-9�), 3.40 (s, 1H; OH-
5), 2.90 (d, J� 4.4 Hz, 1H; OH-1); 13C NMR (C6D6, 100 MHz): �� 139.87,
139.61, 139.58, 139.47, 138.84, (5Cipso), 129.15 ± 128.10, (5Ph), 88.28 (CH-4),
87.94 (CH-2), 84.40 (CH-3), 79.11 (C-5), 78.36 (CH-8), 77.58 (CH-1), 74.18
(CH2Ph), 73.92 (CH2Ph), 72.70 (CH2-6, CH2Ph), 72.60 (CH2Ph), 72.53
(CH2Ph), 71.56 (CH2-7), 70.97 (CH2-9); MS (CI, NH3): m/z (%): 722 (100)
[M�NH4]� , 290 (15); elemental analysis calcd (%) for C44H48O8 (704.8): C
74.97, H 6.86; found: C 74.91, H 6.98.


Trans diol 24 : Diol 16 (36 mg, 0.05 mmol) was dissolved in CH2Cl2 (1 mL)
and potassium bromide (4 mg, 0.034 mmol), TEMPO (40 mg, 0.25 mmol),
and water (50 �L) were added. The solution was cooled to 0 �C and a large
excess of NaOCl (0.2 mL, technical solution diluted with water and
adjusted to pH 9 just before use) was added dropwise. Some more NaOCl
and TEMPO were added to complete the reaction. After 50 min, the
reaction mixture was diluted with CH2Cl2 (5 mL) and washed with
saturated aq. Na2S2O3 solution (5 mL) and water (5 mL). The organic
phase was dried over MgSO4, and the solvent removed under reduced
pressure to afford the crude ketone 22 as an orange oil. The ketone 22 was
then dissolved in CH3OH (5 mL), the solution was cooled to 0 �C and
NaBH4 (6 mg, 0.15 mmol) was added. After 1 h, the solvent was
removed under reduced pressure. Purification by column chromatography
(EtOAc/cyclohexane 1:2) afforded the trans diol 24 (15 mg, 40%) as a
colorless oil.


Data for cyclopentanone 22 : 1H NMR (C6D6, 400 MHz): �� 7.43 ± 7.17 (m,
25H; 5Ph), 5.18 (d, J� 11.8 Hz, 1H; CHPh), 4.83 (d, J� 11.8 Hz, 1H;
CHPh), 4.75 (appd, J� 11.9 Hz, 2H; CH2Ph), 4.51 (appd, J� 3.8 Hz, 2H;
CH2Ph), 4.42 (m, 1H; H-4), 4.41 (m, 3H; 3CHPh), 4.38 (d, J� 6.5 Hz, 1H;
H-2), 4.36 (d, J� 11.9 Hz, 1H; CHPh), 4.32 (dd, J� 0.8, 6.5 Hz, 1H; H-3),
3.88 (dd, J� 4.5, 10.0 Hz, 1H; H-7), 3.83 (d, J� 8.9 Hz, 1H; H-6), 3.82 (dd,
J� 4.5, 5.6 Hz, 1H; H-7�), 3.72 (s, 1H; OH), 3.65 (m, 1H; H-8), 3.61 ± 3.55
(m, 3H; H-9, H-9�, H-6�); 13C NMR (C6D6, 100 MHz): �� 209.77 (C�O),
139.42, 139.31, 139.16, 138.74, 138.50, (5Cipso), 129.13 ± 128.25 (5Ph), 85.06,
83.82, 80.78, 77.76 (CH-2, CH-3, CH-4, CH-8), 77.64 (C-5), 74.10, 73.98,
73.44, 73.40, 72.65, 72.42, 71.98, 70.25 (5CH2Ph, CH2-6, CH2-7, CH2-9); MS
(CI, NH3): m/z (%): 720 (8) [M�NH4


�], 290 (100); HRMS (CI� , NH3):
m/z (%): calcd for C44H49O8 [M�NH4]�: 720.3536; found: 720.3542.


Data for trans diol 24 : [�]20D ��5.2 (c� 0.3 in CHCl3); 1H NMR (C6D6,
400 MHz): �� 7.49 ± 7.18 (m, 25H; 5Ph), 4.96 (d, J� 12.0 Hz, 1H; CHPh),
4.87 (d, J� 11.9 Hz, 1H; CHPh), 4.79 (d, J� 11.9 Hz, 1H; CHPh), 4.88 (d,
J� 12.0 Hz, 1H; CHPh), 4.57 (s, 2H; CH2Ph), 4.46 (app t, J� 5.8 Hz, 1H;
H-1), 4.43 (s, 2H; CH2Ph), 4.39 (d, J� 12.0 Hz, 1H; CHPh), 4.32 (app t, J�
7.0 Hz, 1H; H-3), 4.29 (d, J� 12.0 Hz, 1H; CHPh), 4.07 (m, 2H; H-2, H-4),
3.93 (dd, J� 4.5, 10.2 Hz, 1H; H-7), 3.85 (dd, J� 4.3, 10.2 Hz, 1H; H-7�),
3.72 (s, 2H; H-6, H-6�), 3.70 (m, 1H; H-8), 3.63 (m, 2H; H-9, H-9�), 3.57 (s,
1H; OH-5), 2.98 (d, J� 5.6 Hz, 1H; OH-1); 13C NMR (C6D6, 100 MHz):
�� 139.74, 139.72, 139.61, 139.32, 138.73 (5Cipso), 129.15 ± 128.07 (5Ph),
87.18 (CH-2), 86.01 (CH-3), 83.43 (CH-4), 83.09 (CH-1), 78.10 (C-5), 77.94
(CH-8), 74.25 (CH2Ph), 73.96 (CH2Ph), 73.67 (CH2-6), 73.07 (CH2Ph),
72.62 (CH2Ph), 72.60 (CH2Ph), 71.57 (CH2-7), 70.57 (CH2-9); MS (CI,
NH3): m/z (%): 722 (100) [M�NH4]� , 290 (80); HRMS (CI� , NH3): m/z
calcd for C44H49O8 [M�H]�: 705.3427; found: 705.3434.
Trans diol 25 : This compound was obtained from diol 14 by the procedure
described for diol 24 and was obtained as a colorless oil. [�]22D ��10.2 (c�
0.56 in CHCl3); 1H NMR (CDCl3, 400 MHz): �� 7.40 ± 7.30 (m, 25H; 5Ph),
4.72 ± 4.53 (m, 10H; 5CH2Ph), 4.17 (t, J� 5.1 Hz, 1H; H-2), 4.04 (m, 2H;
H-1, H-3), 3.93 (d, J� 9.7 Hz, 1H; H-6), 3.78 ± 3.71 (m, 5H; H-4, H-6�, H-7,
H-7�, H-8), 3.59 (m, 2H; H-9, H-9�), 3.03 (s, 1H; OH-5), 2.87 (d, J� 5.5 Hz,
1H; OH-1); 13C NMR (CDCl3, 100 MHz): �� 138.50, 138.17, 138.03,
137.75, 137.73 (5Cipso), 128.45 ± 127.49 (5Ph), 88.80 (C-4), 87.74 (C-3), 80.21
(C-5), 76.97 (C-8), 75.73 (CH-1), 73.67 (CH2Ph), 73.32 (CH2Ph), 72.23
(CH2Ph), 72.09 (CH2Ph), 71.97 (CH2Ph), 70.83 (CH2-7), 70.33 (CH2-6),
70.05 (CH2-9); MS (CI, NH3): m/z (%): 722 (100) [M�NH4]� ; HRMS
(CI� , NH3): m/z calcd for C44H52NO8 [M�NH4]�: 722.3693; found:
722.3681.


Calditol isomer heptacetate 26 : The diol 24 (7 mg, 0.01 mmol) was
dissolved in CH3OH (5 mL). Hydrogenolysis with 10% Pd/C was
performed for 17 h by which time TLC (EtOAc/CH3OH/H2O 3:3:1)
showed one non-UV active spot. The solution was filtered through Celite
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and eluted with CH3OH, and the solvent removed under reduced pressure.
The residue was then dissolved in anhydrous pyridine (1 mL) under argon,
and the solution cooled to 0 �C. Ac2O (0.5 mL) and DMAP (1 mg) were
added. The reaction mixture was allowed to warm to RTand was stirred for
4 h. The solvent was then removed under reduced pressure and co-
evaporated with toluene (3� 5 mL). Purification by flash chromatography
(EtOAc/cyclohexane 1:1 then EtOAc) afforded the heptacetate 26 (4 mg,
73%) as a colorless oil. [�]20D ��15.2 (c� 0.3 in CHCl3); 1H NMR (CDCl3,
400 MHz): �� 5.80 (m, 1H; H-1), 5.26 (m, 2H; H-2, H-3), 5.17 (m, 1H;
H-8), 4.60 (d, J� 12.0 Hz, 1H; H-6), 4.49 (d, J� 12.0 Hz, 1H; H-6�), 4.33
(dd, J� 4.1, 11.9 Hz, 1H; H-7), 4.15 (dd, J� 6.4, 11.9 Hz, 1H; H-7�), 4.09
(dd, J� 1.7, 2.7 Hz, 1H; H-4) 3.90 (dd, J� 5.0, 10.3 Hz, 1H; H-9), 3.64 (dd,
J� 4.7, 10.7 Hz, 1H; H-9�), 2.15 (s, 3H; OAc), 2.14 (s, 3H; OAc), 2.13 (s,
3H; OAc), 2.12 (s, 3H; OAc), 2.11 (2s, 6H; 2OAc), 2.10 (s, 3H; OAc);
13C NMR (CDCl3, 100 MHz): �� 170.61, 170.42, 170.19, 169.96, 169.74,
169.59, 169.47 (7C�O), 83.02 (C-5), 81.72 (CH-4), 77.79 (CH-3), 76.54 (CH-
1), 69.91 (CH-2), 69.05 (CH2-9), 62.37 (CH2-7), 61.81 (CH2-6), 21.24, 20.95,
20.84, 20.83, 20.77, 20.73, 20.71 (7CH3); MS (CI, NH3): m/z (%): 722 (100)
[M�NH4]� ; HRMS (CI� , CH4): m/z calcd for C23H33O15 [M�H]�:
549.1819; found: 549.1815.


Calditol heptacetate 27: This compound was obtained from diol 17 by the
procedure described for compound 26 and was obtained as a colorless oil.
[�]20D ��14.4 (c� 0.27 in CHCl3); 1H NMR (CDCl3, 400 MHz): �� 5.48
(dd, J� 1.8, 4.6 Hz, 1H; H-1), 5.45 (dd, J� 4.6, 8.4 Hz, 1H; H-3), 5.37 (dd,
J� 4.6, 8.4 Hz, 1H; H-2), 5.16 (m, 1H; H-8), 4.93 (d, J� 12.8 Hz, 1H; H-6),
4.53 (d, J� 12.8 Hz, 1H; H-6�), 4.36 (dd, J� 4.0, 11.8 Hz, 1H; H-7), 4.22 ±
4.18 (m, 2H; H-4, H-7�), 3.81 (m, 2H; H-9, H-9�), 2.17 (s, 3H; OAc), 2.14 (s,
3H; OAc), 2.13 (s, 3H; OAc), 2.12 (s, 3H; OAc), 2.11 (s, 3H; OAc), 2.06 (s,
3H; OAc), 2.05 (s, 3H; OAc); 13C NMR (CDCl3, 100 MHz): �� 170.66,
170.35, 170.32, 170.00, 169.88, 169.75, 169.13 (7C�O), 86.98 (C-5), 85.42
(CH-4), 80.21 (CH-3), 73.03 (CH-1), 72.78 (CH-2), 69.96 (CH-8), 69.94
(CH2-7), 62.43 (CH2-9), 58.73 (CH2-6), 21.89, 20.94, 20.87, 20.73, 20.63,
20.59, 20.55 (7CH3); HRMS (CI� , CH4): calcd for C23H33O15 [M�H]�:
549.1819; found: 549.1823.


Calditol isomer heptacetate 28 : This compound was synthesized from diol
16 by the procedure described for compound 26 and was obtained as a
colorless oil. [�]20D ��17.9 (c� 0.7 in CHCl3); 1H NMR (CDCl3, 400 MHz):
�� 5.66 (dd, J� 0.8, 5.4 Hz, 1H; H-1), 5.37 (dd, J� 2.7, 6.2 Hz, 1H; H-3),
5.25 (dd, J� 5.4, 5.9 Hz, 1H; H-2), 5.19 (m, 1H; H-8), 4.92 (d, J� 12.8 Hz,
1H; H-6), 4.33 (dd, J� 3.9, 11.8 Hz, 1H; H-7), 4.20 (d, J� 12.8 Hz, 1H;
H-6�), 4.17 (dd, J� 6.9, 11.8 Hz, 1H; H-7�), 3.89 (dd, J� 4.7, 10.1 Hz, 1H;
H-9), 3.81 (dd, J� 0.6, 2.4 Hz, 1H; H-4), 3.56 (dd, J� 4.3, 10.1 Hz, 1H;
H-9�), 2.17 (s, 3H; OAc), 2.15 (s, 3H; OAc), 2.14 (s, 3H; OAc), 2.12 (s, 3H;
OAc), 2.11 (s, 3H; OAc), 2.09 (s, 3H; OAc), 2.08 (s, 3H; OAc); 13C NMR
(CDCl3, 100 MHz): �� 170.66, 170.22, 170.17, 169.74, 169.69, 169.61,
169.57 (7C�O), 83.09 (CH-4), 82.55 (C-5), 82.32 (CH-3), 73.18 (CH-2),
71.59 (CH-1), 69.98 (CH-8), 69.08 (CH2-9), 62.51 (CH2-7), 61.77 (CH2-6),
21.22, 20.95, 20.87, 20.71, 20.68, 20.49, 20.47 (7CH3C�O); elemental
analysis calcd (%) for C23H32O15 (548.5): C 50.36, H 5.88; found: C 50.26,
H 6.02.


Calditol isomer heptacetate 29 : This compound was synthesized from diol
17 by the procedure described for compound 26 and was obtained as a
colorless oil. [�]20D ��6.3 (c� 0.35 in CHCl3); 1H NMR (CDCl3, 400 MHz):
�� 5.59 (d, J� 7.7 Hz, 1H; H-1), 5.48 (ddd, J� 0.9, 4.5, 7.7 Hz, 1H; H-2),
5.17 (m, 1H; H-8), 5.12 (dd, J� 2.9, 4.5 Hz, 1H; H-3), 4.66 (d, J� 12.1 Hz,
1H; H-6�), 4.62 (d, J� 12.1 Hz, 2H; H-6, H-6�), 4.33 (m, 2H; H-4, H-7), 4.17
(dd, J� 5.9, 11.9 Hz, 1H; H-7�), 3.90 (dd, J� 5.0, 10.7 Hz, 1H; H-9), 3.78
(dd, J� 4.5, 10.7 Hz, 1H; H-9�), 2.14 (s, 3H; OAc), 2.13 (s, 3H; OAc), 2.11
(4s, 12H; 4OAc), 2.07 (s, 3H; OAc); 13C NMR (CDCl3, 100 MHz): ��
170.55, 170.28, 170.26, 169.94, 169.85, 169.69, 169.67 (7C�O), 84.85 (C-5),
82.81 (CH-4), 78.25 (CH-2), 77.81 (CH-3), 75.52 (CH-1), 69.72 (CH-8),
69.21 (CH2-9), 62.19 (CH2-7), 61.85 (CH2-6), 21.53, 20.86, 20.78, 20.72,
20.70, 20.66, 20.64 (7CH3C�O); elemental analysis calcd (%) for C23H32O15


(548.5): C 50.36, H 5.88; found: C 50.20, H 5.96.
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Tuning the Activity of Catechol Oxidase Model Complexes by Geometric
Changes of the Dicopper Core


Jens Ackermann,[a, b] Franc Meyer,[a, b]* Elisabeth Kaifer,[a] and Hans Pritzkow[a]


Abstract: Dicopper(��) complexes of a
series of different pyrazolate-based di-
nucleating ligands [L1]� ± [L4]� have
been synthesized and characterized
structurally and spectroscopically. A
major difference between the four com-
plexes is the individual metal ±metal
separation that is enforced by the che-
lating side arms of the pyrazolate ligand
scaffold: it varies from 3.45 ä in
2 ¥ (BF4)4 to 4.53 ä in 4 ¥ (ClO4)2. All
complexes have been evaluated as mod-
el systems for the catechol oxidase en-
zyme by using 3,5-di-tert-butylcatechole
(DTBC) as the test substrate. They were
shown to exhibit very different catecho-
lase activities ranging from very effi-
cient to poor catalysts (kobs between
2430� 202 and 22.8� 1.2 h�1), with an
order of decreasing activity 2 ¥ (ClO4)4�


1 ¥ (ClO4)2� 3 ¥ (ClO4)2� 4 ¥ (ClO4)2. A
correlation of the catecholase activities
with the variation in Cu ¥ ¥ ¥Cu distances,
as well as other effects resulting from the
distinct redox potentials, neighboring
groups, and the individual coordination
spheres are discussed. Saturation behav-
ior for the rate dependence on substrate
concentration was observed in only two
cases, that is, for the most active
2 ¥ (ClO4)4 and for the least active
4 ¥ (ClO4)2, whereas a catalytic rate that
is almost independent of substrate con-
centration (within the range studied)
was observed for 1 ¥ (ClO4)2 and


3 ¥ (ClO4)2. H2O2 was detected as the
product of O2 reduction in the catecho-
lase reaction of the three most active
systems. The structures of the adducts of
™L3Cu2∫ and ™L4Cu2∫ with a substrate
analogue (tetrachlorocatecholate, TCC)
suggest a bidentate substrate coordina-
tion to only one of the copper ions for
those catalysts that feature short ligand
side arms and correspondingly exhibit
larger metal ±metal separations; this
possibly contributes to the lower activity
of these systems. TCC binding is sup-
ported by several H-bonding interac-
tions to water molecules at the adjacent
copper or to ligand-side-arm N-donors;
this emphasizes the importance of func-
tional groups in proximity to the bime-
tallic active site.


Keywords: bimetallic complexes ¥
bioinorganic chemistry ¥ cooperative
phenomena ¥ copper ¥ oxidation


Introduction


In the active sites of numerous metalloenzymes, two adjacent
metal ions work cooperatively in order to achieve the
transformation of substrate molecules.[1] This is particularly
true for biological oxidase or oxygenase activity involving
molecular oxygen, in which the metal ions serve to activate
the kinetically inert O2, and the combined redox power of the
two metal ions is used to mediate and to control the
multielectron redox reactions.[2, 3] In view of the great
importance of oxidation reactions for industrial and synthetic
processes and of the ongoing search for new and efficient
oxidation catalysts, it is of paramount interest to elucidate the


basic functional principles that govern such bimetallic reac-
tivity of natural enzymes.


Dicopper sites play a pivotal role in biological oxygen
chemistry and, consequently, the understanding of structural
and functional aspects of copper metalloenzymes is a subject
of intensive research.[3±7] A prominent member of these
copper proteins is catechol oxidase, which features a type 3
center with two proximate copper ions in N-donor (histidine)
ligation, and which catalyzes the two-electron oxidation
of ortho-diphenols to the corresponding quinones
(Scheme 1).[6, 7] The recent X-ray crystallographic character-
ization of catechol oxidase from sweet potatoes is a milestone
in the field, revealing details of the enzyme structure in
different redox states and in its complex with bound


Scheme 1. Catecholase reaction.
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inhibitor.[7] Based on these structural findings as well as on
previous spectroscopic and biochemical evidence, a plausible
mechanism has been proposed for the catecholase activity.[7]


This mechanism includes activation of O2 as a peroxide bound
to both copper ions, and it allows the two-electron substrate
oxidation to occur by means of the cooperative action of the
two copper ions, as each individual copper ion only undergoes
a one-electron redox shuttle between the � � and � �� states
during turnover.


Quite a number of mono- and dinuclear copper coordina-
tion compounds have been investigated as biomimetic cata-
lysts for catechol oxidation.[8±13] While no clear relation
between the catalytic activity and the redox potential of the
copper species has emerged,[9] dinuclear copper complexes
are generally found to be more reactive than mononuclear
compounds, and a steric match between the dicopper site and
the substrate is assumed to be advantageous.[10, 11] Some
correlations between the observed rates of reactivity and
ligand architecture, copper coordination environment, or
preorganization of the metal ions have been observed for
particular classes of complexes.[12] However, a more general
understanding of structure ± reactivity patterns that might
allow for a rational design of catalytically most active copper
complexes is still lacking. Further studies of well defined and
tunable dicopper complexes are obviously needed to gain
deeper insight into these copper-mediated substrate oxida-
tions and to finally unravel the parameters that determine
bimetallic reactivity both in natural metalloenzymes and in
small synthetic catalysts.


In this contribution, we report a series of closely related yet
distinct dicopper(��) complexes that are based on multifunc-
tional pyrazolate ligands. The various ligand scaffolds differ
by the number of N-donor sites and by the length of the
chelating side arms attached to the heterocycle (Scheme 2).[14]


These variations have previously been shown to enable a


Scheme 2. Ligands used in this work.


tuning of the preorganization of the bimetallic framework, in
particular with respect to the metal ±metal separation.[15] The
properties of the new dicopper complexes are described and
their catecholase activity is studied. Some adducts with
tetrachlorocatechol are examined to model possible modes
of substrate binding to the bimetallic core.


Results and Discussion


Synthesis and structural characterization of the complexes :
Dicopper(��) complexes of pyrazolate ligands [L1]� , [L2]� ,
[L3]� , and [L4]� were prepared, and their crystal structures
determined. Schematic representations of the complexes are
depicted in Scheme 3 (in the case of 1, the analogous complex


Scheme 3. Dinuclear copper(��) complexes of the various pyrazolate
ligands.


1�, which bears ethanol instead of methanol ligands was
analyzed crystallographically). Molecular structures of the
cations as revealed by X-ray crystallography are shown in
Figures 1 ± 4 together with selected atom distances and bond
angles.


In all cases, the copper(��) ions are nested within their
respective coordination compartments and are spanned by


Figure 1. Molecular Structure of 1� (40% probability ellipsoids). All
hydrogen atoms except H1 have been omitted for clarity. Selected atom
distances [ä] and bond angles [�]: Cu1�N1 1.883(2), Cu1�N6 2.008(2),
Cu1�O1 2.026(2), Cu1�N5 2.181(2), Cu1�O2 2.321(2), Cu2�N2 1.885(2),
Cu2�N4 1.999(2), Cu2�O1 2.024(2), Cu2�N3 2.170(2), Cu2�O3 2.364(2),
Cu1 ¥ ¥ ¥Cu2 3.540(1); N1-Cu1-N6 170.65(9), N1-Cu1-O1 82.99(9), N6-Cu1-
O1 101.64(9), N1-Cu1-N5 76.88(9), N6-Cu1-N5 96.76(9), O1-Cu1-N5
156.66(9), N1-Cu1-O2 91.10(9), N6-Cu1-O2 96.27(9), O1-Cu1-O2
97.53(8), N5-Cu1-O2 94.59(8), N2-Cu2-N4 174.5(1), N2-Cu2-O1 83.19(9),
N4-Cu2-O1 101.03(8), N2-Cu2-N3 77.10(9), N4-Cu2-N3 97.80(9), O1-Cu2-
N3 154.11(8), N2-Cu2-O3 88.09(9), N4-Cu2-O3 94.04(8), O1-Cu2-O3
106.68(9), N3-Cu2-O3 89.42(9).
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Figure 2. Molecular Structure of 2 ¥ (BF4)2 (30% probability ellipsoids).
All hydrogen atoms except the H1, H70, and H80 have been omitted for
clarity. Selected atom distances [ä] and bond angles [�]: Cu1�N3 1.896(6),
Cu1�N1 1.995(7), Cu1�O1 1.999(5), Cu1�N2 2.147(6), Cu1�F5 2.487(8),
Cu2�N4 1.896(6), Cu2�O1 1.991(5), Cu2�N6 2.013(6), Cu2�N5 2.127(6),
Cu2�F3 2.603(6), Cu1 ¥ ¥ ¥Cu2 3.447(2); N3-Cu1-N1 173.8(3), N3-Cu1-O1
85.5(2), N1-Cu1-O1 97.5(2), N3-Cu1-N2 79.4(2), N1-Cu1-N2 100.0(2), O1-
Cu1-N2 151.1(2), O1-Cu1-F5 118.2(9), N1-Cu1-F5 85.9(4), N2-Cu1-F5
85.9(3), N3-Cu1-F5 87.8(3), N4-Cu2-O1 85.5(2), N4-Cu2-N6 174.1(2), O1-
Cu2-N6 97.3(3), N4-Cu2-N5 79.7(2), O1-Cu2-N5 153.2(2), N6-Cu2-N5
99.6(3), O1-Cu2-F3 113.4(3), N4-Cu2-F3 88.0(3), N5-Cu2-F3 88.3(3), N6-
Cu2-F3 86.0(3).


Figure 3. Molecular Structure of 3 (40% probability ellipsoids). All
hydrogen atoms have been omitted for clarity. Selected atom distances
[ä] and bond angles [�]: Cu1�N1 1.918(2), Cu1�O1 1.971(2), Cu1�N4
2.029(2), Cu1�N3 2.069(2), Cu1�O4 2.306(2), Cu2�N2 1.947(2), Cu2�O2
1.966(2), Cu2�N14 2.060(2), Cu2�N13 2.064(2), Cu2�O5 2.328(2), Cu1 ¥ ¥ ¥
Cu2 4.088(1); N1-Cu1-O1 99.09(8), N1-Cu1-N4 160.45(8), O1-Cu1-N4
89.81(8), N1-Cu1-N3 82.46(9), O1-Cu1-N3 173.06(8), N4-Cu1-N3 86.74(9),
N1-Cu1-O4 97.83(8), O1-Cu1-O4 88.33(7), N4-Cu1-O4 99.81(8), N3-Cu1-
O4 98.19(8), N2-Cu2-O2 101.15(8), N2-Cu2-N14 163.42(9), O2-Cu2-N14
89.14(8), N2-Cu2-N13 81.69(9), O2-Cu2-N13 168.74(8), N14-Cu2-N13
85.81(9), N2-Cu2-O5 93.82(8), O2-Cu2-O5 93.12(8), N14-Cu2-O5
98.61(8), N13-Cu2-O5 97.58(8).


the bridging pyrazolate moiety. Each copper atom in com-
plexes 1� ¥ (ClO4)2, 2 ¥ (BF4)4, and 3 ¥ (ClO4)2 is in a roughly
square-planar coordination environment consisting of three
N-donors from the chelating pyrazolate ligand and an O atom


Figure 4. Molecular Structure of 4 (30% probability ellipsoids). All
hydrogen atoms except H1 have been omitted for clarity. Selected atom
distances [ä] and bond angles [�]: Cu1�O1 1.943(4), Cu1�N2 2.040(5),
Cu1�N1 2.057(5), Cu1�N3 2.129(6), Cu1�N4 2.336(5), Cu1 ¥ ¥ ¥Cu1a
4.553(1), O1 ¥ ¥ ¥O1a 2.400(9); O1-Cu1-N2 173.9(2), O1-Cu1-N1 92.3(2),
N2-Cu1-N1 81.8(2), O1-Cu1-N3 101.6(2), N2-Cu1-N3 84.0(2), N1-Cu1-N3
135.7(2), O1-Cu1-N4 97.8(2), N2-Cu1-N4 82.2(2), N1-Cu1-N4 104.9(2), N3-
Cu1-N4 114.4(2).


from a secondary bridging unit located within the bimetallic
pocket. An additional axial position is occupied by a solvent
molecule (1�, 3) or counter anion (2) at a greater distance,
typical for Jahn ±Teller distortion.


As expected for the long ligand side arms of [L1]� , a
comparatively short metal ±metal distance is found in 1�
[3.540(1) ä].[15] During the synthesis of 1 ¥ (ClO4)2, two
equivalents of an external base have to be added to achieve
reasonable yields: one equivalent serves to deprotonate the
pyrazole NH, the second provides the hydroxide secondary
bridge. In the case of [L2]� , in which further long side arms are
attached to the heterocycle, the two additional N-functions
within these side arms now act as an internal base to capture
the two protons that are liberated upon complexation. Thus,
the resulting dinuclear frameworks are quite similar in both 1�
and 2, and also have comparable metal ±metal distances
[3.447(2) ä in 2]. The major difference is the extra ammo-
nium groups in close proximity to the bimetallic core of 2.
Further characteristics of the solid state structures of 1� ¥
(ClO4)2 and 2 ¥ (BF4)4 are as follows: in 1�, the proton of the
hydroxide forms a weak bridge to one of the perchlorate
counter anions [d(O1 ¥ ¥ ¥O13ClO4


)� 3.319 ä], and the protons
of the ethanol solvent molecules have been located H-bridg-
ing to perchlorate O-atoms [d(O2 ¥ ¥ ¥O14ClO4


)� 2.792 ä,
d(O3 ¥ ¥ ¥O10ClO4


)� 2.844 ä]. The two copper ions are located
approximately within the plane defined by the pyrazolate
heterocycle (displacement out of the plane: 0.09 ä for Cu1,
0.13 ä for Cu2), and the equatorial coordination planes of the
copper ions are only slightly tilted with respect to each other
(5.3�) and with respect to the pyrazolate (8.3� and 8.7�). In 2 ¥
(BF4)4, the OH and NH protons likewise form hydrogen
bridges to BF4


� counteranions [d(O1 ¥ ¥ ¥F12)� 3.033 ä,
d(N7 ¥ ¥ ¥F9)� 2.887 ä, d(N8 ¥ ¥ ¥F4/F13)� 2.953/2.846 ä].
However, the copper ions in 2 ¥ (BF4)4 are more severely
displaced out of the plane defined by the pyrazolate (0.70 ä
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for Cu1, 0.73 ä for Cu2), and the equatorial coordination
planes of the copper ions are drastically tilted with respect to
each other (28.3�) and with respect to the pyrazolate (17.9�
and 18.8�).


The shorter ligand side arms in [L3]� are known to pull the
metal ions back and apart, thus preventing copper ± copper
distances short enough to allow for a bridging binding mode of
a small hydroxide within the bimetallic pocket.[15] The
coordination compound first formed in the reaction of HL3


with two equivalents of Cu(ClO4)2 and two equivalents of
base was found to gradually absorb CO2 from air, yielding
complex 3 ¥ (ClO4)2 in methanol solution (Scheme 3). Com-
pound 3 features a methyl carbonate bridge (as confirmed by
a strong IR absorption at 1612 cm�1) and an increased metal ±
metal separation of 4.088(1) ä. The carbonate plane is
drastically tilted with respect to the pyrazolate plane (33.6�),
and also the basal coordination planes of the two copper ions
are severely tilted with respect to each other (25.3�). This
suggests a considerably strained situation after incorporation
of the carbonate bridge within the bimetallic pocket, which
should facilitate subsequent replacement of the carbonate by
other ligands or substrates. FAB MS spectra support this
assumption, because dominant signals at m/z� 421 and 520,
corresponding to the carbonate-devoid ions [L3Cu2]� and
[L3Cu2(ClO4)]� , appear besides the less intense parent signal
for [L3Cu2(ClO4)(CH3OCO2)]� (m/z� 595). Formation of 3
can be accelerated by bubbling CO2 through the reaction
mixture. As the catecholase reaction catalyzed by the new
copper complexes was intended to be carried out in methanol
with air as the oxidant (see below), complex 3 ¥ (ClO4)2
prepared in such a way was employed to ensure the use of a
well-defined dicopper precatalyst in all subsequent experi-
ments.


Ligand [L4]� bears additional short side arms. In 4 ¥ (ClO4)2,
these are coordinated to the metal ions, and thus the metal
ions are pulled apart even more, and the metal ±metal
separation is further increased to 4.533(1) ä. The copper ions
in 4 are five-coordinate with coordination polyhedra inter-
mediate between square pyramidal and trigonal bipyramidal
(�� 0.64).[16] Again, the enforced copper ± copper distance is
too large to allow for a bridging position of a one-atom
O-bridge like hydroxide (or methoxide), but in this case
incorporation of an additional solvent molecule (methanol) is
observed to give an intramolecular MeO-H-OMe bridging
unit featuring a very short hydrogen bridge [d(O1 ¥ ¥ ¥O1a)�
2.400(9) ä]. Such units within the bimetallic pocket have
previously been proven to be rather labile and to be
susceptible to replacement by various other ligating mole-
cules, for example by an incoming substrate.[15] Accordingly,
the MeO-H-OMe group that is formed when the complex is
crystallized from dry methanol undergoes facile exchange by
water, and a HO-H-OH bridging moiety results from storage
of 4 ¥ (ClO4)2 in air or from recrystallizing the complex in wet
methanol.


Spectroscopic and electrochemical properties of the com-
plexes : UV/Vis spectra of the perchlorate salts of 1 ± 4 have
been recorded in methanol (Table 1). All complexes show
strong absorptions around 218 and 270 nm, which are assigned


to pyrazolate � ±�* and metal-to-ligand charge transfer
transitions. Weak CuII ligand field bands appear at 621, 589,
and 638 nm for 1, 2, and 3, respectively. These band positions
are in accordance with elongated tetragonal or square-
pyramidal coordination,[17] as observed in the crystal struc-
tures. In contrast, complex 4 shows a broad d ±d absorption
centered at 855 nm and suggestive of trigonal-bipyramidal
coordination including four N donors of the [L4]� ligand for
each copper ion, similar to the solid state situation. Diffuse
reflectance spectra of solid samples of the perchlorate salts
display the same trends, that is, d ± d bands in the range 630 ±
680 nm for 1 ± 3 versus a broad low-energy absorption around
1020 nm for 4 ; this indicates that the overall structural
features as elucidated by X-ray crystallography are basically
retained in solution.


The electrochemical behavior of the perchlorate salts of 1 ±
4 has been studied in MeCN by cyclic voltammetry. The
results are summarized in Table 2. All complexes reveal only


ill-defined anodic processes at high potentials (above �1.4 V
versus the saturated calomel electrode) and irreversible
reduction peaks. The latter are observed in the narrow range
�0.30 to �0.38 V for 1 ± 3 and at �0.51 V for 4 (at
200 mVs�1). In the case of 2 (see Figure 5) and 3, a second
wave is found that peaks at �0.70 and �0.65 V, respectively,
while further cathodic processes are ill-defined for 1 and 4.
The first reduction is assumed to involve formation of the
CuICuI species in all cases (a shoulder at around�0.1 Vat the
first reduction peak of 2 might indicate a closely spaced two-
step process, see Figure 5), while the second reduction for 2
presumably corresponds to Cu0 release as indicated by the
appearance of the anodic stripping of the electrodeposed Cu0


in the back scan.[18] It is well established that O-containing
bridges like HO�, MeO�, or carbonate have a very poor ability
to bind to CuI centers and tend to dissociate from the


Table 2. Electrochemical properties of the complexes in acetonitrile (0.1�
NnBu4PF6, 200 mVs�1); peak potentials in V vs. SCE.


Ep
red,1 Ep


red,2 Eox
p


1 ¥ (ClO4)2 � 0.37 ± � 1.52
2 ¥ (ClO4)4 � 0.30 � 0.70 � 1.67
3 ¥ (ClO4)2 � 0.38 � 0.65 � 1.46
4 ¥ (ClO4)2 � 0.51 ± � 1.63


Table 1. UV/Vis data of the complexes in methanol and in the solid state
(diffuse reflectance); � [nm] (� [��1cm�1]).


methanol solution diffuse reflectance


1 ¥ (ClO4)2 218 (7280), 267 (11010), 621 (210) 434 (sh), 682, 1420
2 ¥ (ClO4)4 218 (7410), 267 (9330), 375 (1710, sh) 418, 634, 1416


589 (270)
3 ¥ (ClO4)2 216 (7720), 271 (10930), 638 (280) 326, 658, 1424
4 ¥ (ClO4)2 219 (8790), 289 (7710), 855 (530) 376, 1020
5 ¥ (ClO4)2 225 (24320), 255 (13050), 300 (10260),


887 (360)
6 ¥ (ClO4)2 227 (13960), 247 (13790), 303 (7670, sh),


629 (240)
7 ¥PF6 200 (14370, sh), 223 (37870), 257 (14600),


299 (7600, sh), 476 (170), 618 (200)
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Figure 5. Cyclic voltammogram of complex 2 ¥ (ClO4)2 recorded on a
platinum electrode in MeCN containing NnBu4PF6 (0.1�) at scan speed
200 mVs�1; potentials versus the saturated calomel electrode.


coordination sphere upon electrogeneration of the reduced
metal species.[12, 18, 19] Furthermore, CuII and CuI show distinct
preferences for different coordination polyhedra, and pro-
nounced changes in coordination geometry are thus expected
to occur, with the structures of the dicopper(�) species
differing significantly from those determined for the dicop-
per(��) complexes. However, as pointed out previously,[12] this
does by no means preclude the use of these bimetallic systems
as oxidation catalysts.


Catecholase activity : 3,5-Di-tert-butylcatechol (3,5-DTBC)
has been widely used as a substrate in catecholase model
studies[8±13] and was also employed here. Its low redox
potential makes it easy to oxidize,[20] and the bulky substitu-
ents prevent further reactions such as ring opening. The
product, 3,5-di-tert-butylquinone (3,5-DTBQ), is sufficiently
stable and displays a strong absorption at �max� 400 nm (��
1684��1 cm�1) whose appearance was monitored by UV/Vis
spectroscopy in the kinetic studies. Reactivity studies were
performed in methanol by using atmospheric oxygen, and the
perchlorate salts were employed in all cases to ensure
comparability without any interfering effects of different
anions.


Initial qualitative experiments revealed drastic differences
in activity for the four different complexes: while 1 ¥ (ClO4)2
and 2 ¥ (ClO4)4 exhibit very high catecholase activity, 3 ¥
(ClO4)2 is somewhat less active, and substrate conversion by
4 ¥ (ClO4)2 is significantly slower. The course of oxidation of
3,5-DTBC by 4 ¥ (ClO4)2 with the increase in quinone absorp-
tion is shown in Figure 6. NMR spectroscopy of the product
mixtures obtained from complete oxidation of ten equivalents
of 3,5-DTBC confirmed the presence of 3,5-DTBQ as the sole
product in all cases.


Figure 6. UV/Vis spectra of the course of the oxidation of 3,5-DTBC by 4 ¥
(ClO4)2.


The kinetics of the catecholase model reactions were
determined by the method of initial rates. With a large initial
excess of the substrate, a linear dependence of the initial rates
on the complex concentration was obtained (Figure 7); this is
in accordance with the idea that two cooperating copper ions


Figure 7. Effect of catalyst concentration on the initial rate of 3,5-DTBC
oxidation (as measured by the absorbance change at 400 nm) by complexes
1 ¥ (ClO4)2, 2 ¥ (ClO4)4, 3 ¥ (ClO4)2, and 4 ¥ (ClO4)2 in methanol. The initial
concentration of the substrate was 10�3�.


are required to accomplish the two-electron oxidation of a
catechol substrate molecule. The pseudo-first-order rate
constants kobs are collected in Table 3 and are taken as a first
measure for comparing individual activities. Those two
systems in which the longer ligand side arms allow for a
shorter Cu ¥ ¥ ¥Cu separation are the most active, and it appears
as if activity is correlated to the metal ±metal distance. In
particular, complex 2 ¥ (ClO4)4 is a very effective catalyst for


Table 3. Kinetic parameters for the oxidation of 3,5-DTBC, and Cu ¥ ¥ ¥Cu separation of the catalyst complexes.


kobs [h�1] d(Cu ¥ ¥ ¥Cu) [ä] kcat [h�1][a] KM [mol�1L�1][a] vmax [mol�1L�1min�1][a]


1 ¥ (ClO4)2 1400� 200 3.54 ± ± ±
2 ¥ (ClO4)4 2430� 202 3.45 2804� 388 (8.9� 3.5)� 10�5 (4.7� 0.6)� 10�4


3 ¥ (ClO4)2 514� 70 4.09 ± ± ±
4 ¥ (ClO4)2 22.8� 1.2 4.53 31.6� 11.3 (7.9� 4.0)� 10�4 (5.3� 1.9)� 10�6


[a] Determined from a Lineweaver ±Burke plot.
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the catecholase reaction, not only within the present series,
but also in comparison with most other catecholase model
systems described previously.[8±13]


To gain further insight, the variation of the rates with the
substrate concentrations was investigated. Unfortunately, due
to their very high activities, no reliable data at substrate/
catalyst ratios lower than 10 could be obtained for complexes
1 ¥ (ClO4)2, 2 ¥ (ClO4)4 and 3 ¥ (ClO4)2 by our conventional UV/
Vis technique (i.e. , without stopped-flow equipment). The
experimental results for all four systems are depicted in
Figure 8 and reveal saturation behavior in the case of


Figure 8. Effect of substrate concentration on the initial rate of 3,5-DTBC
oxidation (as measured by the absorbance change at 400 nm) by complexes
1 ¥ (ClO4)2, 2 ¥ (ClO4)4, 3 ¥ (ClO4)2, and 4 ¥ (ClO4)2 in methanol. Concentra-
tion of the catalyst complex was 10�5�.


complexes 2 ¥ (ClO4)4 and 4 ¥ (ClO4)2. A Michaelis ±Menten
analysis of these data sets was thus applied, from which we
inferred that there is formation of a complex ± substrate
adduct as a pre-equilibrium process and irreversible forma-
tion of the quinone product and the free dicopper(�) species as
the rate-determining step. This approach provides an estima-
tion of KM and kcat values as determined from a Lineweaver ±
Burke plot and listed in Table 3 (the latter being reasonably
consistent with the kobs values given in the same table). It
should be noted, though, that such a simplified model most
certainly is not a fully appropriate description of the present
systems, and that a more complicated mechanism may well be
in effect, which furthermore may be distinct for each of the
four catalyst complexes. The rate for complexes 1 ¥ (ClO4)2
and 3 ¥ (ClO4)2 turned out to be almost independent of 3,5-
DTBC concentration within the range of substrate con-
centration studied. This is possibly due to a particularly high
binding constant, but it might also indicate that a different
step of the overall catalytic cycle is rate determining,
for example the reoxidation of the dicopper(�) species by
dioxygen.


Two sets of experiments were carried out to determine the
fate of the O2 oxidant, that is, whether hydrogen peroxide or
water is formed as the reduced oxygen species (path A versus
path B in Scheme 4). In the first experiments that were carried
out with 1 ¥ (ClO4)2, 2 ¥ (ClO4)4, and 3 ¥ (ClO4)2, methanol
saturated with atmospheric oxygen was employed, and the


Scheme 4. Possible pathways for quinone formation.


reaction vessel closed air-tight immediately after mixing of the
reactant solutions (10�4� in complex and 5� 10�3� in
substrate). Increase of the 400 nm band characteristic of
quinone formation was then followed until the reaction had
come to an end. Considering the solubility of O2 in methanol
under standard conditions (2.5� 10�3 molL�1)[21] and assum-
ing that all the O2 had been consumed at this point, an
absorption of 0.8 was to be expected for a reaction stoichi-
ometry according to path A, while an absorption of 1.6 would
result from path B. The reaction vessel was then briefly
opened, and air was bubbled into the solution. Renewed
increase of the 400 nm absorption confirmed that the catalysts
were still active and that full consumption of O2 was indeed
the cause for the catalytic reaction to stop. As an example, the
results for 1 ¥ (ClO4)2 are shown in Figure 9. As in the case of
2 ¥ (ClO4)4 and 3 ¥ (ClO4)2, the experimental findings strongly
suggest the formation of H2O2 as the major product of O2


reduction. Accumulation of H2O2 during turnover was then
confirmed in a second set of experiments by means of the
lactoperoxidase-accelerated I3� assay.[13, 22] 71%, 63%, and
58% of the expected amount of H2O2 were detected for
1 ¥ (ClO4)2, 2 ¥ (ClO4)4, and 3 ¥ (ClO4)2, respectively.


Figure 9. Time course of 3,5-DTBC oxidation (as measured by the
absorbance change at 400 nm) by complex 1 ¥ (ClO4)2 in methanol upon
repeated purging with air. Initial concentrations of the catalyst and the
substrate were 10�4� and 5� 10�3�.


In the case of 4 ¥ (ClO4)2, the I3� assay was only slightly
different from a blank experiment. It remains uncertain at the
present stage whether this is due to a different mechanism or
has to be attributed to gradual decomposition of the initially
formed H2O2 (possibly catalyzed by the complex) during the
much longer reaction times required for the least active
system 4 ¥ (ClO4)2.
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TCC complexes as models for substrate binding : To examine
possible modes of substrate binding at the dicopper cores and
to obtain structural information on the putative dicopper(��)-
catecholate intermediate formed during the catalytic reaction,
tetrachlorocatechol (TCCH2) was employed as a mimic of the
DTBC substrate. TCCH2 is less prone to oxidation,[20] and
may therefore form stable adducts with the copper(��) catalyst
complexes. While several mononuclear copper complexes
with bound catecholate are known,[23] only few structurally
characterized dicopper systems with coordinated TCC have
hitherto been reported.[11] In the first of these compounds
(reported by Karlin et al.),[11a] the TCC bridges two copper(��)
ions at a rather short metal ±metal separation of 3.248 ä. The
original assumption that such bidentate substrate binding
might also occur within the active site of catechol oxidase has
recently been called into question by crystallographic findings
for the native enzyme; these suggested an alternative
mechanism with monodentate binding of the catechol to only
one of the copper ions.[7]


Green crystalline material could be obtained from the
reaction of 3 ¥ (ClO4)2 and 4 ¥ (ClO4)2 with TCCH2 (Scheme 5),


Scheme 5. Synthesis of TCC adducts 5 ¥ (ClO4)2, 6 ¥ (ClO4)2 and 7 ¥PF6.


and the identity of these complexes was analyzed by X-ray
crystallography. Molecular structures of the cations
[HL3Cu2(TCC)(H2O)2]2� (5) and [HL4Cu2(TCC)(H2O)]2�


(6) are depicted in Figures 10 and 11, respectively, including
one of the ClO4


� counteranions in the former case.
Complex 6 ¥ (ClO4)2 is found to contain two independent


but quite similar molecular entities per unit cell. Molecular
structures of the TCC adducts of the dicopper framework are


Figure 10. Molecular Structure of 5 (30% probability ellipsoids). All
hydrogen atoms except the N- and O-bound hydrogen atoms have been
omitted for clarity. Selected atom distances [ä] and bond angles [�]:
Cu1�N1 1.941(3), Cu1�O3 2.015(3), Cu1�N4 2.028(3), Cu1�N3 2.043(3),
Cu1�O4 2.298(3), Cu2�O2 1.933(2), Cu2�O1 1.934(2), Cu2�N2 1.944(3),
Cu2�N5 2.083(3), O1�C21 1.339(4), O2�C22 1.344(4), C21�C22 1.412(5),
Cu2�O16 2.666(1), N6 ¥ ¥ ¥O2 2.655(4), O3 ¥ ¥ ¥O1 2.614(4), O4 ¥ ¥ ¥O1
2.994(4), O4 ¥ ¥ ¥O17 2.960(3), Cu1 ¥ ¥ ¥Cu2 4.202(1); N1-Cu1-O3 96.8(1),
N1-Cu1-N4 165.8(1), O3-Cu1-N4 92.5(1), N1-Cu1-N3 81.7(1), O3-Cu1-N3
165.0(1), N4-Cu1-N3 86.5(1), N1-Cu1-O4 92.3(1), O3-Cu1-O4 92.7(1), N4-
Cu1-O4 97.9(1), N3-Cu1-O4 102.2(1), O2-Cu2-O1 85.56(9), O2-Cu2-N2
174.7(1), O1-Cu2-N2 98.9(1), O2-Cu2-N5 95.2(1), O1-Cu2-N5 169.4(1),
N2-Cu2-N5 80.9(1).


Figure 11. Molecular Structure of 6 (30% probability ellipsoids). All
hydrogen atoms except the N- and O-bound hydrogen atoms have been
omitted for clarity. Selected atom distances [ä] and bond angles [�] (values
for the second independent molecules are given in parentheses): Cu1�O1
1.918(3) [1.939(3)], Cu1�N1 1.972(4) [1.974(4)], Cu1�O2 1.979(3)
[1.984(3)], Cu1�N3 2.127(4) [2.110(4)], Cu1�N4 2.423(4) [2.358(4)],
Cu2�O3 1.949(4) [1.951(4)], Cu2�N6 2.032(4) [2.049(4)], Cu2�N2
2.095(4) [2.078(4)], Cu2�N8 2.095(4) [2.111(4)], Cu2�N7 2.170(4)
[2.232(5)], O1�C30 1.322(6) [1.336(6)], O2�C31 1.337(6) [1.333(5)],
C30�C31 1.401(7) [1.407(7)], O2 ¥ ¥ ¥O3 2.546(5) [2.604(6)], Cu1 ¥ ¥ ¥Cu2
4.439(1) [4.478(1)]; O1-Cu1-N1 164.1(2) [166.1(2)], O1-Cu1-O2 84.7(2)
[85.0(2)], N1-Cu1-O2 100.9(2) [100.3(2)], O1-Cu1-N3 90.2(2) [89.8(2)],
N1-Cu1-N3 82.4(2) [82.8(2)], O2-Cu1-N3 172.1(2) [169.2(2)], O1-Cu1-N4
92.9(2) [90.7(2)], N1-Cu1-N4 100.2(2) [100.0(2)], O2-Cu1-N4 102.8(2)
[106.3(2)], N3-Cu1-N4 83.5(2) [83.2(2)], O3-Cu2-N6 177.0(2) [178.3(2)],
O3-Cu2-N2 99.5(2) [98.1(2)], N6-Cu2-N2 83.1(2) [83.6(2)], O3-Cu2-N8
91.5(2) [93.6(2)], N6-Cu2-N8 85.7(2) [85.2(2)], N2-Cu2-N8 125.2(2)
[130.1(2)], O3-Cu2-N7 94.8(2) [95.2(2)], N6-Cu2-N7 86.1(2) [84.5(2)],
N2-Cu2-N7 104.1(2) [101.6(2)], N8-Cu2-N7 128.4(2) [125.5(2)].
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basically the same in both 5 and 6. In each case, the TCC is
coordinated in a bidentate chelating fashion to only one of the
copper ions. It is further linked via one (6) or even two (5)
hydrogen bridges to water molecules bound to the adjacent
second metal ion [d(O1 ¥ ¥ ¥O3)� 2.614(4) ä and d(O1 ¥ ¥ ¥
O4)� 2.994(4) ä in 5, d(O2 ¥ ¥ ¥O3)� 2.546(5)/2.604(6) ä in
6]. The remaining H atoms of these water molecules could be
located in hydrogen bridges to perchlorate counteranions
[d(O3 ¥ ¥ ¥O14ClO4


)� 2.885 ä and d(O4 ¥ ¥ ¥O17ClO4
)� 2.960 ä in


5, d(O3 ¥ ¥ ¥O17ClO4
)� 3.050/2.815 ä in 6]. In 5 ¥ (ClO4)2, one of


these ClO4
� ions additionally occupies a Jahn ±Teller-elon-


gated axial coordination site of Cu2 (see Figure 10). The
second proton of the TCCH2 substrate mimic is captured by a
side-arm N-donor of the primary ligand scaffold (N6 in 5, N5
in 6), which thereby becomes protonated and dissociates from
the respective copper ion. The N-bound proton could be
located forming a hydrogen bridge to one of the catecholate
oxygens [d(N6 ¥ ¥ ¥O2)� 2.655 ä in 5, d(N ¥ ¥ ¥O)� 2.814 ä in
one of the two independent molecules of 6 (not shown in
Figure 11)] or to one of the perchlorate counteranions [d(N5 ¥
¥ ¥O15ClO4


)� 2.899 in the second independent molecule of 6].
The characteristic C�C and C�O bond lengths of the
coordinated TCC clearly identify the dianionic catecholate
nature of the substrate mimic, since these bond lengths are
diagnostic of the ligand oxidation state[23, 24] (i.e. , whether
it exists in the catecholate, semiquinone, or quinone
state): d(C21�C22)� 1.412(5) ä, d(C21�O1)� 1.339(4) ä,
and d(C22�O2)� 1.344(4) ä in 5 ; d(C30�C31)�
1.401(7)/1.407(7) ä, d(C30�O1)� 1.322(6)/1.336(6) ä, and
d(C31�O2)� 1.337(6)/1.333(5) ä in 6 (values for both inde-
pendent molecules in the unit cell). This is further corrobo-
rated by the lack of any isotropic EPR signals that were to be
expected for a semiquinone radical.


Based on the structural findings for 5 and 6, it seems likely
that such binding of the catechol substrate to only one of the
two copper ions is one of the reasons for the catecholase
activity being lower in the case of the dicopper systems 3 and
4, that is, in those dicopper complexes that feature increased
metal ±metal separations due to the constraints of the short
ligand side arms. To ensure that the TCC binding mode
observed in 5 and 6 is not due to the particular protonation
state and to the resulting H-bonding pattern that stems from
partial dissociation of the N-donor ligand side arms, a further
dicopper-TCC adduct of [L3]� was prepared by a different
procedure. In this case, a yellow dicopper(�) complex[25] that
was prepared at low temperature from HL3, one equivalent of
KOtBu, and two equivalents of [Cu(NCMe)4]PF6 was treated
in situ with one equivalent of the strongly oxidizing tetra-
chloro-o-quinone (TCQ); this caused immediate formation of
a green dicopper(��) compound that could be obtained in
crystalline form from EtCN/light petroleum (Scheme 5). This
complex 7 ¥PF6


� was analyzed by X-ray crystallography, and
the molecular structure of the cation is depicted in Figure 12.


In 7, which had evidently been formed in an internal two-
electron redox reaction between the copper(�) and the TCQ,
the dianionic TCC is again bound to only one of the copper
ions (Cu2) in a bidentate chelating fashion and forms a
hydrogen bridge to a water molecule located at the adjacent
Cu1. Contrary to the situation in 5, all ligand-side-arm


Figure 12. Molecular Structure of 7 (40% probability ellipsoids). All
hydrogen atoms except the N- and O-bound hydrogen atoms have been
omitted for clarity. Selected atom distances [ä] and bond angles [�]:
Cu1�O3 1.963(2), Cu1�N1 1.973(2), Cu1�N3 2.054(2), Cu1�N4 2.057(2),
Cu1�N7 2.265(2), Cu2�O2 1.9465(17), Cu2�O1 1.9684(17), Cu2�N2
1.969(2), Cu2�N5 2.091(2), Cu2�N6 2.331(2), O2 ¥ ¥ ¥O3 2.586(3), O1�C16
1.333(3), O2�C17 1.328(3), C16�C17 1.421(3), Cu1 ¥ ¥ ¥Cu2 4.288(1); O3-
Cu1-N1 95.76(8), O3-Cu1-N3 168.12(8), N1-Cu1-N3 81.33(8), O3-Cu1-N4
93.41(8), N1-Cu1-N4 157.42(9), N3-Cu1-N4 85.47(9), O3-Cu1-N7 93.44(9),
N1-Cu1-N7 104.26(9), N3-Cu1-N7 98.44(9), N4-Cu1-N7 95.72(9), O2-Cu2-
O1 84.90(7), O2-Cu2-N2 97.34(7), O1-Cu2-N2 158.38(8), O2-Cu2-N5
176.87(8), O1-Cu2-N5 96.56(8), N2-Cu2-N5 82.33(8), O2-Cu2-N6
93.82(8), O1-Cu2-N6 97.10(8), N2-Cu2-N6 104.18(9), N5-Cu2-N6 83.27(8).


N-donors remain coordinated in 7, and the coordination
sphere of Cu1 is completed by an EtCN solvent molecule
instead of a second water. By neglecting the different solvent
molecules bound to the Cu1 atoms in their Jahn ±Teller
elongated axial coordination sites, complex 7 can be regarded
as the deprotonated form, that is, the corresponding base of 5.
Its molecular structure again confirms that, for the present
systems (bearing short ligand side arms), binding to only one
of the copper atoms is the preferred coordination mode of the
TCC substrate mimic, irrespective of the overall protonation
state.


Conclusion


A series of closely related yet distinct dicopper(��) complexes
has been synthesized and structurally characterized. One
major difference between the four complexes is the individual
metal ±metal separation that is enforced by the particular
pyrazolate-based ligand scaffold: it ranges from 3.45 ä in
2 ¥ (ClO4)4 to 4.53 ä in 4 ¥ (ClO4)2. All complexes mediate the
catecholase test reaction, albeit with very different activities,
which decrease in the order 2 ¥ (ClO4)4� 1 ¥ (ClO4)2�
3 ¥ (ClO4)2� 4 ¥ (ClO4)2. In all cases the reaction rate is first
order in catalyst concentration, in accordance with the idea
that two adjacent copper ions are required to accomplish the
two-electron substrate oxidation in a cooperative manner. It
appears as if there is a correlation between the observed order
of catecholase activity and the differences in Cu ¥ ¥ ¥Cu
distances enforced within the individual catalyst complexes.
However, additional effects are certainly in operation, and the
minimal activity of 4 ¥ (ClO4)2 may also stem from its lower
redox potential and from the higher coordination number of
the two copper ions within the ligand coordination pockets.
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The most active catecholase model systems 2 and 1 have six-
membered chelate rings due to the longer ligand side arms,
and thus the coordination sphere of the copper ions is
particularly flexible and conformationally relaxed. This is in
contrast to previous results for some other model systems, in
which a strained chelate situation and a strong distortion from
square-pyramidal coordination geometry of the copper ions
turned out to be advantageous for catechol oxidation.[12] It is
interesting to note that complex 2 ¥ (ClO4)4 is considerably
more active than complex 1 ¥ (ClO4)2, despite their Cu ¥ ¥ ¥Cu
distances and their first Cu coordination spheres being very
similar. The differences should thus be traced to the higher
overall charge of 2 and to the presence of the additional acidic
NH functions in close proximity to the bimetallic core. The
latter might possibly support proton transfer to (and from) the
substrate during turnover–such an effect is strongly reminis-
cent of the important roles that protein residues play within
the active site of natural metalloenzymes.


The structures of ™L3Cu2∫ and ™L4Cu2∫ with the TCC-
substrate analogue suggest a bidentate substrate coordination
to only one of the copper ions for those catalysts that feature
short ligand side arms and correspondingly larger metal ±
metal separations; this possibly contributes to the lower
activity of these systems. Substrate binding is supported by
several H-bonding interactions to water molecules at the
adjacent copper or to ligand-side-arm N-donors; this empha-
sizes the importance of functional groups in proximity to the
bimetallic active site. Saturation behavior for the rate depend-
ence on substrate concentration was observed only in two
cases, that is, for the most active 2 ¥ (ClO4)4 and for the least
active 4 ¥ (ClO4)2, whereas a catalytic rate almost independent
of substrate concentration (within the range studied) was
observed for 1 ¥ (ClO4)2 and 3 ¥ (ClO4)2. While the reasons for
these differences remain unknown at the present stage, the
findings indicate that different rate-determining steps or even
distinct mechanisms might well be valid for the individual
systems. This underlines the fact that even within a series of
closely related compounds every single system has to be
studied in detail for a comprehensive understanding.


It is reasonable to assume formation of a dicopper(��)
peroxo complex from the reaction of O2 with the reduced
dicopper(�) species generated during the catecholase catalytic
cycle. One such peroxo complex stabilized in a tetracopper
array of two L3Cu2 units was recently isolated and charac-
terized structurally.[25] Detection of H2O2 as the product of O2


reduction in the catecholase reaction of 1 ¥ (ClO4)2, 2 ¥ (ClO4)4,
and 3 ¥ (ClO4)2 now suggests that these peroxo complexes
liberate H2O2 prior to conversion of a further substrate
molecule, and a mechanism as outlined in Scheme 6 may be
proposed.


Scheme 6. Proposed mechanism for catechol oxidation by the present
complexes.


Further investigations are currently underway to corrobo-
rate the mechanistic proposal for the present catalyst systems.
It is anticipated that studies on dicopper complexes of a
related series of pyrazolate-based ligands that feature
side arms of differing lengths (similar to HL1 ±HL4) but with
pyridyl N-donors[26] will give further insights into the
distinct effects of electronic versus steric tuning on the
catecholase activity of such highly preorganized dicopper
model systems.


Experimental Section


General Procedures and Methods : The preparation of all complexes was
carried out in air. Solvents were dried according to established procedures.
All ligands were synthesized according to the reported methods.[14]


Microanalyses: Mikroanalytische Laboratorien des Organisch-Chemischen
Instituts der Universit‰t Heidelberg. IR spectra: Perkin ±Elmer 983G,
recorded as KBr pellets. MS spectra: Finnigan MAT8230 (FAB-MS),
Finnigan TSQ700 (ESI-MS). UV/Vis spectra: Varian Cary1E (methanol
solution), Perkin Elmer Lambda19 (diffuse reflectance). Cyclic voltam-
metry: PAR equipment, (potentiostat/galvanostat 273), in 0.1� NBu4PF6/
MeCN. Potentials in V on glassy carbon electrode, referenced to SCE at
ambient temperature.


Caution! Although no problems were encountered in this work, transition
metal perchlorate complexes are potentially explosive and should be
handled with proper precautions.


Complex 1 ¥ (ClO4)2 : A solution of HL1 (325 mg, 1.00 mmol) in MeOH
(150 mL) was treated with two equivalents of KOtBu and two equivalents
of Cu(ClO4)2 ¥ 6H2O and stirred at room temperature for 1 h. After
filtration, all volatile material was evaporated under reduced pressure, then
the residue redissolved in methanol and filtered again. The solution was
layered with diethyl ether to gradually give green crystals of the product 1 ¥
(ClO4)2. Yield: 143 mg (0.20 mmol, 20%); IR (KBr): �� � 3541 (m), 2893
(m), 1626 (w), 1471 (s), 1311 (m), 1257 (w), 1093 (vs), 987 (s), 949 (s), 826
(s), 622 (vs) cm�1; MS (FAB, nibeol): m/z (%): 548 (28, [L1Cu2(ClO4)]�),
449 (100, [L1Cu2]�); elemental analysis calcd for C19H44Cu2Cl2N6O11


(730.59): C 31.24, H 6.07, N 11.50; found C 30.98, H 5.76, N 11.91. For
X-ray crystallographic characterization, single crystals of the analogous
complex 1� ¥ (ClO4)2, which has ethanol instead of methanol ligands bound
to both copper ions, were obtained from ethanol/diethyl ether.


Complexes 2 ¥ (ClO4)4 and 2 ¥ (BF4)4 : A solution of HL2 (467 mg,
1.00 mmol) in MeOH (150 mL) was treated with two equivalents of
Cu(ClO4)2 ¥ 6H2O and stirred at room temperature for 1 h. After filtration
all volatile material was evaporated under reduced pressure, the residue
redissolved in methanol and filtered again. The solution was layered with
diethyl ether to gradually afford the dark green product 2 ¥ (ClO4)4. Yield:
232 mg (0.23 mmol, 23%); IR (KBr): �� � 3588 (s), 3130 (m), 2927 (m), 1624
(w), 1469 (s), 1309 (w), 1094 (vs), 952 (m), 805 (w), 623 (vs) cm�1; MS (FAB,
nibeol): m/z (%) 789 (18, [L2Cu2(ClO4)2]�), 690 (37, [L2Cu2(ClO4)]�), 591
(100, [L2Cu2]�), 532 (71, [L2Cu2�HN(Me2)CH2]�), 504 (83, [L2Cu2�
HN(Me2)(CH2)3]�); elemental analysis calcd for C25H56Cl4Cu2N8O17


(1009.66): C 29.74, H 5.59, N 11.10; found C 28.91, H 5.75, N 10.67.
Complex 2 ¥ (BF4)4 was prepared by an analogous procedure, by starting
from Cu(BF4)2 ¥ 6H2O and using MeCN as the solvent. Single crystals of 2 ¥
(BF4)4 ¥MeCN were obtained by layering a MeCN solution with diethyl
ether. IR (KBr): �� � 3212 (s), 2990 (m), 2888 (m), 2298 (w), 2255 (m), 1472
(s), 1312 (m), 1062 (vs), 956 (m), 821 (m), 809 (m), 766 (m), 520 (s) cm�1;
MS (FAB, nibeol):m/z (%) 789 (36, [L2Cu2F(BF4)]�), 629 (40, [L2Cu2F2]�),
610 (100, [L2Cu2F]�), 591 (82, [L2Cu2]�), 532 (28, [L2Cu2�
HN(Me2)CH2]�), 504 (34, [L2Cu2�HN(Me2)(CH2)3]�); elemental analysis
calcd for C27H59B4Cu2F16N9O (1000.12): C 32.43, H 5.95, N 12.60, B 4.32, F
30.39; found C 32.22, H 5.79, N 12.76, B 4.21, F 30.30.


Complex 3 ¥ (ClO4)2 : A solution of HL3 (296 mg, 1.00 mmol) in MeOH
(150 mL) was treated with two equivalents of KOtBu and two equivalents
of Cu(ClO4)2 ¥ 6H2O. The solution was stirred at room temperature for 1 h,
while CO2 was bubbled gently into it. After filtration, all volatile material
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was evaporated under reduced pressure, the residue was then redissolved in
methanol and filtered again. The solution was layered with diethyl ether to
gradually afford blue crystals of the product 3 ¥ (ClO4)2. Yield: 259 mg
(0.34 mmol, 34%); IR (KBr): �� � 3533 (s), 2929 (s), 1612 (s), 1461 (s), 1395
(s), 1345 (s), 1312 (s), 1286 (m), 1257 (m), 1096 (vs), 943 (s), 846 (s), 810 (m),
775 (m), 622 (s) cm�1; MS (FAB, nibeol):m/z (%) 619 (5, [L3Cu2(ClO4)2]�),
595 (16, [L3Cu2(ClO4)(CH3O-CO2)]�), 551 (12, [L3Cu2(ClO4)(CH3O)]�),
520 (31, [L3Cu2(ClO4)]�), 421 (100, [L4Cu2]�); elemental analysis calcd for
C19H42Cl2Cu2N6O13 (760.57): C 30.00, H 5.57, N 11.05; found C 29.22, H 4.81,
N 11.57.


Complex 4 ¥ (ClO4)2 : A solution of HL4 (523 mg, 1.00 mmol) in MeOH
(150 mL) was treated with two equivalents of KOtBu and two equivalents
of Cu(ClO4)2 ¥ 6H2O, then stirred at room temperature for 1 h. After
filtration all volatile material was evaporated under reduced pressure, and
the residue was redissolved in methanol and filtered again. The solution
was layered with diethyl ether to gradually give light green crystals of the
product 4 ¥ (ClO4)2. Yield: 300 mg (0.33 mmol, 34%); IR (KBr): �� � 3415
(s), 2972 (s), 2942 (s), 2881 (m), 1621 (w), 1468 (s), 1379 (m), 1324 (m),
1259 (m), 1087 (vs), 733 (m), 805 (w), 623 (s) cm�1; MS (FAB, nibeol):
m/z (%): 894 (32, [L4Cu2(ClO4)2(OHOCH3)�1]�), 794 (15, [L4Cu2(ClO4)-
(OHOCH3)]�), 647 (94, [L4Cu2]�); 585 (41, [L4Cu�1]�), 370 (100,
[L4Cu�N(CH2CH2NEt2)2]�), 308 (53, [L4�N(CH2CH2NEt2)2�1]�); ele-
mental analysis calcd for C29H64Cl2Cu2N8O10 (882.865): C 39.45, H 7.31,
N 12.69; found C 39.63, H 7.40, N 12.25


Complex 5 ¥ (ClO4)2 : A solution of HL3 (148 mg, 0.50 mmol) in MeOH
(150 mL) was treated with KOtBu (150 mg, 1.34 mmol) and two equiv-
alents of Cu(ClO4)2 ¥ 6H2O. The solution was stirred at room temperature
for 1 h while CO2 was bubbled gently into it. Then one equivalent of
tetrachlorocatechol was added. After filtration, all volatile material was
evaporated under reduced pressure, the residue was then redissolved in
acetone and filtered again. The solution was layered with light petroleum to
gradually afford blue crystals of the product 6 ¥ (ClO4)2. Yield: 87 mg
(0.09 mmol, 18%); IR (KBr): �� � 3415 (s), 2921 (m), 1583 (w), 1446 (s),
1370 (w), 1312 (w), 1250 (m), 1086 (vs), 969 (w), 805 (m), 626 (s) cm�1; MS
(FAB, nibeol): m/z (%): 520 (23, [L4Cu2(ClO4)]�), 421 (75, [L4Cu2]�),
257 (100, [L4Cu�Me2N(CH2)2NMe]�); elemental analysis calcd for
C21H36Cl6Cu2N6O12 ¥ acetone (962.44): C 29.95, H 4.40, N 8.73; found C
30.18, H 4.49, N 8.71.


Complex 6 ¥ (ClO4)2 : A solution of HL4 (262 mg, 0.50 mmol) in MeOH
(150 mL) was treated with KOtBu (150 mg, 1.34 mmol) and two equiv-
alents of Cu(ClO4)2 ¥ 6H2O, and stirred at room temperature for 1 h. Then
one equivalent of tetrachlorocatechol was added. After filtering off the
white residue, all the volatile material was evaporated under reduced
pressure, and the residue was then taken up in acetone and filtered. The
solution was layered with light petroleum to gradually give green crystals of
the product 5 ¥ (ClO4)2. Yield: 43 mg (0.04 mmol, 8%); IR (KBr): �� � 3441
(s), 2970 (s), 2929 (s), 2874 (s), 1701 (w), 1635 (w), 1571 (w), 1521 (w), 1444
(s), 1371 (s), 1328 (m), 1255 (m), 1218 (w), 1182 (m), 1088 (s), 968 (s), 927
(w), 826 (w), 806 (s), 787 (s), 733 (m), 682 (w), 622 (s) cm�1; MS (ESI,
acetone): m/z (%): 893 (1, [L4Cu2C6Cl4O2]�), 648 (100, [L4Cu2H]�);
elemental analysis calcd for C35H64Cl6Cu2N8O11 (1112.74): C 37.78, H
5.80, N 10.07; found C 36.95, H 5.63, N 9.66.


Complex 7 ¥ PF6 : A stirred solution of HL3 (115 mg, 0.39 mmol) in EtCN
(150 mL) was cooled to �70 �C and treated with one equivalent of KOtBu.
Two equivalents of [Cu(NCMe)4]PF6 were added, and the reaction mixture
was stirred for 30 min. One equivalent of o-chloranil was added to the
yellow solution; this caused it to turn green. After warming the solution to
room temperature, stirring was continued for 10 min before the solution
was filtered and layered with light petroleum to gradually give green
crystals of the product 7 ¥ (PF6). Yield: 13 mg (0.02 mmol, 4%); IR (KBr):
�� � 3636 (m), 3570 (m), 3417 (m), 2985 (s), 2926 (s), 1631 (w), 1587 (w),
1529 (m), 1510 (w), 1438 (s), 1371 (s), 1327 (w), 1312 (m), 1291
(w), 1248 (s), 1175 (w), 1160 (w), 1091 (w), 1068 (w), 1036 (m), 1024 (m),
997 (s), 981 (s), 958 (m), 944 (m), 840 (s), 802 (s), 785 (s), 737 (w), 681 (w),
591 (w), 555 (s) cm�1; MS (ESI, acetone): m/z (%): 667 (9,
[L3Cu2C6Cl4O2]�), 421 (100, [L3Cu2]�); elemental analysis calcd for
C24H38Cl4Cu2F6N7O3P (904.48): C 32.52, H 4.32, N 11.06; found C 31.24,
H 4.54, N 10.50.


Kinetics of 3,5-di-tert-butylcatechol oxidation : The catecholase activity of
complexes 1 ¥ (ClO4)2, 2 ¥ (ClO4)4, 3 ¥ (ClO4)2 and 4 ¥ (ClO4)2 was monitored


by UV/Vis spectroscopy by the growth of the absorption band at 400 nm
from the product 3,5-DTBQ. The catalytic activity of the complexes was
determined by the method of initial rates. In a first test series, concen-
trations in the range of 2� 10�6� to 10�5� were prepared for 1 ¥ (ClO4)2 and
2 ¥ (ClO4)4 at a constant concentration of 10�3� of 3,5-DTBC. The
concentration of 3 ¥ (ClO4)2 and 4 ¥ (ClO4)2 was varied between 5� 10�6�
and 2� 10�5�. In another test series, the complex concentrations were held
constant at 10�5� and the catechol substrate was varied in the range of
10�4 ± 10�3� for 1 ¥ (ClO4)2, 2 ¥ (ClO4)4 and 3 ¥ (ClO4)2 and 2� 10�4 ± 2� 10�3


� for 4 ¥ (ClO4)2. The rate-law dependence of the complex concentration
was found to be linear, while for substrate dependence a saturation kinetics
was observed in the case of 2 ¥ (ClO4)4 and 4 ¥ (ClO4)2. A Michaelis ±
Menten analysis of the latter data was applied and vmax , KM, and kcat


determined from a Lineweaver ±Burke plot. All errors were calculated
conservatively.


Experiments for the detection of hydrogen peroxide formation : For
the detection of H2O2, a 10�5� solution of complexes 1 ¥ (ClO4)2, 2 ¥ (ClO4)4,
3 ¥ (ClO4)2, and 4 ¥ (ClO4)2 was treated with 10�3� 3,5-DTBC. As
soon as an absorption of 0.4 was reached, an equal amount of H2SO4


(0.005�) was added to stop the reaction. The reaction mixture
was then washed twice with CH2Cl2 to remove DTBQ. To a 2 mL aliquot
of the aqueous layer a KI solution (1 mL, 0.30�) was added. Finally,
lactoperoxidase was added in catalytic amounts to specifically accelerate
the formation of I3� in the presence of H2O2. The increase of the I3�


absorption band at 353 nm was monitored by UV/Vis spectroscopy. In
order to prove that I3� results from the presence of H2O2, control
experiments were performed starting from a solution of the particular
complex (10�5�) and DTBQ (2.4� 10�4�) under identical conditions.
After adding H2SO4 (0.005�) and washing with CH2Cl2 only minor
formation of the I3� band was observed.


X-ray Crystallography : The measurements were carried out on a Siemens
P4 four-circle diffractometer [complex 2 ¥ (BF4)4], a Nonius Kappa CCD
diffractometer [complexes 1� ¥ (ClO4)2, 3 ¥ (ClO4)2, 4 ¥ (ClO4)2, and 5 ¥
(ClO4)2], or a Bruker AXS CCD diffractometer [complex 6 ¥ (ClO4)2 and
7 ¥ (PF6)] by using graphite-monochromated Mo-K� radiation. For 2 ¥
(BF4)4, the intensities of three check reflections (measured every 100
reflections) remained constant throughout the data collection, thus
indicating crystal and electronic stability. All calculations were performed
by using the SHELXT PLUS software package.[27] The program XPMA[28]


was used for graphical handling of the data. For 2 ¥ (BF4)2, an absorption
correction (� scan, ��� 10�) was applied to the data. Atomic coordinates
and thermal parameters of the non-hydrogen atoms were refined in fully or
partially anisotropic models by full-matrix least-squares calculation based
on F 2. In general, the hydrogen atoms were placed at calculated positions
and allowed to ride on the atoms they are attached to, or were treated as
part of a rigid group (CH3). In the case of 1� ¥ (ClO4)2, the O-bound atoms
H1, H2, and H3 were located and refined isotropically. For 2 ¥ (BF4)4, a
CH3CN solvent molecule was included in the crystal lattice. The O- and
N-bound H atoms H1, H70, and H80 were located and refined. Two of the
four BF4


� counteranions were found to be disordered. For 3 ¥ (ClO4)2, the
H4 and H5 atoms of the MeOH molecules were located and refined. In the
case of 4 ¥ (ClO4)2, the H1 atom of the MeO-H-OMe bridge could be
located and refined. For 5 ¥ (ClO4)2, the unit cell contains a partly occupied
(0.8) acetone solvent molecule position. All four H atoms bound to the
water molecules at Cu1 were located and refined, albeit with moderate
temperature factors. The N6-bound H6 atom could be located and refined.
In 6 ¥ (ClO4)2, all H atoms bound to O and N were located and refined. In
the case of 7 ¥ (PF6), the CH2�CH2 link between the N atoms of one ligand
side arm and the respective CH3 groups at the terminal side arm N atom
were found to be disordered, as was the ethyl group of the Cu-bound EtCN.
H atoms, except those of the disordered atoms, were located in the
difference Fourier maps and refined. The cell contains a disordered solvent
molecule. Table 4 compiles the data for the structure determinations.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC 161801 [1� ¥
(ClO4)2], 161798 [2 ¥ (BF4)4], 161799 [3 ¥ (ClO4)2], 161800 [4 ¥ (ClO4)2],
161802 [5 ¥ (ClO4)2], 161916 [6 ¥ (ClO4)2] and 161917 [7 ¥ (PF6)]. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44)1223-336033; e-mail : deposit
@ccdc.cam.ac.uk).
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1� ¥ (ClO4)2 2 ¥ (BF4)4 3 ¥ (ClO4)2 4 ¥ (ClO4)2 5 ¥ (ClO4)2 6 ¥ (ClO4)2 7 ¥PF6


Formula C21H48N6O11Cl2Cu2 C27H59B4Cu2F16N9O C19H42Cl2Cu2N6O13 C31H68Cl2Cu2N8O10 C21H36Cl6Cu2N6O12 C35H64Cl6Cu2N8O11 C24H38Cl4Cu2F6N7O3P
� 1 MeCN � 0.8 acetone � 1 acetone


M [gmol�1] 758.64 1000.15 760.57 910.92 950.80 1170.80 904.48
crystal size [mm] 0.20� 0.20� 0.20 0.30� 0.30� 0.30 0.10� 0.20� 0.25 0.10� 0.10� 0.05 0.40� 0.40� 0.30 0.38� 0.26� 0.17 0.22� 0.22� 0.30
crystal system monoclinic monoclinic triclinic orthorhombic monoclinic monoclinic triclinic
space group P21/n P21 P1≈ Aba2 P21/n P21 P1≈


a [ä] 10.556(2) 11.412(2) 8.819(2) 13.588(3) 17.366(4) 14.1449(3) 12.4327(6)
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Application of the AAA Reaction to the Synthesis of the Furanoside of
C-2-epi-Hygromycin A: A Total Synthesis of C-2-epi-Hygromycin A


Barry M. Trost,* Joseph Dudash, Jr., and Olivier Dirat[a]


Abstract: A strategy for stereocontrol-
led syntheses of furanoside type of
natural products is developed for a
glycosyl aryl ether. This strategy re-
solves the issue of low diastereoselectiv-
ity typical of normal glycosidation meth-
ods for furanosides. All the stereo-
chemistry ultimately derives from a
desymmetrization of a 2,5-diacyloxy-
2,5-dihydrofuran using Pd catalyzed


asymmetric allylic alkylation which sets
both the absolute stereochemistry and
1,4-relative stereochemistry. Diastereo-
controlled elaboration of the 3,4-double
bond then completes the synthesis. A


new conjunctive reagent, 1-nitro-1-phe-
nylsulfonyl-ethane, is developed to serve
as an acyl anion equivalent. The utility
of a phenol as a nucleophile in the Pd
catalyzed glycosylation is demonstrated.
From this strategy emerged a short,
practical synthesis of C-2-epi-hygromy-
cin A.


Keywords: asymmetric catalysis ¥
asymmetric synthesis ¥ hygromy-
cin A ¥ palladium ¥ total synthesis


Introduction


Furanosides, such as nucleosides and ribose analogues,
represent an important class of carbohydrate derivatives for
which stereoselective syntheses at the anomeric center have
been challenging. While synthesis of the constitutionally
isomeric pyranosides is aided by the anomeric effect, the � :�
anomer ratio in furanosides is often dictated by steric effects,
giving rise to a mixture of products. One approach to these
compounds has been the Koenigs ±Knorr glycosylation,[1]


which utilizes a neighboring group effect to direct the
stereoselectivity at the anomeric center. With the advent of
C-2 deoxy nucleoside analogues as anti-HIV agents, this
glycosylation method became less general. Stereoselective
syntheses have been reported[2] for deoxy-ribose derivatives,
which rely on cyclization techniques, but these are less
convergent than the glycosylation approach. Thus, a general
method for the synthesis of furanosides that exhibits the
stereoselectivity of non-glycosylation methods, but provides
the flexibility and convergency of glycosylation method would
complement nicely existing technologies.
Scheme 1 outlines the strategy under development in our


laboratories. cis-2,5-Diacyloxy-2,5-dihydrofuran, readily
available by the direct oxidation of furan, undergoes regio-,
diastereo-, and enantioselective substitution to provide either
enantiomer of the mono- (i.e. , 1) or di- (i.e. , 2) substituted
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Scheme 1. A strategy to furanosides.


systems. The diastereoselectivity is fully controlled by the
metal catalyst so that no ambiguity exists. The variability of
the two nucleophiles then defines what types of furanosides
can be accessed. The olefin becomes a useful functional group
to allow introduction of simply hydrogen (X�Y�H) or
various substituents. The regio- and diastereoselectivity of
introduction of such substituents will then be dictated by the
2,5-substituents. This stategy minimizes the presence of
interfering functional groups and thereby also minimizes the
use of protecting groups. Since the absolute configuration is
controlled by the desymmetrisation of themeso-diester, either
enantiomer of the product is equally easily accessible.
Previous work in these laboratories developed a method for


the synthesis of nucleosides[3a] by our asymmetric allylic
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alkylation (AAA) reaction.[3b] This desymmetrization of
dihydrofuran derivatives was extended from N-glycoside
synthesis to C-glycosides in the total synthesis of showdomy-
cin.[4] In this paper, we report the full details of the develop-
ment of this methodology to include O-glycosides, represent-
ed by the synthesis of the furanoside moiety of the C-2 epimer
of hygromycin A.[5]


Hygromycin A (3) is a fermentation-derived natural prod-
uct first isolated from Streptomyces hygrospicus in 1953.[6] The
mode of action of hygromycin A is peptidyltransferase
inhibition and the compound shares the same binding site
on the ribosome as chloramphenicol.[7] It has been shown that


O O
O


HO


HO OH
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HN O
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inhibition occurs specifically by interfering with peptide bond
formation, resembling chloramphenicol, and is closely related
as 3 inhibits the effects of the latter. It has been reported that 3
has a relative broad spectrum of activity against Gram-
positive and Gram-negative bacteria.[6a,b] Recently, 3 has
attracted renewed interest due to the discovery of its
hemaglutination inactivation activity[8] as well as its high
antitreponemal activity,[9] especially as an effective agent for
the control of swine dysentery, a mucohemorrhagic disease of
economic importance to swine producers. Furthermore the
antibiotic also demonstrates efficacy in the treatment of an
induced dysentery infection model of swine at a level of 5 ±
20 g per ton feed.[6b]


In spite of the unique structure and interesting biological
activity of 3, only a few reports have appeared on the synthesis
of the structural components of
3,[10] and only one report of its
total synthesis has been de-
scribed.[10a] The stereocontrol-
led synthesis of the �-cis glyco-
sidic link between the sugar
residue and the central cinna-
mate unit has not yet been
achieved with an anomeric ra-
tio of greater than 2:1.
Scheme 2 illustrates the ret-


rosynthetic analysis whereby
the furanoside part comes from
two AAA×s on the bis-benzoate
5,[11] one involving an acetyl
nucleophile equivalent, the oth-
er involving a phenol, either 6
or 7, as nucleophile. Addition-
ally, the aminocyclitol 8 derives
from deracemization of the rac-
emic conduritol B tetraester 9.
Its synthesis, which required
eight steps from racemic con-


duritol tetraester 9/ent-9, employed a meso-type of �-allyl-
palladium intermediate as the enantiodiscriminating mecha-
nism and has been reported elsewhere.[12]


Results and Discussion


In theory, either the acetyl equivalent or the phenol could be
used as the nucleophile in the initial desymmetrization step.
Our attempts at using phenols in the enantiodiscriminating
reaction led to mixtures of mono- and bis-alkylated products.
We attributed the increase in the disfavored second ionization
to the slow decomplexation of palladium from the mono-
alkylated product, which is electronically similar to the
starting material. Thus, we turned to the carbon nucleophile
for the asymmetric induction step. As an acetyl equivalent, we
chose to use 1-nitro-1-phenylsulfonylethane for its soft
nucleophilicity and its lack of acidic protons after alkyla-
tion.[13] Generation of the anion of this nitrosulfone and
subsequent reaction proved difficult with a variety of bases,
including triethylamine, DBU, sodium hydride, cesium car-
bonate, and n-butyllithium, due to the lack of solubility of the
anion in organic media. This insolubility led us to use phase
transfer conditions, and we were delighted to find that using
the sodium salt 10, 4 mol% of ligand 11 with 1 mol%
[�3-C3H5PdCl]2 and 10 mol% (n-C6H13)4NBr in a 0.2�
mixture of dichloromethane and water afforded the mono-
benzoate 12[14] in 91% yield and with 93% ee (Scheme 3). It
should be noted that the ratio of ligand to palladium was
crucial for high enantioselectivity, as 3 mol% ligand resulted
in ee×s on the order of 40 ± 70%. While inconsequential in the
current application, the issue of the diastereoselectivity in this
reaction is interesting. The ratio of diastereoisomers is, on
average, 5:1 by 1H NMR analysis; however, different ratios
are observed for each enantiomer, as determined by chiral
HPLC [4.5:1 for the major enantiomer and 8:1 for the minor
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Scheme 2. Retrosynthesis of C-2-epi-hygromycin A.
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enantiomer]. This observation shows not only that the ligand
is imparting chirality in the nucleophile, but it exhibits a
matched ±mismatched behavior.[15]


In an effort to ascertain the ability to convert the nitro-
sulfone to the ketone, model studies were conducted for the
reduction. The mono-alkylated product was stereoselectively
dihydroxylated[16, 17] with OsO4/NMO to give the diol 13 in
91% yield. This compound was treated with a 13% TiCl3 in
20% HCl solution[18] to give a 2:1 mixture of the desired
ketone 14 and starting material. Since reaction of the diol
substrate could not be pushed to 100% conversion, the diol
was acetylated to give 15 in 95% yield. While reaction of this
compound with TiCl3 was unsuccessful, irradiation in the
presence N-benzyl nicotinamide in benzene with a 150 W
tungsten lamp[19] for 48 hours gave the ketone 16 in 60% yield
(Scheme 3).
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Scheme 3. 1-Nitro-1-phenylsulfonyl-ethane as an acyl anion equivalent in
palladium catalyzed AAA reaction: a) 10% nHex4NBr, CH2Cl2, H2O, RT.
b) OsO4, NMO, CH2Cl2, H2O, RT. c) TiCl3, aq HCl, THF, H2O, RT.
d) Ac2O, Py, RT. e) BNAH, h�, C6H6, RT.


Confident that the nitrosulfone functionality would serve as
a suitable acetyl synthon, the second alkylation reaction was
examined. The ability of phenols to function as leaving groups
in Pd catalyzed allylic alkylations[20] raises the question of
their suitability in the current case, especially since the phenol
should bear a strong electron withdrawing group to make it a
better leaving group and poorer nucleophile. A protected
version of the central phenol moiety of hygromycin A was
prepared by Wittig reaction of vanillin (17) and ethyl


2-(phosphoranylidene)propionate (18). Subjecting this phe-
nol 19 to the palladium reaction conditions with the mono-
alkylated allylic benzoate 12 gave the desired cinnamate
derivative 20 in 72% yield (Scheme 4). The reaction required
triisopropyl phosphite as the ligand and was complete in one
hour.
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Scheme 4. Palladium catalyzed glycosidation with elaborated phenol.
a) CH2Cl2, RT. b) 15% (iC3H7O)3P, Cs2CO3, THF, RT.


The next task was oxidation of the dihydrofuran. A variety
of epoxidation conditions resulted in elimination of the
cinnamate moiety to give the furan 21. Dihydroxylation with
OsO4 gave the unanticipated result of reaction at the styryl
olefin to give diol 22. With this result in hand, it was decided to
introduce a simpler phenol in the second alkylation, thus
eliminating the issues of chemoselective oxidation.
With vanillin as the nucleophile in the second alkylation,


the desired product 23 was obtained in 82% yield. Again, the
olefin of the dihydrofuran proved resistant to epoxidation,
using a variety of conditions, including peracids, dioxiranes,
and transition metal catalyzed methods. Formation of the
halohydrin (N-bromosuccinimide, H2O, DMSO) was also
examined but met with no success. Attempted hydroboration
of the olefin led to decomposition. Thus, we were forced to
return to cis-dihydroxylation of the olefin as our only means
of functionalizing the olefin. The diol 24was produced in 87%
yield by the OsO4/NMO protocol. Several strategies were
unsuccesfully explored to convert the cis-diol to the naturally-
occurring trans-diol. Since the major objective was the
development of the general strategy controlling the cis-2,5
stereochemistry, attention focused on completing a synthesis
of C-2-epi-hygromycin A.
Homologation of aldehyde 24 to the cinnamate 25 occurred


uneventfully by Wittig reaction in 70% yield. Application of
methods used in the model studies to convert the nitrosulfone
to the ketone mainly resulted in decomposition, due to
sensitivity of the anomeric center. Buffering the reaction
media for both the TiCl3 and N-benzyl nicotinamide (BNAH)
protocols with Et3N did not prevent the decomposition.
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However, upon a report in the literature of conversion of an
�-nitro-2-thiopyridyl moiety to a ketone in an acid sensitive
system,[21] the titanium (Scheme 5) reduction was revisited.
Protection of the diol 24 as the acetonide followed by
homologation gave the enoate 26 in 75% yield. This nitro-
sulfone was successfully reduced using a 20% solution of
commercially available solid TiCl3 in water with ammonium
acetate buffer to afford a 2:1 mixture of the oxime 27 and
ketone 28 in 62% yield. The oxime could be resubjected to
the conditions to provide the ketone in 80% yield. All that
remained was deprotection of the methyl ether and hydrolysis
of the ester. Procedures for demethylation proved too harsh,
as decomposition resulted under a variety of conditions.
Difficulty in removing the methyl ether of vanillin led to a


second-generation synthesis, where the phenol nucleophile is
introduced as its benzyl ether derivative. Palladium-catalyzed
alkylation gave the desired product 29 in 76% yield
(Scheme 6). The diol 30 was obtained in 83% yield after
reaction with OsO4, followed by Wittig reaction to give the
enoate 31 in 72% yield. Protection of the diol as the acetonide
followed by saponification of the ester gave the carboxylic
acid 32 in 60% yield for the two steps. The nitrosulfone was
reduced to the ketone 33 in 74% yield without observation of
the intermediate oxime. Unfortunately, the benzyl protecting
group could not be removed without concomitant reduction
of the olefin under a variety of conditions. Thus, a third-
generation synthesis was developed utilizing a p-methoxy-
benzyl (PMB) protecting group (Scheme 6) which ultimately
led to total synthesis of C-2-epi-hygromycin A. While the
previous alkylation reactions with phenols proceeded quite


well with the achiral triisopropyl phosphite, the reaction
proved to be more capricious with the PMB-protected phenol.
Although the second allylic alkylation reaction does not
require the use of a chiral ligand, on some occasions, the
higher reactivity of the chiral ligands in promoting these
alkylations has made them into the preferred ligands. Such
proved to be the case here. Using ent-11 as ligand and phenol
34 as nucleophile, a low conversion was obtained at room
temperature using common concentrations (0.1�), but an
increase of the temperature (50 �C) and concentration (0.5�)
gave aldehyde 35 in an optimized yield of 75%. The palladium
source proved to be significant, as switching from [Pd2dba3] ¥
CHCl3 to [�3-C3H5PdCl]2 dropped the yield from 75 to 45%.
Our initial sequence for completion of the synthesis


commenced with a diastereoselective dihydroxylation of 35
followed by a stereoselective Wittig reaction to form 37 in
98% yield. The PMB protecting group was surprisingly labile
under mildly acidic conditions, but the diol could be protected
as the acetonide with the PMB group intact in 94% yield after
careful optimization of the reaction concentration (0.1�).[22]


Following ester saponification in very high yield, the nitro-
sulfone 38 was converted into the methyl ketone 39 by using
buffered TiCl3 in water in 80% yield. The furanoside unit 39
was synthesized in seven steps and 50% overall yield from the
bis-benzoate 5 with total stereocontrol of the �-cis glycosidic
link.
Unfortunately, coupling of the PMB-protected 39 with the


aminocyclitol 8 using diethylcyanophosphonate (DEPC) in
DMF with different bases or with no base at all[23] led to
epimerization at C-4.[24] An obvious alternative was to couple


the aminocyclitol 8 with the
nitrosulfone 38 followed by
the unmasking of the ketone.
The coupling step worked well,
but the transformation of the
nitrosulfone into the methyl
ketone failed. Another ap-
proach to preventing C-4 epi-
merization would be to protect
the ketone as its corresponding
ketal before coupling with the
aminocyclitol. While formation
of the ketal under acid cata-
lyzed conditions were unsuc-
cessful, the reaction was accom-
plished readily using Noyori×s
conditions.[25] Another issue
was the PMB deprotection.
While acid catalyzed deprotec-
tion of the PMB at the nitro-
sulfone stage were high yield-
ing, only complex mixtures
were obtained when attempted
at the ketone stage. Thus, the
steps were re-ordered. Depro-
tection of the PMB group with
p-TsOH followed by formation
of acetonide 40 was carried out
(Scheme 7) in near quantitative
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yield (95% for two steps). Sapo-
nification of the ester and reduc-
tion of the nitrosulfone to the
ketone gave the desired acid 41,
which was protected as its ethyl-
ene ketal 42 using Noyori×s con-
ditions in 73% yield (three steps).
The synthesis of the furanoside
unit 42 was synthesized in nine
steps and 46% overall yield from
the bis-benzoate 5. The coupling
reaction could now be achieved
without epimerization at C-4. A
final concomitant deprotection of
the ketone and the diol under
acidic conditions completed the
enantioselective synthesis of C-2-
epi-hygromycin A 4.


Conclusion


The AAA reaction methodology
has been successfully applied to
the synthesis of an analogue of
the hygromycin furanoside moi-
ety. This endeavor extends this
strategy from N- and C-glycosides
to O-glycosides, allowing for the
further application to a variety of
carbohydrate derivatives. More
importantly, the stereoselective
creation of the anomeric center
does not rely on either the neigh-
boring group or anomeric effect,
thus creating a new paradigm for
glycosylation reactions and hope-
fully expanding the synthetic
technologies available for sugar
chemistry.


Experimental Section


General methods : see ref. [12].


Benzoic (2S,5S)-5-(1-benzenesulfonyl-1-
nitroethyl)-2,5-dihydrofuran-2-yl ester
(12): A solution of cis-2,5-dibenzoxy-
2,5-dihydrofuran (5 ; 2 g, 6.41 mmol), �-
allylpalladium chloride dimer (23 mg,
0.064 mmol, 1 mol%) and (R,R)-11
(178 mg, 0.26 mmol, 4 mol%) in di-
chloromethane (30 mL) were added to a
sonicated, degassed solution of 1-nitro-1-
phenylsulfonylethane sodium salt 10[26]


(1.922 g, 8.11 mmol) and tetra-n-hexyl-
ammonium bromide (0.28 g, 0.64 mmol)
in water (30 mL). The reaction was
vigorously stirred at room temperature
for 16 h. The phases were separated, the
organic layer dried over magnesium
sulfate, filtrated and evaporated in vacuo.
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The nitrosulfone 12 (2.354 g, 5.84 mmol) was isolated pure as a white
gummy solid after column chromatography (petroleum ether/ethyl acetate
7:3) with 91% yield as a 5:1 mixture of diastereoisomers (by 1H NMR) with
93% ee (by chiral HPLC). Data for 12 : Rf� 0.3 (heptane/diethyl ether 1:1),
0.52 (heptane/diethyl ether 1:3); [�]20D ��94.6 (c� 4.57, CH2Cl2); IR
(neat): �� � 3096, 3067, 2978, 2871, 1731, 1556, 1449, 1336, 1261, 1157,
946 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.99 ± 7.84 (m, 4H), 7.65 ± 7.51
(m, 4H), 7.46 ± 7.39 (m, 2H), 7.13 (d, J� 1.2 Hz, 1H), 6.19 (ddd, J� 6.0, 2.1,
1.3 Hz, 1H), 6.06 (dt, J� 6.1, 1.6 Hz, 1H), 5.66 (d, J� 1.9 Hz, 1H), 1.83 (s,
3H); 13C NMR (75 MHz, CDCl3): �� 164.9, 135.5, 133.6, 131.3, 130.7, 130.3,
130.0, 129.7, 129.6, 129.1, 128.5, 106.6, 102.5, 85.9, 14.2; elemental analysis
calcd (%) for C19H17NO7S: C 56.57, H 4.25, N 3.47; found: C 56.71, H 4.54,
N 3.49; HPLC Chiracel OD column; �� 230 nm, 10% isopropanol in
heptane; 1 mLmin�1; tR: 13.6 and 15.2 min (S enantiomer); 18.2 and
22.6 min (R enantiomer).


(2S,3R,4S,5S)-5-(1-Benzenesulfonyl-1-nitroethyl)-2-benzoyloxy-3,4-dihy-
droxy-tetrahydrofuran (13): N-Methylmorpholine-N-oxide (66 mg,
0.56 mmol, 1.5 equiv) followed by osmium tetroxide (4% solution in
water, 0.05 mL, 0.02 mmol, 5 mol%) was added to a solution of dihydro-
furan 12 (150 mg, 0.37 mmol, 1 equiv) in methylene chloride (3.7 mL) at
room temperature. The reaction was stirred for 16 h, then concentrated in
vacuo and chromatographed on silica gel (50% ethyl acetate/pentane) to
give diol 13 as a white solid (146 mg, 91%). M.p. 168 ± 170 �C; [�]20D ��2.2
(c� 1.04, CH3OH); IR (neat): �� � 3488, 3252, 1730, 1558, 1449, 1386, 1315,
1268, 1155, 1125, 1049, 980 cm�1; 1H NMR (300 MHz, CD3OD): �� 8.02 ±
7.94 (m, 4H), 7.77 ± 7.71 (m, 1H), 7.63 ± 7.58 (m, 3H), 7.50 ± 7.45 (m, 2H),
6.23 (s, 1H), 4.75 (d, J� 8.0 Hz, 1H), 4.40 (dd, J� 8.0, 4.4 Hz, 1H), 4.10 (d,
J� 4.4 Hz, 1H), 3.31 (d, J� 11.7 Hz, 2H), 1.77 (s, 3H); 13C NMR (75 MHz,
CD3OD): �� 168.5, 136.4, 135.1, 132.8, 132.7, 130.8, 130.3, 129.9, 129.8,
108.0, 101.9, 83.6, 75.2, 72.2, 13.6; elemental analysis calcd (%) for
C19H19NO9S: C 52.17, H 4.38, N 3.20; found: C 51.95, H 4.49, N 2.95.


(2S,3R,4S,5S)-5-Acetyl-2-benzoyloxy-3,4-dihydroxy-tetrahydrofuran (14):
A solution (3.7 mL, 13 equiv) of titanium trichloride (Aldrich, 10 wt.%
solution in 20 ± 30 wt.% hydrochloric acid) was added to a solution of
nitrosulfone 13 (80 mg, 0.18 mmol, 1 equiv) in THF (2.8 mL) at room
temperature. The reaction was stirred for 4.5 h, then diluted with ethyl
acetate and water, the aqueous layer was washed twice with methylene
chloride, the organic layers were washed with brine, dried (MgSO4), and
evaporated in vacuo. After column chromatography on silica gel (50%
ethyl acetate/pentane), the ketone 14 (32 mg, 67%) was obtained as a white
solid. M.p. 103 ± 105 �C; [�]20D ��50.7 (c� 3.11, CH2Cl2); IR (neat): �� �
3403, 2925, 1724, 1269, 1130, 1057, 934 cm�1; 1H NMR (300 MHz, CDCl3):
�� 7.95 (d, J� 7.8 Hz, 2H), 7.62 ± 7.56 (m, 1H), 7.47 ± 7.42 (m, 2H), 6.43 (s,
1H), 4.61 (dd, J� 6.5, 4.7 Hz, 1H), 4.44 (d, J� 6.6 Hz, 1H), 4.32 (d, J�
4.7 Hz, 1H), 4.03 (br s, 2H), 2.25 (s, 3H); 13C NMR (75 MHz, CDCl3): ��
209.3, 165.2, 133.8, 129.8, 129.1, 128.7, 101.6, 87.8, 74.6, 72.5, 26.3; HRMS:
calcd for C11H11O5: 223.0606; found: 223.0604 [M�C2H3O]� .


(2S,3R,4S,5S)-3,4-Diacetoxy-5-(1-benzenesulfonyl-1-nitroethyl)-2-benzoy-
loxy-tetrahydrofuran (15): Pyridine (0.5 mL, 6.3 mmol, 18.9 equiv) fol-
lowed by acetic anhydride (547 mg, 6.3 mmol, 18.9 equiv) was added to the
diol 13 (146 mg, 0.33 mmol, 1 equiv) at room temperature. The reaction
was stirred for 16 h at room temperature. Methanol (2 mL) was added at
room temperature to quench excess acetic anhydride, and the mixture was
concentrated in vacuo. The residue was azeotroped twice with toluene to
remove excess pyridine. The residue was purified by chromatography on
silica gel (35% ethyl acetate/pentane) to yield diacetate 15 (162 mg, 95%)
as a clear oil. [�]20D ��12.6 (c� 2.09, CH2Cl2); IR (neat): �� � 3068, 1758,
1739, 1559, 1450, 1368, 1316, 1233, 1054 cm�1; 1H NMR (300 MHz, CDCl3):
�� 7.97 ± 7.91 (m, 4H), 7.71 ± 7.67 (m, 1H), 7.61 ± 7.51 (m, 3H), 7.47 ± 7.41 (m,
2H), 6.42 (s, 1H), 5.75 (dd, J� 8.2, 4.7 Hz, 1H), 5.47 (d, J� 4.7 Hz, 1H),
5.12 (d, J� 8.2 Hz, 1H), 2.14 (s, 3H), 1.99 (s, 3H), 1.83 (s, 3H); 13C NMR
(75 MHz, CDCl3): �� 169.3, 163.8, 135.4, 134.1, 133.6, 131.2, 130.6, 129.8,
129.2, 128.6, 105.3, 98.0, 80.5, 73.5, 68.9, 20.3, 19.9, 14.5; HRMS: calcd for
C16H18NO9S: 400.0702; found: 400.0708 [M�C7H5O2]� .


(2S,3R,4S,5S)-3,4-Diacetoxy-5-acetyl-2-benzoyloxy-tetrahydrofuran (16):
A solution of diol 14 (29 mg, 0.11 mmol, 1 equiv), acetic anhydride
(173 mg, 1.74 mmol, 16 equiv), and pyridine (0.16 mL, 1.98 mmol, 18 equiv)
was stirred for 16 h at room temperature. Methanol (2 mL) was added to
quench excess reagent, then the reaction was diluted with ethyl acetate. The
organic layer was washed with 1� sodium hydrogen sulfate, the aqueous
layer was extracted with ethyl acetate, and the combined organic layers


were dried (MgSO4) and evaporated in vacuo. Diacetate 16was obtained as
a clear oil (32 mg, 84%).


Alternate procedure from 15 : N-Benzyl nicotinamide (32 mg, 0.3 mmol)
was added to a solution of 15 (24 mg, 0.05 mmol) in benzene (3 mL) at
room temperature. The mixture was stirred and irradiated with a 150 W
tungsten lamp for 24 h, at which time an additional amount of N-benzyl
nicotinamide (32 mg, 0.3 mmol). After a total reaction time of 48 h, the
mixture was diluted by diethyl ether and the organic layer was washed by a
1� solution of HCl and water. The organic layer was dried over magnesium
sulfate, filtrated and evaporated in vacuo. Compound 16 (10 mg,
0.027 mmol) was isolated pure was a clear oil after purification on silica
gel (ethyle acetate/pentane 2:5) with 60% yield. [�]20D ��54.2 (c� 2.96,
CH2Cl2); IR (neat): �� � 2926, 1734, 1727, 1366, 1236, 1056, 1024, 713 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.97 (d, J� 7.1 Hz, 2H), 7.63 ± 7.58 (m,
1H), 7.49 ± 7.44 (m, 2H), 6.49 (s, 1H), 5.68 (appt, J� 6.3, 5.2 Hz, 1H), 5.50
(d, J� 4.9 Hz, 1H), 4.56 (d, J� 6.6 Hz, 1H), 2.21 (s, 3H), 2.16 (s, 3H), 2.11
(s, 3H); 13C NMR (75 MHz, CDCl3): �� 205.9, 169.7, 169.5, 164.6, 134.1,
130.0, 128.8, 128.6, 99.3, 85.1, 74.2, 71.2, 26.2, 20.4, 20.3; HRMS: calcd for
C15H15O7: 307.0817; found: 307.0812 [M�C2H3O]� .


3-(4-Hydroxy-3-methoxyphenyl)-2-methylacrylic ethyl ester (19): A solu-
tion of vanillin (3.6 g, 23.66 mmol, 1 equiv) and ethyl 2-(triphenylphos-
phoranylidene)propionate (9.3 g, 25.92 mmol, 1.1 equiv) in methylene
chloride (47 mL) was stirred at room temperature for 6 h. The solvent
was evaporated in vacuo and the residue chromatographed on silica gel
(15% ethyl acetate/pentane) to give enoate 19 as a clear oil (5 g, 89%). IR
(neat): �� � 3409, 2963, 2938, 1700, 1605, 1518, 1450, 1284, 1162 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.61 (s, 1H), 7.00 ± 6.91 (m, 3H), 6.00 (s,
1H), 4.25 (q, J� 7.1 Hz, 2H), 3.87 (s, 3H), 2.13 (s, 3H), 1.33 (t, J� 7.1 Hz,
3H); 13C NMR (75 MHz, CDCl3): �� 169.1, 146.4, 146.1, 138.8, 128.3,
126.3, 123.7, 114.4, 112.4, 60.7, 55.8, 14.2, 13.9; elemental analysis calcd (%)
for C13H16O4: C 66.07, H 6.83; found: C 65.99, H 6.84.


(2S,5S)-3-{4-[5-(1-Benzenesulfonyl-1-nitroethyl)-2,5-dihydrofuran-2-yloxy]-
3-methoxy-phenyl}-2-methylacrylic ethyl ester (20): A solution of the
dihydrofuran 12 (200 mg, 0.5 mmol, 1 equiv), �-allypalladium chloride
dimer (4.6 mg, 0.013 mmol, 5 mol%) and triisopropyl phosphite (0.04 mL,
0.175 mmol, 15 mol%) in THF (2.25 mL) was added to a suspension of
cesium carbonate (228.0 mg, 0.7 mmol, 1.4 equiv) and phenol 19 (142 mg,
0.6 mmol, 1.2 equiv) in THF (2.25 mL). The reaction was stirred for 1.5 h at
room temperature, then quenched with 1� sodium hydrogen sulfate. The
mixture was diluted with diethyl ether, the layers were separated, the
organic layer was washed with brine, filtered through silica gel, and
concentrated in vacuo. After column chromatography on silica gel (30%
ethyl acetate/pentane) 20 was obtained as a yellow oil (179 mg, 72%), as
well as the starting furan (47 mg, 24% yield; 96% yield based on recovered
starting material). [�]20D ��65.1 (c� 1.48, CH2Cl2); IR (neat): �� � 2978,
2871, 1704, 1556, 1512, 1449, 1335, 1272, 1158, 1070, 1040 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.96 (d, J� 8.0 Hz, 2H), 7.68 ± 7.49 (m, 4H), 7.20 (d,
J� 8.3 Hz, 1H), 7.00 (d, J� 8.5 Hz, 1H), 6.92 (s, 1H), 6.31 (s, 1H), 6.27 (d,
J� 5.5 Hz, 1H), 5.90 (d, J� 6.0 Hz, 1H), 5.69 (s, 1H), 4.26 (q, J� 7.1 Hz,
2H), 3.81 (s, 3H), 2.14 (s, 3H), 1.84 (s, 3H), 1.34 (t, J� 7.1 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 168.8, 149.9, 146.2, 138.2, 135.2, 131.8,
131.2, 130.9, 130.7, 129.6, 129.1, 127.9, 122.8, 118.5, 113.7, 109.4, 106.8, 85.4,
60.8, 60.7, 55.8, 14.2, 13.4; HRMS: calcd for C25H27NO9S: 518.1952; found:
518.1948 [M]� .


2-(1-Benzenesulfonyl-1-nitroethyl)furan (21): An aqueous solution
(0.7 mL) of titanium trichloride (Aldrich, 102 mg, 0.65 mmol, 13 equiv)
and ammonium acetate (306 mg, 2.1 mmol, 78 equiv) buffer was added to a
solution of nitrosulfone 12 (20 mg, 0.05 mmol, 1 equiv) in THF (0.7 mL) at
room temperature. The reaction was stirred for 4.5 h, then diluted with
ethyl acetate and water, the aqueous layer was washed twice with
methylene chloride, the organic layers were washed with brine, dried
(MgSO4), and evaporated in vacuo. The furan 21 was obtained as a white
solid (10 mg, 71%). M.p. 76 ± 78 �C; IR (neat): �� � 3142, 2876, 1582, 1560,
1448, 1332, 1314, 1154, 1072, 747 cm�1; 1H NMR (300 MHz, CDCl3): ��
7.71 ± 7.66 (m, 3H), 7.52 ± 7.46 (m, 3H), 6.65 (d, J� 3.5 Hz, 1H), 6.42 (dd,
J� 3.5, 1.8 Hz, 1H), 2.35 (s, 3H); 13C NMR (75 MHz, CDCl3): �� 145.1,
142.6, 135.2, 133.9, 131.1, 130.0, 129.6, 128.8, 115.3, 111.7, 103.5, 17.8;
HRMS: calcd for C12H11NO5S: 281.0357: found 281.0348 [M]� .


(2S,5S)-3-{4-[5-(1-Benzenesulfonyl-1-nitroethyl)-2,5-dihydrofuran-2-yloxy]-
3-methoxyphenyl}-2,3-dihydroxy-2-methylpropionic ethyl ester (22): N-
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Methylmorpholine-N-oxide (38 mg, 0.32 mmol, 1.2 equiv) followed by
osmium tetroxide (4% solution in water, 0.007 mL, 0.014 mmol, 5 mol%)
was added to a solution of the dihydrofuran diene 20 (140 mg, 0.27 mmol,
1 equiv) in methylene chloride (2.7 mL), at room temperature. The
reaction was stirred for 16 h, then concentrated in vacuo and chromato-
graphed on silica gel (50% ethyl acetate/pentane) to produce diol 22 as a
brown oil (48 mg, 30%). [�]20D ��35.0 (c� 3.87, CH2Cl2); IR (neat): �� �
3506, 2925, 1730, 1510, 1315, 1265, 1157, 1096, 1045 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.98 ± 7.94 (m, 2H), 7.69 ± 7.67 (m, 1H), 7.56 ± 7.50
(m, 2H), 7.13 (dd, J� 8.2, 4.8 Hz, 1H), 7.00 (s, 1H), 6.92 (d, J� 8.2 Hz, 1H),
6.27 (m, 2H), 5.88 (d, J� 6.0 Hz, 1H), 5.65 (m, 1H), 4.80 (s, 1H), 4.32 (q,
J� 7.1 Hz, 2H), 3.80 (s, 3H), 1.86 (s, 3H), 1.34 (t, J� 7.1 Hz, 3H), 1.22 (s,
3H); 13C NMR (75 MHz, CDCl3): �� 176.0, 150.0, 135.2, 134.8, 133.7, 131.2,
131.0, 129.4, 129.1, 120.7, 118.6, 111.8, 109.8, 106.8, 85.3, 77.6, 77.2, 62.4, 55.8,
29.6, 22.3, 14.0, 13.3.


(2S,5S)-4-[5-(1-Benzenesulfonyl-1-nitroethyl)-2,5-dihydrofuran-2-yloxy]-
3-methoxybenzaldehyde (23): A pre-stirred solution of dihydrofuran 12
(700 mg, 1.74 mmol, 1 equiv), �-allylpalladium chloride dimer (6.2 mg,
0.017 mmol, 1 mol%) and triisopropyl phosphite (0.06 mL, 0.244 mmol,
7 mol%) in THF (8.7 mL) was added to a suspension of cesium carbonate
(1.2 g, 3.83 mmol, 2.2 equiv) and vanillin (528 mg, 3.47 mmol, 2 equiv) in
THF (5 mL). The reaction was stirred for 3 h, then diluted with water and
diethyl ether, the organic layer was filtered through silica gel and
evaporated in vacuo. Column chromatography on silica gel (30% ethyl
acetate/pentane) produced 23 as a clear oil (618 mg, 82%). [�]20D ��89.6
(c� 1.1, CH2Cl2); IR (neat): �� � 3006, 2837, 1717, 1686, 1555, 1449, 1333,
1266, 1157, 1070, 988, 734 cm�1; 1H NMR (300 MHz, CDCl3): �� 9.88 (s,
1H), 7.9 (d, J� 7.3 Hz, 2H), 7.70 ± 7.33 (m, 6H), 6.40 (s, 1H), 6.28 (d, J�
6.0 Hz, 1H), 5.95 (d, J� 6.0 Hz, 1H), 5.75 (s, 1H), 3.85 (s, 3H), 1.79 (s, 3H);
13C NMR (75 MHz, CDCl3): �� 191.1, 151.3, 135.3, 132.1, 131.1, 130.6,
130.4, 130.1, 129.5, 129.1, 125.9, 117.0, 110.1, 108.5, 106.5, 85.6, 55.9, 13.4;
elemental analysis calcd (%) for C20H19NO8S: C 55.42, H 4.42, N 3.23;
found: C 55.58, H 4.56, N 3.01.


(2S,3R,4S,5S)-4-[5-(1-Benzenesulfonyl-1-nitroethyl)-3,4-dihydroxy-tetra-
hydrofuran-2-yloxy]-3-methoxybenzaldehyde (24): N-Methylmorpholine-
N-oxide (177 mg, 1.43 mmol, 1.5 equiv) followed by osmium tetroxide (4%
solution in water, 0.33 mL, 0.05 mmol, 5 mol%) was added to a solution of
dihydrofuran 23 (399 mg, 0.98 mmol, 1 equiv) in methylene chloride
(9.6 mL) at room temperature. The reaction was stirred for 16 h, then
concentrated in vacuo and chromatographed on silica gel (75% ethyl
acetate/pentane) to give diol 24 as a tan solid (387 mg, 87%). M.p. 163 ±
165 �C; [�]20D ��66.8 (c� 0.94, CH3OH); IR (neat): �� � 3356, 2924, 1679,
1589, 1558, 1507, 1331, 1267, 1156, 1002, 941 cm�1; 1H NMR (300 MHz,
CDCl3): �� 9.85 (s, 1H), 7.95 (d, J� 7.3 Hz, 2H), 7.77 ± 7.71 (m, 1H), 7.63 ±
7.55 (m, 2H), 7.38 ± 7.32 (m, 2H), 7.07 (d, J� 8.2 Hz, 1H), 5.69 (s, 1H), 4.85
(d, J� 7.3 Hz, 1H), 4.80 ± 4.76 (m, 1H), 4.43 (d, J� 4.4 Hz, 1H), 3.86 (s,
3H), 3.12 (br s, 2H), 1.78 (s, 3H); 13C NMR (75 MHz, CD3OD): �� 193.2,
152.0, 151.4, 136.5, 136.2, 133.1, 132.6, 130.3, 126.9, 116.2, 111.7, 108.2, 106.3,
83.5, 75.7, 72.3, 56.5, 13.2; elemental analysis calcd (%) for C20H21NO10S: C
51.38, H 4.53, N 2.99; found: C 51.16, H 4.70, N 2.76.


(2S,3R,4S,5S)-3-{4-[5-(1-Benzenesulfonyl-1-nitroethyl)-3,4-dihydroxytetra-
hydrofuran-2-yloxy]-3-methoxyphenyl}-2-methylacrylic ethyl ester (25): A
solution of aldehyde 24 (218 mg, 0.47 mmol, 1 equiv) and ethyl 2-(triphe-
nylphosphoranylidene)propionate (255 mg, 0.71 mmol, 1.5 equiv) in meth-
ylene chloride (5 mL) was stirred at room temperature for 16 h. The solvent
was evaporated in vacuo and the residue chromatographed on silica gel
(75% ethyl acetate/pentane) to give enoate 25 as a white solid (160 mg,
70%). M.p. 67 ± 69 �C; [�]20D ��66.3 (c� 1.01, CH2Cl2); IR (neat): �� � 3473,
2981, 1700, 1560, 1512, 1448, 1332, 1245, 1156, 1008, 939, 736 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.97 (d, J� 7.3 Hz, 2H), 7.77 ± 7.70 (m, 1H), 7.63 ±
7.54 (m, 3H), 6.97 ± 6.88 (m, 3H), 5.59 (s, 1H), 4.82 (d, J� 7.4 Hz, 1H), 4.70
(dd, J� 7.4, 4.6 Hz, 1H), 4.38 (d, J� 4.6 Hz, 1H), 4.26 (q, J� 7.1 Hz, 2H),
3.80 (s, 3H), 3.15 (br s, 2H), 2.12 (s, 3H), 1.83 (s, 3H), 1.35 (t, J� 7.1 Hz,
3H); 13C NMR (75 MHz, CDCl3): �� 168.9, 149.1, 145.5, 138.3, 138.2,
135.2, 134.0, 131.3, 131.1, 129.1, 122.8, 116.1, 113.8, 106.7, 105.5, 82.7, 74.7,
71.1, 60.9, 55.8, 14.1, 13.9, 13.6; elemental analysis calcd (%) for
C25H29NO11S: C 54.43, H 5.30, N 2.54; found: C 54.60, H 5.50, N 2.30.


(2S,3R,4S,5S)-3-{4-[6-(1-Benzenesulfonyl-1-nitroethyl)-2,2-dimethyl-tetra-
hydrofuro[3,4-d][1,3]dioxol-4-yloxy]-3-methoxyphenyl}-2-methylacrylic
ethyl ester (26): 2,2-Dimethoxypropane (0.2 mL, 1.7 mmol, 3 equiv)
followed by p-toluenesulfonic acid (21 mg, 0.12 mmol, 20 mol%) was


added to a solution of diol 24 (217 mg, 0.46 mmol, 1 equiv) in acetone
(5 mL) at room temperature. The reaction was stirred for 6.5 h at room
temperature, then diluted with ethyl acetate, and quenched with saturated
sodium bicarbonate. The organic layer was washed with saturated sodium
bicarbonate, dried (MgSO4), and evaporated in vacuo. After purification
on silica gel (60% ethyl acetate/pentane), an acetonide was obtained as a
white solid (150 mg, 75%). A solution of the latter (74 mg, 0.15 mmol,
1 equiv) and ethyl 2-(triphenylphosphoranylidene)propionate (89 mg,
0.25 mmol, 1.7 equiv) in methylene chloride (1.2 mL) was stirred at room
temperature for 16 h. The solvent was evaporated in vacuo and the residue
chromatographed on silica gel (60% ethyl acetate/pentane) to give enoate
26 (88 mg) as a clear oil in quantitative yield. [�]20D ��64.4 (c� 3.43,
CH2Cl2); IR (neat): �� � 2985, 1702, 1559, 1512, 1448, 1336, 1243, 1157,
1028 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.92 (d, J� 7.5 Hz, 2H), 7.73 (t,
J� 7.7 Hz, 1H), 7.59 ± 7.54 (m, 3H), 7.04 ± 6.88 (m, 3H), 5.73 (s, 1H), 5.14 (d,
J� 5.8 Hz, 1H), 5.05 (s, 1H), 4.90 (d, J� 5.8 Hz, 1H), 4.24 (q, J� 6.9 Hz,
2H), 3.81 (s, 3H), 2.12 (s, 3H), 1.87 (s, 3H), 1.49 (s, 3H), 1.44 ± 1.27 (m, 6H);
13C NMR (75 MHz, CDCl3): �� 168.9, 149.7, 145.6, 138.2, 135.5, 133.5,
131.6, 131.4, 131.3, 129.3, 127.8, 122.8, 115.4, 114.0, 113.5, 108.2, 106.7, 88.7,
85.3, 81.1, 77.2, 60.8, 55.9, 25.5, 24.7, 15.0, 14.2, 14.0; elemental analysis calcd
(%) for C28H33NO11S: C 56.84, H 5.62, N 2.37; found: C 56.58, H 5.61, N
2.18.


(2S,3R,4R,5S)-3-{4-[6-(1-Hydroxyiminoethyl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yloxy]-3-methoxyphenyl}-2-methylacrylic ethyl ester
(27): A freshly prepared 20% by weight solution of titanium trichloride
(Aldrich, 350 mg, 2.3 mmol, 13 equiv) in water (2.8 mL) buffered with
ammonium acetate (1.05g, 13.6 mmol, 48 equiv) was added to a solution of
nitrosulfone 26 (100 mg, 0.17 mmol, 1 equiv) in THF (2.8 mL) at room
temperature. The reaction was stirred for 6 h, then diluted with methylene
chloride and water. The aqueous layer was washed with methylene
chloride. The organic layers were combined, dried (MgSO4), and evapo-
rated in vacuo. After column chromatography on silica gel (40% ethyl
acetate/pentane), both the oxime 27 (30 mg, 42%) and the ketone 28 were
isolated (13 mg, 20%). Data for 27: [�]20D ��169.1 (c� 0.86, CH2Cl2); IR
(neat): �� � 3428, 2984, 1703, 1512, 1450, 1371, 1243, 1108, 1025, 993 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.61 (s, 1H), 7.09 (d, J� 8.4 Hz, 1H),
6.99 ± 6.92 (m, 2H), 5.84 (s, 1H), 5.46 (d, J� 5.8 Hz, 1H), 4.96 (d, J�
5.8 Hz, 1H), 4.74 (s, 1H), 4.26 (q, J� 7.1 Hz, 2H), 3.82 (s, 3H), 2.12 (s, 3H),
1.72 (s, 3H), 1.53 (s, 3H), 1.36 ± 1.31 (m, 6H); 13C NMR (75 MHz, CDCl3):
�� 168.9, 156.6, 149.6, 145.7, 138.4, 130.6, 127.4, 122.9, 116.2, 114.1, 112.7,
106.7, 87.5, 85.5, 80.4, 60.8, 56.0, 26.4, 24.9, 14.2, 14.0, 11.3; elemental
analysis calcd (%) for C22H29NO8�1³2H2O: C 59.47, H 6.80, N 3.16; found: C
59.30, H 6.61, N 3.05.


Data for 28 : [�]20D ��127.3 (c� 1.53, CH2Cl2); IR (neat): �� � 2983, 1704,
1513, 1464, 1373, 1242, 1107 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.61 (s,
1H), 7.16 (d, J� 8.4 Hz, 1H), 7.02 ± 6.92 (m, 2H), 5.87 (s, 1H), 5.36 (d, J�
5.8 Hz, 1H), 4.86 (d, J� 5.8 Hz, 1H), 4.54 (s, 1H), 4.26 (q, J� 7.1 Hz, 2H),
3.80 (s, 3H), 2.12 (s, 3H), 2.05 (s, 3H), 1.52 (s, 3H), 1.36 ± 1.32 (m, 6H);
13C NMR (75 MHz, CDCl3): �� 206.9, 168.9, 149.3, 145.5, 138.2, 130.9,
127.7, 122.8, 115.3, 114.0, 112.8, 106.6, 91.3, 84.6, 80.6, 60.8, 55.9, 26.4, 26.2,
24.7, 14.2, 14.0; elemental analysis calcd (%) for C22H28O8: C 62.85, H 6.71;
found: C 63.00, H 6.84.


(2S,5S)-4-[5-(1-Benzenesulfonyl-1-nitroethyl)-2,5-dihydrofuran-2-yloxy]-
3-benzyloxybenzaldehyde (29): A pre-stirred solution of dihydrofuran 12
(527 mg, 1.31 mmol, 1 equiv), �-allylpalladium chloride dimer (4.8 mg,
0.013 mmol, 1 mol%), and triisopropylphosphite (0.04 mL, 0.18 mmol,
14 mol%) in THF (3.5 mL) at room temperature was added to a
suspension of cesium carbonate (847 mg, 2.6 mmol, 2 equiv) and 3-benzyl-
oxy-4-hydroxybenzaldehyde (564 mg, 2.4 mmol, 1.8 equiv) in THF
(3.5 mL). The reaction was stirred for 4 h, then diluted with ethyl acetate.
The organic layer was washed with water, the aqueous layer was extracted
with ethyl acetate, the combined organic layers were dried (MgSO4) and
evaporated in vacuo. After column chromatography on silica gel (40%
ethyl acetate/petroleum ether) followed by crystallization of the oil from
methylene chloride/pentane, dihydrofuran 29 was obtained as a white solid
(518 mg, 76%). M.p. 53 ± 55 �C; [�]20D ��50.1 (c� 1.09, CH2Cl2); IR (neat):
�� � 3065, 2869, 1690, 1588, 1555, 1505, 1333, 1285, 1159, 986 cm�1; 1H NMR
(300 MHz, CDCl3): �� 9.87 (s, 1H), 7.91 (d, J� 7.2 Hz, 2H), 7.74 ± 7.26 (m,
11H), 6.42 (s, 1H), 6.19 (d, J� 6.0 Hz, 1H), 5.92 (d, J� 6.0 Hz, 1H), 5.74 (s,
1H), 5.09 (s, 2H), 1.78 (s, 3H); 13C NMR (75 MHz, CDCl3): �� 190.9,
151.6, 149.6, 136.1, 135.7, 135.2, 133.6, 132.0, 131.0, 130.8, 130.6, 130.3, 129.8,
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129.4, 129.0, 128.5, 128.1, 127.3, 125.9, 117.4, 112.5, 108.3, 106.5, 85.6, 70.7,
13.4; elemental analysis calcd (%) for C26H23NO8S: C 61.29, H 4.55, N 2.75;
found: C 61.09, H 4.77, N 2.53.


(2S,3R,4S,5S)-4-[5-(1-Benzenesulfonyl-1-nitroethyl)-3,4-dihydroxy-tetra-
hydrofuran-2-yloxy]-3-benzyloxybenzaldehyde (30): N-Methylmorpho-
line-N-oxide (127 mg, 1.1 mmol, 1.5 equiv) followed by osmium tetroxide
(4% solution in water, 0.4 mL, 5 mol%) was added to a solution of
dihydrofuran 29 (373 mg, 0.72 mmol, 1 equiv) in methylene chloride
(7.2 mL) at room temperature. The reaction was stirred at room temper-
ature for 19 h. The solvent was evaporated in vacuo and the residue
purified. After column chromatography on silica gel (60% ethyl acetate/
petroleum ether), diol 30 (330 mg, 83%) was obtained as a white solid. M.p.
65 ± 66 �C; [�]20D ��39.6 (c� 1.07, CH2Cl2); IR (neat): �� � 3475, 2956, 1686,
1587, 1559, 1507, 1435, 1332, 1266, 1155, 1000 cm�1; 1H NMR (300 MHz,
CDCl3): �� 9.81 (s, 1H), 7.93 (d, J� 7.4 Hz, 2H), 7.86 ± 7.29 (m, 10H), 7.07
(d, J� 8.2 Hz, 1H), 5.67 (s, 1H), 5.09 (s, 2H), 4.84 (d, J� 7.4 Hz, 1H), 4.59
(dd, J� 7.4, 4.4 Hz, 1H), 4.31 (d, J� 4.4 Hz, 1H), 3.46 (br s, 2H), 1.73 (s,
3H); 13C NMR (75 MHz, CDCl3): �� 191.2, 151.0, 149.2, 136.2, 135.9,
135.4, 133.8, 131.7, 131.3, 130.9, 129.4, 129.2, 128.8, 128.3, 127.5, 126.5, 126.3,
115.6, 112.4, 106.5, 104.9, 83.1, 74.8, 71.2, 70.9; 14.1; elemental analysis calcd
(%) for C26H25NO10S�H2O: C 56.52, H 4.74, N 2.53; found: C 56.52, H 4.40,
N 2.33.


(2S,3R,4S,5S)-3-{4-[5-(1-Benzenesulfonyl-1-nitroethyl)-3,4-dihydroxytetra-
hydrofuran-2-yloxy]-3-benzyloxyphenyl}-2-methylacrylic ethyl ester (31):
A solution of aldehyde 30 (329 mg, 0.61 mmol, 1 equiv) and ethyl
2-(triphenylphosphoranylidene)propionate (355 mg, 0.97 mmol, 1.6 equiv)
in methylene chloride (6 mL) was stirred at room temperature for 16 h. The
solvent was evaporated in vacuo and the residue chromatographed on silica
gel (60% ethyl acetate/pentane) to give enoate 31 (273 mg, 72%) as a
white solid. M.p. 60 ± 62 �C; [�]20D ��54.9 (c� 1.09, CH2Cl2); IR (neat): �� �
3456, 2980, 1699, 1559, 1510, 1332, 1245, 1008 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.97 (d, J� 7.2 Hz, 2H), 7.78 ± 7.71 (m, 1H), 7.63 ± 7.52 (m, 3H),
7.39 ± 7.31 (m, 5H), 6.98 ± 6.90 (m, 3H), 5.58 (s, 1H), 5.07 (s, 2H), 4.78 (d,
J� 7.2 Hz, 1H), 4.70 (dd, J� 11.4, 6.6 Hz, 1H), 4.31 (d, J� 11.5 Hz, 1H),
4.25 (q, J� 7.1 Hz, 2H), 2.68 (m, 2H), 2.01 (s, 3H), 1.86 (s, 3H), 1.34 (t, J�
7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 169.0, 148.1, 146.1, 145.8,
138.2, 136.8, 135.6, 135.2, 133.9, 131.2, 130.9, 129.2, 129.1, 128.6, 128.1, 127.5,
127.3, 123.6, 116.3, 106.7, 105.5, 82.5, 74.6, 71.1, 60.9, 14.1, 13.8, 13.5;
elemental analysis calcd (%) for C31H33NO11S: C 59.32, H 5.29, N 2.23;
found: C 59.43, H 5.30, N 2.06.


(2S,3R,4S,5S)-3-{4-[6-(1-Benzenesulfonyl-1-nitroethyl)-2,2-dimethyl-tetra-
hydrofuro[3,4-d][1,3]dioxol-4-yloxy]-3-benzyloxy-phenyl}-2-methylacrylic
acid (32): 2,2-Dimethoxypropane (0.14 mL, 1.15 mmol, 3 equiv) followed
by p-toluenesulfonic acid (7.3 mg, 0.038 mmol, 10 mol%)was added to a
solution of diol 31 (240 mg, 0.38 mmol, 1 equiv) in acetone (3.8 mL) at
room temperature. The reaction was stirred for 6 h at room temperature,
then diluted with ethyl acetate and quenched with saturated sodium
bicarbonate solution. The organic layer was washed with saturated sodium
bicarbonate solution, dried (MgSO4), and evaporated in vacuo. After
column chromatography on silica gel (50% ethyl acetate/petroleum ether),
the acetonide (261 mg) was produced as a clear oil.


To a solution of the latter (261 mg, 0.37 mmol, 1 equiv) in methanol (4 mL)
was added NaOH solution (1� in water, 2.35 mL, 6 equiv). The reaction
was heated at 50 �C for 16 h. The reaction was neutralized with acetic acid
(0.13 mL) and concentrated. The residue was diluted with ethyl acetate and
the organic layer was extracted with saturated sodium bicarbonate solution.
The aqueous layer was acidified with 2� hydrochloric acid, the aqueous
layer was extracted with ethyl acetate, the combined organic layers were
dried (MgSO4) and concentrated in vacuo. After column chromatography
on silica gel, carboxylic acid 32 (123 mg, 60%) was produced as a white
solid. M.p. 97 ± 99 �C; [�]20D ��54.4 (c� 0.71, CH2Cl2); IR (neat): �� � 3065,
2989, 1681, 1559, 1510, 1335, 1256, 1157 cm�1; 1H NMR (300 MHz, CDCl3):
��� 7.92 (d, J� 7.5 Hz, 2H), 7.71 (d, J� 12.0 Hz, 2H), 7.59 ± 7.54 (m, 2H),
7.44 ± 7.31 (m, 5H), 7.08 ± 6.89 (m, 3H), 5.77 (s, 1H), 5.16 (d, J� 6.1 Hz,
1H), 5.11 ± 5.06 (m, 3H), 4.88 (d, J� 6.0 Hz, 1H), 2.02 (s, 3H), 1.87 (s, 3H),
1.49 (s, 3H), 1.30 (s, 3H); 13C NMR (75 MHz, CDCl3): �� 174.2,
148.6, 146.6, 140.5, 136.8, 135.5, 133.5, 131.6, 131.2, 130.9, 129.2, 129.1,
128.7, 128.6, 128.0, 127.3, 123.9, 116.7, 113.4, 108.4, 106.7, 88.8, 85.4, 81.0,
71.1, 26.4, 24.7, 16.2, 13.5; HRMS: calcd for C32H33NO11S: 639.1774; found:
639.1763 [M]� .


(2S,3R,4S,5S)-3-{4-[6-Acetyl-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-
4-yloxy]-3-benzyloxyphenyl}-2-methylacrylic acid (33): An aqueous solu-
tion (4 mL) of titanium trichloride (Aldrich, 386 mg, 2.5 mmol, 13 equiv)
and ammonium acetate (1.2 g, 15.1 mmol, 78 equiv) buffer was added to a
solution of nitrosulfone 32 (123 mg, 0.19 mmol, 1 equiv) in THF (4 mL) at
room temperature. The reaction was stirred for 4.5 h, then diluted with
ethyl acetate and water. The aqueous layer was washed twice with
methylene chloride, the organic layers were washed with brine, dried
(MgSO4), and evaporated in vacuo. After column chromatography on silica
gel (50% ethyl acetate/pentane), the ketone 33 (65 mg, 74%) was obtained
as a white solid. M.p. 143 ± 144 �C; [�]20D ��125.7 (c� 1.08, CH2Cl2); IR
(neat): �� � 2987, 2634, 1715, 1681, 1510, 1420, 1255, 1100, 993 cm�1; 1HNMR
(300 MHz, CDCl3): �� 7.68 (s, 1H), 7.37 (s, 5H), 7.18 (d, J� 8.3 Hz, 1H),
7.05 ± 6.97 (m, 2H), 5.89 (s, 1H), 5.36 (d, J� 5.7 Hz, 1H), 5.07 (s, 2H), 4.82
(d, J� 6.0 Hz, 1H), 4.56 (s, 1H), 2.03 (s, 6H), 1.52 (s, 3H), 1.36 (s, 3H);
13C NMR (75 MHz, CDCl3): �� 206.8, 173.9, 148.2, 146.6, 140.5, 136.7,
130.3, 128.7, 128.1, 127.3, 123.9, 116.7, 115.3, 112.9, 106.7, 91.3, 84.6, 80.5,
71.2, 26.4, 26.2, 24.8, 13.6; elemental analysis calcd (%) for
C26H28O8�1³2H2O: C 65.39, H 6.12; found: C 65.03, H 6.04.


4-[(2S,5S)-5-(1-Benzenesulfonyl-1-nitroethyl)-2,5-dihydrofuran-2-yloxy]-
3-(4-methoxybenzyloxy)-benzaldehyde (35): Triethylamine (2.71 mL,
19.5 mmol) was added to a solution of 12 (5.24 g, 13 mmol), 34[27] (5.03 g,
19.5 mmol), [Pd2dba3] ¥CHCl3 (270 mg, 0.26 mmol, 2 mol%) and (S,S)-11
(721 mg, 1.04 mmol, 8 mol%) in dry degassed THF (26 mL, 0.5�). After
1.5 h at 50 �C, the mixture was cooled to room temperature and ethyl
acetate and water were added. The organic layer was washed with brine,
dried over magnesium sulfate, filtrated and evaporated in vacuo. Com-
pound 35 (5.23 g, 9.70 mmol) was isolated pure as a white solid after
column chromatography (petroleum ether/ethyl acetate 8:2 then 6:4) with
75% yield. Rf� 0.3 (heptane/diethyl ether 1:3), 0.75 (diethyl ether); m.p.
63 ± 65 �C; [�]23D ��40.3 (c� 1.00, CH2Cl2); IR (neat): �� � 2831, 1723, 1673,
1650, 1584, 1515, 1441, 1387, 1253, 1156, 1004 cm�1; 1H NMR (300 MHz,
CDCl3): �� 9.89 (s, 1H), 7.95 (d, J� 6.9 Hz, 2H), 7.50 ± 7.25 (m, 8H), 6.91
(d, J� 8.4 Hz, 2H), 6.41 (s, 1H), 6.21 (d, J� 6.0 Hz, 1H), 5.95 (d, J� 6.0 Hz,
1H), 5.73 (s, 1H), 5.04 (s, 2H), 3.82 (s, 3H), 1.83 (s, 3H); 13C NMR
(75 MHz, CDCl3): �� 190.9, 159.5, 151.6, 149.6, 135.6, 135.2, 133.5, 132.1,
130.8, 130.6, 130.4, 129.8, 129.4, 129.1, 129.0, 128.1, 126.0, 117.6, 113.9, 112.5,
106.5, 85.6, 70.6, 55.2, 13.6; elemental analysis calcd (%) for C27H25NO9S: C
60.11, H 4.63; found: C 60.00, H 4.92.


4-[(2S,3R,4S,5S)-5-(1-Benzenesulfonyl-1-nitroethyl)-3,4-dihydroxytetra-
hydrofuran-2-yloxy]-3-(4-methoxybenzyloxy)-benzaldehyde (36):N-Meth-
ylmorpholine-N-oxide (5.3 g, 45.3 mmol) then osmium tetroxide (4%
solution in water) (5.5 mL, 0.86 mmol, 5 mol%) was added to a solution of
35 (9.37 g, 17.3 mmol) in dichloromethane (190 mL) at room temperature.
The reaction was stirred overnight, then evaporated in vacuo. The diol 36
(9.6 g, 16.8 mmol) was isolated pure as a white solid after column
chromatography (petroleum ether/ethyl acetate 4:6) with 98% yield.
Rf� 0.32 (diethyl ether); m.p. 77 ± 79 �C; [�]20D ��48.5 (c� 0.24, CH2Cl2);
IR (neat): �� � 3425, 2935, 1686, 1587, 1559, 1332, 1252, 1156, 1070,
1002 cm�1; 1H NMR (300 MHz, CDCl3): �� 9.84 (s, 1H), 7.97 (d, J�
8.1 Hz, 2H), 7.74 ± 7.32 (m, 7H), 7.09 (d, J� 8.4 Hz, 1H), 6.93 (d, J�
8.7 Hz, 2H), 5.65 (s, 1H), 5.04 (s, 2H), 4.83 (d, J� 7.5 Hz, 1H), 4.69 (dd,
J� 7.4, 4.8 Hz, 1H), 4.35 (d, J� 4.2 Hz, 1H), 3.81 (s, 3H), 3.42 (br s, 2H),
1.77 (s, 3H); 13C NMR (75 MHz, CDCl3): �� 190.9, 159.6, 150.8, 149.1,
135.3, 133.3, 131.6, 131.1, 130.8, 129.4, 129.3, 129.2, 128.0, 126.2, 115.5, 115.0,
114.0, 112.4, 106.4, 104.8, 83.1, 74.8, 70.8, 60.5, 55.3, 14.3; elemental analysis
calcd (%) for C27H27NO11S: C 56.54, H 4.74; found: C 56.45, H 4.60.


(E)-3{4-[(2S,3R,4S,5S)-5-(1-Benzenesulfonyl-1-nitroethyl)-3,4-dihydroxy-
tetrahydrofuran-2-yloxy]-3-(4-methoxybenzyloxy)-phenyl}-2-methylacry-
lic ethyl ester (37): Ethyl 2-(triphenylphosphoranylidene)propionate (7.9 g,
21.6 mmol) and the mixture was stirred at 45 �C for one hour was added to a
solution of 36 (9.5 g, 16.6 mmol) in dichloromethane (83 mL, 0.2�). It was
then evaporated in vacuo, and 37 (10.9 g, 16.6 mmol) was isolated pure as a
white solid after column chromatography (petroleum ether/ethyl acetate
1:1) with a quantitative yield. Rf� 0.42 (diethyl ether); M.p. 73 ± 75 �C;
[�]20D ��44.9 (c� 0.40, CH2Cl2); IR (neat): �� � 3386, 2931, 1702, 1609,
1560, 1514, 1331, 1244, 1157, 1006 cm�1; 1H NMR (300 MHz, CDCl3): ��
7.98 (d, J� 7.2 Hz, 2H), 7.78 ± 7.71 (m, 1H), 7.59 ± 7.54 (m, 3H), 7.32 (d, J�
7.2 Hz, 2H), 6.96 ± 6.89 (m, 5H), 5.55 (s, 1H), 4.98 (s, 2H), 4.78 (d, J�
7.2 Hz, 1H), 4.61 (br s, 1H), 4.29 (m, 3H), 4.27 (q, J� 7.2 , 2H), 3.81 (s, 3H),
2.93 (br s, 2H), 2.05 (s, 3H), 1.83 (s, 3H), 1.34 (t, J� 7.1 Hz, 3H); 13C NMR
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(75 MHz, CDCl3): �� 168.7, 159.5, 148.3, 146.0, 138.0, 135.2, 133.8, 131.2,
130.8, 129.4, 129.1, 128.5, 127.7, 123.5, 116.8, 116.4, 114.0, 106.6, 105.7, 82.9,
74.8, 71.0, 70.9, 60.9, 60.4, 55.3, 26.3, 21.0, 14.3, 14.1, 14.0; elemental analysis
calcd (%) for C32H35NO12: C 58.44, H 5.36; found: C 58.62, H 5.45.


(E)-3-[4-[(3aR,4S,6S,6aR)-6-(1-Benzenesulfonyl-1-nitroethyl)-2,2-dimeth-
yltetrahydrofuro[3,4-d][1,3]dioxol-4-yloxy]-3-(4-methoxybenzyloxy)-phen-
yl]-2-methylacrylic acid (38): p-Toluenesulfonic acid (1.45 mg, 7.6 �mol,
10 mol%) was added to a solution of 37 (50 mg, 76 �mol) and distilled 2,2-
dimethoxypropane (93 �L, 0.76 mmol) in acetone (0.76 mL, 0.1�), and the
mixture was stirred at room temperature for 4 h. Ethyl acetate was then
added and the organic phase was washed with a saturated solution of
NaHCO3 and brine, dried over magnesium sulfate, filtrated and evaporated
in vacuo. The acetonide (50 mg, 72 �mol) was isolated pure as a white solid
after column chromatography (petroleum ether/ethyl acetate 8:2) with
94% yield. Data for the acetonide: Rf� 0.44 (heptane/diethyl ether 1:3);
m.p. 48 �C; [�]24D ��53.0 (c� 1.00, CH2Cl2); IR (neat): �� � 2985, 2958, 2874,
1732, 1703, 1613, 1600, 1558, 1515, 1450, 1336, 1071 cm�1; 1H NMR
(500 MHz, CDCl3): �� 7.90 (dd, J� 1.0, 8.3 Hz, 2H), 7.71 (tt, J� 1.2, 7.3 Hz,
1H), 7.55 (m, 3H), 7.32 (d, J� 8.8 Hz, 2H), 7.00 (d, J� 8.8 Hz, 1H), 6.93 (m,
2H), 6.88 (d, J� 8.8 Hz, 2H), 5.72 (s, 1H), 5.11 (dd, J� 1.7, 5.9 Hz, 1H),
5.03 (m, 3H), 4.83 (d, J� 6.1 Hz, 1H), 4.23 (q, J� 7.1 Hz, 2H), 3.79 (s, 3H),
2.01 (s, 3H), 1.85 (s, 3H), 1.46 (s, 3H), 1.32 (t, J� 7.1 Hz, 3H), 1.27 (s, 3H);
13C NMR (125 MHz, CDCl3): �� 168.7, 159.4, 148.5, 146.1, 138.0, 135.4,
133.4, 131.5, 131.2, 131.1, 129.2, 129.0, 128.7, 127.6, 123.3, 116.6, 116.4, 113.9,
113.2, 108.3, 106.6, 88.7, 85.3, 81.0, 70.9, 60.9, 55.3, 26.5, 24.8, 16.2, 14.3, 14.0;
elemental analysis calcd (%) for C35H39O12NS: C 60.25, H 5.63, N 2.01, S
4.60; found: C 60.40, H 5.75, N 1.96, S 4.66.


To a solution of the latter (147 mg, 0.21 mmol) in methanol (3 mL) and
THF (3 mL), was added a solution of LiOH (0.378 g, 8.86 mmol) in water
(3 mL), and the mixture was stirred at 40 �C for one hour. After cooling to
room temperature, the solution was acidified by a 5% solution of NaHSO3


and extracted by ethyl acetate. The organic phase was washed brine, dried
over magnesium sulfate, filtrated and evaporated in vacuo to afford 38
(141 mg, 0.21 mmol) as a white solid with a quantitative yield. Rf� 0.25
(heptane/diethyl ether 1:3), 0.58 (diethyl ether); m.p. 108 ± 110 �C; [�]23D �
�60.2 (c� 1.00, CH2Cl2); IR (neat): �� � 3415, 2936, 1702, 1561, 1512, 1444,
1248, 1158, 1108 cm�1; 1H NMR (500 MHz, CDCl3): �� 7.90 (dd, J� 1.2,
8.5 Hz, 2H), 7.71 (tt, J� 1.2, 7.6 Hz, 1H), 7.56 (m, 3H), 7.32 (d, J� 8.5 Hz,
2H), 7.02 (d, J� 8.8 Hz, 1H), 6.96 (m, 2H), 6.88 (d, J� 8.8 Hz, 2H), 5.73 (s,
1H), 5.13 (dd, J� 1.7, 5.9 Hz, 1H), 5.04 (d, J� 1.7 Hz, 1H), 4.98 (s, 2H),
4.84 (d, J� 6.1 Hz, 1H), 3.79 (s, 3H), 2.04 (s, 3H), 1.84 (s, 3H), 1.47 (s, 3H),
1.28 (s, 3H); 13C NMR (125 MHz, CDCl3): �� 173.9, 159.4, 148.5, 146.5,
140.4, 135.4, 133.4, 131.5, 131.1, 130.7, 129.2, 129.0, 128.7, 123.7, 116.6, 116.5,
113.9, 113.3, 108.2, 106.6, 88.7, 85.3, 80.9, 70.9, 55.3, 26.5, 24.8, 16.2, 13.7;
LRMS (EI): calcd for C33H35O12NS: 669.71; found: 669.18.


(E)-3-[4-((3aR,4S,6S,6aR)-6-Acetyl-2,2-dimethyl-tetrahydrofuro[3,4-d]-
[1,3]dioxol-4-yloxy)-3-(4-methoxybenzyloxy)-phenyl]-2-methylacrylic acid
(39): A solution of ammonium acetate (1.27 g, 16.4 mmol) and titanium(���)
chloride (0.422 g, 2.73 mmol) in water (4.2 mL) was added to a solution of
38 (141 mg, 0.21 mmol) in THF (4.2 mL), at room temperature and the
mixture was stirred overnight. Ethyl acetate was added and the organic
layer was washed by a 1� solution of sodium potassium tartrate, the
aqueous phase back extracted and the combined organic phases washed
with brine, dried over magnesium sulfate, filtrated and evaporated in vacuo.
Compound 39 (83 mg, 0.17 mmol) was isolated pure as a white foam after
column chromatography (petroleum ether/ethyl acetate 1:3) with 80%
yield. Rf� 0.35 (heptane/diethyl ether 1:3), 0.71 (diethyl ether); [�]23D �
�101.7 (c� 1.00, CH2Cl2); IR (neat): �� � 2937, 2634, 1717, 1681, 1613, 1515,
1419, 1374, 1250 cm�1; 1H NMR (500 MHz, CDCl3): �� 7.68 (s, 1H), 7.28
(d, J� 8.8 Hz, 2H), 7.14 (d, J� 8.6 Hz, 1H), 7.03 (m, 2H), 6.88 (d, J�
8.8 Hz, 2H), 5.86 (s, 1H), 5.34 (d, J� 5.9 Hz, 1H), 4.98 (s, 2H), 4.80 (d, J�
6.1 Hz, 1H), 4.53 (s, 1H), 3.79 (s, 3H), 2.05 (d, J� 1.2 Hz, 3H), 2.01 (s, 3H),
1.51 (s, 3H), 1.33 (s, 3H); 13C NMR (125 MHz, CDCl3): �� 206.7, 173.9,
159.4, 148.1, 146.4, 140.4, 130.1, 129.0, 128.6, 126.2, 123.8, 116.7, 115.1, 113.9,
112.8, 106.5, 91.2, 84.5, 80.5, 70.9, 55.2, 26.5, 26.3, 24.8, 13.7; elemental
analysis calcd (%) for C27H30O9: C 65.05, H 6.07; found: C 65.16, H 6.07.


(E)-3{-4-[(3aR,4S,6S,6aR)-6-(1-Benzenesulfonyl-1-nitroethyl)-2,2-dimeth-
yltetrahydrofuro[3,4-d][1,3]dioxol-4-yloxy]-3-hydroxyphenyl}-2-methyl-
acrylic ethyl ester (40): p-Toluenesulfonic acid (3.35 g, 17.5 mmol) was
added to a solution of 37 (9.6 g, 14.6 mmol) in a 1:1 mixture of THF and
methanol (500 mL, 0.03�), and the mixture was stirred at 50 �C for 8 h. The


mixture was then evaporated in vacuo. The crude was purified on a plug of
silica gel (petroleum ether/diethyl ether 1:1 then 100% ethyl acetate). The
corresponding triol (7.84 g, 14.6 mmol) was obtained pure as a white foam
with a quantitative yield. Rf� 0.23 (diethyl ether). The latter (7.84 g,
14.6 mmol) was then dissolved in dichloromethane (150 mL, 0.1�), 2,2-
dimethoxypropane (18 mL, 146 mmol) and p-toluenesulfonic acid (0.28 g,
1.46 mmol) were added. After 5 min, ethyl acetate was added and the
organic phase was washed with a saturated solution of NaHCO3 and brine,
dried over magnesium sulfate, filtrated and evaporated in vacuo. Com-
pound 40 (7.96 g, 13.8 mmol) was isolated pure as a white solid after column
chromatography (petroleum ether/diethyl ether 1:1) with 95% yield. Rf�
0.76 (diethyl ether); [�]23D ��69.8 (c� 1.00, CH2Cl2); IR (neat): �� � 3486,
2988, 1701, 1613, 1557, 1250, 1158 cm�1; 1H NMR (500 MHz, CDCl3): ��
7.88 (dd, J� 1.2, 8.6 Hz, 2H), 7.74 (tt, J� 1.2, 7.6 Hz, 1H), 7.58 (m, 2H), 7.52
(s, 1H), 7.00 (d, J� 2.2 Hz, 1H), 6.95 (d, J� 8.5 Hz, 1H), 6.84 (dd, J� 8.5,
2.2 Hz, 1H), 5.70 (s, 1H), 5.48 (dd, J� 1.5, 6.1 Hz, 1H), 5.45 (s, 1H), 5.04 (d,
J� 1.2 Hz, 1H), 4.86 (d, J� 6.1 Hz, 1H), 4.22 (q, J� 7.1 Hz, 2H), 2.07 (d,
J� 1.5 Hz, 3H), 1.80 (s, 3H), 1.51 (s, 3H), 1.31 (m, 6H); 13C NMR
(125 MHz, CDCl3): �� 168.7, 145.6, 143.1, 137.9, 135.7, 133.1, 131.5, 131.4,
131.0, 129.4, 129.0, 127.8, 122.5, 117.0, 113.9, 113.4, 108.0, 106.4, 89.3, 85.5,
81.0, 60.8, 26.4, 24.7, 17.7, 14.3, 14.0; elemental analysis calcd (%) for
C27H31O11NS: C 56.15, H 5.41, N 2.42, S 5.55; found: C 56.30, H 5.56, N 2.29.


(E)-3-{4-[(3aR,4S,6S,6aR)-6-Acetyl-2,2-dimethyltetrahydrofuro[3,4-d]-
[1,3]dioxol-4-yloxy]-3-(hydroxy)-phenyl}-2-methylacrylic acid (41): LiOH
(5.8 g, 138 mmol) was added to a solution of 40 (7.96 g, 13.8 mmol) in a 1:1:1
mixture of methanol, THF, and water (150 mL), and the mixture was stirred
at 40 �C for 4 h. After cooling to room temperature, the solution was
acidified by a 5% solution of NaHSO3 and extracted by ethyl acetate. The
organic phase was washed brine, dried over magnesium sulfate, filtrated
and evaporated in vacuo to afford the acid (7.6 g, 13.8 mmol) as a white
foam with a quantitative yield. Rf� 0.53 (diethyl ether); [�]23D ��66.3 (c�
1.00, CH2Cl2); IR (neat): �� � 3486, 2991, 2646, 1682, 1557, 1264, 1156 cm�1;
1H NMR (500 MHz, CDCl3): �� 7.88 (dd, J� 1.2, 8.6 Hz, 2H), 7.75 (tt, J�
1.2, 7.6 Hz, 1H), 7.65 (s, 1H), 7.58 (t, J� 8.1 Hz, 2H), 7.03 (d, J� 1.7 Hz,
1H), 6.97 (d, J� 8.5 Hz, 1H), 6.88 (dd, J� 2.0, 8.8 Hz, 1H), 5.72 (s, 1H),
5.50 (dd, J� 1.5, 6.1 Hz, 1H), 5.05 (d, J� 1.2 Hz, 1H), 4.87 (d, J� 6.1 Hz,
1H), 2.09 (s, 3H), 1.80 (s, 3H), 1.51 (s, 3H), 1.32 (s, 3H); 13C NMR
(125 MHz, CDCl3): �� 173.8, 145.6, 143.5, 140.2, 135.8, 133.1, 131.0, 130.9,
129.4, 126.6, 122.9, 117.2, 113.9, 113.4, 108.0, 106.4, 89.3, 85.4, 81.0, 60.4,
26.4, 24.7, 17.7, 14.2, 13.7; elemental analysis calcd (%) for C25H27O11NS: C
54.64, H 4.95, N 2.55; found: C 54.80, H 5.02, N 2.36.


To a solution of the latter (284 mg, 0.517 mmol) in THF (9 mL), was added
at room temperature a solution of ammonium acetate (3.12 g, 40 mmol)
and titanium(���) chloride (1.03 g, 6.7 mmol) [Note : this reagent should be
handled and kept in a dry box] in water (4.2 mL) and the mixture was
stirred 3 h. Ethyl acetate was added and the organic layer was washed by a
1� solution of sodium potassium tartrate, the aqueous phase back extracted
and the combined organic phases washed with brine, dried over magnesium
sulfate, filtrated and evaporated in vacuo. Compound 41 (156 mg,
0.414 mmol) was isolated pure as a white foam after column chromatog-
raphy (petroleum ether/ethyl acetate 1:1 then 1:3) with 80% yield.Rf� 0.59
(diethyl ether); [�]23D ��137.4 (c� 1.00, MeOH); IR (neat): �� � 3330, 2932,
2644, 1712, 1682, 1510, 1263, 1101 cm�1; 1H NMR (500 MHz, CDCl3): ��
7.69 (s, 1H), 7.11 (d, J� 8.3 Hz, 1H), 7.06 (d, J� 2.0 Hz, 1H), 6.92 (dd, J�
8.5, 2.0 Hz, 1H), 5.76 (s, 1H), 5.24 (dd, J� 5.9, 1.0 Hz, 1H), 4.86 (d, J�
5.9 Hz, 1H), 4.71 (s, 1H), 2.11 (d, J� 1.0 Hz, 3H), 2.10 (s, 3H), 1.51 (s, 3H),
1.36 (s, 3H); 13C NMR (125 MHz, CDCl3): �� 206.6, 173.8, 146.9, 144.0,
140.3, 131.8, 126.8, 122.7, 117.6, 116.3, 113.4, 108.8, 91.5, 84.9, 80.3, 26.4, 26.3,
24.9, 13.8; elemental analysis calcd (%) for C19H22O8: C 60.31, H 5.86;
found: C 60.51, H 6.08.


(E)-3-{4-[(3aR,4S,6S,6aR)-2,2-Dimethyl-6-(2-methyl-[1,3]dioxolan-2-yl)-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yloxy]-3-(hydroxy)-phenyl}-2-methyl-
acrylic acid (42): Freshly distilled 1,2-bis-trimethylsilyloxyethane (0.97 mL,
4 mmol) and trimethylsilyl trifluoromethanesulfonate (30 �L, 0.13 mmol)
were added to a solution of 41 (0.5 g, 1.32 mmol) in dichloromethane
(13 mL), at 0 �C. The mixture was stirred at 0 �C for 6 h. Pyridine (3 mL)
and ethyl acetate were then added. The organic phase was washed with a
saturated solution of NaHCO3 and brine, dried over magnesium sulfate,
filtrated and evaporated in vacuo. Compound 42 (0.505 g, 1.20 mmol) was
isolated pure as a white foam after column chromatography (petroleum
ether/ethyl acetate 1:1) with 91% yield. Rf� 0.55 (diethyl ether); [�]23D �
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�92.2 (c� 1.00, MeOH); IR (neat): �� � 3400, 2986, 1882, 1614, 1505, 1250,
1100 cm�1; 1H NMR (500 MHz, CDCl3): �� 7.65 (s, 1H), 7.03 (d, J� 8.1 Hz,
1H), 7.02 (s, 1H), 6.90 (d, J� 8.1 Hz, 1H), 5.88 (s, 1H), 4.84 (s, 2H), 4.33 (s,
1H), 4.09 (m, 2H), 4.03 (m, 2H), 2.10 (s, 3H), 1.50 (s, 3H), 1.35 (s, 3H), 1.28
(s, 3H); 13C NMR (125 MHz, CDCl3): �� 177.6, 147.7, 143.5, 139.8, 131.5,
127.1, 122.5, 117.3, 116.4, 112.8, 108.5, 91.5, 85.4, 80.3, 65.4, 64.5, 26.5, 25.0,
20.7, 13.9; elemental analysis calcd (%) for C21H26O9: C 59.71, H 6.20;
found: C 59.92, H 6.42; HRMS: calcd for C21H26O9: 422.1577; found:
422.1568 [M]� .


C-2-epi-Hygromycin A (4): Diethylcyanophosphonate (30 �L, 150 �mol)
and triethylamine (28 �L, 200 �mol) were added to a solution of 42 (50 mg,
118 �mol) and 6 (30 mg, 150 �mol) in DMF (2 mL) at 0 �C. After 3 h at this
temperature, ethyle acetate was added and the organic phase was washed
by brine, dried over magnesium sulfate, filtrated and evaporated in vacuo.
The amide (49 mg, 83 �mol) was isolated pure after three purifications on
silica gel (preparative TLC) (ethyl acetate/methanol 85:15) with 70% yield.
Rf� 0.25 (ethyl acetate/methanol 85:15); [�]23D ��44.1 (c� 1.00, MeOH);
IR (neat): �� � 3420, 1610, 1510 cm�1; 1H NMR (500 MHz, CD3OD): ��
7.23 (s, 1H), 7.11 (d, J� 8.3 Hz, 1H), 6.92 (d, J� 2.0 Hz, 1H), 6.86 (dd, J�
2.0, 8.3 Hz, 1H), 5.81 (s, 1H), 5.23 (s, 1H), 4.93 (d, J� 6.1 Hz, 1H), 4.89 (dd,
J� 1.7, 6.1 Hz, 1H), 4.79 (s, 1H), 4.50 (dd, J� 2.7, 6.1 Hz, 1H), 4.23 (d, J�
1.7 Hz, 1H), 4.20 (m, 3H), 3.92 (m, 5H), 3.80 (dd, J� 2.7, 2.7 Hz, 1H), 2.11
(d, J� 1.3 Hz, 3H), 1.49 (s, 3H), 1.35 (s, 3H), 1.25 (s, 3H); 13C NMR
(125 MHz, CD3OD): �� 172.8, 148.3, 145.3, 134.9, 132.3, 132.0, 122.6, 117.9,
116.8, 113.8, 109.9, 109.3, 96.1, 92.9, 87.0, 82.1, 78.1, 72.5, 71.6, 71.2, 66.7, 65.9,
50.3, 49.8, 27.1, 25.2, 23.0, 14.7; LRMS (ESI): calcd for C28H36NO13: 594.22;
found: 594.20 [M�H]� .


To a solution of the latter (70 mg, 117 �mol) in water (0.5 mL), was added
at room temperature trifluoroacetic acid (0.6 mL). After 1 h, benzene was
added and the mixture was evaporated in vacuo. This operation was
repeated three times. 4 (42 mg, 82 �mol) was isolated pure after purifica-
tion on sephadex LH-20 (7 g) (methanol/ethyl acetate 1:3) followed by
sephadex G-10 (7 g) (water) with 70% yield. Rf� 0.10 (ethyl acetate/
methanol 85:15); [�]22D ��60.4 (c� 1.00, MeOH); IR (KBr): �� � 3420,
1710, 1610, 1510 cm�1; 1H NMR (500 MHz, CD3OD): �� 7.25 (s, 1H), 7.14
(d, J� 8.3 Hz, 1H), 6.93 (d, J� 2.0 Hz, 1H), 6.87 (dd, J� 2.0, 8.5 Hz, 1H),
5.56 (s, 1H), 5.22 (s, 1H), 4.78 (s, 1H), 4.50 (m, 2H), 4.43 (d, J� 7.3 Hz,
1H), 4.26 (d, J� 4.4 Hz, 1H), 4.21(dd, J� 3.2, 6.6 Hz, 1H), 4.17 (m, 2H),
3.96 (dd, J� 6.7, 6.7 Hz, 1H), 3.80 (dd, J� 2.8, 2.8 Hz, 1H), 2.14 (s, 3H),
2.12 (d, J� 1.5 Hz, 3H); 13C NMR (125 MHz, CD3OD): �� 210.7, 172.6,
148.5, 145.7, 134.9, 132.9, 132.2, 122.6, 118.3, 118.2, 108.9, 96.2, 88.6, 78.2,
76.3, 74.2, 72.5, 71.5, 71.2, 64.3, 50.3, 26.2, 14.6; elemental analysis calcd (%)
for C23H29NO12: C 54.01, H 5.71, N 2.74; found: C 54.22, H 5.56, N 2.63;
LRMS (ESI): calcd for C23H28NO12: 510.16; found: 510.54 [M�H]� .
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Phosphoramidate-Mediated Conversion of Carbonyl Ligands into Isocyanide
Ligands: A New Approach to Chiral Isocyanide Ligands


Susan E. Gibson,*[a] Hasim Ibrahim,[a] Corinne Pasquier,[a] Mark A. Peplow,[b]
Julia M. Rushton,[a] Jonathan W. Steed,[a] and Surojit Sur[a]


Abstract: Metal isocyanides have been used and studied by organometallic chemists
for many years and, as a result, they have a rich and interesting chemistry. The nature
of metal-free isocyanides and the methods of making isocyanide complexes, however,
has resulted in the vast majority of studies to date being performed with structurally
simple isocyanides. We report here a new approach to the synthesis of isocyanide
ligands that involves the reaction of a metal carbonyl ligand with the anion of a
phosphoramidate. As phosphoramidates can be synthesised in one step from amines,
our method means that the structural diversity of readily available amines,
particularly chiral amines, can now be incorporated into isocyanide ligands.


Keywords: amines ¥ asymmetric
synthesis ¥ carbonyl ligands ¥ iron
¥ isocyanide ligands


Introduction


Isocyanide ligands are known to form complexes with many
transition metals.[1] Difficulties associated with the synthesis
of isocyanide ligands, however, mean that the vast majority of
isocyanide complexes synthesised and studied to date have
been complexes of relatively simple aryl and alkyl isocyanides.
Complexes of more complicated isocyanides, such as chiral
isocyanides, are surprisingly rare, a situation which contrasts
sharply of course with the number of complexes bearing chiral
phosphine ligands that have been prepared and studied. In
this paper we demonstrate how a new method of synthesising
isocyanide ligands can be used to generate enantiomerically
pure isocyanide complexes in a relatively straightforward
manner.


The synthesis of isocyanide complexes is most commonly
achieved by direct combination of a metal complex with an
isocyanide. In the case of metal ± carbonyl complexes, ther-
molysis or photolysis is used to remove a carbonyl ligand from
the parent complex before the free ligand site is occupied by
the isocyanide. This approach is generally complicated by


multiple substitutions resulting in low yields, as exemplified
by the synthesis of the chromium complex 1,[2] but in some
cases, such as those detailed in a recent report on the use of


dicarbonyl(isocyanide)chromium(0) linkers for attaching fluo-
roarenes to solid supports,[3] yields can be very good. Creation
of a vacant coordination site may also be achieved by the
removal of an iodide ligand with a silver(�) salt as illustrated by
the synthesis of iron cation 2.[4] There are several


drawbacks to the direct synthesis approaches outlined above
which perhaps explain why isocyanides other than simple aryl
and alkyl isocyanides have not featured more prominently in
organometallic chemistry to date: few free isocyanides are
commercially available and the synthesis of other isocyanides
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is frequently arduous; some isocyanides are toxic and many
are malodorous.


Alternative methods for creating isocyanide ligands have
been developed, including alkylation of cyanide ligands and
the reaction of phosphinimines with carbonyl ligands. The
production of cobalt complex 3 was achieved by a double
alkylation reaction.[5] Despite the fact that this approach


requires the use of KCN to create the necessary cyanide
ligands, it continues to find application as indicated by its
recent use in the synthesis of a range of alkyl, allyl and
propargyl isocyanide complexes by treatment of trans-
[FeH(CN)(dppe)2] with suitable electrophiles.[6] The iron
isocyanide complex 4 has been synthesised by reaction of


pentacarbonyliron(o) with a phosphinimine.[7] This reaction
has occasionally been exploited in a similar manner,[8] (see
below) although it is of note that phosphinimines are
frequently moisture- and/or air-sensitive.[9]


The challenges associated with the present approaches to
isocyanide ligand synthesis have led to the vast majority of
isocyanide ligands reported to date having very simple
structures. The following notable exceptions, however, illus-
trate the potential interest in more sophisticated isocyanide
ligands.


Isocyanides separated from a stereogenic centre by a
promesogenic core have been used as monomers to create
chiral helical poly(isocyanides). More recently isocyanides of
this type have been used as ligands to generate chiral
organometallic liquid crystals with helical mesophases.[10]


The palladium and gold complexes examined, exemplified
by 5, were synthesised by direct displacement of labile ligands,


such as benzonitrile and tetrahydrothiophene, from appro-
priate metal halides by pre-formed isocyanides. To date, the
only example of the use of a chiral isocyanide ligand in a
catalytic context is provided by the demonstration that a
palladium(0) isocyanide complex, formed from pre-formed
isocyanide 6 and Pd(acac)2, catalyses an intramolecular bis-
silylation of an alkene. This pioneering reaction gave the


cyclic product in a very encouraging enantiomeric excess.[11] A
range of complexes of an isocyanide bearing a pendant
phosphine have been prepared.[12a] A typical example is
provided by the dirhenium complex 7, which was prepared


from the corresponding phosphinimine-phosphine and deca-
carbonyldirhenium(0). The synthesis and reactivity of com-
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plexes of 2-hydroxyphenyl isocyanide and its derivatives has
been reviewed.[12b]


In view of the paucity of studies to date on the synthesis and
reactivity of complex isocyanide ligands, we have developed a
new synthesis of isocyanide ligands that is designed to provide
relatively straightforward access to such ligands. We describe
herein 1) our new approach to isocyanide ligands, an outline
of which has been published as a preliminary communica-
tion,[13] and 2) how our method can be used to generate
complexes of structurally interesting isocyanides such as
chiral isocyanides.


Results and Discussion


Our interest in tricarbonyl(vinylketene)iron(0) complexes and
their nitrogen analogues, tricarbonyl(vinylketenimine)iron(0)
complexes, led us to devise a method for the conversion of the
former into the latter, central to which were the anions of
diethyl N-alkylphosphoramidates.[14] We subsequently ques-
tioned whether or not this approach to the conversion of
carbon ± oxygen bonds into carbon ± nitrogen bonds could be
used to convert metal carbonyls into metal isocyanides. Given
that phosphoramidates may be synthesised from the corre-
sponding amines in one step, and that many chiral amines are
readily available, it was reasoned that this approach, if
successful, should provide access to a wide range of structur-
ally diverse isocyanide ligands.


Five phosphoramidates have been employed in the course
of this study and their preparation is summarised at this point.
The first method that we used for the synthesis of known
phosphoramidates 8a ± c and novel phosphoramidates 8d ± e
involved treating the appropriate amine with diethyl phos-
phite in the presence of carbon tetrachloride.[15, 16, 17] Although
this gave satisfactory yields of the required phosphoramidates
(Table 1, Method A), we were concerned about the use of
environmentally unfriendly carbon tetrachloride. We were
therefore pleased to find that a method using diethyl
chlorophosphate,[18] (a somewhat more expensive reagent
than diethyl phosphite) gave reasonable yields of the phos-
phoramidates (Table 1, Method B).


The first experiment we carried out to test whether or not
metal carbonyls react with anions of phosphoramidates to
give metal isocyanides involved the tert-butyl phosphorami-
date 8a and the iron carbonyl cation 9. The carbonyl-
containing complex 9 was selected for this study as it is
readily synthesised,[19] very stable, and, looking to the future,
16-electron species derived from cations closely related to 9
have been shown to act as Lewis acid catalysts in, for example,
the Diels ±Alder reaction[20] and the Mukaiyama aldol
reaction.[21] Phosphoramidate 8a was chosen for our initial
exploratory experiment, as successful conversion of a carbon-
yl ligand of 9 to an isocyanide ligand with this phosphorami-
date would produce the known complex 10.[4] Thus phosphor-
amidate 8a was dissolved in THF, cooled to �78 �C and
treated with one equivalent of n-butyllithium (Scheme 1). A
stirred suspension of one equivalent of cation 9 in THF was
added to this solution, and the resulting mixture was held at
�78 �C for four hours. Work up of the product mixture


produced light yellow crystals that were identified as the
dicarbonyl isonitrile complex 10 by comparison of their
1H NMR and IR spectra with literature values.[4] Cation 10
was generated in an acceptable 58% yield on a 1.0 mmol
scale, thus indicating that the phosphoramidate-mediated
conversion of carbonyl ligands to isocyanide ligands is indeed
feasible.


Having established that a phosphoramidate anion may be
used to convert a metal carbonyl ligand into an isocyanide
ligand, we turned our attention to the creation of a chiral
isocyanide ligand by this approach. Pleasingly, reaction of
cation 9 with the anion of phosphoramidate 8b, derived from
commercially available (S)-�-methylbenzylamine, gave the
novel complex 11 containing a chiral isocyanide ligand
(Scheme 1).


Aware that many of the best chiral environments created by
phosphine ligands around metal centres are generated by two
phosphine ligands or diphosphines, we wished to determine
whether or not our carbonyl ± isocyanide conversion method
could be used to introduce two isocyanide ligands. Initially we
attempted to introduce achiral ethyl and tert-butyl groups in
order to determine to what extent steric bulk affected the


Table 1. Synthesis of phosphoramidates 8.


Product Yield [%] Yield [%]
method A[a] method B[b]


89


60 86


72


74 78


59 86


[a] Amine (or hydrochloride salt)/diethyl phosphite/CCl4. [b] Amine/Et3N/
diethyl chlorophosphate.







FULL PAPER S. E. Gibson et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0272 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 1272


creation of two isocyanide ligands. Reaction of two equiv-
alents of the anions of phosphoramidates 8c and 8a with
cation 9 gave the novel diisocyanide cation 12 and the known
diisocyanide cation 13[4] in 77% and 23% yield, respectively
(Scheme 1). Interestingly the tert-butylisocyanide containing
cation 10 reacted with the anion of phosphoramidate 8c to
give the novel mixed diisocyanide cation 14 in 63% yield.
From these experiments it was predicted that it should be


possible to create two isocyanide ligands at the iron centre by
using phosphoramidates derived from primary amines attach-
ed to dialkyl- or alkyl/aryl-substituted carbon atoms. Indeed
reaction of cation 9 with two equivalents of anions derived
from phosphoramidates 8d and 8e gave the novel diisocya-
nide complexes 15 and 16 in good yield (Scheme 1). The X-ray
crystal structure of complex 16 revealed the expected ™piano
stool∫ geometry (Figure 1). The Fe�CNR bond lengths of


Scheme 1.
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1.855(4) ä (av) are similar to other unhindered isonitrile
complexes (e.g., [Fe(CO)3(CNtBu)2] 1.865 ä av,[22] [Fe2Cp2-
(CO)3(CNCH2CHMe2)] 1.846 ä,[23] and [FeCp(CO)2(CNMe)]-
[BF4] 1.900 ä[24]) indicating an absence of strain at the metal
centre. The C-N-C angles are essentially linear and the C�N
bond lengths are consistent with a triple-bond description.
Interestingly, the bulky CHMetBu substituents are inter-
locked in such a way as to render the static complex chiral
(Figure 1). This is necessary in order to avoid unfavourable
steric interactions between the substituents and augurs well
for the design of chirality at the metal centre.


Having established that iron cations containing one and two
chiral isocyanide ligands may be created by using phosphor-
amidate anions, we were interested to determine whether or
not the third carbonyl ligand of the tricarbonyl cation 9 could
be replaced with a chiral isocyanide ligand. Attempts to treat
cation 9 with three equivalents of phosphoramidate anions
were unsuccessful. Reaction of cation 16, however, with
trimethylamine-N-oxide led to decarbonylation and the iso-
lation of the triisocyanide complex 17 in 62% yield (theoret-
ical maximum 67%) (Scheme 1).


Conclusion


We have demonstrated that phosphoramidates, which are
easy to synthesise from amines, may be used to convert
carbonyl ligands into isocyanide ligands. As a wide variety of
amines are readily available, particularly chiral amines, this
new approach to isocyanide ligands provides access to a wide
range of structurally diverse isocyanide ligands.


Experimental Section


General : All reactions were performed under an inert atmosphere of dry
nitrogen by using standard vacuum line and Schlenk tube techniques.[25]


THF was distilled over sodium/benzophenone. The concentration of
alkyllithium reagents was determined by titration against diphenylacetic


acid in THF.[26] Melting points were recorded in
open capillaries on a B¸chi 510 melting point
apparatus, and are uncorrected. IR spectra were
recorded on a Perkin ±Elmer 1600 FT IR
spectrometer and in CHCl3 unless otherwise
stated. NMR spectra were recorded at room
temperature on JEOL GSX270, Bruker
AM360 and Bruker DRX400 instruments in
CDCl3 unless otherwise stated. Chemical shifts
are reported in ppm relative to residual undeu-
terated solvent as the reference and J values are
reported in Hz. Mass spectra were recorded on
JEOL AX505W, VG Micromass 7070E and
Kratos MS890MS mass spectrometers, and all
elemental analyses were performed by the
North London University microanalytical serv-
ices. Flash column chromatography was per-
formed over Merck silica gel 60 (230 ±
400 mesh).


Synthesis of phosphoramidates by using meth-
od A


Diethyl N-tert-butylphosphoramidate (8a):[15]


tert-Butylamine (17.9 mL, 170.7 mmol) was add-
ed to a cooled solution of diethyl phosphite


(10.0 mL, 77.6 mmol) in petroleum ether (200 mL) and CCl4 (120 mL), and
the reaction mixture stirred for 24 h at room temperature. The reaction
mixture was washed with aq. HCl (2�, 2� 100 mL), the organic fraction
was dried over MgSO4, and the solvent removed in vacuo to afford 8a as a
colourless oil (14.5 g, 89%). IR: �� � 3398 (N�H stretch), 1266 cm�1 (P�O);
1H NMR (400 MHz): �� 4.00 (quin, J� 7.2 Hz, 4H; OCH2), 1.31 (dt, J�
1.2, 7.2 Hz, 6H; OCH2CH3), 1.26 (s, 9H; tBu); CI-MS: m/z (%): 227 (20)
[M�NH4]� , 210 (100) [M�H]� .


Diethyl N-[(S)-�-methylbenzyl]phosphoramidate (8b):[16, 17] (S)-�-Methyl-
benzylamine (8.52 mL, 66.1 mmol), was added to a cooled solution of
diethyl phosphite (7.10 mL, 55.1 mmol) in petroleum ether (150 mL) and
CCl4 (100 mL), and the reaction mixture stirred for 24 h at room
temperature. The solution was washed with HCl (2�, 2� 50 mL), the
organic fraction collected and dried over MgSO4, and the solvent removed
in vacuo to afford 8b as a white solid (8.40 g, 60%). [�]32D ��51.3 (c� 0.87
in CH2Cl2); m.p. 42 ± 43 �C; IR: �� � 3383 (N�H stretch), 1602 (N�H bend),
1234 cm�1 (P�O); 1H NMR (270 MHz): �� 7.34 ± 7.30 (m, 5H; Ph), 4.32 ±
4.29 (m, 1H; CH), 4.09 ± 3.64 (m, 4H; OCH2), 3.19 (br s, 1H; NH), 1.47 (dd,
J� 0.9, 6.9 Hz, 3H; CHCH3), 1.30 (dt, J� 0.9, 6.9 Hz, 3H; OCH2CH3), 1.09
(dt, J� 0.9, 6.9 Hz, 3H; OCH2CH3); 13C NMR (100.6 MHz): �� 145.6 (s,
ipso-Ph), 129.1 (s, o-Ph), 127.9 (s, p-Ph), 126.3 (s, m-Ph), 62.7 (d, J� 5 Hz,
OCH2), 62.6 (d, J� 5 Hz, OCH2), 51.9 (s, CH), 25.6 (s, CHCH3), 16.7 (d, J�
8 Hz, OCH2CH3), 16.4 (d, J� 8 Hz, OCH2CH3); EI-MS: m/z (%): 257 (25)
[M]� , 242 (100) [M�Me]� , 228 (10) [M�CH2CH3]� , 120 (25)
[PhCH(Me)NH]� , 105 (30) [PhCHMe]� .


Diethyl N-ethylphosphoramidate (8c):[17] Ethylamine hydrochloride
(8.15 g, 100 mmol), K2CO3 (27.6 g, 200 mmol), KHCO3 (20.0 g, 200 mmol)
and nBu4NBr (1.61 g, 5 mmol) were added to a cooled solution of diethyl
phosphite (12.9 mL, 100 mmol) in CH2Cl2 (40 mL) and CCl4 (60 mL), and
the reaction mixture stirred for 24 h at room temperature. The solution was
filtered, and the solvents removed in vacuo to afford 8c as a pale yellow oil
(13.1 g, 72%); IR: �� � 3362 (N�H stretch), 1267 cm�1 (P�O); 1H NMR
(400 MHz): �� 3.97 (quin, J� 7.2 Hz, 4H; OCH2), 2.86 (t, J� 4.6 Hz, 2H;
NCH2), 1.24 (dt, J� 7.2, 0.7 Hz, 6H; OCH2CH3), 1.06 (dt, J� 7.2, 1.2 Hz,
3H; NCH2CH3); CI-MS:m/z (%): 199 (30) [M�NH4]� , 182 (100) [M�H]� .


Diethyl N-[(R)-1,2,3,4-tetrahydro-1-naphthyl]phosphoramidate (8d): (R)-
1,2,3,4-Tetrahydro-1-naphthylamine (818 mg, 5.5 mmol) was added to a
cooled solution of diethyl phosphite (0.6 mL, 5.2 mmol) in hexane (10 mL)
and CCl4 (10 mL), and the reaction mixture stirred for 24 h at room
temperature. The solution was filtered, and the solvents removed in vacuo
to afford 8d as a yellow solid (1.084 g, 74%); [�]20D ��25.5 (c� 0.87 in
CH2Cl2); m.p. 61 ± 62 �C; IR: �� � 3362 (N�H stretch), 1267 cm�1 (P�O);
1H NMR (400 MHz): �� 7.47 ± 6.98 (m, 4H; Ph), 4.28 (m, 1H; CH), 4.08
(m, 4H; OCH2), 2.69 (m, 3H), 2.01 (m, 1H; NH), 1.85 ± 1.68 (m, 3H), 1.34
(m, 6H; OCH2CH3); 13C NMR (400 MHz): �� 138.8 (Ar), 137.5 (Ar), 129.4
(Ar), 129.0 (Ar), 127.5 (Ar), 126.5 (Ar), 62.8 (CH2O), 62.0 (CH2O), 50.4


Figure 1. ORTEP view of the cationic part of carbonylcyclopentadienyldi[(S)-1,2,2-trimethylpropyl-
isocyanide]iron(��) hexafluorophosphate, 16. Ellipsoids at the 50% probability level.
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(CH), 33.0, 29.5, 20.2, 16.7 (CH3,CH2); MS: m/z (%): 283 (89) [M]� , 254
(68) [M�Et]� , 154 (98) [M�naphthyl]� , 146 (100) [M� 2EtO�PO]� ;
elemental analysis calcd (%) for C14H22NO3P (283.29): C 59.30, H 7.80, N
4.94; found: C 59.4, H 7.8, N 4.9.


Diethyl N-[(S)-1,2,2-trimethylpropyl]phosphoramidate (8e): (S)-1,2,2-Tri-
methylpropylamine (556 mg, 5.5 mmol) was added to a cooled solution of
diethyl phosphite (0.64 mL, 5.0 mmol) in hexane (10 mL) and CCl4
(10 mL), and the reaction mixture stirred for 24 h at room temperature.
The solution was washed with HCl (2�, 2� 50 mL), the organic fraction
was collected and dried over MgSO4, and the solvent removed in vacuo to
afford 8e as a white solid. Crystallisation from hexane afforded white
crystals (0.696 g, 59%); [�]D20�� 27.7 (c� 0.87, CH2Cl2); m.p. 42 ± 43 �C;
IR: �� � 3368 (N�H stretch), 1267 cm�1 (P�O); 1H NMR (400 MHz): ��
3.97 (m, 4H; OCH2), 2.86 (m, 1H; CH), 2.23 (t, J� 9.7 Hz, 1H; NH), 1.24
(dt, J� 7.2, 0.9 Hz, 6H; OCH2CH3), 1.06 (d, J� 6.6 Hz, 3H; CH3-CH), 0.82
(s, 9H; C(CH3)3); 13C NMR (400 MHz): �� 62.6 (OCH2), 56.7 (CH), 35.0
(C(CH3)3), 26.5 (C(CH3)3), 18.7 (CH3CH), 16.7 (CH3CH2); CI-MS: m/z
(%): 255 (11) [M�NH4]� , 238 (100) [M�H]� ; elemental analysis calcd (%)
for C10H24NO3P (237.27): C 50.62, H 10.10, N 5.90; found: C 50.6, H 10.2, N
5.8.


Synthesis of phosphoramidates by using method B


Diethyl N-[(S)-�-methylbenzyl]phosphoramidate (8b):
Dry dichloromethane (15 mL) was added to (S)-�-methylbenzylamine
(0.61 g, 5 mmol) and dry triethylamine (2.09 mL, 15 mmol), and the
solution was cooled to �10 �C in an ice/sodium chloride bath. Diethyl
chlorophosphate (0.76 mL, 5.25 mmol) was added dropwise, and the
solution was left in the cooling bath to reach room temperature overnight.
After 14 h, the precipitate was filtered off and washed with diethyl ether.
The solvents were removed in vacuo and the residue purified by
chromatography (SiO2; diethyl ether/hexane/triethylamine 80:17:3) to give
8b as a white solid (1.10 g, 86%). Data corresponded with those obtained
from 8b generated by using method A.


Diethyl N-[(R)-1,2,3,4-tetrahydro-1-naphthyl]phosphoramidate (8d): Dry
dichloromethane (15 mL) was added to (R)-1,2,3,4-tetrahydronaphthyl-
amine (740 mg, 5 mmol) and dry triethylamine (2.09 mL, 15 mmol), and the
solution was cooled to �10 �C in an ice/sodium chloride bath. Diethyl
chlorophosphate (0.76 mL, 5.25 mmol) was added dropwise and the
solution left in the cooling bath to reach room temperature overnight.
After 14 h, the precipitate was filtered off and washed with diethyl ether.
The solvents were removed in vacuo, and the residue was purified by
chromatography (SiO2; diethyl ether/hexane/triethylamine 80:17:3) to give
8d as a white solid (1.11 g, 78%). Data corresponded with those obtained
from 8d generated by using method A.


DiethylN-[(S)-1,2,2-trimethylpropyl]phosphoramidate (8e): Dry dichloro-
methane (15 mL) was added to (S)-1,2,2-trimethylpropylamine (510 mg,
5 mmol) and dry triethylamine (2.09 mL, 15 mmol), and the solution was
cooled to �10 �C in an ice/sodium chloride bath. Diethyl chlorophosphate
(0.76 mL, 5.25 mmol) was added dropwise, and the solution left in the
cooling bath to reach room temperature overnight. After 14 h, the
precipitate was filtered off and washed with diethyl ether. The solvents
were removed in vacuo, and the residue purified by chromatography (SiO2;
diethyl ether/hexane/triethylamine 80:17:3) to give 8e as a white solid
(1.02 g, 86%). Data corresponded with those obtained from 8e generated
by using method A.


Synthesis of iron the tricarbonyl substrate


Tricarbonylcyclopentadienyliron(��) hexafluorophosphate (9):[18] A solution
of dicarbonylcyclopentadienyliron(��) dimer (4.0 g, 11.3 mmol) in THF
(200 mL) was added to 2% Na/Hg, and the mixture was allowed to stir at
room temperature for 24 h. The supernatent liquid was carefully trans-
ferred into a Schlenk flask and the solution cooled to �78 �C. Ethyl
chloroformate (10.0 mL, 104 mmol) was added dropwise, and the reaction
mixture was stirred for 1 h at �78 �C and slowly warmed to room
temperature. Solvent was removed in vacuo, and the resultant solid
triturated with petroleum ether (4� 40 mL) to yield a yellow solution. HCl
gas was then bubbled through the solution for a period of 20 minutes at
room temperature; this resulted in the precipitation of a yellow solid. This
was dissolved in MeOH (40 mL) and added to NH4PF6 (3.7 g, 22.7 mmol).
After stirring at room temperature for 1 h, the solvent was evaporated and
the orange solid was crystallised from acetone/diethyl ether (6.24 g, 81%).
M.p. �250 �C (decomp); IR: �� � 2124, 2074 (C�O)cm�1; 1H NMR


(270 MHz): �� 6.12 (s, 5H; Cp); 13C NMR (100.6 MHz): �� 203.2 (CO),
90.8 (Cp); FAB-MS: m/z (%): 205 (100) [M]� , 177 (10) [M�CO]� , 140 (5)
[M�Cp]� .


Synthesis of monoisocyanide cyclopentadienyliron dicarbonyl complexes


(tert-Butylisocyanide)dicarbonylcyclopentadienyliron(��) hexafluorophos-
phate (10):[4] A solution of 8a (209 mg, 1.00 mmol) in THF (10 mL) was
cooled to �78 �C and nBuLi (0.63 mL, 1.00 mmol of 1.6� solution in
diethyl ether) was added to it. The reaction mixture was allowed to warm to
room temperature before recooling to �78 �C. A suspension of 9 (350 mg,
1.00 mmol) in degassed THF (30 mL) was added through a cannula to the
reaction mixture. The mixture was then stirred at �78 �C for 4 h and the
solvent removed in vacuo. The dark brown residue was purified by
chromatography (SiO2; acetone/petroleum ether 1:1) to afford a yellow
solid. Crystallisation (acetone/dichloromethane) afforded 10 as cubic
yellow crystals (235 mg, 58%). M.p. 154 ± 155 �C; IR: �� � 2206 (C�N),
2081, 2040 cm�1 (C�O); 1H NMR (270 MHz): �� 5.38 (s, 5H; Cp), 1.60 (s,
9H; CMe3); 13C NMR (100.6 MHz) �� 205.8 (CO), 87.0 (Cp), 61.1 (CMe3),
29.4 (CMe3); FAB-MS: m/z (%): 260 (100) [M]� , 204 (30) [M� 2CO]� .


Dicarbonylcyclopentadienyl[(S)-�-methylbenzylisocyanide)iron(��) hexa-
fluorophosphate (11): A solution of 8b (257 mg, 1.00 mmol) in THF
(10 mL) was cooled to �78 �C and nBuLi (0.63 mL, 1.00 mmol of 1.6�
solution in diethyl ether) was added to it. The reaction mixture was allowed
to warm to room temperature before recooling to �78 �C. A suspension of
9 (350 mg, 1.00 mmol) in degassed THF (30 mL) was added through a
cannula to the reaction mixture. The mixture was then stirred at �78 �C for
6 h and solvent removed in vacuo. The dark brown residue was purified by
chromatography (SiO2; acetone/petroleum ether 1:2) to yield an orange oil.
Crystallisation (dichloromethane/diethyl ether 1:1) afforded 11 as yellow
crystals (250 mg, 55%). [�]29D ��2.26 (c� 1.55 in CH2Cl2); M.p. 62 ± 63 �C;
IR: �� � 2214 (C�N), 2082, 2041 cm�1 (C�O); 1H NMR (270 MHz): �� 7.48
(m, 5H; Ph), 5.81 (s, 5H; Cp), 5.54 (q, J� 6.8 Hz, 1H; CHMe), 1.81 (d, J�
6.8 Hz, 3H; Me); 13C NMR (100.6 MHz): �� 206.3 (CO), 137.8 (ipso-Ph),
129.8 (o-/m-Ph), 129.4 (p-Ph), 126.0 (o-/m-Ph), 87.8 (Cp), 59.2 (CHMe),
23.9 (Me); FAB-MS: m/z (%): 308 (100) [M]� , 280 (5) [M�CO]� , 252 (15)
[M� 2CO]� , 204 (20) [FpCNH]� ; HRMS calcd for C16H14NF6FeO2P:
308.0374; found: 308.0358.


Synthesis of diisocyanide cyclopentadienyliron dicarbonyl complexes


Carbonylcyclopentadienyldi(ethylisocyanide)iron(��) hexafluorophosphate
(12): Phosphoramidate 8c (362 mg, 2.00 mmol) was dissolved in THF
(10 mL), the solution degassed and cooled to �78 �C. nBuLi (1.6� in
hexane, 1.25 mL, 2.00 mmol) was added dropwise, and the mixture allowed
to warm to room temperature before recooling to �78 �C. A suspension of
9 (350 mg, 1.00 mmol) in degassed THF (20 mL) was cooled to �78 �C and
added through a cannula to the phosphoramidate anion solution. The
mixture was stirred at �78 �C for 6 h, and solvent removed in vacuo. The
dark brown residue was dissolved in acetone, and preadsorbed onto silica
gel before purification by column chromatography (SiO2; acetone/light
petroleum 1:2) to afford 12 as a yellow oil (310 mg, 77%). IR: �� � 2218,
2191 (C�N), 2021 cm�1 (C�O); 1H NMR (270 MHz): �� 5.32 (s, 5H; Cp),
3.91 (q, J� 7.2 Hz, 4H; CH2), 1.42 (t, J� 7.2 Hz, 6H; Me); 13C NMR
(100.6 MHz): �� 213.8 (CO), 86.2 (Cp), 42.0 (NCH2), 15.5 (Me).


Di(tert-butylisocyanide)carbonylcyclopentadienyliron(��) hexafluorophos-
phate (13):[4] Phosphoramidate 8a (500 mg, 2.39 mmol) was dissolved in
THF (10 mL), and the solution degassed and cooled to �78 �C. MeLi
(1.35� in hexane, 1.81 mL, 2.44 mmol) was added dropwise, and the
mixture allowed to warm to room temperature before recooling to �78 �C.
A suspension of 9 (400 mg, 1.14 mmol) in degassed THF (40 mL) was
cooled to �78 �C and added through a cannula to the phosphoramidate
anion solution. The mixture was stirred at �78 �C for 5 h, and then allowed
to warm to room temperature for a further 19 h, before solvent was
removed in vacuo. The dark brown residue was dissolved in acetone and
preadsorbed onto silica gel before purification by column chromatography
(SiO2; acetone/petroleum ether 1:2). The product was crystallised from
dichloromethane to afford 13 as yellow crystals (120 mg, 23%). M.p. 123�
125 �C; IR: �� � 2197, 2171 (C�N), 2021 cm�1 (C�O); 1H NMR (300 MHz):
�� 5.24 (s, 5H; Cp), 1.45 (s, 18H; 2 CMe3); 13C NMR (75.4 MHz): �� 206.5
(CO), 86.4 (Cp), 61.5 (CMe3), 30.7 ( CMe3); FAB-MS: m/z (%): 315 (100)
[M]� , 287 (25) [M�CO]� , 259 (5) [MH��CMe3]� , 231 (5) [MH��CO�
CMe3]� , 148 (15) [CpFeCNH]� ; elemental analysis calcd (%) for
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C16H23N2F6FeOP (477.97): C 41.76, H 5.04 N 6.09; found: C 41.58, H 5.02, N
5.89.


(tert-Butylisocyanide)carbonylcyclopentadienyl(ethylisocyanide)iron(��)
hexafluorophosphate 14 : Diethyl N-ethylphosphoramidate 8c (92 mg,
0.51 mmol) was dissolved in THF (10 mL), and the solution was degassed
and cooled to �78 �C. nBuLi (1.6� in hexane, 0.32 mL, 0.51 mmol) was
added dropwise, and the mixture allowed to warm to room temperature
before recooling to �78 �C. A solution of 10 (205 mg, 0.51 mmol) in
degassed THF (10 mL) was cooled to �78 �C and added through a cannula
to the phosphoramidate anion solution. The mixture was stirred at �78 �C
for 7 h, and solvent removed in vacuo. The dark brown residue was
dissolved in acetone and preadsorbed onto silica gel before purification by
column chromatography (SiO2; acetone/petroleum ether 1:2). The product
was subsequently triturated (diethyl ether/petroleum ether 1:1) to afford 14
as a yellow powder (138 mg, 63%). M.p. 126� 128 �C; IR: �� � 2212, 2179
(C�N), 2021 cm�1 (C�O); 1H NMR (270 MHz): �� 5.33 (s, 5H; Cp), 3.92
(q, J� 7.2 Hz, 2H; CH2), 1.54 (s, 9H; CMe3), 1.41 (t, J� 7.2 Hz, 3H; Me);
13C NMR (100.6 MHz): �� 213.5 (CO), 86.2 (Cp), 60.9 (CMe3), 41.9
(NCH2), 29.5 (CMe3), 15.4 (Me); FAB-MS: m/z (%): 287 (100) [M]� , 259
(30) [M�CO]� , 231 (5) [CpFe(CNtBu)CNH]� , 176 (10) [CpFeCNEt]� ,
148 (10) [CpFeCN]� ; HRMS calcd for C14H19N2F6FeOP: 287.0847; found:
287.0853.


Carbonylcyclopentadienyldi[(R)-1,2,3,4-tetrahydro-1-naphthylisocyanide)-
iron(��) hexafluorophosphate (15): A solution of 8d (283 mg, 1 mmol) in
THF was cooled to �78 �C and MeLi (0.62 mL, 1 mmol of 1.6� solution in
diethyl ether) was added to it. The reaction mixture was allowed to warm to
room temperature before recooling to �78 �C. The solution was then
transferred through a cannula into a suspension of 9 (187 mg, 0.5 mmol) in
degassed THF. The mixture was then stirred at �78 �C for 6 h, after which
the reaction was quenched with MeOH and the solvent removed in vacuo.
The resultant dark brown residue was purified by chromatography (SiO2;
acetone/hexane 1:2) to yield a yellow solid. Crystallisation from diethyl
ether afforded 15 as yellow crystals (250 mg, 78%). M.p. �285 �C; IR: �� �
2180, 2146 (C�N), 2021 cm�1 (C�O); 1H NMR (400 MHz): �� 7.32 ± 7.03
(m, 8H; Ar), 5.21 (q, 2H; J� 5.5 Hz, CH), 5.02 (s, 5H; Cp), 2.79 ± 2.62 (m,
4H), 2.13 ± 2.01 (m, 4H), 1.84 ± 1.73 (m, 4H); 13C NMR (CDCl3,
100.6 MHz): �� 211.6 (CO), 136.9, 131.7, 131.75, 130.1, 129.2, 128.9,
128.8, 127.2 (Ar), 85.3 (Cp), 57.1 (CH), 30.5 (CH2), 28.8 (CH2), 19.5
(CH2); MS: m/z (%� 548 (89) [M]� , 520 (100) [M�CO]� .


Carbonylcyclopentadienyldi[(S)-1,2,2-trimethylpropylisocyanide]iron(��)
hexafluorophosphate (16): A solution of 8e (237 mg, 1 mmol) in THF was
cooled to �78 �C and MeLi (0.62 mL, 1 mmol of 1.6� solution in diethyl
ether) was added to it. The reaction mixture was allowed to warm to room
temperature before recooling to �78 �C. The solution was then transferred
through a cannula into a suspension of 9 (187 mg, 0.5 mmol) in degassed
THF. The mixture was then stirred at �78 �C for 7 h, after which the
reaction was quenched with MeOH and the solvent removed in vacuo. The
resultant dark brown residue was purified by chromatography (SiO2;
acetone/hexane 1:2) to yield an orange oil. Crystallisation from diethyl
ether afforded 16 as yellow crystals (173 mg, 67%). [�]20d ��12.6 (c� 1.55
in CH2Cl2); m.p. 274 ± 275 �C; IR (CHCl3): �� � 2202, 2178 (C�N), 2021 cm�1


(C�O); 1H NMR (400 MHz): �� 5.08 (s, 5H; Cp), 3.79 (q, 2H; J� 6.7 Hz,
CHMe), 1.30 (t, 6H; J� 6.7 Hz, CHCH3), 0.92 (s, 18H; tBu); 13C NMR
(100.6 MHz): �� 211.0 (CO), 84.4 (Cp), 64.2 (CH), 34.3 (C(CH3)3), 25.2
(C(CH3)3), 15.8 (CHCH3); MS: m/z (%): 516 (59) [M]� , 488 (100) [M�
CO]� ; elemental analysis calcd (%) for C20H31N2F6FeOP (516.29): C 46.50,
H 6.05, N 5.45; found: C 46.3, H 5.9, N 5.7.


X-ray crystallography of 16 : A crystal of 16 was mounted on a thin glass
fibre using silicon grease and cooled on the diffractometer to 100 K using
an Oxford Cryostream low temperature attachment. Approximate unit cell
dimensions were determined by the Nonius Collect program[27] from five
index frames of width 2� in � using a Nonius Kappa CCD diffractometer,
with a detector to crystal distance of 30 mm. The Collect program was then
used to calculate a data collection strategy to 99.5% completeness for ��
27.5� by using a combination of 2� � and � scans of 10 60sdeg�1 exposure
time. The crystal was indexed using the DENZO-SMN package,[28] and
positional data were refined along with diffractometer constants to give the
final unit cell parameters. Integration and scaling (DENZO-SMN, Scale-
pack[28]) resulted in unique data sets corrected for Lorentz and polarisation
effects and for the effects of crystal decay and absorption by a combination
of averaging of equivalent reflections and an overall volume and scaling


correction. The structure was solved using SHELXS-97[29] and refined by
alternating least-squares cycles and difference Fourier synthesis
(SHELXL-97[29]) with the aid of the program XSeed.[30] In general all
non-hydrogen atoms were modelled anisotropically, while hydrogen atoms
were assigned an isotropic thermal parameter 1.2 times that of the parent
atom (1.5 for terminal atoms) and allowed to ride, except for acidic protons
which were located on the final difference Fourier map and refined freely.
All calculations were carried out with either a Silicon Graphics Indy
workstation or an IBM compatible PC. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-168587. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Crystal data for 16 : C20H31F6FeN2OP, Mr� 516.29 gmol�1, orthorhombic,
P212121, a� 11.3149(8), b� 12.1826(11), c� 17.9756(10) ä, V�
2477.8(3) ä3, Z� 4, MoK� , �� 0.71073, �calcd 1.384 Mgm�3, 	� 0.731mm�1,
max/min transmission 0.8105/0.7585, T� 120(2) K, crystal size 0.40�
0.30� 0.30 mm3, theta range 2.71 ± 27.49�. Reflections collected: 12680,
independent reflections: 5634, parameters 289, R1 [I� 2
(I)]� 0.0577,wR2
(F 2, all data)� 0.1495, largest diff. peak/hole: 0.674/� 0.660 eä�3.


Synthesis of triisocyanide cyclopentadienyliron complex


Cyclopentadienyltri[(S)-1,2,2-trimethylpropylisocyanide]iron(��) hexa-
fluorophosphate (17):
A solution of 16 (51.6 mg, 0.1 mmol) in THF was cooled to �30 �C and
added dropwise to a suspension of trimethylamine-N-oxide (30.0 mg,
0.4 mmol) in THF. The reaction mixture was stirred at �30 �C for 2 h and
then allowed to rise to room temperature. The solvent was removed in
vacuo, and the residue was extracted with chloroform and washed with
water. The organic layer was dried over Na2SO4. Removal of the solvent in
vacuo gave 17 as a yellow solid [37 mg, 62% based on 16 (67% theoretical
maximum)]; [�]20D ��19.3 (c� 0.15 in CH2Cl2); m.p. 111 ± 113 �C; IR
(CHCl3): �� � 2187, 2145 cm�1 (C�N); 1H NMR (400 MHz): �� 4.77 (s, 5H;
Cp), 3.76 (q, J� 6.8 Hz, 3H; CH), 1.33 (d, J� 6.8 Hz, 9H; CH3), 0.99 (s,
27H; C(CH3)3); 13C NMR (100.6 MHz): �� 81.9 (Cp), 63.8 (CH), 34.8
(C(CH3)3), 25.6 (C(CH3)3), 16.6 (CH3); MS:m/z (%): 454 (100) [M�PF6]� ,
343 (57) [M�PF6�CNCH(CH3)C(CH3)3]� , 232 (27) [M�PF6�
CNCH(CH3)C(CH3)3]� ; elemental analysis calcd (%) for C38H38N3F6FeP
(737.55): C 52.09, H 7.40, N 7.01; found: C 52.0, H 7.5, N 6.9.
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Magnetic Anisotropy of the Antiferromagnetic Ring [Cr8F8Piv16]


Joris van Slageren,[a] Roberta Sessoli,[a] Dante Gatteschi,*[a] Andrew A. Smith,[b]
Madeleine Helliwell,[b] Richard E. P. Winpenny,[b] Andrea Cornia,[c] Anne-Laure Barra,[d]
Aloysius G. M. Jansen,[d] Eva Rentschler,[e] and Grigore A. Timco[f]


Abstract: A new tetragonal (P4212)
crystalline form of [Cr8F8Piv16] (HPiv�
pivalic acid, trimethyl acetic acid) is
reported. The ring-shaped molecules,
which are aligned in a parallel fashion
in the unit cell, form almost perfectly
planar, regular octagons. The interaction
between the CrIII ions is antiferromag-
netic (J� 12 cm�1) which results in a S�
0 spin ground state. The low-lying spin
excited states were investigated by can-
tilever torque magnetometry (CTM)
and high-frequency EPR (HFEPR).
The compound shows hard-axis aniso-
tropy. The axial zero-field splitting


(ZFS) parameters of the first two spin
excited states (S� 1 and S� 2, respec-
tively) are D1� 1.59(3) cm�1 or
1.63 cm�1 (from CTM and HFEPR,
respectively) and D2� 0.37 cm�1 (from
HFEPR). The dipolar contributions to
the ZFS of the S� 1 and S� 2 spin states
were calculated with the point dipolar


approximation. These contributions
proved to be less than the combined
single-ion contributions. Angular over-
lap model calculations that used param-
eters obtained from the electronic ab-
sorption spectrum, showed that the
unique axis of the single-ion ZFS is at
an angle of 19.3(1)� with respect to the
ring axis. The excellent agreement be-
tween the experimental and the theo-
retical results show the validity of the
used methods for the analysis of the
magnetic anisotropy in antiferromagnet-
ic CrIII rings.


Keywords: antiferromagnetic rings ¥
cantilever torque magnetometry ¥
chromium ¥ high-field high-frequen-
cy EPR spectroscopy ¥ magnetic
anisotropy ¥ molecular magnets


Introduction


Since the discovery that the [Mn12O12(CH3COO)16(H2O)4]
molecule shows slow relaxation of the magnetization at low


temperatures,[1, 2] intense scientific investigations of this and
other single-molecule magnets (SMM) have been performed
because they are promising newmaterials for data storage and
quantum computing. Apart from the need for a high-spin
ground state, a molecule that is to function as a SMM should
have a large negative zero-field splitting (ZFS) to create a
barrier for magnetization inversion. Progress in synthetic
chemistry has made rational design of high-spin cluster
molecules possible and spin ground state values of as large
as S� 51³2 have been obtained.[3] The other factor, that of
ZFS, is less understood at this moment, and concurrently
less controllable. Since the discovery of Mn12, many other
complexes were synthesized that behave as SMM, for
example, [Mn4O3Cl(O2CCH3)3(dbm)3] (Hdbm� dibenzoyl-
methane),[4] [Fe4(OCH3)6(dpm)6] (Hdpm� dipivaloylmeth-
ane),[5] [Fe8O2(OH)12(tacn)6]Br8 (tacn� 1,4,7-triazacyclono-
nane),[6] and [V4O2(O2CR)7(bpy)2] (bpy� 2,2�-bipyridine).[7]


However, for all of these complexes, lower temperatures than
in the case of Mn12 are needed to observe SMM behavior. This
means that over the past years no progress has been made
towards SMMs that function at higher temperatures. There-
fore, it is a necessity to gain an understanding of the origins
and to control the magnetic anisotropy to make rational
design of SMMs possible.
Antiferromagnetic even-membered rings are characterized


by an S� 0 ground state, which makes them unsuitable as a
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SMM. However, they are interesting because they can serve
as model systems for 1-D magnetic materials, as well as show
large quantum effects, such as tunneling of the Ne¬el vec-
tor.[8±13] Another matter of interest for this kind of system is
that they form a very suitable series of complexes to
investigate the origins of magnetic anisotropy, partly because
of their high symmetry, which is often crystallographically
imposed, but sometimes idealized. The magnetic anisotropy
can manifest itself not only in the response of the ions
in a molecule to an external field (g value anisotropy), but also
as a splitting of a spin state manifold in the absence of a
magnetic field (zero-field splitting, ZFS). In general, the total
magnetic anisotropy of clusters is the sum of several
factors:[14] 1) The sum of the single-ion anisotropies of the
transition metal ions. This factor is determined by the nature
of the ground state of the metal ion and its separation from
excited states, by the nature of the ligands, their geometry
around the metal center as well as the size of the spin-orbit
coupling (SOC) constant. 2) The dipolar interaction between
the ions, which depends on the distance between them. 3) The
anisotropic exchange interaction between the ions, which
relies on the admixture of excited states into the ground state
by SOC.[15]


Recently, systematic approaches have been made to ration-
alize the magnetic anisotropy in antiferromagnetic iron(���)
rings. Many different techniques, including high-field EPR
spectroscopy, inelastic neutron scattering, torque magneto-
metry, and diamagnetic dilution were used to show that the
observed anisotropy is given by a sum of two terms, namely
single-ion anisotropy and dipolar interactions.[16±21] In partic-
ular, the interplay between these factors can be very sensitive
to slight changes in the coordination geometry around
the metal atom. For example, if the cation M in
[MFe6(OCH3)12(R-dbm)6]� is changed from Li� to Na�, then
the axial ZFS parameter D1 of the first excited spin state (S�
1) changes from 1.16(1) cm�1 to 4.32(3) cm�1. This effect could
ultimately be related to a relatively small change in the
coordination geometry around the FeIII ions.[17±19] So far, all
sophisticated magnetic anisotropy studies have been per-
formed on FeIII rings. Therefore, it would be of interest
to analyze in detail the magnetic anisotropy of antiferromag-
netic rings of other paramagnetic ions, such as CrIII. This
study aims to investigate whether the experimental and
theoretical methods and techniques, that were used so
successfully in the FeIII rings, are valid for rings of ions that
are expected to behave more like quantum spins, for example
CrIII. It is necessary to know if these methods are generally
applicable in the study of the anisotropy of paramagnetic
compounds.
Here we present the synthesis, crystal structure, magnetism


and magnetic anisotropy of [Cr8F8Piv16] (HPiv� pivalic acid,
trimethyl acetic acid) (1). A new crystal form of 1 (which is
tetragonal, 1 t, in contrast to the previously published mono-
clinic form, 1m, vide infra) is reported. Furthermore, the zero-
field splittings (ZFS) of the first excited spin states are studied
by cantilever torque magnetometry and high-frequency EPR.
The total ZFS is separated into single-ion and dipolar
contributions by means of point-dipolar and angular overlap
model (AOM) calculations.


Results and Discussion


Synthesis : [Cr8F8Piv16] (1) is the highest nuclearity Cr�F
compound known to us. Other Cr�F complexes include the
dinuclear and tetranuclear complexes [Cr2F2L2] and [Cr4F4L4]
(L is a tetrahydrosalen derivative)[22, 23] and (NEt4)3[Cr2F9].[24]


Complex 1 is one of quite a few ring-shaped first-row
transition metal complexes that have been reported the last
few years; examples include Cr8,[25, 26] Cr10,[27] Mn6,[28] Fe6,[19]


Fe10,[29] Fe12,[30] Fe18[31] and Ni12.[32]


Crystal structure : The crystal structure of 1, crystallized from
acetone, was reported in the literature to be monoclinic (P21/
c) with four molecules in the unit cell.[33, 34] In the following,
complex 1 in this crystal form will be denoted 1m. In contrast,
crystallization from hexane reproducibly yields crystals be-
longing to the tetragonal space group P4212; these crystals will
be denoted 1 t. In these crystals, the molecules are aligned in a
parallel fashion, and one unit cell contains four halves of
molecules. An ORTEP plot of one molecule of 1 t viewed
down the c axis of the crystal is shown in Figure 1.


Figure 1. Displacement ellipsoid plot of 1 (50% probability level). The
disordered solvent molecule as well as the (disordered) methyl groups have
been omitted for clarity. In the case of the disordered C2 atom (see text),
one position is shown (C21c).


The asymmetric unit consists of two chromium and fluoride
ions, as well as four pivalate groups. The coordination
environment of the chromium ions is slightly distorted
octahedral. The bond angles around the CrIII ions range from
86.46(17)� to 92.9(2)� (cis) and from 177.72(15)� to 179.23(16)�
(trans). Table 1 lists the most important bond lengths and
angles for 1 t. The CrIII ions form an almost perfectly planar
octagon (maximum deviation from the least-squares plane
through the Cr ions is 0.08 ä). The average nearest neighbor
distance, Cr ¥¥¥ Cr, is 3.388� 0.002 ä. At the molecular level,
both crystal forms are very similar: in 1m the average
distances and angles are: Cr ¥¥¥ Cr 3.389� 0.007 ä, Cr�F
1.916� 0.006 ä, Cr�O 1.947� 0.007 ä, Cr-F-Cr 124.4� 0.2�.
The largest difference between 1m and 1 t is the maximum
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deviation of the CrIII ions from the Cr8 plane, which is 0.20 ä
in the case of 1m.[33, 34]


Magnetic properties : Preliminary measurements showed that
there is a weak antiferromagnetic interaction between the
CrIII ions in 1m.[35] In fact, the �T versus T curves, recorded on
polycrystalline powder samples of 1 t and 1m show a �T value
close to zero at low temperatures, and a maximum in � at 40 K
(Figure 2). This indicates a dominating antiferromagnetic


Figure 2. �T (�) and � (�) of 1m together with the fit (drawn lines) for g�
1.98 and J� 11.9 cm�1 (1m).


interaction between the CrIII ions and hence an S� 0 ground
state. At 300 K, the �T value reaches a value of
12.6 emuKmol�1 for 1 t (12.7 emuKmol�1 for 1m). The
calculated value for eight non-interacting CrIII ions and g�
1.98 is slightly higher (14.70 emuKmol�1). Using the effective
Heisenberg spin Hamiltonian [Eq. (1)] the experimental data
were fit by the Clumag program.


H� J
�7


i�1
Si ¥ Si�1 � JS8 ¥ S1 (1)


This program reduces the size of the matrices that describe
the magnetic interactions by means of the total spin symmetry


of the molecule by irreducible tensor operator techniques,
grouping the (2S� 1)N� 48� 65536 states into matrices with
equal total spin.[36] Thus, the largest matrix that has to be
calculated is that for S� 3 (1505� 1505). This procedure
yields antiferromagnetic exchange interaction constants J of
12.1 cm�1 for 1 t and 11.9 cm�1 for 1m (Figure 2), which fit the
experimental data rather well. These J values are comparable
to those of other Cr8 rings, for example J� 12.0 cm�1 for
[Cr8(OH)8(O2CPh)16],[26] and J1� 9.5 cm�1 and J2� 6.2 cm�1


for [Cr8(OH)12(O2CH3)12],[25] as well as to those for four-
membered CrIII rings [Cr4F4L4] (L is a tetrahydrosalen
derivative)[23] where the nearest-neighbor exchange-interac-
tion parameter is given by J� 9.7 cm�1 and 11.1 cm�1 for two
different ligands L, respectively. Slightly larger exchange
couplings were found for antiferromagnetic Fe6 rings (12 ±
20 cm�1).[19, 20, 28, 29, 37, 38] A much smaller coupling constant was
found for [Cr10(O2CMe)10(OEt)20] (0.9 cm�1), while for the
corresponding OMe complex, even ferromagnetic exchange
interaction was found.[27]


Cantilever torque magnetometry (CTM): From the fit of the
magnetic susceptibility data, an energy gap between the S� 0
ground state and the S� 1 first spin excited state (�1) of
6.70 cm�1 was found in the absence of a magnetic field. Since
in a magnetic field that is applied parallel to the molecular z
axis the energy levels vary as E�MS ¥ g ¥ �B ¥H, the MS��1
component of the S� 1 triplet state is expected to cross the
S� 0 state at H��1/g ¥ �B� 7.25 T. A CTM study on a single
crystal of 1 t was undertaken to verify this expectation, as well
as to derive the anisotropy parameters of the S� 1 spin state.
Because the molecules are positioned in a parallel fashion in
the crystal, which has a tetragonal space group, the crystal
anisotropy corresponds to the molecular anisotropy and must
be of the unique axis type, where the unique axis is the ring
axis. The cantilever can be rotated along one axis, which is
perpendicular to the magnetic field. In these studies, the
crystal is mounted on the cantilever so that the unique axis is
perpendicular to the axis of rotation (Figure 3). The capaci-
tance between the plates can then be measured as a function


Figure 3. Cantilever setup, showing the direction of the unique axis and the
magnetic field.


Table 1. Important bond lengths [ä] and angles [�] of non-hydrogen atoms
of 1 t. Esd in digit in parentheses.


Bond length [ä] Bond angle [�]


Cr1�F1 1.911(3) Cr1-F1-Cr2 124.35(14)
Cr1�F2 1.917(3) Cr2-F2-Cr14[a] 124.63(15)
Cr2�F2 1.907(3) F1-Cr1-F2 89.77(12)
Cr2�F1 1.920(3) O1a-Cr1-O1c 91.2(2)
Cr1�O1a 1.951(4) O2b-Cr1-O2d 91.8(2)
Cr1�O1c 1.942(4) F2-Cr1-O2b 92.19(14)
Cr1�O2b 1.950(4) F1-Cr1-O2b 177.82(15)
Cr1�O2d 1.947(4) F2-Cr1-O1a 178.37(14)
Cr2�O1b 1.964(4) O1c-Cr1-O2d 179.23(16)
Cr2�O1d 1.949(4) F2-Cr2-F14[a] 90.51(12)
Cr2�O2a 1.955(4) O2a-Cr2-O2c 91.5(2)
Cr2�O2c 1.963(4) O1b-Cr2-O1d 92.9(2)


F1-Cr2-O2a 91.87(15)
F1-Cr2-O1b 177.72(15)
F22-Cr2-O2a[a] 177.28(14)
O2c-Cr2-O1d 178.99(17)


[a] Symmetry-equivalent atom, generated by the fourfold axis.
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of magnetic field and of the angle between the unique axis and
the field.
Indeed, the torque curve recorded as a function of the


magnetic field shows a distinct step at about 7 Tesla, which is
rather broad at 4 K, but quite pronounced at 0.4 K (Figure 4).
The torque signal for an anisotropic paramagnet with spin S
and ZFS parameterDS saturates to a value proportional toDS


in high fields.[18] Hence, the step points to a nonzero magnetic


Figure 4. The change in capacitance signal of the oriented single crystal of
1t as a function of the magnetic field (�exp� 45�).


anisotropy in the S� 1 state as compared to the non-magnetic
character of the singlet ground state.[14] Because the capaci-
tance decreases, that is the gap between cantilever plates
widens, it is clear that the crystal tends to orient the unique
axis perpendicular to the magnetic field going from the S� 0
to the S� 1 state (Figure 1). Thus, it is clear that the cluster
has a hard-axis anisotropy along c.
The expression that describes the dependence of the field at


the inflection point as a function of the angle between the
unique axis and the applied field (at high magnetic field)[14, 18]


simplifies to Equation (2) in this particular case of an S� 0 to
S� 1 transition.


Bc�
�1 � �cos2�� 1�3� � 1�2D1


g�B


(2)


In Bc is the critical field at the inflection point in the torque
curve, �1 is the separation between the singlet state and the
barycenter of the triplet state (at zero field), �� �exp � �0 is
the real angle between the unique axis and the applied
magnetic field, �exp is the experimentally determined angle
between the unique axis and the magnetic field, �0 is the
misalignment angle of the crystal,D1 is the zero-field splitting
of the S� 1 state and �B� 0.4669 cm�1T�1. Figure 5 shows the
plot of Bc versus �exp, recorded at 0.4 K. The error bars
indicate the difference in inflection point between the upfield
and downfield sweeps, and show that instrumental hysteresis
is negligible. Least-squares fitting of the Bc versus �exp plot to
Equation (2), yields the following parameters: �1�
6.509(8) cm�1, D1� 1.59(3) cm�1, �0��9.6(9)�. The g value
was set to 1.98, which is a common value for CrIII, and
confirms to that observed in X-band EPR measurements of


Figure 5. The crossing field as a function of the angle between unique axis
and the applied magnetic field (T� 0.4 K).


1m,[33, 34] and indeed is obtained from the fit of the HFEPR
data (vide infra). The �1 value, obtained from the fit of the Bc


versus �exp plot (6.509(8) cm�1), compares well with that found
from the fit of the magnetic susceptibility data (6.70 cm�1).


High-frequency EPR (HFEPR): HFEPR provides another
way to obtain the magnetic anisotropy parameters of para-
magnetic clusters with an accuracy comparable to CTM.[14, 18]


The spectra were recorded on powder samples of 1 at various
temperatures (1.6 to 25 K) at 115 and 230 GHz on a pellet of
ground powder, in order to prevent orientation effects. The
spectra recorded at 230 GHz are shown in Figure 6. The
spectra have been truncated at 6 T for reasons of clarity. In
addition to the shown lines, one strong line was observed at
4.02 T and is attributed to the �MS� 2 transition. Note that
the sharp, intense feature at 8.68 T has been truncated so that
the less intense bands are discernible. The 230 GHz frequency


Figure 6. High-frequency (230 GHz) EPR spectra recorded on a powder
sample of 1 at various temperatures.
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was obtained by frequency doubling of the 115 GHz funda-
mental. Because no low-pass filter was employed, the third
harmonic (345 GHz) is also present (albeit in low intensity) in
the irradiating beam. This gives rise to the signal at 6.15 T in
the spectrum (Figure 6). From the temperature dependence
of the spectra, it is clear that the spectra consist of varying
contributions from the S� 1 and S� 2 states. Thus, at 1.6 K
only the bands from the S� 1 state are visible. On warming
the sample, signals from S� 2 appear. At temperatures higher
than 15 K, a strong signal at 8.33 T appears. This is attributed
to peaks from higher lying excited states.
The spectra were fitted by independently simulating spectra


for S� 1 and S� 2 at various temperatures, which were then
added. Before adding the simulated spectra together, the
spectrum for S� 2 was multiplied by a factor that reflects the
magnetic field-dependent Boltzmann population difference
between the S� 1 and S� 2 states. The best-fit parameters for
S� 1 are g� 1.98,D1� 1.63 cm�1, E1� 0.03 cm�1, and for S� 2
they are g� 1.98, D2� 0.37 cm�1, E1� 0.009 cm�1. Figure 7
shows the fit at 5 K. These parameters fit both the 115 GHz
and 230 GHz spectra as well as the spectra at the various


Figure 7. High-frequency (230 GHz) EPR spectrum recorded on a powder
sample of 1 at 5 K (top) together with the best obtained fit (bottom): S� 1:
D1� 1.63 cm�1, E1� 0.03; S� 2: D2� 0.37 cm�1, E2� 0.009 cm�1. The
numbers 1 and 2 denote signals from the S� 1 and S� 2 states, respectively.
The asterisk denotes a signal from the 345 GHz third harmonic of the 115
fundamental frequency.


temperatures. Inclusion of a small g value anisotropy did not
result in a better fit; whereas inclusion of a small rhombic
distortion did, in spite of the fact that rhombic distortion is not
expected for a tetragonal system. The explanation of this
apparent discrepancy might lie in the fact that the measure-
ments were performed on powdered crystals pressed into a
pellet. During this process, the sample has probably lost its
lattice solvent which might have resulted in the small
distortion observed. Although this fitting procedure does
not directly give a standard deviation in the resultingD1 value,
we expect it to be similar to that from the torque measure-
ments. Note that the fit does not reproduce well the sharp,
intense features at 4.02 T and 8.68 T (Figure 7).
Many antiferromagnetic rings do not give rise to clear EPR


signals. This might be caused by extreme dipolar broadening


or fast spin-lattice relaxation effects. To our knowledge, this is
only the second example of an antiferromagnetic ring that
yields clear EPR spectra, after [Fe6(tea)6] (H3tea� triethanol
amine).[37] The D1 value obtained for 1 from the HFEPR
spectra (1.63 cm�1) corresponds very well to that found from
the torque measurements (1.59(3) cm�1, vide supra). To our
knowledge, this is the first antiferromagnetic CrIII ring for
which the ZFS parameters of the excited spin states have been
determined. The D1 value is quite similar to that of [LiFe6-
(OCH3)12(dbm)6]PF6 (D1� 1.16(1) cm�1), while for other anti-
ferromagnetic rings, D1 values between 0.2 cm�1 ([NaFe6-
(tea)6]Cl)[20] and 8.2 cm�1 (Fe6(tea)6])[37] were found. For CrIII


dimers a number of ZFS parameter data exist, for ex-
ample [Cr2(OH)3(Me3tacn)2](ClO4)3 (Me3tacn� 1,4,7-tri-
methyl-1,4,7-triazacyclononane), �D1 �� 2.28 cm�1 (from
EPR)[39] or D1��2.25(1) cm�1 (from optical spectrosco-
py).[40] In other cases, the axial ZFS parameter was found to
be negative as well,[41] in contrast to 1 and to other
antiferromagnetic rings. This might be peculiar to dimers,
since the calculated dipolar contribution to the ZFS in dimers
is negative.[41]


Calculations : The system under study may be described by the
spin Hamiltonian given in Equation (3).


H� �Bg ¥B ¥ S � S ¥DS ¥ S (3)


Where DS is the ZFS tensor. As mentioned in the
introduction, the ZFS tensor is the combination of the
single-ion ZFS tensor and the spin ± spin interaction ZFS
tensor. The ZFS tensor of the total spin state S, DS, can be
expressed by projecting the individual spins on the total spin
[Eq. (4)].[15]


Ds�
�N


i�1
dSiDi �


�N


i�j


dSijDij (4)


Where N is the number of metal ions in the ring, di are the
single ion projection coefficients, dij are the spin ± spin
interaction coefficients, and Di and Dij are the single-ion and
spin ± spin ZFS tensors, respectively. In principle, the spin ±
spin ZFS tensors include contributions from dipolar and
anisotropic exchange terms. An order-of-magnitude estimate
for the latter is given by (�g/g)2 ¥ J	 0.01 cm�1 (where �g is
the deviation of the g value from the spin-only value).[15]


However, it must be remembered that the use of J in the
order-of-magnitude estimation is not correct because theo-
retically one should use the interaction between one ion in the
ground state and the other in the excited state. In fact, large
deviations from this behavior were clearly observed in
dinuclear copper(��) complexes.[15] Indeed, some authors
attribute the spin ± spin ZFS contribution in chromium(���)
compounds completely to dipolar interactions,[42] while in
other cases the dipolar interaction does not account com-
pletely for the axial ZFS found.[39, 41] However, in these latter
cases, the axial ZFS parameters were of the order of a few
hundredths of a wavenumber, which makes the relative error
quite large. In the sulfur-centered tetranuclear CrIII complex
[SCr4(O2CCH3)8(H2O)4](BF4)2 ¥H2O, anisotropic exchange
was thought to be present; it caused broadening of the
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observed EPR lines.[43] The contribution of the anisotropic
exchange to the axial ZFS is assumed to be negligible in the
case of 1.
The di and dij coefficients can be calculated by means of a


suitable coupling scheme for the spins. For this it is necessary
to know the nature of the ground state. By analogy to the
method used in the analysis of the antiferromagnetic iron(���)
rings,[19] the octanuclear ring was divided into two squares of
next-nearest neighbors which are ferromagnetically coupled
to give the states of maximum multiplicity, SI� 6. The two
resulting SI states are then coupled to give S� 0. The spin
functions can therefore be expressed as �S1 S3 S13 S5 S135 S7 S1357
S2 S4 S24 S6 S246 S8 S2468 SM
. The analysis of the iron(���) rings
showed that the lowest lying �SM
 levels are well described by
the above functions. The behaviour of CrIII that has a spin of
3/2 is closer to that of a quantum spin than FeIII. This could
mean that the above functions are not a valid description of
the lowest spin states anymore. However, a �lumag calcu-
lation, that uses this coupling scheme, showed that the lowest
spin states are still quite well (	70%) described by the above
functions. The calculated coefficients are reported in Table 2.
Calculations on spin states with the same total spin but
described by other functions gave almost the same ratio of the
two dij coefficients. Hence the results should be quite
insensitive to the approximation that we made in the
description of the spin states. The Dij tensor was then
calculated, in the point dipolar approximation, by summing
all the possible interactions (nearest neighbor, next-nearest
neighbor and so on), taking into account the angle of the
vector between the interacting ions and their distance. This
procedure finally resulted in a dipolar contribution to the ZFS
parameter of the S� 1 state,D1


dip, of 0.490 cm�1. For the S� 2
state, the corresponding contribution is lower, namely D2


dip�
0.122 cm�1. If the exchange anisotropy contribution is ne-
glected, then the axial ZFS parameter of spin state S is given
by the sum of the dipolar and total single-ion contributions,
DS�DS


dip � DS
si. Subtracting the dipolar contribution from


the total axial ZFS parameter gives a total single-ion
contribution of D1


si� 1.120 cm�1 for S� 1 (D1 was taken as
1.61 cm�1, the average of the values obtained from CTM and
HFEPR). Since the single-ion axial anisotropies are projected
on the total anisotropy for S� 1 with a calculated coefficient
di of�0.75 (Table 2), the component along the ring axis of the
single-ion contribution to the axial ZFS parameter per Cr ion
is dzzCr��0.187 cm�1. Projecting this dzzCr value on the S� 2
state gives a total single-ion contribution,D2


si� 0.248 cm�1 for
S� 2. That means that the total axial ZFS parameter for S� 2
is D2� 0.248�0.122� 0.370 cm�1. This is exactly the same
value that was found from the EPR fitting. In view of the
excellent agreement of calculated and experimental values, a
neglect of the anisotropic exchange part of the spin-spin
interaction contribution to the ZFS seems to be justified. All


the contributions to the axial ZFS parameters of both the S�
1 and S� 2 states of 1 are given in Table 2.
Similar calculations were performed for [LiFe6(OCH3)12-


(dbm)6]� and [NaFe6(OCH3)12(pmdbm)]� (Hpmdbm� 1,3-
di(4-methoxyphenyl)-1,3-1,3-propanedione).[18] These proved
that the dipolar contributions toD1 for the two derivatives are
similar to each other (1.24 and 1.15 cm�1, respectively) and to
that of 1, while the total single-ion contribution, D1


si is hugely
different (�0.08 and 3.17 cm�1, respectively). This latter result
was assumed to originate in a larger twist angle around the
FeIII ions for the sodium derivative.
Many CrIII single-ion axial ZFS parameters have been


reported in the literature. A large number were derived from
measurements of mononuclear complexes,[44, 45] or CrIII doped
in inorganic lattices,[46] with absolute values ranging between
practically negligible to 	0.7 cm�1. For dimeric complexes,
typical values range from �Dzz


Cr �� 0.198(2) cm�1,[42] to Dzz
Cr�


�0.658 cm�1.[22] The single-ion axial anisotropy found for 1
fits into this range. A method to obtain direct experimental
evidence for the single-ion contribution to the ZFS is the
replacement of paramagnetic ions in the compound under
study by diamagnetic ones. This method was successfully
applied for the substitution of CrIII by CoIII in CrIII dimers,[47]


and also in by doping a six-membered ring GaIII with FeIII in
the case of the Fe6 rings described above.[16]


Angular overlap model (AOM) calculations were used to
obtain an indication of the direction and magnitude of the
single-ion ZFS of 1. This model was used to calculate the ZFS
parameters from the spin-orbit coupling constant, the Racah
B and C parameters as well as parameters that describe the �


and � bonding capabilities of the ligands, e� and e�,
respectively.[48, 49] The coordination geometry around Cr was
assumed to be non-distorted octahedral. From a combination
of the UV/Vis spectra and literature data, reasonable values
can be obtained for the mentioned parameters. In a first-order
approximation the energy of the spin-forbidden 4A2g� 2Eg


transition (in Oh notation) is given by 9B � 3C.[49] A typical
value for the Racah B parameter in CrIII complexes is
600 cm�1.[49, 50] Since the spin-forbidden quartet ± doublet
transition is observed for 1 at 14728 cm�1 in hexane, this
yields a value of 	3000 cm�1 for C. The symmetry of the
coordination around the chromium atoms in 1 is actually C2v


and not Oh. It can be shown that the 4A2g ground state in Oh


symmetry becomes 4B1 in cis-[MX4Y2] complexes with C2v


symmetry. The lowest quartet level (4T2g in Oh) splits up into
4B2 and 4E.[51] The relative position of the latter two levels
depends on the relative Dq values of the X and Y ligands. In
the present case Dq(O2CR�) is expected to be larger than
Dq(F�).[50] This means that 4E should be higher in energy than
4B2.[51] In the UV/Vis spectrum, a band is observed at ��
16474 cm�1 which has two shoulders at 15337 and 15625 cm�1.
The band is attributed to the 4B1� 4E transition, while the


Table 2. Calculated single-ion and dipolar interaction coefficients (di and dij respectively) for 1.


Spin state di di,i�1�di,i�3 di,i�2� di,i�4 DS
dip [cm�1] DS


si [cm�1][a] DS
tot (calcd) [cm�1] DS


tot (obs) [cm�1]


S� 1 � 0.750 � 1.125 1.063 0.490 1.120 1.61[b] 1.61
S� 2 � 0.166 � 0.248 0.259 0.122 0.248 0.370 0.37


[a] The component along the ring axis of the single-ion contribution per Cr ion, dzzCr��0.187 cm�1. [b] Used to calculate D1
Cr, see text.
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two shoulders are attributed to the transition to the 4B2 energy
level. For a cis-[MX4Y2] complex, the energies of those two
transitions are given by �E(4B1� 4B2)� 5Dq(X) � 5Dq(Y)
and �E(4B1� 4B2)� 15³2Dq(X) � 5³2Dq(Y).[51] In 1, X�
O2C(CH3)3� and Y�F�, leading to Dq(O2CR�)� 1745 cm�1


and Dq(F�)� 1355 cm�1. This Dq(F�) value is slightly lower
than the typical value of 1500 ± 1700 cm�1.[49, 50] The spin-orbit
coupling constant of the free CrIII ion is �� 276 cm�1,[46] which
is expected to be smaller in actual complexes. In this study, 0.8
was used as a reduction factor since this yielded acceptable
values for g (1.97) in the resulting fit. For the F� and
�O2C(CH3)3 ligands, values of 0.46 and 0.50 were used for the
2e�/e� ratio; these are typical values obtained from litera-
ture.[49, 50] Inserting the above parameters in the program, first
of all resulted in calculated spin-forbidden transitions at
	14000 cm�1, and two spin-allowed transitions at 15500 and
16330 cm�1. This is in good agreement with the observed
values of 14728, 	15500 and 16474 cm�1, respectively. With
these parameters, a total single-ion axial ZFS for one Cr ion of
DCr��0.06 cm�1 was calculated. Furthermore, the calcula-
tions showed that the principal direction of the single-ion ZFS
is the O-Cr-O axis, which is at an angle of 19.3(1)� with respect
to the ring axis. This means that the single-ion D tensors are
not co-linear with the unique molecular axis, but deviate much
less than in the case of [NaFe6(OCH3)12(pmdbm)6]ClO4,
where this angle is 79.2(4)�.[16] The component of DCr along
the ring axis is given by DCr(ZZ)�DCr(cos2�� 1/3), neglect-
ing rhombic ZFS, where � is the angle between the principal
direction of the ZFS and the ring axis. Hence, from the
effective single-ion axial ZFS per Cr atom (�0.187 cm�1, vide
supra), the real single-ion axial ZFS per Cr atom is calculated
to be �0.334 cm�1, or more than five times the value found
from the AOM calculations.
While the AOM model is too simple to predict the


magnitude of the single-ion ZFS correctly, it does yield its
direction. It was shown that the direction of the single-ion
ZFS tensor is of the utmost importance: it was recently
demonstrated that the two magnetization relaxation mecha-
nism processes in Mn12Ac are caused by molecules with
differently aligned ZFS axes.[52] This means that from this
relatively simple model, an estimate of the single-ion con-
tribution to the ZFS can be obtained from the UV/Vis spectral
data and literature parameters. This is in contrast to the case
of the FeIII, where the UV/Vis spectra are much less
informative.


Conclusion


Both cantilever torque magnetometry and high-frequency
EPR (HFEPR) are excellent tools to study the magnetic
anisotropy of the spin excited states of antiferromagnetic
rings. In general, they yield results with comparable accuracy.
In this study, the results obtained from both techniques agreed
perfectly. The HFEPR results indicate that accurate zero-field
splitting (ZFS) parameters of the spin excited states of
antiferromagnetic rings may be obtained by using powder
samples, and that single crystals are not necessary.


By performing calculations in the point-dipolar approxi-
mation, the observed zero-field splittings may be separated
into single-ion and dipolar interaction contributions. It was
shown that both play a significant role in determining the
magnetic anisotropy of 1, while anisotropic exchange certainly
plays a minor role.
Moreover, the combination of UV/Vis spectral and X-ray


crystallographic data with AOM and point dipolar calcula-
tions can provide an estimate of the axial ZFS of the lowest
excited spin states. This is a very important result, since it
allows the screening of compounds before embarking on
extensive physical studies.
Finally, this study shows that the experimental and theo-


retical methods used successfully for the FeIII rings are also
excellently suited to the study of the magnetic anisotropy in
rings of ions with more quantum spin behaviour, such as CrIII.


Experimental Section


Synthesis : The complex [Cr8F8Piv16] (1) was prepared according to a
slightly modified literature procedure.[33, 34] CrF3 ¥ 4H2O (Aldrich, 97%;
5.0 g, 28 mmol) and HO2CC(CH3)3 (HPiv, Acros, 99%; 11.3 g, 111 mmol)
were dissolved in DMF (Acros, 10 mL) and heated with stirring to 140 �C
for 4 h. The product was extracted with hexane (50 mL) and separated on a
silica gel column using toluene as the eluent. The first fraction from the
column was collected and the solution was evaporated to dryness. The final
product was crystallised from hexane. Yield: 32% as a green crystalline
solid. Elemental analysis calcd (%) for C80H144O32Cr8F8 ¥ C6H14: C 45.46, H
7.01, F 6.69; found C 44.85, H 7.18, F 6.21%; UV/Vis (hexane): E� 14728,
15337 sh, 15625 sh, 16474, 23474 cm�1.


Single-crystal structure determination of 1 t : Suitable crystals of 1 t were
grown by slow evaporation of a hexane solution of 1. Crystal data:
C80H144O32Cr8F8 ¥ 0.25C6H14, green plate, 0.4� 0.3� 0.08 mm3, tetragonal,
P4212 (no. 90), a�b� 20.09(2) ä, c� 16.80(2) ä, V� 6782(7) ä3, Z� 2,
�� 1.079 gcm�1. The data were collected with a Rigaku RAXIS diffrac-
tometer, with a rotating anode (MoK� , �� 0.71069 ä) in 94� 3 degree �
oscillations of 30 minutes per exposure at ambient temperature and then
processed with the DENZO software.[53] The structure was solved by direct
methods with SHELXS��.[54] 102178 measured reflections, of which 5889
were unique (Rint� 0.066). The structure was refined with SHELXL97[55]


against F 2 for all reflections with 283 parameters and 48 restraints. The
asymmetric unit consists of 1/4 of the molecule, the remainder is generated
by operation of the fourfold rotation axis. In addition, a solvent fragment
lies on the fourfold axis. This was assumed to be disordered hexane, and
therefore, the atoms were defined as carbon and assigned occupancies of
0.5. The tBu groups were highly disordered: in each case, two sites were
found for each Me group, whose occupancies were constrained to a sum of
1.0. In the case of one pivalate group, two sites were also found for the C2
atom. Restraints on the bond lengths and angles were also necessary. The
ordered non-hydrogen atoms were refined anisotropically, whilst the
disordered atoms were refined isotropically. H atoms were included in
calculated positions. R(I� 2	(I)): R1� 0.0679, wR2� 0.1842. R(all data):
R1� 0.0848, wR2� 0.2015.


Crystallographic data (excluding structure factors) for the structure in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-164814. Copies of the data
can be obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (�44)1223-336033 or e-mail : deposit@
ccdc.cam.ac.uk).


Physical measurements : The UV/Vis absorption spectrum was recorded on
a Perkin-Elmer Lambda9 spectrophotometer. Magnetic susceptibilities
and magnetizations were measured on a Cryogenics S600 SQUID
magnetometer. The data were corrected for the diamagnetic contribution
using Pascal×s constants. Cantilever torque measurements were performed
in Grenoble with a CuBe cantilever (� upper plate 	2 mm) mounted in a
3He cryostat in an Oxford Instruments 10 T superconducting magnet. The
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sample was rotated in the plane defined by the magnetic field and the
unique axis. The variation in capacitance, which was assumed to be linearly
dependent on the deflection between the plates, was measured with a
General Radio1616 precision capacitance bridge, in combination with a
Stanford Research SR830DSP lock-in amplifier. The field strength was
manually swept at 	90 Gs�1 while recording the signal with home-written
software. The temperature was monitored with a calibrated RuO2 resistor.
The setup has been described in the literature and is depicted in
Figure 3.[16±18, 56]


On account of the complex morphology of the crystals, indexing the faces
proved to be an unsuitable method to find the unique axis. Instead, a crystal
of 1 t was mounted on a goniometer head and the unit cell was determined
on a diffractometer. The direction of the unique axis was indicated by a
small piece of glass fibre glued to the crystal mounting fiber. The mounting
fiber was then cut and the crystal was put on the top plate of the cantilever
under an optical microscope and covered with silicone grease, with the
unique axis perpendicular to the axis of rotation and in the plane of the
cantilever plates (Figure 3). The positions of the a and b axes were not
determined. Transverse anisotropy could be present, albeit only in fourth
order, since the crystal space group is tetragonal. However, fourth order
transverse anisotropy was shown to have little influence on CTM measure-
ments.[56]


High-frequency EPR (HFEPR) measurements were performed in Greno-
ble with a previously described single-pass transmission setup, that
consisted of an Oxford Instruments 12 T superconducting magnet, a
115 GHz Gunn diode, with frequency doubler and high pass filter as the
excitation source, and a He-cooled InSb bolometer as the detector.[57, 58]


The signal from the detector was passed through a lock-in amplifier. Data
acquisition and magnet sweeping (typically 50 ± 100 Gs�1) were controlled
by home-written software. The powder sample was pressed in order to
prevent orientation of the crystallites in the magnetic field. The spectra
were fitted using H. Weihe×s SIM program.[47, 59]
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A New Family of Mixed-Valence Dinuclear Rhodium Complexes Containing
the Two Metal Centers in Different Stereochemical Environments
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Abstract: A series of dinuclear chelate
complexes of the general composition
[Rh2(�2-L)2(�-CR2)2(�-SbiPr3)] (R�Ph,
p-Tol; L�CF3CO2


�, acac�, acac-f3�) and
[Rh2Cl(�2-L)(�-CR2)2(�-SbiPr3)] (R�
Ph, p-Tol; L� acac�, acac-f3�) has been
prepared by replacement of the chloro
ligands in the precursors [Rh2Cl2-
(�-CR2)2(�-SbiPr3)] by anionic chelates.
The lability of the SbiPr3 bridge in the
rhodium dimers is illustrated by the
reactions of [Rh2(�2-acac)2(�-CR2)2-
(�-SbiPr3)] (7, 8) with Lewis bases such
as CO, CNtBu, and SbEt3 which lead to
the formation of the substitution prod-


ucts [Rh2(�2-acac)2(�-CR2)2(�-L�)] (13 ±
16) in excellent yields. Treatment of 7
and 8 with sterically demanding tertiary
phosphanes PR3 (R3� iPr3, iPr2Ph,
iPrPh2, Ph3) affords the mixed-valence
Rh0 ±RhII complexes [(�2-acac)2Rh-
(�-CPh2)2Rh(PR3)] (21 ± 24) and [(�2-
acac)2Rh{�-C(p-Tol)2}2Rh(PiPr3)] (25)
for which there is no precedence. The


terminal PiPr3 ligand of 21 is easily
displaced by alkynes, CNtBu, and CO
to give, by preserving the {(�2-acac)2-
Rh(�-CPh2)2Rh} molecular core, the
related dinuclear compounds 26 ± 31 in
which the coordination number of the
Rh0 center is 3, 4, or 5. The molecular
structures of [Rh2Cl(�2-acac)(�-CPh2)2-
(�-SbiPr3)] (5), [Rh2(�2-acac)2(�-CPh2)2-
(�-CO)] (13), [(�2-acac)2Rh(�-CPh2)2-
Rh(PiPr3)] (21), and [(�2-acac)2Rh-
(�-CPh2)2Rh(CNtBu)2] (30) have been
determined crystallographically.


Keywords: acetylacetonato
complexes ¥ antimony ¥ carbene
ligands ¥ mixed-valent compounds
¥ rhodium


Introduction


In the course of investigations concerned with the reactivity of
square-planar carbene complexes trans-[RhCl(�CRR�)-
(SbiPr3)2], which were prepared from trans-[RhCl(C2H4)-
(SbiPr3)2] and diazoalkanes RR�CN2, we recently discovered
that these compounds are thermally quite labile and react
upon heating in benzene at 60 �C by partial elimination of
SbiPr3 to afford the rhodium complexes 1a ± c in excellent
yields.[1] Taking into consideration that the bridging coordi-
nation mode of trialkylstibanes was not only new but also
unexpected,[2] we were rather surprised that these dinuclear
molecules with rhodium(�) in a tetrahedral geometry are
remarkably stable, in most cases decomposing at temper-
atures around 190 �C or even above. Nevertheless, the stibane-
bridged compounds 1a ± c are fairly reactive and, as shown in
Scheme 1, upon treatment of 1a with CNtBu or less bulky


trialkylstibanes the dirhodium complexes 2 and 3 are formed
by bridge ± ligand exchange.


Based on the results shown in Scheme 1,[1] we were
interested to know whether the dinuclear structure with the
core molecular fragment {Rh(�-SbiPr3)(�-CRR�)2Rh} would
be maintained if the axial chloro ligands are replaced by
chelating anions. The outcome of this substitution would be
not only an increase in the cooordination number of rhodium,
but also a change of the coordination geometry around the
two metal centers. We have already found that the reaction of
1awith NaC5H5 affords the dinuclear complex [Rh2(C5H5)2(�-
CPh2)2], which no longer contains a bridging stibane
unit.[1]


In this paper we report that by using trifluoroacetate or
acetylacetonates as anionic substrates, the chloro ligands can
indeed be replaced without changing the triply-bridged Rh2


moiety. However, the more noteworthy result of this study is
that the bis(acetylacetonato)dirhodium complexes obtained
by this route open the gate to the synthesis of a new family of
mixed-valence Rh0 ± RhII compounds in which the coordina-
tion number of the zerovalent metal center can be 3, 4, or 5. A
short communication about the first steps of this investigation
has already appeared.[3]


[a] Prof. Dr. H. Werner, Dr. U. Herber, Dipl.-Chem. T. Pechmann,
Dr. B. Weberndˆrfer, Dr. K. Ilg
Institut f¸r Anorganische Chemie der Universit‰t W¸rzburg
Am Hubland, 97074 W¸rzburg (Germany)
Fax: (�49)931-888-4623
E-mail : helmut.werner@mail.uni-wuerzburg.de
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Results and Discussion


Replacement of the axial chlorides of the dirhodium com-
plexes by chelating ligands : In contrast to the reactivity of 1a
toward NaC5H5, treatment of the same starting material with
2.5 equivalents of CF3CO2Tl in acetone at room temperature
leads to the formation of the disubstituted product 4, which
has been isolated in 86% yield (Scheme 2). The dark red


microcrystalline compound, the
composition of which has been
confirmed by elemental analy-
sis, is considerably more soluble
than 1a in diethyl ether and
pentane; this makes separation
of the byproduct TlCl easy.
Attempts to perform the sepa-
ration by column chromatogra-
phy with deactivated (i.e.,
chloride containing) Al2O3 led
to the regeneration of 1a illus-
trating the lability of the
Rh�O2CCF3 bond.


With Tl(acac) instead of
CF3CO2Tl a stepwise replace-
ment of the axial chloro ligands
of 1a by acetylacetonate has
been achieved. The reaction of
1a with an equimolar amount
of Tl(acac) in acetone affords,
after chromatographic workup


and recrystallization of the product from acetone/diethyl
ether, the monosubstituted compound 5 as brown, moderately
air-sensitive crystals in 73% yield. The bis(di-p-tolylcar-
bene)dirhodium complex 6 is accessible by the same route
(Scheme 3). Owing to the different coordination numbers at
the two metal centers, the resonance for the 13C nuclei of the
carbene carbon atoms appears in the 13C NMR spectra of 5
and 6 as a multiplet instead of a triplet as found for the
dichloro precursors 1a and 1b.


The fact that the replacement of one chloride in 1a by
acetylacetonate is not accompanied by the cleavage of the
stibane bridge has been confirmed by the X-ray crystal
structure analysis of 5 (see Figure 1). Due to the asymmetry of
the dinuclear molecule, the stibane and one of the diphenyl-
carbene ligands are linked to the two rhodium atoms in an
unsymmetrical fashion. The bond lengths Sb�Rh1 and
Sb�Rh2 differ by about 0.35 ä and those between the
carbene carbon atom C2 and Rh1 and Rh2, respectively, by
approximately the same value. Relative to the bonds in the
starting material 1a, the Sb�Rh1 bond is about 0.19 ä shorter
and that of Sb�Rh2 about 0.18 ä longer; this is probably due
to the different (mono- vs. bidentate) nature of the anionic
ligands. It is also worth noting that the acetylacetonate is
coordinated in an unsymmetrical mode (Rh1�O1 2.064(3),
Rh1�O2 2.274(4) ä), thereby the shorter Rh1�O1 bond
being opposite to the shorter Rh1�C1 bond. The molecular
fragment (O1,O2,Rh1,Rh2) is almost planar, whereas the
Rh1-Rh2-Cl axis is slightly more bent (171.55(3)�) than in 1a
(175.45(4)�).[1] The rhodium ± rhodium distance in 5 is about
0.15 ä longer than in the precursor 1a, but still lies in the
range of other rhodium(�) complexes with a metal ± metal
bond.[4]


The reactions of 1a and 1b with Tl(acac) in the molar ratio
of 1:2.4 lead to the formation of the symmetrical dinuclear
compounds 7 and 8 (see Scheme 3). These compounds like the
monosubstituted products 5 and 6 have been isolated, after
recrystallization from pentane, as brown solids in excellent


Abstract in German: Die Darstellung einer Reihe zweikerni-
ger Chelatkomplexe der allgemeinen Zusammensetzung
[Rh2(�2-L)2(�-CR2)2(�-SbiPr3)] (R�Ph, p-Tol; L�
CF3CO2


�, acac�, acac-f3�) und [Rh2Cl(�2-L)(�-CR2)2(�-
SbiPr3)] (R�Ph, p-Tol; L� acac�, acac-f3�) gelingt durch
Austausch der Chloroliganden in den Ausgangsverbindungen
[Rh2Cl2(�-CR2)2(�-SbiPr3)] durch anionische Chelatbildner.
Die Labilit‰t der SbiPr3-Br¸cke in den Chelatkomplexen
[Rh2(�2-acac)2(�-CR2)2(�-SbiPr3)] (7, 8) belegen deren Re-
aktionen mit Lewis-Basen wie CO, CNtBu und SbEt3, die zu
den Substitutionsprodukten [Rh2(�2-acac)2(�-CR2)2(�-L�)]
(13 ± 16) in sehr guten Ausbeuten f¸hren. Bei Zugabe sterisch
anspruchsvoller terti‰rer Phosphane PR3 (R3� iPr3, iPr2Ph,
iPrPh2, Ph3) zu Lˆsungen von 7 und 8 entstehen die neuar-
tigen gemischt-valenten Rh0-RhII-Komplexe [(�2-acac)2Rh-
(�-CPh2)2Rh(PR3)] (21 ± 24) und [(�2-acac)2Rh{�-C(p-
Tol)2}2Rh(PiPr3)] (25), in denen (f¸r R� iPr) der terminale
Phosphanligand leicht durch Alkine, CNtBu und CO ersetzt
werden kann. Dabei bilden sich unter Erhalt der {(�2-acac)2Rh-
(�-CPh2)2Rh}-Molek¸leinheit die entsprechenden zweikerni-
gen Komplexe 26 ±31, in denen die Koordinationszahl am
Rh0-Zentrum 3, 4 oder 5 ist. Die Molek¸lstruktur der
Verbindungen [Rh2Cl(�2-acac)(�-CPh2)2(�-SbiPr3)] (5),
[Rh2(�2-acac)2(�-CPh2)2(�-CO)] (13), [(�2-acac)2Rh(�-CPh2)2-
Rh(PiPr3)] (21) und [(�2-acac)2Rh(�-CPh2)2Rh(CNtBu)2]
(30) wurde auf kristallographischem Wege bestimmt.


Scheme 1. Preparation of complexes 2 and 3 (1a : R�R��Ph; 1b : R�R�� p-Tol; 1c : R�Ph, R�� p-Tol).
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yields. Both 7 and 8 can also be obtained upon treatment of 5
or 6 with a slight excess of Tl(acac). Quite remarkably, the
dinuclear bis(acetylacetonato) complexes 7 and 8 are ther-
mally significantly less stable than the unsymmetrical acetyl-
acetonato(chloro) counterparts and decompose at 55 �C and
62 �C, respectively. Regarding the spectroscopic data of 7, we
note that the resonance for the carbene carbon atoms appears
in the 13C NMR spectrum at �� 176.8, which is approximately
9 ppm upfield relative to that observed in 1a. A similar
upfield shift (by ca. 5 ppm) has been observed for the
corresponding signal of the �-CPh2 carbon atoms of the
triethylstibane-bridged complex 9, which like the analogue
[Rh2Cl2(�-CPh2)2(�-SbEt3)] (see Scheme 1) is accessible in
94% yield by bridge ± ligand exchange from 5 and SbEt3 in
benzene.


The dinuclear compounds 10 and 11, structurally related to
6 and 7, with one or two trifluorinated acetylacetonato ligands
have been prepared from 1b or 1a and one or two equivalents


of Tl(acac-f3) (Scheme 4). In
analogy to what we found for
the [Rh2Cl(acac)] and [Rh2-
(acac)2] complexes, the sym-
metrical molecule 11 decom-
poses at rather low temperature
(47 �C), while the less symmet-
rical species is thermally stable
up to 176 �C. Attempts to ob-
tain dirhodium compounds
with a {Rh(�-CR2)2(�-SbiPr3)-
Rh} framework and one or two
chelating hexafluorinated ace-
tylacetonates failed. A possible
explanation is that owing to the
presence of two CF3 units the
Lewis basicity of the anionic
substrate is considerably re-
duced, and thus a substitution
of the chloro ligands in the
starting materials by acac-f6�


does not take place.


Reactions of the dinuclear che-
late complexes with CO and
tertiary phosphines : The labili-
ty of the {Rh(�-SbiPr3)Rh}
bridge, already illustrated by
the substitution reactions of 1a
and 1b with CNtBu und SbR3


shown in Scheme 1, is also
found for the bis(acetylaceto-
nato)dirhodium compounds 7
and 8. However, while the di-
chloro derivative 1a reacts with
carbon monoxide to give the
presumably polymeric product
12,[1, 5] upon treatment of 7 or 8
with CO in benzene at room
temperature the triply-bridged
dinuclear complexes 13 and 14


are exclusively formed (Scheme 5). The reactions of 7 with
CNtBu and SbEt3 also lead to the replacement of the bridging
SbiPr3 unit and afford the dinuclear complexes 15 and 16 in
nearly quantitative yields. In all cases (i.e. , in the formation of
13 ± 16), the exchange of the stibane ligand occurs without any
further rearrangement of the molecular core. Typical spectro-
scopic data of 13 and 14 are the CO stretching modes at 1842
and 1849 cm�1, respectively, in the IR spectra and the signal
for the �-CO carbon atom at �� 182.8 (for both 13 and 14) in
the 13C NMR spectra.


The result of the X-ray crystal structure analysis of 13 is
shown in Figure 2. The asymmetric unit contains one half of
the molecule, the second half being generated by C2 symme-
try. The axis of rotation passes through the atoms C19 and O3.
The coordination geometry around the rhodium center Rh1
can be described as distorted square-pyramidal with the
carbon atom C6 in the apical position. The deviation of the
atoms C6A, C19, O1, O2, and Rh1 from the best plane is


Scheme 2. Preparation of complex 4.


Scheme 3. Preparation of complexes 5 ± 9.
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Figure 1. Molecular structure of 5. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Rh1�Rh2
2.6796(6), Rh1�Sb 2.498(1), Rh2�Sb 2.846(1), Rh1�C1 2.030(4), Rh1�C2
2.187(4), Rh2�C1 2.053(4), Rh2�C2 1.825(4), Rh1�O1 2.064(3), Rh1�O2
2.274(4), Rh2�Cl 2.483(1); Rh1-Sb-Rh2 59.77(2), Sb-Rh1-Rh2 66.57(2),
Sb-Rh2-Rh1 53.66(2), Rh1-Rh2-Cl 171.55(3), Rh1-C1-Rh2 82.0(2), Rh1-
C2-Rh2 83.3(2), C1-Rh1-C2 83.2(2), C1-Rh2-C2 92.3(2), C1-Rh1-O1
167.0(1), C2-Rh1-O2 165.9(1), O1-Rh1-O2 78.5(1).


�0.205(1) ä for C19, 0.100(1) ä for C6A, �0.188(1) ä for
O2, 0.099(1) ä for O1, and 0.194(1) ä for Rh1. The molecule
is highly symmetric and, in contrast to 5 (see Figure 1), also
the two acetylacetonato ligands are symmetrically linked to
the rhodium centers. The distance Rh1�Rh1A is quite short
(2.4933(9) ä) and comparable both to that in 1a
(2.5349(5) ä)[1] and to that in the bis(diphenylcarbene)
complexes [Rh2Cl2(py)2(�-CPh2)2(�-CO)] (2.51 ä)[4a] and
[Rh2(�5-C5H5)2(�-CPh2)2(�-CO)] (2.54 ä).[4b] The bond length
Rh1�C19 in 13 is slightly shorter than the bond lengths


between rhodium and the carbene carbon atoms C6 and C6A;
this is in agreement with the data for the above-mentioned
{Rh2(�-CPh2)2(�-CO)} compounds.[4a,b]


The difference in the reactivity of 1a and 7 toward bulky
trialkylphosphanes is even more striking than toward CO. We
already reported that treatment of 1a with PiPr3, PiPr2Ph,
PiPrPh2, and PPh3 led to to the stable mononuclear carbene
complexes 17 ± 20 by displacement of the stibane and cleavage
of the bridging bonds.[1] An analogous behavior is observed
for the bis(trifluoroacetato) derivative 4, which reacts
with four equivalents of PiPr3 to give trans-[Rh-
(�1-O2CCF3)(�CPh2)(PiPr3)2]. This square-planar rhodium(�)
compound was recently prepared from 17 and CF3CO2Tl.[6]


The reaction of the bis(acetylacetonate) 7 with an excess of
PiPr3 is much more slow than that of 1a with the same
phosphane and affords, after four hours at 60 �C in benzene,
the novel dinuclear complex 21 in 68% isolated yield
(Scheme 6). PiPr2Ph, PiPrPh2, and PPh3 behave similarly
toward 7 and gave, after reaction times of 8, 24, and 48 hours,
respectively, the related compounds 22 ± 24 in equally good
yields. Following the same methodology, the bis(di-p-tolyl-
carbene) complex 25 is obtained from 8 and excess PiPr3.
Compounds 21 ± 25 are brown modestly air-sensitive solids,
which are soluble in most common organic solvents and which
have been characterized by elemental analysis and mass
spectrometry.


The 1H and 13C NMR spectra of 21 ± 25 display two sets of
signals for the protons and carbon atoms of the OC(CH3)
moieties of the coordinated acetylacetonates pointing to an
unsymmetrical environment around the central {Rh(�-
CR2)2Rh} core. This proposal has been confirmed by the
X-ray crystal structure analysis of 21 (Figure 3). One of the
chelating ligands has migrated from one metal center to the
other and its former position is occupied by the triisopropyl-
phosphane. The stibane ligand has been replaced, while the
bridging diphenylcarbene units are maintained. The distances
between the less-coordinated metal center Rh1 and the
carbene carbon atoms C1 and C2 are 0.17 ä shorter than
those between Rh2 and C1 and C2, and they differ only
slightly to the Rh�C bond lengths in 1a (2.003(1) and


2.007(3) ä). The distance
Rh1�Rh2 of 21 is nearly the
same as that in compound 5
(see Figure 1). In analogy to 5,
the acetylacetonato ligands are
not coordinated in a symmet-
rical fashion and, therefore, in
both six-membered chelate
rings the Rh�O bond lengths
differ by 0.08 to 0.10 ä. The
bond axis Rh2-Rh1-P is not
exactly linear; this is probably
a consequence of the steric
repulsion between the phenyl
and the isopropyl groups of the
carbene and phosphane ligands.
We assume that the unsymmet-
rical structure of 21 is also
maintained in solution, sinceScheme 4. Preparation of complexes 10 and 11.







Mixed-Valent Rh Complexes 309±319


Chem. Eur. J. 2002, 8, No. 1 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0313 $ 17.50+.50/0 313


Figure 2. Molecular structure of 13. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Rh1�Rh1A
2.4933(9), Rh�C6 2.078(3), Rh�C6A 2.037(2), Rh�C19 1.956(3), Rh�O1
2.066(2), Rh�O2 2.109(2); Rh-C6-Rh1A 74.58(8), Rh-C19-Rh1A 79.2(2),
C6-Rh-Rh1A 51.95(7), C6-Rh-C6A 90.7(1), C6-Rh-C19 83.06(9), C19-Rh-
Rh1A 50.40(8), C6-Rh-O1 119.37(9), C6-Rh-O2 93.43(9), O1-Rh-O2
86.19(8).


the 31P NMR spectrum displays a sharp doublet of doublets at
�� 40.5 with a large 1J(P,Rh) and a small 2J(P,Rh) coupling
constant of 257.7 and 5.9 Hz, respectively. An almost identical


pattern is observed in the 31P
NMR spectra of 22 ± 24 as well
as in the spectrum of the bis(di-
p-tolylcarbene) derivative 25.


Mixed-valence dinuclear rhodi-
um complexes with different �-
donor/�-acceptor ligands : The
dirhodium compound 21, which
is thermally stable up to 75 �C,
reacts smoothly at room tem-
perature with a variety of Lewis
bases. With an excess of termi-
nal alkynes HC�CR (R�
CH2OCH3, Me, Ph) or
CH3C�CCO2Et the triisopro-
pylphosphane is displaced by
one alkyne ligand and, after
chromatographic workup and
recrystallization from diethyl
ether/hexane, the substitution
products 26 ± 29 are isolated as
orange solids in good to excel-
lent yields (Scheme 7). Similar-
ly to the phosphane complexes
21 ± 24, the 1H and 13C NMR
spectra of 26 ± 29 also display
two sets of resonances for the
protons and carbon atoms of
the chelated acetylacetonato
groups indicating an unsym-


metrical coordination environment around the {Rh(�-
CPh2)2Rh} core. This has been confirmed by the X-ray crystal
structure analysis of 26.[7] The Rh�Rh distance in 26 is
approximately 0.03 ä shorter than in 21, whereas both the
Rh�CPh and Rh�O bond lengths differ only slightly to those of
the phosphane derivative. The axis of the alkyne carbon atoms
lies perpendicular to the RhC2Rh plane with the CH2OMe
fragment bent away from the nearby rhodium center. We note
that all attempts to rearrange the alkyne to an isomeric
vinylidene ligand either by heating or photolyzing solutions of
26 or 27 in benzene failed.


The reaction of 21 with CNtBu leads to the replacement of
the phosphane ligand by two isocyanide molecules and affords
the bis(isocyanide) compound 30 in 89% yield. The red air-
sensitive solid is readily soluble in dichloromethane and
benzene, almost insoluble in pentane, and thermally stable up
to 122 �C. The molecular structure of 30 has been determined
crystallographically. As Figure 4 shows, the low-valent rho-
dium center Rh1 is coordinated in a considerably distorted
square-planar fashion with a bond angle C70-Rh1-C80 of
91.41(18)� and bond angles C2-Rh1-C1, C70-Rh1-C2, and C1-
Rh1-C80 that deviate significantly from the ideal 90� value.
The distances between Rh1 and C1 and C2 are shorter than
those between Rh2 and the carbene carbon atoms although
the difference in the bond lengths in 30 is smaller than in the
triisopropylphosphane derivative 21. The coordination geom-
etry around the higher-valent metal center Rh2 is distorted
octahedral and quite similar to that found in 21. Both


Scheme 5. Preparation of complexes 12 ± 16 (13 : R�Ph; 14 : R�p-Tol).
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Figure 3. Molecular structure of 21. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Rh1�Rh2
2.6317(7), Rh1�P 2.332(2), Rh1�C1 1.982(6), Rh1�C2 1.982(5), Rh2�C1
2.158(5), Rh2�C2 2.153(6), Rh2�O1 2.008(4), Rh2�O2 2.114(4), Rh2�O3
2.115(4), Rh2�O4 2.037(4); Rh2-Rh1-P 169.91(4), Rh1-C1-Rh2 78.8(2),
Rh1-C2-Rh2 78.9(2), P-Rh1-C1 122.4(2), P-Rh1-C2 125.3(2), C1-Rh1-C2
103.7(2), C1-Rh2-C2 92.6(2), O1-Rh2-O4 170.0(2), O2-Rh2-C2 173.1(2),
O3-Rh2-C1 169.8(2).


acetylacetonates of 30 are coordinated unsymmetrically to
Rh2, the difference in the Rh�O bond lengths being
approximately 0.10 ä for each chelating ligand. The distance
Rh1�Rh2 is 2.6082(8) ä and thus slightly shorter than in 5
and 21.


An increase in the coordina-
tion number of the low-valent
rhodium center also occurs if
the phosphane ligand of the
precursor molecule 21 is dis-
placed by carbon monoxide.
Upon passing a slow stream of
CO through a solution of 21 in
pentane, the dinuclear complex
31 (see Scheme 7) is formed in
excellent yield. The presence of
three carbonyl ligands (instead
of two isocyanides in 30) is
confirmed by the elemental
analysis and the mass spectrum.
Moreover, the IR spectrum of
31 displays three CO stretching
modes at 2056, 2016, and
1965 cm�1 in agreement with
the proposed structure. In con-
trast to CO, the related ligand
PF3 reacts with 21 in pentane to
give a mixture of products
which could not be separated
either by fractional crystalliza-
tion or chromatographic tech-
niques.


Conclusion


The present investigations have shown that the family of
dinuclear rhodium complexes with bridging trialkylstibanes
can be extended by replacing the terminal chlorides in the
starting materials [Rh2Cl2(�-CR2)2(�-SbiPr3)] for chelating
ligands such as trifluoroacetate or acetylacetonates. The new
compounds 4 ± 11 and 16 deserve particular interest not only
insofar as they contain the still very unusual {Rh(�-SbR3)Rh}
moiety as a building block, but, even more, as they are the
precursors for a series of mixed-valence Rh0�RhII complexes
for which there is no precedence. These complexes generated
by treatment of the stibane-bridged molecules with sterically
demanding tertiary phosphanes or by subsequent reaction of
the phosphane derivatives with alkynes, tert-butylisocyanide,
and CO still contain two bridging diarylcarbene ligands, which
probably stabilize the unsymmetrical coordination sphere
around the two metal centers. It should be pointed out that
dinuclear rhodium compounds with {Rh(�-CR2)2Rh} as a
molecular core were already known,[4, 5, 8, 9] but in none of
these species the two rhodium atoms have a different
oxidation state.


The mixed-valence complexes 21 ± 31 with a d9 (Rh0) and a
d7 (RhII) metal center are diamagnetic and, therefore, it is
reasonable to assume that these molecules contain a metal ±
metal single bond. The Rh�Rh distances found in 21
(2.6317(7) ä) and 30 (2.6082(8) ä) would be in agreement
with this proposal. However, the surprising result is that these
distances are not much different from those in 1a
(2.5349(5) ä),[1] 5 (2.6796(6) ä), 13 (2.4933(9) ä), and


Scheme 6. Preparation of complexes 21 and 35.







Mixed-Valent Rh Complexes 309±319


Chem. Eur. J. 2002, 8, No. 1 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0801-0315 $ 17.50+.50/0 315


Figure 4. Molecular structure of 30. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Rh1�Rh2
2.6082(8), Rh1�C1 2.046(4), Rh1�C2 2.070(4), Rh2�C1 2.125(5), Rh2�C2
2.108(4), Rh1�C70 1.964(5), Rh1�C80 1.964(5), Rh2�O1 2.012(3),
Rh2�O2 2.113(3), Rh2�O3 2.105(3), Rh2�O4 1.998(3); Rh1-C1-Rh2
77.39(14), Rh1-C2-Rh2 77.26(14), C1-Rh1-C2 104.63(17), C1-Rh2-C2
100.55(16), C1-Rh1-C70 166.67(17), C2-Rh1-C70 82.59(17), C1-Rh1-C80
84.33(18), C2-Rh1-C80 163.8(2), C70-Rh1-C80 91.41(18), C1-Rh2-O2
169.10(16), C2-Rh2-O3 172.53(13), O1-Rh2-O2 91.02(13), O1-Rh2-O4
174.78(12), O2-Rh2-O3 82.29(13), O2-Rh2-O4 84.07(13), O3-Rh2-O4
91.94(13).


[Rh2(�5-C5H5)2(�-CPh2)2(�-CO)]
(2.54 ä),[4b] and in each of these
complexes there are two d8 (RhI)
metal centers. Therefore, we con-
clude that the Rh�Rh distance
determined in all the above-men-
tioned compounds is mainly dic-
tated by the relative rigidity of
the {Rh(�-CPh2)2Rh} molecular
core, independently whether this
unit is tilted as in 1a, 5, 13, and
[Rh2(�5-C5H5)2(�-CPh2)2(�-CO)]
or planar as in 21 and 30. In the
mixed-valence Rh0�RhII com-
plexes [(CO)Rh{(PhO)2PN(Et)-
P(OPh)2}2RhCl2] and [Rh2-
(dfpma)3X2(L)] (dfpma�CH3N-
(PF2)2; X�Cl, Br; L� dfpma,
PF3, PPh3) reported by Haines[10]


and Nocera,[11] the Rh�Rh dis-
tance is significantly longer than
in 21 and 30 ; this is probably due
to the range of the bridging
diphosphazane ligands.


However, the novel mixed-va-
lence compounds described here
are not only interesting from a
structural point of view, but also
with respect to their reactivity


toward Lewis bases. With the PiPr3 derivative 21 as the
starting material, the corresponding dinuclear monoalkyne,
bis(isocyanide) and tricarbonyl complexes 26 ± 31 have been
obtained by ligand exchange. The composition of these
compounds illustrates that the coordination sphere around
the low-valent rhodium center can change and, depending on
the size of the ligands, it is quite flexible. Current work in our
group is primarily aimed to elucidate the electrochemistry of
the Rh0�RhII dimers with the hope to use these species both as
electron reservoirs and as starting materials for oxidative
addition reactions.


Experimental Section


All experiments were carried out under an atmosphere of argon by Schlenk
techniques. The starting materials 1a, 1b,[1] Tl(acac), and Tl(acac-f3)[12]


were prepared as described in the literature. NMR spectra were recorded at
room temperature on Bruker AC200, Bruker AMX400 and Bruker
DSX400 instruments, IR spectra on a Bruker IFS25 FT-IR infrared
spectrometer, and mass spectra on a Finnigan 90MAT instrument. Melting
points were measured by differential thermal analysis (DTA) with a
Thermoanalyzer DuPont 9000. Abbreviations used: s, singlet; d, doublet; t,
triplet; q, quartet; sept, septet; m, multiplet; br, broadened signal.


[Rh2(�2-O2CCF3)2(�-CPh2)2(�-SbiPr3)] (4): A solution of 1a (95 mg,
0.11 mmol) in acetone (15 mL) was treated with CF3CO2Tl (89 mg,
0.28 mmol) and stirred for 1h at room temperature. The solvent was
removed in vacuo, and the residue was extracted three times with pentane
(10 mL each). The combined extracts were concentrated to about 5 mL and
then stored at 5 �C for 3 d. Dark red crystals precipitated, which were
separated from the mother liquor, washed with small quantities of pentane
(0 �C), and dried in vacuo. Yield 96 mg (86%); m.p. 109 �C (decomp); IR
(C6H6): �� � 1615 (OCO)sym, 1440 cm�1 (OCO)asym; 1H NMR (400 MHz,


Scheme 7. Preparation of complexes 26 and 31.
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C6D6): �� 8.01 (m, 4H; ortho-H of C6H5), 7.35 (m, 4H; ortho-H of C6H5),
6.86 ± 6.52 (m, 12H; meta- and para-H of C6H5), 1.25 (sept, J(H,H)�
6.8 Hz, 3H; SbCHCH3), 0.98 (d, J(H,H)� 6.8 Hz, 18H; SbCHCH3);
13C NMR (100.6 MHz, C6D6): �� 188.2 (t, J(Rh,C)� 25.4 Hz; CPh2),
168.2 (q, J(C,F)� 38.7 Hz; CF3CO2), 155.6, 153.8 (both s; ipso-C of C6H5),
128.4, 127.9, 127.5, 124.2, 123.4, 123.2 (all s; C6H5), 25.3 (s; SbCHCH3), 21.7
(s; SbCHCH3); 19F NMR (376.4 MHz, C6D6,): ���74.3 (s); elemental
analysis calcd (%) for C39H41F6O4Rh2Sb (1015.3): C 46.14, H 4.07; found: C
46.29, H 4.05.


[Rh2Cl(�2-acac)(�-CPh2)2(�-SbiPr3)] (5): A solution of 1a (78 mg,
0.09 mmol) in acetone (15 mL) was treated at 0 �C with Tl(acac) (27 mg,
0.09 mmol) and after warming to room temperature stirred for 30 min. The
solvent was removed in vacuo, and the residue was extracted three times
with pentane (10 mL each). The combined extracts were concentrated to
about 2 mL, and the solution was subjected to chromatography on Al2O3


(neutral, activity grade V). With pentane, an off-white fraction was eluted
which was withdrawn. Subsequent elution with benzene afforded a brown-
red fraction, which was brought to dryness in vacuo. After recrystallization
of the residue from acetone/diethyl ether (1:1; 10 mL) at �20 �C brown
crystals were isolated, which were washed with small quantities of pentane
(0 �C) and dried in vacuo. Yield 61 mg (73%); m.p. 144 �C (decomp); IR
(C6H6): �� � 1584, 1519 cm�1 (COacac); 1H NMR (400 MHz, C6D6): �� 8.29,
7.45 (both m, 4H each; ortho-H of C6H5), 7.00 (m, 4H; meta-H of C6H5),
6.82 (m, 2H; para-H of C6H5), 6.63 (m, 4H; meta-H of C6H5), 6.57 (m, 2H;
para-H of C6H5), 5.57 (s, 1H; CH of acac), 1.99 (s, 6H; CH3 of acac), 1.63
(sept, J(H,H)� 7.4 Hz, 3H; SbCHCH3), 0.99 (d, J(H,H)� 7.4 Hz, 18H;
SbCHCH3); 13C NMR (100.6 MHz, C6D6): �� 188.7 (s; CO of acac), 177.3
(m; CPh2), 156.5, 155.0 (both s; ipso-C of C6H5), 127.5, 127.2, 126.7, 126.1,
125.2, 125.0 (all s; C6H5), 101.3 (s; CH of acac), 28.3 (s; CH3 of acac), 24.8
(s; SbCHCH3), 21.4 (s; SbCHCH3); elemental analysis calcd (%) for
C40H48ClO2Rh2Sb (923.8): C 52.00, H 5.24; found: C 51.83, H 5.07.


[Rh2Cl(�2-acac){�-C(p-Tol)2}2(�-SbiPr3)] (6): This compound was pre-
pared as described for 5, with 1b (74 mg, 0.08 mmol) and Tl(acac) (25 mg,
0.08 mmol) as starting materials. Brown solid; yield 70 mg (89%); m.p.
130 �C; IR (C6H6): �� � 1583, 1520 cm�1 (COacac); 1H NMR (400 MHz,
C6D6,): �� 8.21, 7.29 (both d, J(H,H)� 7.9 Hz, 4H each; ortho-H of p-Tol),
6.82, 6.42 (both d, J(H,H)� 7.9 Hz, 4H each;meta-H of p-Tol), 5.62 (s, 1H;
CH of acac), 2.09 (s, 6H; CH3 of p-Tol), 2.00 (s, 6H; CH3 of acac) 1.86 (s,
6H; CH3 of p-Tol), 1.72 (sept, J(H,H)� 7.3 Hz, 3H; SbCHCH3), 1.04 (d,
J(H,H)� 7.3 Hz, 18H; SbCHCH3); 13C NMR (100.6 MHz, C6D6): �� 188.6
(s; CO of acac), 177.7 (m; CPh2), 153.9, 152.6 (both s; ipso-C of p-Tol),
137.2, 135.1 (both s; para-C of p-Tol), 129.0, 126.7, 125.3, 123.8 (all s; ortho-
and meta-C of p-Tol), 101.2 (s; CH of acac), 28.4 (s; CH3 of acac), 24.5 (s;
SbCHCH3), 21.5 (s; CH3 of p-Tol), 21.1 (s; SbCHCH3); elemental analysis
calcd (%) for C44H56ClO2Rh2Sb (979.9): C 53.93, H 5.76; found: C 54.33, H
5.53.


[Rh2(�2-acac)2(�-CPh2)2(�-SbiPr3)] (7): A solution of 1a (84 mg,
0.10 mmol) in acetone (15 mL) was treated with Tl(acac) (73 mg,
0.24 mmol) and stirred for 2 h at room temperature. The solvent was
removed in vacuo, and the residue was extracted three times with pentane
(10 mL each). The combined extracts were concentrated to ca. 3 mL, and
the solution was subjected to chromatography on Al2O3 (neutral, activity
grade V). With pentane, an off-white fraction was eluted which was
withdrawn. Elution with benzene afforded a brown-red fraction, which was
brought to dryness in vacuo. The residue was dissolved in pentane (8 mL),
and the solution stored at �78 �C for 24 h. Brown crystals precipitated,
which were washed with small quantities of pentane (0 �C) and dried in
vacuo. Yield 85 mg (86%); m.p. 55 �C (decomp); IR (C6H6): �� � 1583,
1515 cm�1 (COacac); 1H NMR (400 MHz, C6D6): �� 8.34, 7.68 (both m, 8H;
ortho-H of C6H5), 7.35 ± 6.97 (m, 8H; meta-H of C6H5), 6.72 ± 6.58 (m, 4H;
para-H of C6H5), 5.58 (s, 2H; CH of acac), 2.00 (s, 12H; CH3 of acac), 1.91
(sept, J(H,H)� 7.4 Hz, 3H; SbCHCH3), 0.96 (d, J(H,H)� 7.4 Hz, 18H;
SbCHCH3); 13C NMR (100.6 MHz, C6D6): �� 188.4 (s; CO of acac), 176.8
(t, J(Rh,C)� 20.8 Hz; CPh2), 160.5, 156.0 (both s; ipso-C of C6H5), 138.8,
129.7, 129.1, 126.8, 126.1, 126.0 (all s; C6H5), 100.6 (s; CH of acac), 28.6 (s;
CH3 of acac), 25.6 (s; SbCHCH3), 21.3 (s; SbCHCH3); elemental analysis
calcd (%) for C45H55O4Rh2Sb (987.5): C 54.73, H 5.61, Rh 20.84; found: C
54.63, H 5.50, Rh 19.96.


[Rh2(�2-acac)2{�-C(p-Tol)2}2(�-SbiPr3)] (8): This compound was prepared
as described for 7, with 1b (74 mg, 0.08 mmol) and Tl(acac) (49 mg,
0.16 mmol) as starting materials. Brown solid; yield 68 mg (84%); m.p.


62 �C (decomp); IR (KBr): �� � 1583, 1518 cm�1 (COacac); 1H NMR
(200 MHz, C6D6): �� 8.28 (d, J(H,H)� 8.0 Hz, 4H; ortho-H of p-Tol),
7.25 (m, 8H; ortho- and meta-H of p-Tol), 6.48 (d, J(H,H)� 8.0 Hz, 4H;
meta-H of p-Tol), 5.61 (s, 2H; CH of acac), 2.11 (s, 6H; CH3 of p-Tol), 2.04
(s, 12H; CH3 of acac), 1.95 (s, 6H; CH3 of p-Tol), 1.94 (sept, J(H,H)�
7.3 Hz, 3H; SbCHCH3), 1.15 (d, J(H,H)� 7.3 Hz, 18H; SbCHCH3);
elemental analysis calcd (%) for C49H63O4Rh2Sb (1043.6): C 56.39, H
6.09; found: C 55.96, H 5.89.


[Rh2Cl(�2-acac)(�-CPh2)2(�-SbEt3)] (9): A solution of 5 (100 mg,
0.11 mmol) in benzene (10 mL) was treated with SbEt3 (26 �L, 0.16 mmol)
and stirred for 1 h at room temperature. The solvent was removed in vacuo,
and the remaining pale-brown solid was washed twice with small quantities
of pentane (0 �C) and dried in vacuo. Yield 90 mg (94%); m.p. 176 �C
(decomp); IR (KBr): �� � 1578, 1517 cm�1 (COacac); 1H NMR (400 MHz,
C6D6): �� 8.23, 7.46 (both m, 4H each; ortho-H of C6H5), 7.01 (m, 4H;
meta-H of C6H5), 6.88 (m, 2H; para-H of C6H5), 6.63 (m, 6H; meta-H and
para-H of C6H5), 5.44 (s, 1H; CH of acac), 1.92 (s, 6H; CH3 of acac), 1.09 (q,
J(H,H)� 7.9 Hz, 6H; SbCH2CH3), 0.74 (t, J(H,H)� 7.9 Hz, 9H;
SbCH2CH3); 13C NMR (100.6 MHz, C6D6): �� 188.8 (s; CO of acac),
178.4 (dd, J(Rh,C)� 25.4, 19.6 Hz; CPh2), 156.5, 153.9 (both s; ipso-C of
C6H5), 127.6, 127.2, 126.6, 126.5, 126.2, 124.8 (all s; C6H5), 101.0 (d,
J(Rh,C)� 1.5 Hz; CH of acac), 28.1 (s; CH3 of acac), 10.8 (s; SbCH2CH3),
10.2 (s; SbCH2CH3); elemental analysis calcd (%) for C37H42ClO2Rh2Sb
(881.8): C 50.40, H 4.80; found: C 50.15, H 4.89.


[Rh2Cl(�2-acac-f3){�-C(p-Tol)2}2(�-SbiPr3)] (10): A solution of 1b (125 mg,
0.15 mmol) in acetone (15 mL) was treated at 0 �C with Tl(acac-f3) (41 mg,
0.15 mmol) and, after warming to room temperature, was stirred for
30 min. The solvent was removed in vacuo, and the residue was extracted
three times with pentane (10 mL each). The combined extracts were
concentrated to about 15 mL, and the solution was stored at �78 �C for
12 h. Brown crystals precipitated, which were washed with small quantities
of pentane (0 �C) and dried in vacuo. Yield 104 mg (67%); m.p. 176 �C
(decomp); IR (C6H6): �� � 1615 cm�1 (COacac-f3); 1H NMR (200 MHz, C6D6):
�� 8.13, 7.23 (both d, J(H,H)� 8.0 Hz, 4H each; ortho-H of p-Tol), 6.80,
6.39 (both d, J(H,H)� 8.0 Hz, 4H each; meta-H of p-Tol), 5.05 (s, 1H; CH
of acac-f3), 1.93 (s, 6H; CH3 of p-Tol), 1.86 (s, 3H; CH3 of acac-f3), 1.82 (s,
6H; CH3 of p-Tol), 1.73 (sept, J(H,H)� 6.9 Hz, 3H; SbCHCH3), 1.05 (d,
J(H,H)� 6.9 Hz, 18H; SbCHCH3); 19F NMR (188.3 MHz, C6D6,): ��
�75.2 (s); elemental analysis calcd (%) for C44H53ClF3O2Rh2Sb (1033.9):
C 51.11, H 5.17; found: C 50.83, H 4.76.


[Rh2(�2-acac-f3)2(�-CPh2)2(�-SbiPr3)] (11): This compound was prepared
as described for 10, with 1a (80 mg, 0.09 mmol) and Tl(acac-f3) (71 mg,
0.23 mmol) as starting materials. The reaction was carried out at room
temperature; reaction time 2 h. Brown solid; yield: 76 mg (77%); m.p.
47 �C (decomp); 1H NMR (200 MHz, C6D6): �� 8.18 (m, 4H; ortho-H of
C6H5), 7.13 ± 6.99 (m, 8H; ortho- and meta-H of C6H5), 6.69 ± 6.55 (m, 8H;
meta- and para-H of C6H5), 6.00 (s, 2H; CH of acac-f3), 1.87 (sept, J(H,H)�
7.3 Hz, 3H; SbCHCH3), 1.79 (s, 6H; CH3 of acac), 0.99 (d, J(H,H)� 7.3 Hz,
18H; SbCHCH3); 19F NMR (188.3 MHz, C6D6): ���75.0 (s); elemental
analysis calcd (%) for C45H49F6O4Rh2Sb (1095.4): C 49.34, H 4.51; found: C
49.79, H 4.26.


[Rh2(�2-acac)2{�-CPh2)2(�-CO)] (13): A slow stream of CO was passed
through a solution of 7 (85 mg, 0.10 mmol) in benzene (10 mL) for 15 s at
room temperature. After the solution was stirred for 30 min, the solvent
was removed in vacuo and the residue recrystallized from dichloro-
methane/pentane (1:10; 15 mL) at 5 �C. Red crystals precipitated which
were separated from the mother liquor, washed with small quantities of
pentane (0 �C), and dried. Yield 59 mg (89%); m.p. 48 �C (decomp); IR
(KBr): �� � 1842 (CO), 1583, 1521 cm�1 (COacac); 1H NMR (400 MHz,
C6D6): �� 7.60, 7.12 (both m, 4H each; ortho-H of C6H5), 7.00, 6.77 (both m,
12H; meta-H and para-H of C6H5), 5.36 (s, 2H; CH of acac), 1.76 (s, 12H;
CH3 of acac); 13C NMR (100.6 MHz, C6D6): �� 189.5 (s; CO of acac), 182.8
(m; �-CO), 154.4, 154.3 (both s; ipso-C of C6H5), 129.9, 128.5, 127.6, 127.1,
126.1, 126.0 (all s; C6H5), 101.5 (s; CH of acac), 27.9 (s; CH3 of acac), signal
for CPh2 could not be exactly located; elemental analysis calcd (%) for
C37H34O5Rh2 (764.5): C 58.13, H 4.48; found: C 57.87, H 4.45.


[Rh2(�2-acac)2{�-C(p-Tol)2}2(�-CO)] (14): This compound was prepared as
described for 13, with 8 (70 mg, 0.08 mmol) and CO as starting materials.
Red solid; yield 55 mg (86%); m.p. 58 �C (decomp); IR (KBr): �� � 1849
(CO), 1579, 1522 cm�1 (COacac); 1H NMR (200 MHz, C6D6): �� 7.62, 7.07
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(both d, J(H,H)� 8.1 Hz, 4H each; ortho-H of p-Tol), 6.86, 6.58 (both d,
J(H,H)� 8.1 Hz, 4H each;meta-H of p-Tol), 5.38 (s, 2H; CH of acac), 2.05,
1.94 (both s, 6H each; CH3 of p-Tol), 1.79 (s, 12H; CH3 of acac); 13C NMR
(100.6 MHz, C6D6): �� 189.4 (s; CO of acac), 182.8 (t, J(Rh,C)� 19.3 Hz;
�-CO), 152.1, 151.9 (both s; ipso-C of p-Tol), 137.8, 135.4 (both s; para-C of
p-Tol), 129.1, 128.7, 128.4, 125.9 (all s; p-Tol), 101.3 (s; CH of acac), 28.0 (s;
CH3 of acac), 21.2 (s; CH3 of p-Tol), signal for C(p-Tol)2 could not be
exactly located; elemental analysis calcd (%) for C41H42O5Rh2 (820.6): C
60.01, H 5.16; found: C 59.73, H 4.87.


[Rh2(�2-acac)2(�-CPh2)2(�-CNtBu)] (15): A solution of 7 (83 mg,
0.08 mmol) in pentane (40 mL) was treated dropwise with CNtBu (10 �L,
0.08 mmol) at �50 �C. After warming to room temperature, the solution
was stirred for 45 min. The solvent was removed in vacuo, and the residue
recrystallized from pentane (5 mL) at �78 �C. Red crystals precipitated,
which were separated from the mother liquor and dried in vacuo. Yield
61 mg (89%); m.p. 166 �C (decomp); 1H NMR (400 MHz, C6D6): �� 7.70,
7.17 (both m, 8H; ortho-H of C6H5), 7.07, 6.78 (both m, 12H; meta- and
para-H of C6H5), 5.42 (s, 2H; CH of acac), 1.79 (s, 12H; CH3 of acac), 1.16
(s, 9H; CH3 of CNtBu); 13C NMR (100.6 MHz, C6D6): �� 188.9 (s; CO of
acac), 177.1 (t, J(Rh,C)� 20.9 Hz; CPh2), 150.0, 149.9 (both s; ipso-C of
C6H5), 129.8, 126.9, 126.8, 126.7, 126.2, 125.6 (all s; C6H5), 101.0 (s; CH of
acac), 60.8 (s; C(CH3)3), 30.8 (s; C(CH3)3), 28.1 (s; CH3 of acac), signal for
CNtBu could not be exactly located; elemental analysis calcd (%) for
C41H43NO4Rh2 (819.6): C 60.08, H 5.29, N 1.71; found: C 60.37, H 5.16, N
1.80.


[Rh2(�2-acac)2(�-CPh2)2(�-SbEt3)] (16): This compound was prepared as
described for 9, with 7 (165 mg, 0.17 mmol) and SbEt3 (40 �L, 0.25 mmol)
as starting materials: Pale brown solid; yield 157 mg (99%); m.p. 116 �C
(decomp); MS (FAB, 2-nitrophenyloctylether): m/z : 944 [M]� , 736 [M�
SbEt3]� , 637 [M� SbEt3� acac]� ; IR (C6H6): �� � 1580, 1520 cm�1 (COacac);
1H NMR (400 MHz, C6D6): �� 8.25, 7.25 (both m, 8H; ortho-H of C6H5),
7.18 (m, 4H; meta-H of C6H5), 7.06 (m, 2H; para-H of C6H5), 6.72 (m, 4H;
meta-H of C6H5), 6.64 (m, 2H; para-H of C6H5), 5.43 (s, 2H; CH of acac),
1.95 (s, 12H; CH3 of acac), 1.24 (q, J(H,H)� 7.9 Hz, 6H; SbCH2CH3), 0.71
(t, J(H,H)� 7.9 Hz, 9H; SbCH2CH3); 13C NMR (100.6 MHz, C6D6): ��
188.4 (s; CO of acac), 177.6 (t, J(Rh,C)� 20.0 Hz; CPh2), 156.3, 156.2
(both s; ipso-C of C6H5), 129.3, 126.8, 126.3, 126.2, 125.7, 125.4 (all s; C6H5),
100.2 (s; CH of acac), 28.3 (s; CH3 of acac), 12.3 (s; SbCH2CH3), 10.4 (s;
SbCH2CH3); elemental analysis calcd (%) for C42H49O4Rh2Sb (945.4): C
53.36, H 5.22; found: C 53.32, H 5.24.


[(�2-acac)2Rh(�-CPh2)2Rh(PiPr3)] (21): A solution of 7 (105 mg,
0.11 mmol) in benzene (20 mL) was treated with PiPr3 (105 �L, 0.55 mmol)
and stirred for 4 h at 60 �C. After cooling to room temperature, the solvent
was removed in vacuo. The residue was dissolved in pentane (3 mL), and
the solution was subjected to chromatography on Al2O3 (neutral, activity
grade V). With pentane, an off-white fraction was eluted which was
withdrawn. Elution with benzene afforded a brown fraction, which was
brought to dryness in vacuo. Recrystallization of the residue from pentane
(15 mL) at 5 �C gave brown crystals, which were separated from the mother
liquor and dried in vacuo. Yield 67 mg (68%); m.p. 75 �C (decomp); MS
(FAB, 2-nitrophenyloctylether): m/z : 896 [M]� , 797 [M� acac]� , 637 [M�
PiPr3� acac]� ; 1H NMR (400 MHz, C6D6): �� 8.32, 7.86 ± 7.76, 7.35 ± 7.24,
6.87 (all m, 20H; C6H5), 4.86 (s, 2H; CH of acac), 1.90 (m, 3H; PCHCH3),
1.84, 1.42 (both s, 6H each; CH3 of acac), 0.88 ± 0.78 (m, 18H; PCHCH3);
13C NMR (100.6 MHz, C6D6,): �� 186.4, 183.8 (both s; CO of acac), 160.5
(m; CPh2), 151.1, 148.1 (both s; ipso-C of C6H5), 132.0, 129.5, 129.1, 128.7,
127.1, 126.5, 125.8, 125.4 (all s; C6H5), 98.7 (s; CH of acac), 27.7, 26.7 (both s;
CH3 of acac), 25.4 (m; PCHCH3), 22.5 (m; PCHCH3); 31P NMR
(162.0 MHz, C6D6): �� 40.5 (dd, 1J(P,Rh)� 257.7, 2J(P,Rh)� 5.9 Hz);
elemental analysis calcd (%) for C45H55O4PRh2 (896.7): C 60.28, H 6.18,
Rh 22.95; found: C 60.51, H 5.73, Rh 23.68.


[(�2-acac)2Rh(�-CPh2)2Rh(PiPr2Ph)] (22): A solution of 7 (100 mg,
0.11 mmol) in benzene (20 mL) was treated with PiPr2Ph (106 �L,
0.55 mmol) and stirred for 8 h at 60 �C. After cooling to room temperature,
the solvent was removed in vacuo. The residue was dissolved in diethyl
ether/pentane (1:5; 10 mL) and the solution was subjected to chromatog-
raphy on Al2O3 (neutral, activity grade V). With pentane, an off-white
fraction was eluted which was withdrawn. Elution with benzene afforded a
brown fraction, which was brought to dryness in vacuo. Recrystallization of
the residue from diethyl ether/pentane (1:5; 10 mL) at 5 �C led to the
formation of brown crystals, which were separated from the mother liquor


and dried in vacuo. Yield 82 mg (79%); m.p. 52 �C (decomp); 1H NMR
(400 MHz, C6D6): �� 8.16, 7.78, 7.69, 7.34, 7.23 ± 6.97, 6.84 (all m, 25H;
C6H5), 4.86 (s, 2H; CH of acac), 2.16 (m, 2H; PCHCH3), 1.84, 1.42 (both s,
6H each; CH3 of acac), 1.14, 0.92, 0.73, 0.46 (all dd, J(P,H)� 15.8, J(H,H)�
7.1 Hz, 3H each; PCHCH3); 31P NMR (162.0 MHz, C6D6): �� 37.7 (dd,
1J(P,Rh)� 267.1, 2J(P,Rh)� 5.9 Hz); elemental analysis calcd (%) for
C48H53O4PRh2 (930.7): C 61.94, H 5.74; found: C 62.32, H 6.03.


[(�2-acac)2Rh(�-CPh2)2Rh(PiPrPh2)] (23): A solution of 7 (98 mg,
0.10 mmol) in benzene (20 mL) was treated with PiPrPh2 (114 mg,
0.50 mmol) and stirred for 24 h at 60 �C. After cooling to room temper-
ature, the solvent was removed in vacuo. The residue was dissolved in
diethyl ether/pentane (1:3; 10 mL), and the solution was worked up as
described for 22. Brown solid; yield 72 mg (76%); m.p. 100 �C (decomp);
1H NMR (400 MHz, C6D6): �� 8.03, 7.79, 7.52, 7.34, 7.23 ± 6.94, 6.76 (all m,
30H; C6H5), 4.86 (s, 2H; CH of acac), 2.13 (m, 1H; PCHCH3), 1.82, 1.40
(both s, 6H each; CH3 of acac), 0.66, 0.24 (both dd, J(P,H)� 14.6, J(H,H)�
7.0 Hz, 3H each; PCHCH3); 13C NMR (100.6 MHz, C6D6): �� 186.5, 184.0
(both s; CO of acac), 149.6, 146.5 (both s; ipso-C of C6H5), 135.0 (d,
J(P,C)� 12.2 Hz; ipso-C of PC6H5), 133.9 (d, J(P,C)� 10.2 Hz; ortho-C of
PC6H5), 130.3 (d, J(P,C)� 3.1 Hz; meta-C of PC6H5), 129.6, 129.2, 128.9,
127.4, 126.8, 126.0, 125.5 (all s; para-C of PC6H5 and ortho-,meta- and para-
C of C6H5), 98.9 (s; CH of acac), 27.7, 26.7 (both s; CH3 of acac), 29.3 (m;
PCHCH3), 18.5 (s; PCHCH3), signal for CPh2 could not be exactly located;
31P NMR (81.0 MHz, C6D6): �� 43.3 (dd, 1J(P,Rh)� 272.1, 2J(P,Rh)�
5.4 Hz); elemental analysis calcd (%) for C51H51O4PRh2 (964.6): C 63.49,
H 5.33; found: C 64.39, H 5.03.


[(�2-acac)2Rh(�-CPh2)2Rh(PPh3)] (24): A solution of 7 (119 mg,
0.12 mmol) in benzene (20 mL) was treated with PPh3 (157 mg, 0.60 mmol)
and stirred for 48 h at 60 �C. After cooling to room temperature, the solvent
was removed in vacuo. The residue was dissolved in diethyl ether/pentane
(2:1; 10 mL) and the solution was worked up as described for 22. Brown
solid; yield 72 mg (76%); m.p. 98 �C (decomp); 1H NMR (400 MHz, C6D6):
�� 8.03, 7.79 (both m, 4H each; ortho-H of C6H5), 7.26, 7.04 ± 6.87, 6.71
(all m, 27H; PC6H5 and meta- and para-H of C6H5), 4.83 (s, 2H; CH of
acac), 1.86, 1.42 (both s, 6H each; CH3 of acac); 13C NMR (100.6 MHz,
C6D6): �� 186.4, 184.1 (both s; CO of acac), 148.5, 146.3 (both s; ipso-C of
C6H5), 134.1 (d, J(C,P)� 12.2 Hz; ipso-C of PC6H5), 131.1 (d, J(C,P)�
3.1 Hz; meta-C of PC6H5), 128.3 (d, J(PC)� 4.1 Hz; ortho-C of
PC6H5), 127.0, 126.6, 126.2, 125.3 (all s; para-C of PC6H5 and ortho-, meta-
and para-C of C6H5), 98.6 (s; CH of acac), 27.8, 27.0 (both s; CH3 of
acac), signal for CPh2 could not be exactly located; 31P NMR (162.0 MHz,
C6D6): �� 33.9 (dd, 1J(P,Rh)� 274.7, 2J(P,Rh)� 6.8 Hz); elemental
analysis calcd (%) for C54H49O4PRh2 (998.7): C 64.94, H 4.95; found:
C 64.49, H 5.36.


[(�2-acac)2Rh{�-C(p-Tol)2}Rh(PiPr3)] (25): This compound was prepared
as described for 21, with 8 (104 mg, 0.10 mmol) and PiPr3 (95 �L,
0.50 mmol) as starting materials. Brown solid; yield 70 mg (74%); m.p.
64 �C (decomp); 1H NMR (400 MHz, C6D6): �� 8.24, 7.81 (both d,
J(H,H)� 8.2 Hz, 4H each; ortho-H of p-Tol), 7.12, 6.75 (both d,
J(H,H)� 8.2 Hz, 4H each; meta-H of p-Tol), 4.89 (s, 2H; CH of acac),
2.20 (s, 6H; CH3 of p-Tol), 1.93 (m, 3H; PCHCH3), 1.89 (s, 6H; CH3 of p-
Tol), 1.87, 1.48 (both s, 6H each; CH3 of acac), 0.92 ± 0.83 (m, 18H;
PCHCH3); 13C NMR (100.6 MHz, C6D6): �� 186.2, 183.6 (both s; CO of
acac), 148.0, 145.3 (both s; ipso-C of p-Tol), 135.0, 134.7 (both s; para-C of
p-Tol), 131.4, 129.6, 128.8, 127.3 (all s; p-Tol), 98.7 (s; CH of acac), 27.8, 26.7
(both s; CH3 of acac), 25.4 (m; PCHCH3), 21.5, 21.4 (both s; CH3 of p-Tol),
20.5 (m; PCHCH3), signal for CPh2 could not be exactly located; 31P NMR
(162.0 MHz, C6D6): �� 42.3 (dd, 1J(P,Rh)� 259.4, 2J(P,Rh)� 6.8 Hz);
elemental analysis calcd (%) for C49H63O4PRh2 (952.8): C 61.77, H 6.66;
found: C 62.13, H 6.45.


[(�2-acac)2Rh(�-CPh2)2Rh(�2-HC�CCH2OCH3)] (26): A solution of 21
(312 mg, 0.28 mmol) in diethyl ether (20 mL) was treated with
HC�CCH2OCH3 (240 �L, 2.80 mmol) and stirred for 10 h at room temper-
ature. A gradual change of color from dark red to red-orange occurred. The
solvent was removed in vacuo, and the residue was extracted with methanol
(20 mL). The extract was brought to dryness in vacuo, the remaining
residue was suspended in hexane (5 mL), and the suspension was subjected
to chromatography on Al2O3 (neutral, activity grade V). With hexane, an
off-white fraction was eluted which was withdrawn. Elution with hexane/
diethyl ether (5:1) afforded a red fraction, of which the solvent was
removed. The residue was washed twice with pentane (3 mL each; �30 �C)
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and recrystallized from acetone/pentane (1:5; 10 mL) at �78 �C. After the
solution was stored for 2 d, orange crystals precipitated, which were
separated from the mother liquor and dried in vacuo. Yield 151 mg (67%);
m.p. 93 �C (decomp); IR (KBr): �� � 1943 (C�C), 1585, 1577, 1516 cm�1


(COacac); 1H NMR (400 MHz, CD2Cl2): �� 7.45, 7.35, 7.17, 7.00, 6.87 (all m,
21H; C6H5 and�CH), 4.69, 4.68 (both s, 1H each; CH of acac), 4.66 (br s,
2H; CH2OCH3), 3.43 (s, 3H; CH2OCH3), 1.93, 1.92, 1.34, 1.28 (all s, 3H
each; CH3 of acac); 13C NMR (100.6 MHz, CD2Cl2): �� 186.1, 186.0, 184.6,
184.5 (all s; CO of acac), 183.0 (m; CPh2), 153.8, 153.6, 150.9, 150.6 (all s;
ipso-C of C6H5), 134.1 (d, J(Rh,C)� 24.0 Hz; �CCH2OCH3), 130.4, 130.3,
130.1, 126.4, 126.2, 125.9, 125.7, 125.5, 125.4, 125.3 (all s; C6H5), 121.9 (d,
J(Rh,C)� 22.5 Hz; �CH), 98.1, 98.0 (both s; CH of acac), 66.1 (s;
CH2OCH3), 57.8 (s; CH2OCH3), 27.7, 27.6, 26.8, 26.7 (all s; CH3 of acac);
elemental analysis calcd (%) for C40H40O5Rh2 (806.6): C 59.57, H 5.00;
found: C 59.29, H 4.71.


[(�2-acac)2Rh(�-CPh2)2Rh(�2-HC�CCH3)] (27): A solution of 21 (138 mg,
0.16 mmol) in acetone (20 mL) was stirred under a propyne atmosphere for
10 h at room temperature. A gradual change of color from dark red to red-
orange occurred. The solvent was removed in vacuo, the residue was
suspended in hexane (5 mL), and the solution was then worked up as
described for 23. After recrystallization from acetone/pentane (1:10;
10 mL) orange crystals were obtained. Yield 90 mg (83%); m.p. 150 �C
(decomp); IR (KBr): �� � 1579, 1517 cm�1 (COacac); 1H NMR (400 MHz,
CD2Cl2): �� 7.47, 7.35, 7.16, 6.98, 6.87 (all m, 20H; C6H5), 6.91 (m, 1H;
�CH), 4.68, 4.67 (both s, 1H each; CH of acac), 2.50 (m, 3H;�CCH3), 1.93,
1.92, 1.33, 1.27 (all s, 3H each; CH3 of acac); 13C NMR (100.6 MHz,
CD2Cl2): �� 186.0, 185.9, 184.6, 184.5 (all s; CO of acac), 180.6 (m; CPh2),
153.9, 153.8, 151.4, 150.8 (all s; ipso-C of C6H5), 135.7 (d, J(Rh,C)�
23.6 Hz; �CCH3), 130.4, 130.2, 129.6, 126.4, 126.1, 125.8, 125.4, 125.3,
125.2, 125.0 (all s; C6H5), 119.5 (d, J(Rh,C)� 20.8 Hz; �CH), 98.1, 97.9
(both s; CH of acac), 27.7, 27.6, 26.8, 26.7 (all s; CH3 of acac), 12.6 (s;
�CCH3); elemental analysis calcd (%) for C39H38O4Rh2 (776.5): C 60.32, H
4.93; found: C 60.09, H 4.83.


[(�2-acac)2Rh(�-CPh2)2Rh(�2-HC�CPh)] (28): This compound was pre-
pared as described for 26, with 21 (140 mg, 0.16 mmol) and phenylacetylene
(175 �L, 1.60 mmol) as starting materials; time of reaction 4 h. Recrystal-
lization from diethyl ether/hexane (1:10; 10 mL) gave orange crystals. Yield
67 mg (50%); m.p. 140 �C (decomp); IR (KBr): �� (COacac)� 1585, 1577,


1515 cm�1; 1H NMR (400 MHz, CD2Cl2): �� 7.76 (d, J(Rh,H)� 4.1 Hz,
1H; �CH), 7.64, 7.42, 7.25, 7.04, 6.89, 6.67 (all m, 25H; C6H5), 4.75, 4.73
(both s, 1H each; CH of acac), 1.99, 1.95, 1.50, 1.23 (all s, 3H each; CH3 of
acac); 13C NMR (100.6 MHz, CD2Cl2): �� 186.4, 185.8, 184.8, 184.5 (all s;
CO of acac), 184.4, 181.9 (both dd, J(Rh,C)� 32.5, 28.5 Hz; CPh2), 164.5,
153.5, 151.0, 150.4 (all s; ipso-C of C(C6H5)2), 137.5 (d, J(Rh,C)� 23.4 Hz;
�CPh), 131.8, 131.7, 130.5, 130.4, 129.9, 129.6, 129.5, 128.2, 126.3, 126.2,
126.1, 125.9, 125.5, 125.4, 125.3, 124.9 (all s; C6H5), 124.8 (d, J(Rh,C)�
23.4 Hz, �CH), 98.1, 98.0 (both s; CH of acac), 27.9, 27.6, 26.9, 26.4 (all s;
CH3 of acac), signal of the ipso-C atoms of �CC6H5 could not be exactly
located; elemental analysis calcd (%) for C44H40O4Rh2 (838.6): C 63.02, H
4.81; found: C 63.04, H 5.11.


[(�2-acac)2Rh(�-CPh2)2Rh(�2-CH3C�CCO2Et)] (29): A solution of 21
(130 mg, 0.15 mmol) in diethyl ether (15 mL) was treated with
CH3C�CCO2Et (175 �L, 1.50 mmol) and stirred for 5 d at room temper-
ature. The solvent was removed in vacuo, the residue was suspended in
hexane, and the suspension was subjected to chromatography on Al2O3


(neutral, activity grade V). With hexane, an off-white fraction was eluted
which was withdrawn. Extraction with hexane/diethyl ether (10:1) afforded
a red fraction, which was concentrated to about 5 mL in vacuo. After the
solution was stored at �78 �C for 1 d, orange crystals precipitated, which
were separated from the mother liquor, washed twice with pentane (3 mL
each; �20 �C), and dried in vacuo. Yield 93 mg (73%); m.p. 180 �C
(decomp); IR (KBr): �� � 1869 (C�C), 1705 (C�O), 1585, 1579, 1518 cm�1


(COacac); 1H NMR (400 MHz, CD2Cl2): �� 7.56, 7.41, 7.28, 7.18, 7.03, 6.89
(all m, 20H; C6H5), 4.73, 4.68 (both s, 1H each; CH of acac), 4.31 (q,
J(H,H)� 7.0 Hz, 2H; CO2CH2CH3), 2.36 (d, J(Rh,H)� 2.6 Hz, 3H;
�CCH3), 1.94, 1.93, 1.43, 1.23 (all s, 3H each; CH3 of acac), 1.31 (t,
J(H,H)� 7.0 Hz, 3H; CO2CH2CH3); 13C NMR (100.6 MHz, CD2Cl2): ��
186.1, 185.9, 184.6 (all s; CO of acac), 185.4 (dd, J(Rh,C)� 31.5, 28.5 Hz;
CPh2), 184.9 (dd, J(Rh,C)� 32.6, 28.5 Hz; CPh2), 157.9 (d, J(Rh,C)�
2.0 Hz; CO2Et), 153.8, 153.4, 151.5, 149.6 (all s; ipso-C of C6H5), 138.1 (d,
J(Rh,C)� 26.4 Hz; �CCH3), 130.4, 130.2, 130.1, 129.8, 126.5, 126.3, 126.1,
126.0, 125.9, 125.7, 125.6, 125.4 (all s; C6H5), 121.6 (d, J(Rh,C)� 22.4 Hz;
�CCO2Et), 98.1, 98.0 (both s; CH of acac), 61.8 (s; CO2CH2CH3), 27.6, 27.0,
26.5, 26.4 (all s; CH3 of acac), 14.2, 13.2 (both s;�CCH3 and CO2CH2CH3);
elemental analysis calcd (%) for C42H42O6Rh2 (848.6): C 59.45, H 4.99;
found: C 59.15, H 4.93.


Table 1. Crystal structure data of compounds 5, 13, 21, and 30.


5 13 21 30


formula C40H48ClO2Rh2Sb C37H34O5Rh2 C45H55O4PRh2 C46H52N2O4Rh2


Mr 923.80 764.46 896.68 902.72
T [K] 173(2) 173(2) 173(2) 173(2)
crystal size [mm3] 0.1� 0.1� 0.1 0.1� 0.1� 0.1 0.1� 0.1� 0.1 0.2� 0.2� 0.1
space group P21/c (no. 14) I2/a (no. 15) P21/c (no. 14) P1≈ (no. 2)
cell-dimension determination 5000 reflns 5000 reflns 5000 reflns 5000 reflns


2.05��� 30.52 2.40� �� 29.23 2.22� �� 28.21 2.33� �� 27.06
a [pm] 1166.4(3) 1723.2(5) 1059.2(1) 1067.46(13)
b [pm] 1899.3(4) 1007.0(3) 1809.0(2) 1302.40(15)
c [pm] 1697.8(5) 1939.3(6) 2156.7(2) 1735.80(19)
� [�] 90.0 90.0 90.0 96.828(13)
� [�] 89.57(3) 113.63(3) 99.88(1) 105.071(13)
	 [�] 90.0 90.0 90.0 110.578(13)
V [nm3] 3.761(2) 3.083(2) 4.0712(7) 2.1217(4)
Z 4 4 4 2

calcd [Mgm�3] 1.631 1.647 1.463 1.413
� [mm�1] 1.679 1.101 0.891 0.821
F(000) 1848 1544 1848 928
2�max [�] 61.04 58.46 56.42 50.7
measured reflections 40486 21011 42944 23219
unique reflections 8126 4160 9945 7324
reflection used 8126 4160 9945 7324
parameters 454 201 479 498
R1 [I� 2�(I)][a] 0.0337 0.0310 0.0598 0.0385
wR2 (all data) 0.0763 0.0598 0.1624 0.1007
g1:g2 0.041:0.00 0.0269:0.00 0.1017:0.00 0.0591:0.00
residual electron density 
 [10�6 epm�3] 0.809/� 1.19 0.895/� 1.242 0.884/� 2.087 1.254/� 1.183


[a] R1�� � �Fo ���Fc � � /� �Fo � .
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[(�2-acac)2Rh(�-CPh2)2Rh(CNtBu)2] (30): A solution of 21 (120 mg,
0.13 mmol) in pentane (20 mL) was treated with CNtBu (73 �L, 0.65 mmol)
at room temperature. A red solid precipitated. After stirring the reaction
mixture for 1 h, the solution was decanted. The residue was washed three
times with pentane (5 mL each) and then recrystallized from diethyl ether/
pentane (1:1; 15 mL) at 5 �C. Red crystals were obtained, which were
separated from the mother liquor and dried in vacuo. Yield 104 mg (89%);
m.p. 122 �C (decomp); 1H NMR (400 MHz, C6D6): �� 8.26, 7.45 (both m,
8H; ortho-H of C6H5), 7.42, 7.26, 6.90 (all m, 12H; meta- and para-H of
C6H5), 4.65 (s, 2H; CH of acac), 1.86, 1.31 (both s, 6H each; CH3 of acac),
0.76 (s, 18H; CH3 of CNtBu); 13C NMR (100.6 MHz, C6D6): �� 185.0, 184.6
(both s; CO of acac), 157.2, 155.6 (both s; ipso-C of C6H5), 132.1, 131.1,
125.8, 125.7, 124.6, 124.3 (all s; C6H5), 98.1 (s; CH of acac), 56.2 (s;
C(CH3)3), 29.8 (s; C(CH3)3), 27.9, 26.6 (both s; CH3 of acac), signals for
CNtBu andCPh2 could not be exactly located; elemental analysis calcd (%)
for C46H52N2O4Rh2 (902.7): C 61.21, H 5.81, N 3.10; found: C 60.93, H 5.64,
N 2.74.


[(�2-acac)2Rh(�-CPh2)2Rh(CO)3] (31): A slow stream of carbon monoxide
was passed through a solution of 21 (110 mg, 0.12 mmol) in pentane
(20 mL) for 10 s at room temperature. After the solution was stirred for
10 min, the solvent was removed in vacuo and the residue was recrystallized
from diethyl ether/pentane (1:1; 10 mL) at �20 �C. Red crystals were
obtained which were separated from the mother liquor and dried in vacuo.
Yield 90 mg (89%); m.p. 111 �C (decomp); MS (DCI): m/z : 821 [M�1]� ,
765 [M�1� 2CO]� , 736 [M�1� 3CO]� ; IR (C6H6): �� � 2056, 2016, 1965
(CO), 1588, 1576, 1518 cm�1 (COacac); 1H NMR (400 MHz, C6D6): �� 8.26,
7.45 (both m, 4H each; ortho-H of C6H5), 7.47 ± 6.75 (m, 12H; meta- and
para-H of C6H5), 4.55 (s, 2H; CH of acac), 1.72, 1.22 (both s, 6H each; CH3


of acac); elemental analysis calcd (%) for C39H34O7Rh2 (820.5): C 57.09, H
4.18; found: C 56.85, H 3.99.


X-ray crystal structure determination of compounds 5, 13, 21, and 30 :
Single crystals of 5 were grown from a saturated solution of 5 in acetone/
diethyl ether (1:1) at �20 �C. Crystals of 13 were obtained from a solution
of CH2Cl2/pentane (1:5) at 5 �C. Crystals of 21 and 30 were grown from a
saturated solutions of 21 and 30 in diethyl ether/pentane (1:1) at 5 �C,
respectively. Crystal data for the four structures are presented in Table 1.
The data for 5, 13, 21, and 30 were collected at low temperature from an oil-
coated, shock-cooled crystal[13] on a Stoe IPDS instrument with mono-
chromated MoK� radiation (�� 0.71073 ä). The structures were solved by
Patterson or Direct methods with SHELXS-86 for 5 and 13, and with
SHELXS-97 for 21 and 30.[14] All structures were refined by full matrix
least-squares procedures on F 2 with SHELXL-86 (5, 13) or SHELXL-97
(21, 30).[15] Two isopropyl groups of 5 were disordered and were found in
two positions with an occupancy factor of 0.57:0.43 and 0.67:0.33; they were
refined anisotropically with restraints. The asymmetric unit of 13 contains
only half of the molecule with the CO ligand on the crystallographic axis.
The second half was generated by the symmetry operation �x� 1/2, y, �z.
For the structure of 30 the extinction parameter was refined to 0.0095(6).
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Supramolecular Synthesis through Dihydrogen Bonds:
Self-Assembly of Controlled Architectures from
NaBH4 ¥ Poly(2-hydroxyethyl)cyclen Building Blocks


Radu Custelcean,*[a] Mircea Vlassa,[b] and James E. Jackson*[a]


Abstract: A systematic investigation of
molecular structures/supramolecular or-
ganization relationships in dihydrogen-
bonded complexes comprising NaBH4


and poly-2-hydroxyethyl-cyclen (poly-
HEC) building blocks is reported. Like
in the prototype compound 1, a (NaBH4-
poly-HEC)2 dimeric arrangement has
been found in the analogous structures
3 and 5, but not in compound 2, which
lacks dihydrogen bonds. The exact con-
nectivity of the dimers is determined by


a complex interplay of noncovalent
interactions such as OH ¥¥¥HB dihydro-
gen bonds, OH ¥¥¥O conventional hydro-
gen bonds, Na�O and Na�N coordina-
tive bonds, and dispersion interactions.
The persistent recurrence of this general


supramolecular motif permits controlled
assembly of extended networks with
desired architectures, by the use of
appropriate spacers for linking the dim-
ers, as demonstrated by the solid-state
structure of 7. Additionally, the intrinsic
solid-state reactivity of these dihydro-
gen-bonded networks makes this ap-
proach a promising strategy for the
rational construction of functional ex-
tended covalent solids.


Keywords: crystal engineering ¥ hy-
drogen bonds ¥ noncovalent interac-
tions ¥ self-assembly ¥ supramolecu-
lar chemistry


Introduction


There is increasing interest in the employment of hydrogen
bonds in the supramolecular synthesis of new materials with
desired structures and properties.[1] The advantage of using
these weak but directional interactions is that they allow rapid
self-organization of molecular building blocks into extended
regular structures, which represents a very efficient process
compared with conventional synthesis using covalent bonds.
Recently, a special type of hydrogen bonding (dihydrogen
bonding), in which a �M�H bond (M�Al, B, Ga, Ir, Mo, Mn,
Os, Re, Ru, W) acts as the proton acceptor, has been the
subject of numerous investigations.[2] Geometrically, dihydro-
gen bonding is generally characterized by short H ¥¥¥H contact
distances (typically 1.7 ± 2.2 ä) and strongly bent AH ¥¥¥H�M
angles (typically 90 ± 135�). Its nature is mostly electrostatic,


although a weak covalent contribution can sometimes be
found.[2a] With strength and directionality comparable with
those found in conventional hydrogen bonding, this hydridic-
to-protonic interaction can also direct crystal packing, offer-
ing potential utilities in crystal engineering.[3] The additional
feature that makes these unconventional hydrogen bonds
particularly interesting is their ability to react in the solid state
by H2 loss, trading the weak H ¥¥¥H interactions for strong
covalent bonds (Scheme 1). This opens new avenues to the


Scheme 1.


rational assembly of extended covalent materials with con-
trolled architectures.[4] We have employed A�H ¥¥¥H�B (A�
O, N) dihydrogen bonds in the construction of zero-, one-,
two-, and three-dimensional networks with various motifs,
and have shown that some of these systems can react
topochemically to form novel covalent materials that were
otherwise not accessible from solution.[4a±d] While the result-
ing products of these topochemical transformations were
generally amorphous, very recently we demonstrated that
judicious engineering of the starting dihydrogen-bonded
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crystals may allow preservation of crystallinity during the
O�H ¥¥¥H�B to O�B conversion.[4a] Thus, solid-state decom-
position of the NaBH4 ¥ THEC (THEC�N,N�,N��,N���-tetra-
kis-(2-hydroxyethyl)cyclen) (1) dihydrogen-bonded complex
led to a crystalline covalent product by a crystal-to-crystal
process. It appears that this outcome is the result of self-
assembly into large globular hydrogen-bonded (NaBH4 ¥
THEC)2 dimers (Figure 1), whose close packing in the initial
crystal minimizes the shrinkage of the unit cell during
decomposition.


Figure 1. Structure of NaBH4 ¥ THEC (1) and its self-assembly into
dihydrogen-bonded dimers.


We seek a generalization of this strategy that will eventually
lead to the controlled assembly of extended crystalline
covalent networks. Further elaboration of the dihydrogen-
bonded building blocks present in 1, which proved to possess
the required geometrical and solid-state reactivity prerequi-
sites, appears to be the most potentially successful approach
toward this objective. However, an important and necessary
condition is that the dihydrogen-bonded dimeric motif
observed in 1 be robust enough to survive substantial
modifications in molecular structure. For a truly rational
approach toward covalent solids, adequate control over the
supramolecular arrangement of the initial dihydrogen-bonded
structures is first required. While crystal engineering with
conventional hydrogen bonds is now a well-explored field,[1]


no systematic study employing the less common dihydrogen
bonds has been reported to date. This report presents our
efforts directed toward the understanding of the relationships
between molecular structures and supramolecular organiza-
tions in sodium borohydride complexes with poly-HEC
(HEC� 2-hydroxyethylcyclen) ligands. We show that despite
the high flexibility of these ligands, the H ¥¥¥H interactions to
the BH�


4 , assisted by preorganization of the OH proton donor
groups by complexation to Na�, induce persistent recurrence


of a (NaBH4 ¥ poly-HEC)2 general dimeric motif, which may
ultimately be exploited for the assembly of extended dihy-
drogen-bonded systems with controlled architectures.


Results and Discussion


The high flexibility of THEC does not recommend it as a
reliable building block for the construction of supramolecular
networks with predictable architectures. However, the coor-
dination of alkali metal cations locks the ligand into a
conformation with all four hydroxyethyl arms projecting to
the same side of the azacrown ring, leading to an almost cubic
disposition of the nitrogen and oxygen atoms.[4a,5] This
geometry favors the self-assembly of 1 into dihydrogen-
bonded closed loop dimers, which to date appears to be the
most promising arrangement for the preservation of crystal-
linity through solid-state dihydrogen-to-covalent bonding
conversions.
The dimers in 1 are held together by four conventional


OH ¥¥¥O hydrogen bonds, complemented by four orthogonal
OH ¥¥¥HB dihydrogen bonds (Figure 1). To explore the role of
the latter interactions in the dimers× formation we synthesized
the NaCNBH3 ¥ THEC complex 2. With a significantly lower
basicity than BH�


4 , the CNBH�
3 ion was expected to form


weaker dihydrogen bonds.[4c,6] In fact, the crystal structure of 2
reveals the absence of any OH ¥¥¥HB close contacts, the
cyanoborohydride ions participating in conventional hydro-
gen bonding through the N atoms. Notably, instead of forming
dimers in this case the Na-THEC units self-assemble into
extended helices through bifurcated OH ¥¥¥N ¥¥¥ HO hydrogen
bonds involving the CN groups (Figure 2). It thus appears that


Figure 2. Helix formation by NaCNBH3 ¥ THEC (2) in the solid state.
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the OH ¥¥¥HB dihydrogen bonds play a central role in the
formation of the dimers, as their absence resulted in a
completely different supramolecular organization in 2.[7]


NaBH4 ¥THPC (3) (THPC� 1,4,7,10-tetrakis((S)-2-hydroxy-
propyl)-1,4,7,10-tetraazacyclododecane)[8] was synthesized to
explore the effect of subtle molecular modifications in the


ligand upon dimer formation in the solid state. The complex
precipitates as a white crystalline solid upon mixing NaBH4


and THPC in 2-propanol. Its crystal structure is presented in
Figure 3. The most notable feature is the formation of


Figure 3. X-ray crystal structure of NaBH4 ¥ THPC (3); dihydrogen bond-
ing parameters [ä, �]: O(4)H ¥¥¥HB(1) (lower) 2.106, O(4)H ¥¥¥HB(1)
(upper) 2.266, O(3)H ¥¥¥HB(1) 2.005, O(7)H ¥¥¥HB(2) 1.927, O(8)H ¥¥¥
HB(2) 1.676, O(2)H ¥¥¥HB(2) 1.904, O(4)H�H�B(1) (lower) 96.1,
O(4)H�H�B(1) (upper) 88.7, O(3)H�H�B(1) 113.8, O(7)H�H�B(2)
110.7, O(8)H�H�B(2) 120.2, O(2)H�H�B(2) 133.3, O(4)�H�HB(1) (low-
er) 162.5, O(4)�H�HB(1) (upper) 143.9, O(3)�H�HB(1) 153.4,
O(7)�H�HB(2) 155.4, O(8)�H�HB(2) 153.0, O(2)�H�HB(2) 169.3.


hydrogen-bonded dimers, which display an S-shaped archi-
tecture as opposed to the O-shaped one in 1. The most
probable cause of this difference is the steric repulsion
between the methyl groups, which would likely arise in an
O-shaped dimer of 3. The two THPC units in the dimer are
held together by O(1)H ¥¥¥O(6) and O(5)H ¥¥¥O(2) conven-
tional hydrogen bonds, as well as by O(7)H ¥¥¥HB(2)H ¥¥¥
HO(2) and O(8)H ¥¥¥HB(2)H ¥¥¥HO(2) dihydrogen bonds.
The second borohydride anion interacts with the remaining
O(3)H and O(4)H from one THPC ligand.
More profound structural variations in the basic THEC


supramolecular building block were brought about by replac-
ing one of the hydroxyethyl arms with a 9-methylanthracyl
group. The intention was to test the ability of the resulting


functionalized ligand to maintain the association in dimers.
Recurrence of this supramolecular motif would ultimately
open the way to extended networks, by simple attachment of
the tris-2-hydroxyethyl-cyclen units to appropriate spacers,
using the remaining N atoms. The 9-[(1�,4�,7�-tris-2-hydroxy-
ethyl-cyclen)]methylanthracene ligand (4) was synthesized
from 9-(1�,4�,7�,10�-tetraazacyclododecyl)methylanthracene[9]


and ethylene oxide [Eq. (1)], and its X-ray structure is


illustrated in Figure 4. Upon mixing with NaBH4 in 2-prop-
anol, complex NaBH4 ¥ 4 ¥ 2-propanol (5 ¥ 2-propanol) was
formed, which precipitated as a white crystalline solid.
However, recrystallization from acetonitrile/diethyl ether


Figure 4. X-ray crystal structure of 9-(1�,4�,7�-tris-hydroxyethyl-cyclen)me-
thylanthracene (4).


afforded single crystals incorporating disordered diethyl
ether. Once again, self-assembly in dihydrogen-bonded dim-
ers was revealed by X-ray crystallography (Figure 5). In
contrast to the previous structures, no O�H ¥¥¥O interaction is
present in this case; instead, the BH�


4 ions are intercalated


Figure 5. X-ray crystal structure of 5 ¥ Et2O; normalized dihydrogen
bonding parameters [ä, �]: O(1)H ¥¥¥HB 1.692, O(2)H ¥¥¥HB 1.661,
O(3)H ¥¥¥HB 1.730, O(1)H ¥¥¥H�B 114.5, O(2)H ¥¥¥H�B 117.8, O(3)H ¥¥¥
H�B 116.1, O(1)�H ¥¥¥HB 166.8, O(2)�H ¥¥¥HB 155.1, O(3)�H ¥¥¥HB
154.6.
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between the two ligands, forming three dihydrogen bonds
with the OH groups.
All of these examples demonstrate that various poly-HEC


ligands persistently self-assemble into dihydrogen-bonded
dimers in the presence of NaBH4. Despite the fact that the
exact connectivity of the dimers varies from one case to
another in response to structural modifications in the ligand,
the consistent recurrence of the general dimeric motif
suggested to us that these dihydrogen-bonded units might
be sufficiently reliable building blocks for the controlled
assembly of extended networks. With this objective in mind,
we synthesized ligand 6 with two tris-HEC units connected by
a rigid p-xylylene spacer (Scheme 2), which we anticipated


Scheme 2.


would self-assemble into one-dimensional chains in the
presence of NaBH4. Upon mixing 6 with sodium borohydride
in a 1:2 ratio in pyridine, complex 2NaBH4 ¥ 6 ¥ pyridine (7 ¥
pyridine) was formed, whose X-ray crystal structure is
depicted in Figure 6. As in the previous structures, complex-
ation by Na� preorganizes the hydroxyethyl arms on the same
face of the azacrown ring, thus favoring the self-association of


Figure 6. X-ray crystal structure of 7 ¥ pyridine showing the two independ-
ent dihydrogen-bonded chains; dihydrogen bonding parameters [ä, �]:
O(5)H ¥¥¥HB(4) (front) 2.245, O(5)H ¥¥¥HB(4) (back) 2.198, O(1)H ¥¥¥
HB(4) (lower) 2.243, O(1)H ¥¥¥HB(4) (upper) 2.076, O(2)H ¥¥¥HB(3)
2.093, O(3)H ¥¥¥HB(3) 2.294, O(6)H ¥¥¥HB(3) 2.269, 2.303, O(11)H ¥¥¥
HB(2) (front) 1.996, O(11)H ¥¥¥HB(2) (back) 2.216, O(7)H ¥¥¥HB(2)
(lower) 2.095, O(7)H ¥¥¥HB(2) (upper) 2.092, O(8)H ¥¥¥HB(1) 2.218,
O(9)H ¥¥¥HB(1) 2.174, O(10)H ¥¥¥HB(1) 2.373, O(5)H ¥¥¥H�B(4) (front)
82.88, O(5)H ¥¥¥H�B(4) (back) 89.99, O(1)H ¥¥¥H�B(4) (lower) 92.94,
O(1)H ¥¥¥H�B(4) (upper) 91.52, O(2)H ¥¥¥H�B(3) 110.14, O(3)H ¥¥ ¥
H�B(3) 100.53, O(6)H ¥¥¥H�B(3) 73.81, 73.83, O(11)H ¥¥¥H�B(2) (front)
94.16, O(11)H ¥¥¥H�B(2) (back) 83.09, O(7)H ¥¥¥H�B(2) (lower) 94.63,
O(7)H ¥¥¥H�B(2) (upper) 92.55, O(8)H ¥¥¥H�B(1) 111.71, O(9)H ¥¥¥
H�B(1) 107.49, O(10)H ¥¥¥H�B(1) 86.90, O(5)�H ¥¥¥HB(4) (front)
136.70, O(5)�H ¥¥¥HB(4) (back) 170.91, O(1)�H ¥¥¥HB(4) (lower) 163.86,
O(1)�H ¥¥¥HB(4) (upper) 141.95, O(2)�H ¥¥¥HB(3) 160.28, O(3)�H ¥¥¥
HB(3) 159.45, O(6)�H ¥¥¥HB(3) 144.00, 139.60, O(11)�H ¥¥¥HB(2) (front)
123.92, O(11)�H ¥¥¥HB(2) (back) 135.75, O(7)�H ¥¥¥HB(2) (lower) 166.56,
O(7)�H ¥¥¥HB(2) (upper) 142.26, O(8)�H ¥¥¥HB(1) 156.37, O(9)�H ¥¥¥
HB(1) 163.39, O(10)�H ¥¥¥HB(1) 140.19.


the tris-HEC moieties in dimers through the borohydride
anions. The p-xylylene spacers interconnect the resulting
dimeric units into extended chains. There are two crystallo-
graphically unique molecules of 7 in the unit cell, differing in
their hydrogen bond parameters. In the first case, one BH�


4


connects neighboring tris-HEC units by dihydrogen bonding
to O(1)H and O(5)H, generating one-dimensional chains.
Additionally, conventional O(4)H ¥¥¥O(1) hydrogen bonds
also provide intrachain connections. The second BH�


4 cross-
links adjacent chains into two-dimensional layers by dihy-
drogen bonding to the O(2)H, O(3)H, and O(6)H groups. A
similar self-assembly into extended chains, further associated
in layers, is exhibited by the second unique molecule of 7. In
this case, O(7)H ¥¥¥HB(2) and O(11)H ¥¥¥HB(2) dihydrogen
bonds, as well as O(12)H ¥¥¥O(7) interactions interconnect the
tris-HEC units, while dihydrogen bonds between B(1)H�


4 and
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O(8)H, O(9)H, and O(10)H link the chains into layers. The
shape of 7, consisting of a long linear axis capped with bulky
tris-HEC groups (wheel-and-axle),[10] precludes the close
packing of the p-xylylene spacers within each layer, which
leads to the formation of one-dimensional channels along the
crystal, which are occupied by pyridine solvent (Figure 7).
When 7was recrystallized from pyridine-benzene, inclusion of
the latter solvent occurred, as demonstrated by 1H NMR
spectroscopy.[11] The virtually identical powder X-ray diffrac-
tion patterns found for the pyridine and benzene clathrates
indicate similar crystal structures for the two inclusion
compounds.


Figure 7. Crystal packing of 7 ¥ pyridine showing the formation of extended
channels occupied by the pyridine guest.


These dihydrogen-bonded inclusion complexes are partic-
ularly attractive, as they might lead to porous two-dimen-
sional covalent networks upon topochemical loss of H2. Such
structures are expected to show enhanced stability, possibly
comparable with that found in inorganic zeolites. More
importantly, these materials could easily be functionalized
by taking advantage of the residual (RO)xBH4�x groups
resulting from the solid-state decomposition.[12] However,
preliminary experiments indicate that the benzene clathrate
of 7 decomposes upon heating in the solid state with loss of H2


and C6H6, unfortunately leading to the formation of an
amorphous nonporous solid, insoluble in common solvents.[13]


We are presently exploring the possibility of inducing the H2


loss and B�O covalent bond formation prior to the evacuation
of included benzene, which would ideally template the
formation of a porous crystalline product. Alternatively, we
consider other less volatile aromatic guests for serving the
same purpose. Such studies have a top priority in our research
agenda, as they could lead to the development of truly
functional organic zeolites.


In summary, we have illustrated a strategy for building
dihydrogen-bonded networks with architectures that can be
controlled to a significant extent. Considering the high degree
of flexibility in our building blocks, it is unrealistic to expect
absolute predictability of the hydrogen bonding connectivity
in these systems. By using appropriate spacers as in 7,
however, we anticipate that other extended dihydrogen-
bonded and ultimately covalent frames will become accessible
through rational design.


Experimental Section


Common chemicals and solvents were purchased from commercial sources
and used without further purification. Melting points were taken on a
Thomas Hoover instrument and are uncorrected. FT-IR spectra were
measured in KBr pellets on a Perkin Elmer Spectrum 2000 instrument.
1H NMR (300.1 MHz) spectra were recorded on a Gemini-300 instrument.
13C NMR (75.4 MHz) and 11B NMR (96.23 MHz) spectra were recorded on
a Varian VXR-300 instrument. 1H and 13C NMR chemical shifts were
referenced to residual protons in the solvent, while the 11B NMR chemical
shifts were referenced to B(OCH3)3 in CDCl3. X-ray powder diffraction
measurements were conducted on a Rigaku ±Denki RW400F2 diffractom-
eter with monochromatic CuK� radiation, operated at 45 kV and 100 mA.
Thermogravimetric analysis was recorded on a CAHN TGSystem 121
instrument at a heating rate of 5 �Cmin�1.


X-ray structure determinations of 2, 3, 4, 5 ¥ Et2O, and 7 ¥ pyridine (Table 1):
X-Ray crystallographic measurements were carried out on a Siemens
SMART CCD diffractometer with graphite-monochromated MoK� radia-
tion (�� 0.71073 ä), operated at 50 kV and 40 mA. The structures were
solved by direct methods and refined on F 2 using the SHELXTL software
package.[14] Absorption corrections were applied using SADABS, part of
the SHELXTL software package. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were generally located from difference
Fourier maps and refined isotropically. For the B(2)H�


4 in 3, however, only
the hydridic hydrogen atoms involved in dihydrogen bonding could be
found; the two noninteracting hydridic hydrogen atoms were calculated,
and the four hydrogen atoms were subsequently constrained in an idealized
tetrahedral geometry, with B�H distances of 1.21 ä. Also, the B�H
hydridic and O�H protonic hydrogen atoms in 5, although easily located
from the difference Fourier maps, yielded O�H ¥¥¥H�B contact distances
that were unrealistically short, and therefore the observed O�H and B�H
distances were normalized to ideal values of 0.96 and 1.21 ä, respectively.
The pyridine hydrogen atoms in 7 ¥ pyridine were calculated and placed in
idealized positions. The O(2) atom in 4 and the inclusion ether in 5 ¥ Et2O
showed significant disorder, and consequently no attempts were made to
locate or calculate their corresponding hydrogen atoms.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publications nos. CCDC-166694 (2),
CCDC-166695 (3), CCDC-166696 (4), CCDC-166697 (5 ¥ Et2O), CCDC-
166698 (7 ¥ pyridine). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax:(�44)1223-336033; e-mail : deposit@ccdc.cam.ac.uk).
NaCNBH3 ¥THEC (2): NaCNBH3 (0.032 g, 0.5 mmol) in THF (3 mL) was
added to THEC ¥H2O (0.183 g, 0.5 mmol) in THF. A white precipitate
formed immediately. The mixture was stirred for 1 h at room temperature
under an argon atmosphere. The solid was subsequently filtered and
washed with THF to yield 0.17 g (83%) of 2. Single crystals suitable for
X-ray crystallography were grown by diffusion of Et2O into a solution of 2
in CH3CN. M.p. 230 ± 234 �C (decomp); 1H NMR (CD3CN): �� 3.61 (t, J�
4.8 Hz, 8H; OCH2), 3.25 (br s, 4H; OH), 2.47 (br, 24H; NCH2), 0.25 (q,
3H; NCBH3); 13C NMR (CD3CN): �� 51.17 (NCH2), 56.50 (NCH2), 59.06
(OCH2); 11B NMR (CD3CN): ���56.60 (q, JB,H� 88.3 Hz; NCBH3); IR
(KBr): �BH� 2348, �CN� 2162 cm�1.


NaBH4 ¥THPC (3): THPC[8] (0.285 g, 0.7 mmol) was added to a solution of
NaBH4 (0.027 g, 0.7 mmol) in 2-propanol (8 mL). Within approximately
2 min a white precipitate formed. The mixture was left standing for 1 h at
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room temperature, then the solid was filtered. Yield 0.085 g (27%). No
melting occurs when the solid is heated up to 200 �C, at which temperature
it turns brown, and eventually starts to melt at approximately 210 �C. Single
crystals suitable for X-ray crystallography were grown by slow evaporation
of a 2-propanol solution. 1H NMR (D2O): �� 3.89 (brm, 4H; OCH), 2.90 ±
2.87 (br, 8H; NCH2), 2.42 ± 2.34 (br, 4H; NCH2), 2.09 (br, 12H; NCH2),
0.98 (d, 12H; CH3), �0.27 (q, JB,H� 80.7 Hz, 4H; BH4); 13C NMR
([D6]DMSO): �� 21.79 (CH3), 49.17 (NCH2), 51.03 (NCH2), 61.58 (NCH2),
62.31 (OCH2); 11B NMR ([D6]DMSO): � �52.55 (quintet, JB,H� 82.8 Hz;
BH4); IR (KBr): �BH� 2290 cm�1; elemental analysis calcd (%) for
C20H48N4O4BNa: C 54.30, H 10.86, N 12.67; found: C 54.66, H 11.39, N
12.41.


9-(1�,4�,7�-Tris-hydroxyethyl-cyclen)methylanthracene (4):Warning : Ethyl-
ene oxide is a volatile (b.p.� 11 �C), extremely toxic, and carcinogenic
substance. 9-(1�,4�,7�,10�-Tetraazacyclododecyl)methylanthracene[9] (0.2 g,
0.57 mmol) was dissolved in absolute ethanol (3 mL). Water (2 mL) was
added, and the solution was cooled to 0 �C. Ethylene oxide (0.158 g,
3.6 mmol) was cooled to 0 �C and was added to the reaction mixture, which
was stirred at 0 �C for 2 h, followed by an additional hour of stirring at room
temperature. Solvent evaporation under vacuum at 35 �C yielded a yellow
oil. A few mL of water were subsequently added, and the resulting aqueous
solution was extracted with chloroform. Evaporation of CHCl3 yielded a
yellow oil, which was dissolved in minimal amount of 2-propanol, and a
large excess of Et2O was added. Upon standing in the freezer over night, a
yellow crystalline solid precipitated, which was filtered and washed with
Et2O, to give 4 (0.12 g; 42%). Single crystals suitable for X-ray crystallog-
raphy were grown by diffusion of Et2O into a solution of 4 in 2-propanol.
M.p. 131 ± 133 �C; 1H NMR (CD3Cl): �� 8.36 (d, 2H; ArH), 8.29 (s, 1H;
ArH), 7.87 (d, 2H; ArH), 7.38 (m, 4H; ArH), 4.8 (br; OH), 4.39 (s, 2H;
ArCH2), 3.47 (t, J� 4.5 Hz, 2H; OCH2), 3.40 (t, J� 4.5 Hz, 4H; OCH2),
2.73 (t, J� 4.5 Hz, 6H; NCH2), 2.43 ± 2.32 (br, 16H; NCH2); 13C NMR
(CD3Cl): �� 130.83, 128.51, 127.11, 125.32, 124.50, 58.35, 58.01, 57.73, 55.65,
52.37, 52.11, 51.90, 50.88, 50.56; elemental analysis calcd (%) for
C29H42N4O3: C 70.45, H 8.50, N 11.34; found: C 70.23, H 8.83, N 11.04.


NaBH4 ¥ [9-(1�,4�,7�-tris-hydroxyethyl-cyclen)methylanthracene] ¥ iPrOH
(5 ¥ 2-propanol): 9-(1�,4�,7�-Tris-hydroxyethyl-cyclen)methylanthracene (4)
(0.1 g, 0.2 mmol) was added to a solution of NaBH4 (0.008 g, 0.21 mmol) in
2-propanol (4 mL). Within approximately 4 min a white precipitate
formed. The mixture was stirred 2 h at room temperature under an argon
atmosphere, and subsequently filtered to give 5 ¥ 2-propanol (0.09 g; 53%).
The solid turns red when heated, and partly melts at 190 �C. Single crystals
suitable for X-ray crystallography were grown by diffusion of Et2O into a
solution of 5 in CH3CN. 1H NMR (CD3CN): �� 8.54 (s, 1H; ArH), 8.43 (d,


2H; ArH), 8.06 (d, 2H; ArH), 7.60 (m, 2H; ArH), 7.49 (m, 2H; ArH), 4.61
(s, 2H; ArCH2), 3.72 (septet, 1H; iPrOH), 3.6 ± 1.9 (br), 1.08 (d, 6H;
iPrOH); �0.18 (q, JB,H� 81.3 Hz, 4H; BH4) 13C NMR (CD3CN): ��
132.47, 130.23, 128.98, 127.77, 126.22, 125.46, 58.54, 57.98, 56.54, 56.15,
54.51, 52.65, 51.59, 51.26, 50.74; 11B NMR (CD3CN): ���53.75 (quintet,
JB,H� 80.4 Hz; BH4); IR (KBr): �BH� 2384, 2293, 2228 cm�1; elemental
analysis calcd (%) for C32H54N4O4NaB: C 64.87, H 9.12, N 9.46; found: C
64.20, H 9.06, N 9.33.


p-Xylylene-bis[(1�,4�,7�-tris-hydroxyethyl)-cyclen)] (6): Water (2.5 mL) was
added to a solution of p-xylylene-bis-cyclen[15] (0.35 g, 0.78 mmol) in
absolute ethanol (2.5 mL). The resulting slightly turbid solution was cooled
to 0 �C, and ethylene oxide (0.41 g, 9.3 mmol) was subsequently added. The
mixture was magnetically stirred at 0 �C for 4 h, which resulted in the
formation of a white precipitate. After the removal of ethanol and excess
ethylene oxide in vacuo at room temperature, the precipitate was collected
by filtration, yielding 6 (0.25 g; 45%). M.p. 144 ± 147 �C; 1H NMR (CDCl3):
�� 7.27 (s, 4H; ArH), 5.2 (br; OH), 3.59, 3.58 (br, 16H; ArCH2, OCH2),
2.56, 2.46 (br, 44H; NCH2); 13C NMR (CDCl3): �� 136.68, 129.20, 59.51,
59.02, 58.79, 56.90, 56.20, 52.30, 52.24, 51.30, 51.25; elemental analysis calcd
(%) for C36H70N8O6: C 60.81, H 9.92, N 15.76; found: C 60.51, H 10.47, N
15.62.


2NaBH4 ¥ {p-xylylene-bis[(1�,4�,7�-tris-hydroxyethyl)-cyclen)]} ¥C6H6 (7 ¥
benzene): Compound 6 (0.15 g, 0.21 mmol) and NaBH4 (0.016 g,
0.42 mmol) were dissolved in pyridine (5 mL). Slow evaporation of the
solvent under an argon atmosphere yielded a few crystals of 7 ¥ pyridine and
a yellow oil. This mixture was redissolved in 0.5 mL pyridine, and benzene
(15 mL) was added. The resulting solution was placed in the freezer for
20 min, then warmed to room temperature. The crystallized complex was
filtered and washed with benzene. Yield 0.14 g. 1H NMR (CD3CN): ��
7.36, 7.29 (s, C6H6; ArH), 3.66, 3.57 (br, 16H; ArCH2, OCH2), 2.47, 2.26 (br,
44H; NCH2), �0.26 (q, JB,H� 81.3 Hz, 8H; BH4); 13C NMR (CD3CN): ��
136.60, 131.11, 129.29, 59.67, 58.38, 56.06, 55.91, 51.51, 50.56, 50.44; 11B
NMR (CD3CN) � �53.46 (quintet, JB,H� 81.4; BH4); IR (KBr): �BH�
2295 cm�1.
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Table 1. Crystallographic data for 2, 3, 4, 5 ¥ Et2O, and 7 ¥ pyridine.


2 3 4 5 ¥ Et2O 7 ¥ pyridine


formula C17H39N5O4BNa C20H48N4O4BNa C29H42N4O3 C33H56N4O4BNa C41H83N9O6B2Na2
formula weight 411.33 442.42 494.67 590.62 865.76
color colorless colorless pale yellow pale yellow colorless
dimensions [mm] 0.65� 0.29� 0.26 0.49� 0.41� 0.18 0.39� 0.18� 0.08 0.49� 0.18� 0.13 0.23� 0.15� 0.10
crystal system orthorhombic monoclinic triclinic monoclinic triclinic
space group, Z Pna21, 4 P21, 4 P1≈ , 2 P21/n, 4 P1≈ , 4
a [ä] 25.2624(3) 9.7915(4) 8.7352(3) 12.7329(6) 10.3858(5)
b [ä] 9.4053(2) 18.1449(7) 12.2971(4) 19.0589(2) 15.4021(8)
c [ä] 9.4430(2) 14.6111(6) 13.7789(3) 13.7260(6) 34.091(2)
� [�] 90 90 69.152(2) 90 80.7830(10)
� [�] 90 96.867(2) 79.456(2) 95.459(2) 81.2410(10)
� [�] 90 90 78.736(2) 90 70.2950(10)
V [ä3] 2243.66(7) 2577.27(18) 1346.11(7) 3315.8(2) 5039.3(5)
T [K] 173(2) 173(2) 173(2) 173(2) 173(2)
�calcd [gcm�3] 1.218 1.140 1.220 1.183 1.141
reflections collected 22515 23846 12550 30419 39463
unique reflections 5336 11681 6195 7907 17650
2�max [�] 56.40 56.48 56.54 56.50 50
no. of parameters 410 923 489 541 1706
R1


[a], wR2
[b] 0.0251, 0.0637 0.0358, 0.0968 0.0825, 0.2187 0.0672, 0.1646 0.0732, 0.1590


residual electron density [eä�3] 0.205 0.517 1.571 0.767 0.484
goodness of fit 1.022 0.789 1.268 1.027 0.971


[a] R1��(�F0 �� �Fc � )/� �F0 �. [b] wR2� {�[w(F 2
0 �F 2


c �2]/�[w(F 2
0 �2]}1/2.
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Synthesis, Stability, and Conformation of the Formamidopyrimidine G
DNA Lesion


Lars T. Burgdorf and Thomas Carell*[a]


Abstract: The formamidopyrimidine
(FapydGua) lesion, derived from the
nucleobase guanine, is a major DNA
lesion involved in mutagenesis and car-
cinogenesis. To date, the chemical in-
formation available about this main
lesion is very limited. Herein, we de-
scribe a synthesis and a detailed charac-
terization of the acetyl-protected mono-
mer of the FapydGua lesion. Stability
studies in DMSO and in water/acetoni-
trile show that the N-glycosidic bond,
previously thought to be highly labile, is
much more stable than anticipated.
Decomposition of the FapydGua lesion
proceeds with half-life times of 37.8 h for
the �-anomer and 65.2 h for the �-


anomer in water/acetonitrile. The relax-
ation time for the anomerization reac-
tion was determined to �� 6.5 h at room
temperature. Most important, it was
found that the formamido group, which
is critical for the lesion recognition
process by repair enzymes, is fixed in
the cis-conformation in apolar solvents
such as chloroform. This conformation
enables the formation of a hydrogen
bond between the carbonyl oxygen of
the formamide and the NH of the


N-glycosidic bond within the framework
of a seven-membered ring system. This
has consequences for the recognition of
the lesion by repair enzymes (hOGG1
and Fpg protein). These enzymes were
so far believed to recognize the carbonyl
group of the FapydGua lesion. Our
investigations show that this carbonyl
group is not readily accessible because it
is almost buried in the dominating cis-
conformation. In agreement with the
recent X-ray structure of hOGG1 in
complex with 8-oxo-7,8-dihydroguanine-
containing DNA, we can conclude that
repair enzymes can contact both lesions
only via the N(7)-H group, which is a
hydrogen-bond acceptor in guanine.


Keywords: bioorganic chemistry ¥
DNA cleavage ¥ DNA damage ¥
nucleic acids ¥ repair enzymes


Introduction


DNA damage generated by the reaction of DNA with reactive
oxygen species is one of the major causes for mutations and
carcinogenesis and may play role in the pathogenesis of
ageing.[1±5] Reactive oxygen species (ROS) are generated by
aerobic respiration, a process which involves the stepwise
reduction of molecular oxygen to water.[6] The intermediate
reaction products O2-radical anion, H2O2 and the highly
reactive OH radical are potent electrophilic oxidants, which
react rapidly with cellular DNA.[7] In DNA, guanine is the
major target for oxidative DNA damage because it has the
lowest oxidation potential among the DNA bases.[8±12] In the
last decade a large number of such guanine derived DNA
lesions were characterized.[13±23] The four compounds depicted
in Figure 1 were found to be the main degradation prod-
ucts.[13, 24] All four compounds are substrates for a number of
repair enzymes, which remove these lesions from the ge-


nome.[2, 25±33] Most of these repair enzymes are DNA glyco-
sylases which catalyze the hydrolysis of the N-glycosidic
bond.[34±36]


Among the four main lesions the formation and repair of
8-oxo-7,8-dihydroguanine (8oxoG) has been studied most
extensively.[13, 24, 27±29, 31±33, 37] 8oxoG is the main OH radical
degradation product formed under aerobic conditions. The
lesion is stable, which allowed the chemical synthesis of a
phosphoramidite building block for the site-specific incorpo-
ration into DNA.[38±41] Crystal structures of DNA double
strands containing an 8oxoG:C[42] or an 8oxoG:A[43] base pair,
together with the structure of an 8oxoG-containing double
strand in complex with the human repair enzyme 8-oxo-7,8-
dihydroguanine DNA glycosylase (hOGG1)[44] and numerous
biochemical investigations[27, 45, 46] provide today detailed in-
formation about the mutagenic potential of this lesion and its
repair. The 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapydGua) is another major lesion formed predominantly
when oxygen is absent[13, 24, 47] by ionizing irradiation and
other agents which produce reactive oxygen species. Bio-
logical repair studies with damaged DNA, show that the
FapydGua lesion is also efficiently recognized and excised
by OGG1.[27] The lesion is in addition repaired by a special
formamidopyrimidine glycosylase (Fpg protein)[31, 48] under-
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lining that the FapydGua lesion is of fundamental importance
in biology.


In order to investigate the biological impact of all lesions
depicted in Figure 1 their chemical synthesis and incorpora-
tion into DNA is required. Towards this goal, Saito and co-
workers prepared recently the 2-aminoimidazolone (dIz)
lesion-containing DNA by direct irradiation of DNA single
strands in the presence of riboflavin.[49±51] Greenberg and co-
workers published the synthesis of a FapydGua-containing
dinucleotide and the incorporation of this building block into
DNA using a reverse phosphoramidite coupling protocol.[52]


Today, however, neither a chemical synthesis of the pure �- and
�-monomers of the FapydGua lesion nor a method that allows
its direct formation in DNA are known,[14, 53, 54] which limits
our current chemical and biochemical knowledge about this
main DNA lesion. Even direct �-irradiation of 2�-deoxygua-
nosine furnished only the rearranged �- and �-pyranosidic
formamidopyrimidines in small amounts. The detection of a
large amount of the ™depurinated∫ FapydGua heterocycle
established the ™chemical believe∫ that the FapydGua lesion
features a labile N-glycosidic bond, leading to rapid decom-
position. As a consequence of all these studies, almost all
investigations directed to elucidate repair and pairing proper-
ties of the lesion were performed with lesion analogues.


In order to gain deeper insight into the properties of the
elusive FapydGua lesion, we have revisited the chemical
synthesis. We were in particular interested to investigate the
hypothesis that repair enzymes recognize the FapydGua- and
the 8oxoG lesion by a common structural recognition motif,
which allows them to distinguish both lesions simultaneously
from the vast majority of guanine bases in the genome. In
order to determine such a potentially common structural
motif it is essential to determine the preferred conformation
of the formamido group, which allows the FapydGua lesion to
exist theoretically in four rotameric forms.[55, 56]


Here we report the synthesis of the FapydGua lesion as well
as new NMR data, which clarify the conformation of the
formamido group. Stability studies show that the FapydGua
lesion is significantly more stable than originally expected.


Results and Discussion


Synthesis of the FapydGua lesion : Because of our intention to
study the stability of the FapydGua lesion we targeted as the
synthetic goal the cyclic silyl protected building block, which
simulates the 3�,5� substitution pattern present in DNA. The
synthesis sequence is outlined in Scheme 1. Initially 2-amino-
4,5-dichloropyrimidine (1) was i) heated with sodium hydrox-
ide giving 2, ii) nitrated with fuming nitric acid to 3 and iii) N-
acetyl protected with acetic anhydride (�4), using modified
procedures from the literature.[57±59] Subsequent reaction of
the ™vinylogous acid chloride∫ 4 with the 2�,3�-acetonide
protected 1-amino-ribofuranoside 5[60, 61] furnished the ribo-
side 6 as an �/�-mixture. The desired �-isomer 6 could be
isolated from this mixture by crystallization.[62, 63] Cleavage of
the acetonide protection group and subsequent reaction of 7
with 1,3-dichloro-1,1,3,3-tetradiisopropyldisiloxane[64, 65] pro-
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Figure 1. Chemical structures of the four main oxidative lesions (Fapyd-
Gua, 8oxoG, dZ, dIz) derived from the guanosine radical cation.


vided the key intermediate 8. Esterification of the free 2�-
hydroxyl group with 3-trifluoromethyl benzoyl chloride to
allow future photodeoxygenation, furnished the nitropyrimi-
dine ribofuranoside 9. All these transformations were possible
without causing anomerization. We believe that the reason for
the stability of the anomeric centers is the presence of the
strong electron-withdrawing nitro group. Reduction of the
nitro group with H2 using a Pd/C catalyst gave the labile
amine, which was immediately condensed without isolation
with formic acid and dicyclohexylcarbodiimide (DCC) fur-
nishing the FapyGua-ribofuranoside 10 as a mixture of the �-
and the �-anomer. It is most possible the amine intermediate
which allows anomerization.


The key step in the synthesis of the FapydGua lesion 11 is
the deoxygenation of the building block 10. For this step we
initially prepared various 2�-thiocarbonates and explored
Barton ± McCombie methods.[66] All attempts, however, to
deoxygenate the 2�-OH group using various hydrogen-radical
donors failed in our hands leaving as the final method the
photodeoxygenation procedure originally described by Saito
et al.[67] and recently further developed by Rizzo and co-
workers.[34, 35] Photodeoxygenation of compound 10 with N-
ethyl-3,6-dimethyl-carbazole as the electron donor was, how-
ever, difficult as well. The FapydGua lesion possesses
absorption bands in the spectral region, where the carbazole
electron donor absorbs light, leading to significant photo-
degradation of the final compound 11 during the reaction. So
far the best photodeoxygenation results were obtained with a
TQ-150 medium pressure mercury lamp in a pyrex photo-
chemical reactor. Small amounts of compound 10 were
deoxygenated in a quartz cuvette with DMF used as a filter
solution. Using these methods we were able to synthesize the
FapydGua lesion building block in 60 % yield (estimated by
TLC). NMR studies showed that the compound was synthe-
sized as a mixture of the two anomers 11a and 11b with an �


to � ratio of 2:1. Separation of the two anomers was difficult
but finally achieved by HPLC. Both compounds 11a and 11b
were obtained as microcrystalline powders.


For comparison reasons we also prepared the FapyGua
(RNA) building blocks 12a and 12b as depicted in Scheme 2.
Reaction of precursor 8 with acetyl chloride gave compound
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Scheme 1. a) 1� NaOH, reflux, 1 h, 96%. b) conc. H2SO4/fuming HNO3,
0 �C, 5 min, 94 %. c) Ac2O, 90 �C, 30 min, 84%. d) NaHCO3, EtOH, 4 ä
MS, reflux, 1.5 h. e) CF3COOH/H2O 9:1, 0 �C, 20 min, quant. f) 1,3-
Dichloro-1,1,3,3-tetraisopropyldisiloxane, pyridine, 0 �C, 30 min, 78%.
g) 3-(Trifluoromethyl)benzoyl chloride, DMAP, CH2Cl2, 0 �C, 30 min,
95%. h) H2, Pd/C, ethyl acetate, MeOH, r.t. after 7 min addition of
diisopropylethylamine, 7 min. i) HCOOH, DCC, pyridine 0 �C� r.t., 12 h,
47% (10b), 10% (10a). k) 9-Ethyl-3,6-dimethylcarbazole, h�� , 15 �C, 15 h,
60%).


13. Catalytic reduction of the nitro group and subsequent
formylation of the amino group with formic acid and DCC
provided the 2�-acetyl protected FapyGua (RNA) building
blocks 12a and 12b as a mixture of the two anomers (� :��
1:4). Separation of the two anomers 12a and 12b was possible
by flash chromatography.


Stability of the glycosidic bond : The surprising fact that the
FapyGua ribofuranosides 12a, b and the FapydGua deoxy-
ribofuranosides 11a, b could be isolated as microcrystalline
powders already demonstrated that the anomeric center of
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Scheme 2. a) AcCl, DMAP, CH2Cl2, 0 �C, 60 min, 93%. b) H2, Pd/C, ethyl
acetate, MeOH, r.t. after 5 min addition of diisopropylethylamine, 10 min.
c) HCOOH, DCC, pyridine 0 �C� r.t. , 12 h, 41 % (12b), 10% (12a).


this major DNA lesion is far more stable than originally
anticipated. In order to quantify the stability of compound 11
we performed temperature dependent NMR studies with
compound 11a. To our surprise, heating of 11a in DMSO to
60 �C for 6 h gave no anomerization! More significantly, we
observe no cleavage of the FapydGua N-glycosidic bond as a
result of the previously detected ™depurination∫ reac-
tion.[14, 53, 54] Contrary to all previous studies, we observe that
the protected FapydGua deoxyribofuranoside 11 possesses a
rather stable N-glycosidic bond. Even at 100 �C over 24 h in
DMSO only slow decomposition of the FapydGua lesion was
observed. As expected, the FapyGua ribofuranosides 12a and
12b are even more stable. No anomerization and decom-
positon of compound 12a in DMSO was observed even at
60 �C for at least 24 h. Although these experiments provided
already strong evidence for an unexpected high stability of the
FapydGua lesion, we probed the anomerization reaction and
the cleavage of the anomeric bond in addition in water. To this
end compound 11a was stirred in a water/acetonitrile mixture
(1:1) at room temperature and at 50 �C.


Figure 2a shows HPLC diagrams obtained from the reac-
tion mixture containing the �-FapydG 11b stirred at room
temperature. After certain time intervals, small aliquots of the
reaction mixture were removed and analyzed by reversed-
phase HPLC. Clearly evident is the slow anomerization of
11b to 11a under these conditions (room temperature experi-
ment). Although separation of both anomers was difficult it
was possible to extract the amounts of both compounds from
the chromatograms by peak deconvolution. The values
obtained are plotted in Figure 2b, showing exponential
decrease of the �-anomer 11b and the rise of the �-anomer
11a[68] over time. From these data we determined the
relaxation time � at 25 �C in the water/acetonitrile mixture
(1:1) by Equation (1).


�� 1


k1 � k�1


(1)


for a unimolecular reaction 11b �k1


k�1


11a, the value for k1�k�1


was derived from Equation (2):


ln
�11 b� � �11 b�eq


�11 b�0 � �11 b�eq


�� (k1 � k�1)t (2)


with [11b] being the concentration of 11b in solution at time t,
[11b]0 the concentration at t� 0, and [11b]eq the equilibrium
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concentration. Applying Equations (1) and (2) gives a relax-
ation time of �� 6.5 h, which is far higher than predicted
based on the previous observations.


Heating of the �/� mixture 11a/11b in the water/acetoni-
trile mixture to 50 �C for 24 h resulted in a small amount of
depurination as shown in Figure 2c. We observed the acetyl
protected sugar free FapyG heterocycle with a retention time
of 1.8 min. Both anomers 11a and 11b hydrolyze only slowly
even under these rather harsh conditions. Figure 2d quantifies
the decomposition reaction of 11a and 11b under these
conditions. Under the assumption that the decay follows first-
order kinetics we can determine the half-life to 37.8 h for the
�-anomer 11b and 65.2 h for the �-anomer 11a.[36]


Figure 2. Anomerization and stability studies of the FapydGua lesion
investigated with 11a and 11b. a) HPLC diagrams of 11b stirred in water/
acetonitrile at r.t. over 26 h. b) Time dependent formation of 11a (�) and
decay of 11b (�). c) HPLC diagrams of a solution of 11a and 11b in water/
acetonitrile at 50 �C over 24 h. d) Decomposition of 11a (�) and 11b (�)
and formation of the acetyl protected FapyGua heterocycle (�). HPLC
conditions: mobile phase A: water, mobile phase B: acetonitrile. Gradient:
50 to 75% B over 45 min.


Structural properties of the FapydGua lesion relevant for the
recognition by repair enzymes : The two main guanine derived
lesions in DNA are 8oxoG and FapydGua.[13, 24] Both are
recognized and repaired by the glycosylase hOGG1 and the
Fpg protein.[2, 25±33, 69] It was argued that both enzymes
recognize the C(8) carbonyl group as the common structural
feature.[32] Although lesion recognition by the Fpg protein is
so far not clear, the recent X-ray structure of the human
OGG1 protein in complex with 8oxoG-lesioned DNA pro-
vided a detailed molecular picture of the binding motif.[44]


Here it was found that hOGG1 distinguishes the 8oxoG
amidst the vast excess of guanine not by a contact to the most
characteristic C(8) carbonyl group. Instead, hOGG1 recog-
nises exclusively the N(7)-H donor group, which is a hydro-
gen-bond acceptor group in guanine itself.


The FapydGua lesion can exist as four conformers (11-1 ±
11-4) due to rotation around the C(5)�N(7) and N(7)�C(8)
bonds.[55, 56] All conformers are depicted in Figure 3. It is
currently believed that repair enzymes bind the rotamer 11-2,
which most closely mimics the structure of the 8oxoG lesion.


Figure 3. Chemical structure of all four possible FapyGua lesion con-
formers 11-1 ± 11-4 and molecular modelling calculations (macromodel,
MMFF94s force field, gas phase)[38] of the two only observed conformers
11-1 and 11-2.


In order to clarify the conformational preference of the
FapydGua lesion, temperature dependent NMR studies were
performed (Figure 4b). Figure 4 shows the results of a study
obtained with 11 (as an �,�-mixture) in [D6]DMSO (Fig-
ure 4a).The NMR spectra contains four signals for the protons
N(9)-H (NHC1�). The anomers of 11a and 11b give accord-
ingly two signals each for the single N(9)-H proton, which
couples with C(1�)-H of the sugar. It is therefore clear that
each anomer exists in two different conformations. Two-
dimensional NMR analysis of the compounds clearly showed
that the two sets of signals belong to the �- and �-, cis- and
trans-formamides 11-1 and 11-2. The trans-conformation
should be thermodynamically more stable for steric reasons.
The fact that both, the cis and the trans isomer, are observed
leads us to conclude that the cis-amide 11-1 is stabilized by an
intramolecular hydrogen bond giving even in the highly
competitive solvent DMSO a 66:34 mixture ratio of the cis to
the trans rotamers.


In contrast to earlier assumptions we do not observe further
signals belonging to the second set of rotamers 11-3 and 11-4.
Force field calculations (macromodel, MMFF94s force
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Figure 4. NMR investigation of the rotation barrier around N(7)�C(8).
a) 400 MHz spectrum of a mixture of 11a and 11b in [D6]DMSO.
b) Temperature dependent NMR study (300 to 390 K) in [D6]DMSO.
Depicted is the N(9)-H region. 11a-2 :�-anomer, trans; 11b-2: �-anomer,
trans ; 11a-1: �-anomer, cis ; 11b-1: �-anomer, cis.


field, gas phase)[70, 71] confirm that these two rotamers are
higher in energy, which supports our experimental result (data
not shown). The two rotamers 11-1 and 11-2 depicted in
Figure 3 are clearly the dominating species in solution. Upon
heating of the NMR solution (Figure 4b) we observe coales-
cence at approximately 370 K. At this temperature we
calculated the rotation barrier around the N(7)�C(8) bond
for both anomers 11a and 11b. A value of approximately
74 kJ mol�1 was obtained using line shape analysis and the
Eyring equation.[53, 72]


In order to investigate the conformational preference of the
FapyGua lesion in a more apolar solvent, mimicking the
typical environment of a protein and DNA, we re-measured
the NMR spectrum in CDCl3. In contrast to the assumption in
the literature that the FapydGua lesions exists in a conforma-
tional equilibrium containing four rotameric species, we
observed that 11 strictly prefers the cis-amide conformation
11-1. The formation of the seven-membered hydrogen-
bonded ring system clearly shifts the equilibrium fully towards
this rotamer. Even heating of the CDCl3 solution to 60 �C does
not change the equilibrium as observed by NMR spectros-
copy. In CDCl3, the second trans-conformer is not observed at
all!


If we compare the structure of 8oxoG with the structure of
the FapydGua lesion in order to extract a possible common
recognition motif adressable by repair enzymes we can
conclude that in the major FapydGua rotamer the C(8)�O
carbonyl group and the N(9)-H are involved in a rather strong
hydrogen bond. This carbonyl group is only accessible when


the enzyme provides an interaction strong enough to compete
successfully with this intramolecular hydrogen bond. This
would be energetically costly. Furthermore, computer model-
ing studies depicted in Figure 3 (macromodel, MMFF94s
force field)[70, 71] show that the formamide group in the trans-
isomer is for steric reasons almost orthogonal to the pyrimi-
dine ring. Hence, even if the trans-isomer would dominate, the
8oxo-carbonyl group would be oriented completely different
compared with the 8oxoG lesion. In conclusion the C(8)�O
carbonyl group is not easily acceptable as a common
structural element recognizable by repair enzymes.


The only structural motif which is common to both the
FapydGua and the 8oxoG lesions is the N(7)-H hydrogen
bond donor group. This N(7) is a hydrogen-bond acceptor in
guanine. This group alone allows the combined recognition of
both lesions by repair protein in the presence of intact guanine
bases.


This result draws our attention to repair results obtained
with N(7)-methyl FapydGua derivatives, frequently employed
as a FapydGua analogues in biological studies.[28, 29, 33, 48] Our
results suggest that the biologically relevant lesion prefers a
conformation, which allows formation of a seven-membered
ring system containing a hydrogen bond between the for-
mamide and the N(7)-H. This might limit the ability of the
N(7)-methyl FapydGua derivative and of other FapydGua
derivatives, devoid of this critical hydrogen bond, to mimic the
properties of the biologically relevant FapydGua lesion.


Conclusions


The FapydGua lesion is one of the major lesions formed by
the reaction of OH-radicals with DNA.[13, 24] Due to the lack of
methods allowing either synthesis of this lesion or direct
generation of the lesion in DNA, our chemical knowledge
about the FapydGua is very limited. It was so far assumed that
the N-glycosidic bond of the lesion is highly unstable leading
to rapid decomposition, accompanied by the cleavage of the
FapydGua heterocycle.[14, 53, 54] Because enzymes, which repair
oxidative lesions accepts both, the FapydGua lesion and the
8oxoG lesion as substrates, it was suggested that they may
target for recognition the C(8)�O carbonyl group as the
common structural motif.[32]


In order to clarify the stability of the FapydGua lesion and
to determine the conformation of the lesion a new chemical
synthesis of the FapydGua lesion was developed. It was found
that the N-glycosidic bond is much more stable than
previously anticipated. Anomerization was observed in a
water/acetonitrile mixture at room temperature with a
relaxation time of �� 6.5 h. In the same solvent decomposi-
tion only takes place at 50 �C with half-life of 37.8 h for the �-
anomer and of 65.2 h for the �-anomer.


NMR and modelling investigation of the structure of the
FapydGua lesion showed that the lesion prefers in solvents
such as CHCl3, which mimic the polarity of the interior of
proteins and DNA, the cis-conformation. Driving force is the
formation of a hydrogen bond within a seven-membered ring
system. The cis-rotamer was even present up to about 66 % in
the highly competitive solvent DMSO. The trans-rotamer was
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found to have a formamide group almost perpendicular to the
pyrimidine system (modelling). The rotational barrier was
determined as 74 kJ mol�1. The C(8)�O carbonyl group is
hence not acceptable as the structural motif common to both
oxidative lesions. In agreement with the recent X-ray
structure of an 8oxoG-containing double strand in complex
with the hOGG1 repair enzyme,[44] we conclude that the
structural motif recognizable by repair enzymes is the N(7)-H
donor group, which is a hydrogen-bond acceptor in guanine.


Experimental Section


General procedures : Melting points are uncorrected. 1H NMR spectra
were recorded on Varian Gemini 200, 300, Bruker AMX 300, 400, and 500
spectrometers. The chemical shifts were referenced to CHCl3 (� 7.27) in
CDCl3, and DMSO (� 2.50) in [D6]DMSO. 13C NMR spectra were recorded
on a Bruker DRX 200 (50 MHz) and AMX 500 (125 MHz) spectrometer,
and the chemical shifts were referenced to CHCl3 in CDCl3 and DMSO in
[D6]DMSO. Standard pulse sequences were employed for 1H two-dimen-
sional NOESY and 1H ± 1H correlation studies. IR spectra were recorded in
KBr and measured in cm�1 on a Bruker IFS 25 Fourier transform infrared
spectrophotometer. Mass spectra and high-resolution mass spectra were
recorded using VG ZAB2-SEQ (nitrobenzylalcohol matrix), Finnigan TSQ
700, Finnigan MAT 95S and HP5989B mass spectrometers, respectively.
HPLC was performed with a Merck ± Hitachi system equipped with a
L-7400 UV detector. Analytical separations were performed with a
Nucleosil 100-5, C18 (250� 4 mm) column from Macherey ± Nagel. For
preparative separations a Nucleoprep 100-12, C18 column (250� 40 mm)
was used.


All solvents were of the quality puriss. p.a., or purum. Purum solvents were
distilled prior to use. The commercially available reagents were used as
received without further purification.


General procedures


2-Amino-6-chloro-3H-pyrimidine-4-one (2):[28] 2-Amino-4,6-dichloropyri-
midine (7.0 g, 42.6 mmol) was suspended in 1� NaOH (100 mL) and heated
to reflux until everything was dissolved (ca. 1³2 ± 1 h). The product was
precipitated through addition of acetic acid and was filtered off. Compound
2 was obtained as a yellowish powder (5.96 g, 40.96 mmol, 96%). M.p.
�220 �C; 1H NMR (200 MHz, [D6]DMSO): �� 5.57 (s, 1 H, CH), 6.96 (s,
2H, NH2), 11.09 (s, 1H, NH); 13C NMR (50 MHz, [D6]DMSO): �� 97.67,
153.79, 157.84, 160.52.


2-Amino-6-chloro-5-nitro-3H-pyrimidine-4-one (3):[28] Chloropyrimidine 2
(5 g, 34.4 mmol) was dissolved at 0 �C in conc. H2SO4 (10 mL) using an
ultrasonic bath. Fuming HNO3 (10 mL) was added at 0 �C. The solution was
stirred for 5 min. The reaction mixture was slowly added onto ice. The
reaction product was filtered off and dried in high vacuum. Compound 3
was obtained in form of a yellowish powder (6.1 g, 32.2 mmol, 94%). M.p.
�220 �C; 1H NMR (200 MHz, [D6]DMSO): �� 7.20 (s, 1 H, NH), 8.41 (s,
1H, NH), 12.12 (s, 1 H, NH); 13C NMR (50 MHz, [D6]DMSO): �� 126.57,
153.12, 154.09, 154.96.


2-Acetylamino-6-chloro-5-nitro-3H-pyrimidine-4-one (4):[28] Nitropyrimi-
dine 3 (3 g, 15.7 mmol) was suspended in Ac2O (30 mL). Three drops of
H2SO4 were added and the mixture was heated to 90 �C for 30 min. The
reaction mixture was cooled to r.t. and allowed to stand over night. The
precipitate was filtered off and the filtrate was concentrated to half of the
volume. Additional precipitate formed over night, which was filtered off.
The combined products were dried in high vacuum. Compound 4 was
obtained in form of yellowish crystals (3.1 g, 13.2 mmol, 84%). M.p.
�220 �C; 1H NMR (200 MHz, [D6]DMSO): �� 2.23 (s, 3 H, CH3CO), 12.44
(s, 2 H, NH, AcNH); 13C NMR (50 MHz, [D6]DMSO): �� 23.90, 131.89,
150.70, 151.62, 153.00, 174.42; MS (ESI�): m/z (%): 231.0 (100) [M�H]� .


6-(2�-O,3�-O-Isopropylidene-�-�-ribofuranose-1�-yl)amino-2-acetylamino-
5-nitro-3H-pyrimidine-4-one (6): Acetylchloronitropyrimidine 4 (1 g,
4.3 mmol) and ribofuranonsylamine[29] 5 (3.7 g, 10.2 mmol, 2.4 equiv) was
suspended in dry EtOH (20 mL) and stirred for 1 h over 4 ä molecular
sieves. After addition of NaHCO3 (860 mg, 10.2 mmol, 2.4 equiv), the


reaction mixture was stirred for additional 2 h. The mixture was sub-
sequently heated to reflux for 1.5 h. After cooling to r.t., the mixture was
filtered. The filtrate was evaporated to dryness in vacuo. The residual
material was dissolved in water (25 mL). Product 6 crystallized over night.
The crystalline material was filtered off and dried in high vacuum.
Compound 6 was obtained in form of a light yellowish powder (630 mg,
1.7 mmol, 38 %). Rf � 0.19 (ethyl acetate/MeOH 20:1); m.p. 146 ± 148 �C;
IR (KBr): �� � 645, 668, 790, 1105, 1246, 1264, 1319, 1384, 1431, 1466, 1512,
1551, 1595, 1637, 1672, 2928, 3463 cm�1; 1H NMR (500 MHz, [D6]DMSO):
�� 1.27 (s, 3H, CH3C), 1.44 (s, 3H, CH3C), 2.18 (s, 3H, CH3CO), 3.49 (d,
2J(C5�Ha,C5�Hb)� 11.2 Hz, 1 H, C5�Ha), 3.60 (d, 2J(C5�Ha,C5�Hb)� 11.2 Hz,
1H, C5�Hb), 4.24 (s, 1 H, C4�H), 4.69 (d, 3J(C2�H,C3�H)� 6.0 Hz, 1H,
C2�H), 4.83 (d, 3J(C3�H,C2�H)� 6.0 Hz, 1H, C3�H), 5.66 (d, 1 H, OH), 6.22
(d, 3J(C1�H,NH)� 9.2 Hz, 1 H, C1�H), 10.27 (d, 3J(NH,C1�H)� 9.2 Hz, 1H,
NH), 11.49 (s, 1 H, NH), 11.75 (s, 1 H, NH); 13C NMR (125 MHz,
[D6]DMSO): �� 24.13, 24.51, 26.47, 62.24, 82.25, 86.20, 86.68, 88.10,
111.47, 112.62, 150.53, 154.15, 157.29, 174.49; MS (ESI�): m/z (%): 769.4
(11) [M2 �H]� , 556.3 (45), 474.2 (100) [M]� ; HR-MS (ESI�): calcd for
[C14H19N5O8 �H]�: 384.1155, found 384.1169.


6-(�-�-Ribofuranose-1�-yl)amino-2-acetylamino-5-nitro-3H-pyrimidine-4-
one (7): Isopropylidene protected sugar 6 (1.68 g, 4.89 mmol) was dissolved
at 0 �C in CF3COOH/H2O (9:1, 15 mL) and stirred for 20 min. The solvent
was removed in vacuo. Then ethanol (3� 5 mL) was added and the solvent
was removed in vacuo (3� ). Product 7 was obtained after drying in high
vacuum as a yellowish powder (1.6 g, quant). Rf � 0.01 (CHCl3/MeOH
20:1); m.p. 197 �C (decomp); IR (KBr): �� � 528, 751, 787, 844, 1027, 1085,
1152, 1230, 1324, 1384, 1427, 1476, 1535, 1592, 1620, 1678, 3418 cm�1;
1H NMR (300 MHz, [D6]DMSO): �� 2.19 (s, 3 H, CH3), 3.43 (dd,
2J(C5�Ha,C5�Hb)� 11.6 Hz, 3J(C5�Ha,C4�H)� 3.0 Hz, 1 H, C5�Ha), 3.51
(dd, 2J(C5�Hb,C5�Ha)� 11.6, 3J(C5�Hb,C4�H)� 3.7 Hz, 1 H, C5�H2b), 3.79
(m, 1 H, C4�H), 3.98 ± 4.05 (m, 2 H, C2�H, C3�H), 4.91 (br s, 3H, 3OH), 5.81
(dd, 3J(C1�H,NH)� 8.6, 3J(C1�H,C2�H)� 4.3 Hz, 1 H, C1�H), 9.62 (d,
3J(NH,C1�H)� 8.7 Hz, 1H, NH), 11.53 (s, 1H, NH), 11.90 (s, 1H, NH);
13C NMR (50 MHz, [D6]DMSO): �� 25.48, 62.19, 71.70, 76.32, 85.81, 86.94,
114.22, 152.04, 155.39, 159.71, 175.92; MS (ESI�): m/z (%): 345.2 (15) [M]� ,
344.1 (100) [M�H]� ; HR-MS (ESI�): calcd for [C11H15N5O8�H]�:
344.0842, found 344.0833.


6-(3�-O,5�-O-[1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl]-�-�-ribofuranose-
1�-yl)amino-2-acetylamino-5-nitro-3H-pyrimidine-4-one (8): Sugar 7 (2.2 g,
6.5 mmol) was dissolved in pyridine (15 mL) and 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane (2.4 mL, 7.8 mmol, 1.2 equiv) was added dropwise
at 0 �C. After 30 min stirring, the solution was diluted with ethyl acetate
(150 mL) and extracted three times with 1� HCl (40 mL), sat. NaHCO3


(40 mL) and sat. NaCl (40 mL). The organic phase was dried over MgSO4


and the solvent was removed in vacuo. Compound 8 was obtained after
flash chromatography (CHCl3, 2 ± 10% MeOH) as a yellowish crystalline
powder (3.0 g, 5.1 mmol, 78%). Rf � 0.34 (ethyl acetate/MeOH 20:1); m.p.
111 ± 114 �C; IR (KBr): �� � 3454, 2946, 2868, 1678, 1625, 1586, 1536, 1466,
1433, 1384, 1326, 1229, 1150, 1126, 1039, 885, 859, 789, 697 cm�1; 1H NMR
(300 MHz, CDCl3): �� 1.02 ± 1.07 (m, 28H, iPr), 2.28 (s, 3H, CH3CO), 3.06
(s, 1H, HO), 3.88 ± 3.93 (m, 1 H, C4�H), 3.97 (d, 3J(C5�H,C4�H)� 3.3 Hz,
2H, C5�H), 4.09 (d, 3J(C2�H,C3�H)� 5.3 Hz, 1H, C2�H), 4.33 (dd,
3J(C3�H,C4�H)� 8.0, 3J(C3�H,C2�H)� 5.3 Hz, 1 H, C3�H), 5.62 (d,
3J(C1�H,NH)� 6.3 Hz, 1H, C1�H), 9.38 (d, 3J(NH,C1�H)� 6.3 Hz, 1H,
NHC1�), 10.88 (s, 1 H, NH), 11.49 (s, 1 H, NH); 13C NMR (50 MHz, CDCl3):
�� 12.75, 12.80, 13.21, 13.47, 17.03, 17.11, 17.14, 17.18, 17.30, 17.37 (2�
CH3CSi), 17.48, 24.47, 61.89, 71.41, 76.33, 81.34, 87.86, 113.64, 150.63,
155.25, 157.85, 173.62; MS (ESI�): m/z (%): 587 (100) [M]� ; HR-MS: calcd
for [C23H41N5O9Si2�Na]�: 610.2340, found 610.2336.


6-(3�-O,5�-O-[1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl]-2�-O-acetyl-�-�-ri-
bofuranose-1-yl)amino-2-acetylamino-5-nitro-3H-pyrimidine-4-one (13):
Silyl protected sugar 8 (0.5 g, 0.9 mmol) and DMAP (260 mg, 2.1 mmol,
2.5 equiv) were dissolved in CH2Cl2 (1 mL) and acetyl chloride (0.70 mL,
0.9 mmol, 1.1 equiv) was added dropwise at 0 �C. After stirring for 60 min,
the reaction mixture was diluted with ethyl acetate (10 mL) and extracted
three times with 1� HCl (2 mL), sat. NaHCO3 (2 mL) and sat. NaCl
(2 mL). The organic phase was dried over MgSO4 and the solvent was
removed in vacuo. Compound 13 was obtained as a yellowish powder
(0.50 g, 0.8 mmol, 93%). Rf � 0.63 (ethyl acetate/MeOH 20:1); m.p. 112 ±
115 �C; IR (KBr): �� � 3470, 2946, 2868, 1754, 1678, 1620, 1585, 1536, 1466,
1433, 1384, 1229, 1158, 1039, 886, 860, 789, 696, 665, 599 cm�1; 1H NMR
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(300 MHz, CDCl3): �� 0.94 ± 1.00 (m, 28H, iPr), 2.12 (s, 3H, CH3), 2.23 (s,
3H, CH3), 3.88 ± 3.99 (m, 3 H, C4�H, C5�H), 4.38 (dd, 3J(C3�H,C4�H)� 8.0,
3J(C3�H,C2�H)� 5.0 Hz, 1 H, C3�H), 5.35 (d, 3J(C2�H,C3�H)� 5.0 Hz, 1H,
C2�H), 5.52 (d, 3J(C1�H,NH)� 5.8 Hz, 1 H, C1�H), 8.68 (s, 1 H, NH), 9.35 (d,
3J(NH,C1�H)� 5.8 Hz, 1H, NH), 11.30 (s, 1 H, NH); 13C NMR (50 MHz,
CDCl3): �� 12.60, 12.67, 12.99, 13.34, 16.85, 16.90, 16.98 (2�CH3CSi),
17.16 (3�CH3CSi), 17.29, 20.93, 24.41, 60.92, 69.29, 73.47, 77.13, 81.64, 85.94,
149.82, 154.22, 157.55 (2 C), 170.96, 171.96; MS (ESI�): m/z (%): 630.2 (100)
[MH]� ; HR-MS (ESI�): calcd for [C25H43N5O10Si2�H]�: 628.2470, found:
628.2083.


6-(3�-O,5�-O-[1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl]-2�-O-[4-trifluoro-
methyl-benzoyl]-�-�-ribofuranose-1-yl)amino-2-acetylamino-5-nitro-3H-
pyrimidine-4-one (9): Silyl protected sugar 8 (1.5 g, 2.6 mmol) and DMAP
(780 mg, 6.4 mmol, 2.5 equiv) were dissolved in CH2Cl2 (15 mL). 3-(Tri-
fluoromethyl)benzoyl chloride (0.4 mL, 2.6 mmol, 1.0 equiv) was added
dropwise at 0 �C. After stirring for 30 min, ethyl acetate was added
(150 mL) and the reaction mixture was three times extracted with 1� HCl
(20 mL), sat. NaHCO3 (20 mL) and sat. NaCl (20 mL). After drying of the
organic phase over MgSO4 and removal of the solvent in vacuo, compound
9 was obtained as a yellowish powder (1.8 g, 2.4 mmol, 95%). Rf � 0.44
(ethyl acetate/MeOH 20:1); m.p. 195 ± 197 �C; IR (KBr): �� � 3460, 2947,
2869, 1733, 1683, 1620, 1584, 1539, 1465, 1436, 1384, 1336, 1250, 1169, 1134,
1073, 1039, 994, 885, 695 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.01 ± 1.09
(m, 28H, iPr), 2.25 (s, 3H, CH3CO), 4.05 ± 4.10 (m, 3H, C4�H, C5�H), 4.56
(dd, 3J(C3�H,C4�H)� 8.0, 3J(C3�H,C2�H)� 5.0 Hz, 1H, C3�H), 5.65 (d,
3J(C2�H,C3�H)� 5.0 Hz, 1H, C2�H), 5.83 (d, 3J(C1�H,NH)� 6.3 Hz, 1H,
C1�H), 7.60 ± 7.65 (m, 1 H, CarH), 7.84 ± 7.86 (m, 1 H, CarH), 8.23 ± 8.34 (m,
2H, CarH), 9.35 (s, 1H, NH), 9.47 (d, 3J(NH,C1�H)� 6.3 Hz, 1H, NH),
11.46 (s, 1H, NH); 13C NMR (50 MHz, CDCl3): �� 12.78, 12.81, 13.19,
13.53, 17.14 (8 C), 24.54, 61.17, 70.04, 77.93, 82.03, 85.89, 113.78, 123.79 (q,
1J� 272 Hz), 126.74 (q, 3J� 4 Hz), 129.58, 130.30 (q, 3J� 4 Hz), 131.10,
131.93 (q, 2J� 33 Hz), 133.20, 150.15, 154.61, 157.71, 164.49, 172.66; 19F
NMR (188 MHz, CDCl3): ���63.01; MS (ESI�): m/z (%): 782 (6)
[M�Na]� , 760 (18) [MH]� , 261 (63), 186 (100); HR-MS (ESI�): calcd for
[C31H44N5O10Si2�H]�: 760.2680, found 760.2679.


�- and �-6-(3�-O,5�-O-[1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl]-2�-O-
[4-trifluoromethyl-benzoyl]-�-ribofuranose-1-yl)amino-2-acetylamino-5-
formylamino-3H-pyrimidine-4-one (10a and 10b): Sugar 9 (500 mg,
0.66 mmol) was dissolved in ethyl acetate (0.5 mL). Under argon, Pd/C
(10 %, 500 mg) was added and the reaction mixture was diluted with
MeOH (5 mL). The solution was then stirred under an H2 atmosphere.
After 7 min, diisopropylethylamine (0.5 mL) was added and the hydro-
genation was continued for another 7 min. The reaction mixture was
filtered through Celite and the filtrate was evaporated to dryness in vacuo.
The residue was dissolved in pyridine (5 mL) under argon and DCC
(270 mg, 1.32 mmol, 2 equiv) was added. After cooling to 0 �C, HCOOH
(50 �L, 1.32 mmol, 2 equiv) was added. The reaction mixture was allowed
to warm to r.t. over 12 h. The mixture was diluted with ethyl acetate
(60 mL) and extracted two times with 1� HCl (15 mL), sat. NaHCO3


(15 mL) and sat. NaCl (15 mL). Drying of the organic phase over MgSO4


and removal of the solvent in vacuo afforded crude 10. Both anomers were
separated by flash chromatography (CHCl3, 1 ± 4 % MeOH). 10b (240 mg,
0.3 mmol, 47 %) and 10a (50 mg, 0.07 mmol, 10%) were obtained as
yellowish powders. Compound 10b : Rf � 0.48 (ethyl acetate/MeOH 20:1);
m.p. 94 ± 96 �C; IR (KBr): �� � 605, 695, 1038, 1073, 1135, 1251, 1335, 1422,
1467, 1530, 1552, 1643, 1727, 2869, 2947, 3454 cm�1; 1H NMR (400 MHz,
CDCl3): �� 0.83 ± 1.11 (m, 28 H, iPr), 2.22 (s, 3 H, CH3CO), 3.96 ± 4.04 (m,
3H, C4�H, C5�H), 4.57 ± 4.62 (m, 1H, C3�H), 5.55 (dd, 3J(C2�H,C3�H)� 5.0,
3J(C2�H,C1�H)� 1.3 Hz, 1 H, C2�H), 5.78 (dd, 3J(C1�H,NHC1�)� 8.0,
3J(C1�H,C2�H)� 1.3 Hz, 1H, C1�H), 7.61 (t, 3J(CarH,CarH)� 8.0 Hz, 1H,
Car5H), 7.73 (d, 3J(NHC1�,C1�H)� 8.0 Hz, 1 H, NHC1�), 7.81 ± 7.86 (m, 2H,
HNCHO, Car6H), 8.16 (d, 3J(CHO,HNCHO)� 2 Hz, 1H, CHO), 8.25 (d,
3J(C4H,C5H)� 8.0 Hz, 1 H, Car4H), 8.32 (s, 1H, Car2H), 8.45 (s, 1H, NH),
11.54 (s, 1H, NH); 13C NMR (50 MHz, CDCl3): �� 12.54, 12.58, 12.99,
13.16, 16.63, 16.87, 16.93 (2C), 17.17, 17.23 (2C), 17.31, 24.11 (CH3CON),
62.51 (C5�), 71.30 (C3�), 77.91 (C1�), 81.36 (C2�), 84.53 (C4�), 99.11, 123.84 (q,
1J� 273 Hz), 126.84 (q, 3J� 4 Hz), 129.43, 130.00, 130.02 (q, 3J� 4 Hz),
131.40 (q, 2J� 33 Hz), 133.24, 146.16, 151.60, 157.48, 159.59, 164.44, 171.82;
19F NMR (188 MHz, CDCl3): ���63.21; MS (ESI�): m/z (%): 788 (36)
[M�Na]� , 758 (100) [MH]� ; HR-MS (ESI�): calcd for [C32H46F3N5O8Si2�
H]�: 756.2708, found 756.2709.


Compound 10a : Rf � 0.50 (ethyl acetate/MeOH 20:1); m.p. 97 ± 99 �C; IR
(KBr): �� � 1039, 1073, 1134, 1247, 1334, 1507, 1521, 1540, 1559, 1577, 1653,
1683, 1734, 2869, 2947, 3447 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.96 ±
1.01 (m, 28 H, iPr), 2.14 (s, 3H, CH3CO), 3.82 ± 3.92 (m, 2 H, C5�H), 3.97 ±
4.00 (m, 1H, C4�H), 4.44 (dd, 3J(C3�H,C4�H)� 8.3, 3J(C3�H,C2�H)� 4.9 Hz,
1H, C3�H), 5.71 (t, 3J(C1�HC2�HC3�H,C1�HC2�HC3�H)� 4.9 Hz, 1 H,
C2�H), 6.04 (dd, 3J(C1�H,NHC1�)� 9.0, 3J(C1�H,C2�H)� 4.9 Hz, 1 H,
C1�H), 7.33 (d, 3J(NHC1�,C1�H)� 9.0 Hz, 1H, NHC1�), 7.55 (t,
3J(CarH,CarH)� 8.0 Hz, 1H, CarH), 7.78 (d, 3J(CarH,CarH)� 8.0 Hz, 1H,
CarH), 7.86 (d, 3J(CHONH,CHO)� 1.7 Hz, 1 H, CHONH), 8.02 (d,
3J(CHO,HNCHO)� 1.7 Hz, 1H, CHO), 8.30 (d, 3J(CarH,CarH)� 8.0 Hz,
1H, CarH), 8.35 (s, 1H, CarH), 9.14 (s, 1 H, NH), 11.52 (s, 1H, NH); 13C NMR
(50 MHz, CDCl3): �� 12.53, 12.75, 12.95, 13.32, 16.57, 16.61, 16.79, 16.81,
16.98 (2 C), 17.16, 17.26, 24.12, 60.66, 70.56, 77.13, 80.01, 80.46, 98.92, 123.81
(q, 1J� 273 Hz), 126.76 (q, 3J� 4 Hz), 129.42, 130.03 (q, 3J� 4 Hz), 130.05,
131.38 (q, 2J� 33 Hz), 133.21, 146.51, 152.57, 157.75, 159.99, 164.03, 171.85;
19F NMR (188 MHz, CDCl3): ���63.21; MS (ESI�): m/z (%): 788 (36)
[M�Na]� , 758 (100) [MH]� ; HR-MS (ESI�): calcd for [C32H46F3N5O8Si2�
H]�: 756.2708, found 756.2709.


� and �-6-(3�-O,5�-O-[1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl]-2�-deoxy-
�-ribofuranose-1�-yl)amino-2-acetylamino-5-formylamino-3H-pyrimidine-
4-one (11): The sugar 10 (100 mg, 0.13 mmol), MgClO4 � 6 H2O (9 mg,
0.04 mmol, 0.3 equiv) and 9-ethyl-3,6-dimethylcarbazole (5 mg, 0.02 mmol,
0.15 equiv) were dissolved in a mixture of isopropanol/water (9:1, 10 mL)
After purging of the solution with N2 for 45 min, the solution was irradiated
with a medium pressure mercury lamp in a pyrex reaction vial for 15 h at
15 �C. The solvent was removed in vacuo and the residual material purified
by flash chromatography. Compound 11 was obtained as a yellowish
powder as a mixture of the two anomers (yield 60 %). Separation of the
anomers was possible, with a small amount (12 mg) of the obtained
material, by HPLC. 11a (minor anomer): Rf � 0.38 (ethyl acetate/MeOH
10:1); 1H NMR (400 MHz, CDCl3): �� 1.02 ± 1.05 (m, 28H, iPr), 2.00 ± 2.05
(m, 1H, C2�Ha), 2.22 (s, 3 H, CH3CO), 2.48 ± 2.53 (m, 1 H, C2�Hb), 3.71 ± 3.76
(m, 1 H, C5�Ha), 3.92 ± 3.94 (m, 1 H, C4�H), 3.99 ± 4.02 (m, 1H, C5�Hb),
4.42 ± 4.46 (m, 1H, C3�H), 5.87 ± 5.91 (m, 1 H, C1�H), 7.06 (d,
3J(NH,C1�H)� 8.1 Hz, 1 H, NHC1�), 7.38 (s, 1H, NHCHO), 8.07 (s, 1H,
NH), 8.23 (s, 1H, CHO), 11.41 (s, 1H, NH); 13C NMR (100 MHz, CDCl3):
�� 12.21, 12.62, 13.00, 13.13, 16.60, 16.71 (3C), 16.90, 17.01, 17.04, 17.13,
23.97, 39.49, 62.16, 71.65, 80.38, 83.26, 146.00, 152.74, 157.33, 159.27, 170.84,
170.89. HRMS (ESI�): calcd for [C24H43N5O7Si2 �H]�: 568.2623, found
568.2613.


Compound 11b (major anomer): Rf � 0.38 (ethyl acetate/MeOH 10:1);
1H NMR (400 MHz, CDCl3): �� 1.02 ± 1.10 (m, 28H, iPr), 2.16 ± 2.19 (m,
1H, C2�Ha), 2.23 (s, 3 H, CH3CO), 2.30 ± 2.37 (m, 1H, C2�Hb), 3.78 ± 3.80 (m,
2H, C5�Ha, C4�H), 3.98 ± 4.04 (m, 1 H, C5�Hb), 4.54 ± 4.58 (m, 1H, C3�H),
5.83 ± 5.90 (m, 1H, C1�H), 7.44 (d, 3J(NH,C1�H)� 8.7 Hz, 1 H, NHC1�), 7.59
(s, 1 H, NHCHO), 8.00 (s, 1 H, NH), 8.16 (s, 1 H, CHO), 11.45 (s, 1 H, NH);
13C NMR (100 MHz, CDCl3): �� 12.21, 12.50, 13.00, 13.13, 16.62, 16.70
(2C), 16.77, 16.93, 17.01, 17.08, 17.17, 24.01, 40.43, 64.19, 72.59, 80.07, 84.35,
145.57, 152.74, 157.06, 158.99, 170.86, 170.89; MS (ESI�): m/z (%): 604
(101), 658 (100) [M�H]� ; HR-MS (ESI�): calcd for [C24H43N5O7Si2 �H]�:
568.2623, found 568.2613.


�- and �-6-(3�-O,5�-O-[1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl]-2�-O-ace-
tyl-�-�-ribofuranose-1�-yl)amino-2-acetylamino-5-formylamino-3H-pyri-
midine-4-one (12): Sugar 13b (253 mg, 0.40 mmol) was dissolved in
degassed ethyl acetate (0.2 mL) under argon. Pd/C (250 mg) was added
and the mixture was diluted with MeOH (2.5 mL). The solution was stirred
under an H2 atmosphere for 5 min and diisopropylethylamine (0.2 mL) was
added. The hydrogenation was continued for another 10 min. The reaction
mixture was filtered through Celite and the filtrate was concentrated to
dryness in vacuo. The residual material was dissolved in degassed pyridine
(2.5 mL). DCC (165 mg, 0.8 mmol, 2 equiv) was added and at 0 �C,
HCOOH (30 �L, 0.8 mmol, 2 equiv) was added. The reaction was allowed
to warm to r.t. over 12 h and was diluted with ethyl acetate (50 mL). The
organic phase was extracted two times with 1� HCl (15 mL), sat. NaHCO3


(15 mL) and sat. NaCl (15 mL) and dried over MgSO4. After removal of
the solvent in vacuo and separation of 12a and 12b by flash chromatog-
raphy (CHCl3, 1 ± 4% MeOH) were both compounds obtained in form of
yellowish powders. 12b : (104 mg, 0.16 mmol, 41 %). Rf � 0.38 (CHCl3/
MeOH 10:1); m.p. 122 ± 124 �C; IR (KBr): �� � 702, 1039, 1075, 1154, 1237,
1384, 1467, 1555, 1591, 1649, 1656, 1741, 1753, 2868, 2946, 3417 cm�1;
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1H NMR (400 MHz, CDCl3): �� 1.00 ± 1.09 (m, 28H, iPr), 2.14 (s, 3H,
CH3), 2.22 (s, 3 H, CH3), 3.87 ± 3.92 (m, 1H, C4�H), 3.94 ± 4.01 (m, 2H,
C5�H), 4.46 (dd, 3J(C3�H,C4�H)� 7.6, 3J(C3�H,C2�H)� 5.3 Hz, 1 H, C3�H),
5.28 (dd, 3J(C2�H,C3�H)� 5.3, 3J(C2�H,C1�H)� 2.0 Hz, 1H, C2�H), 5.63
(dd, 3J(C1�H,NH)� 8.2, 3J(C1�H,C2�H)� 2.0 Hz, 1H, C1�H), 7.64 (d,
3J(NH,C1�H)� 8.2 Hz, 1H, NHC1�), 7.68 (s, 1H, NH), 8.14 (d,
3J(CHO,CHONH)� 2.0 Hz, 1 H, CHO), 8.40 (d, 3J(NHCHO, CHO)�
2.0 Hz, 1H, CHONH), 11.50 (s, 1H, NH); 1H NMR (400 MHz,
[D6]DMSO): �� 0.97 ± 1.06 (m, 28 H, iPr), 2.05 (s, 3 H, CH3), 2.17 (s, 3H,
CH3), 3.65 ± 3.70 (m, 1H, C4�H), 3.85 ± 4.01 (m, 2H, C5�H), 4.41 ± 4.56 (m,
1H, C3�H), 5.34 ± 5.46 (m, 1H, C2�H), 5.79 ± 5.84 (m, 1H, C1�H), 7.43 (d,
3J(NHC1�,C1�H)� 9.6 Hz, 0.62 H, NHC1�(cis-amide)), 7.84 (d,
3J(NHC1�,C1�H)� 9.0 Hz, 0.38 H, NHC1�(trans-amide)), 7.87 (d,
3J(NHCHO,CHO)� 11.6 Hz, 0.38 H, NHCHO(trans-amide)), 8.18 (d,
3J(NHCHO,CHO)� 0.8 Hz, 0.62 H, NHCHO (cis-amide)), 8.23 (d, 3J
(CHO, NHCHO)� 11.6 Hz, 0.38 H, CHONH(trans-amide)), 8.87 (d,
3J(NHCHO,C1�H)� 0.8 Hz, 0.62 H, CHO(cis-amide)), 11.55 (s, 2H, 2�
NH); 13C NMR (50 MHz, [D6]DMSO): �� 12.63, 12.71, 13.06, 13.24,
16.88, 16.93 (2�CH3CSi), 16.96, 17.24, 17.27 (2�CH3CSi), 17.37, 20.76,
24.19, 62.51, 70.94, 76.58, 81.28, 84.56, 99.34, 145.88, 151.17, 157.39, 159.21,
169.91, 171.52; MS (ESI�): m/z (%): 626 (100) [M�H]� ; HR-MS (ESI�):
calcd for [C26H45N5O9Si2 �H]�: 626.2678, found 626.2694. 12a : (10 mg,
0.016 mmol, 10 %). Rf � 0.42 (CHCl3/MeOH 9:1). M.p. 119 ± 121 �C; IR
(KBr): �� � 696, 777, 860, 1038, 1156, 1232, 1386, 1419, 1465, 1507, 1559, 1586,
1632, 1761, 2869, 2946, 3446 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.93 ±
1.00 (m, 28 H, iPr), 2.15 (s, 3H, CH3), 2.16 (s, 3 H, CH3), 3.87 ± 3.93 (m, 3H,
C4�H, C5�H), 4.33 (dd, 3J(C3�H,C4�H)� 8.5, 3J(C3�H,C2�H)� 4.6 Hz, 1H,
C3�H), 5.45 (t, 3J� 4.6 Hz, 1H, C2�H), 5.94 (dd, 3J(C1�H,NH)� 8.7,
3J(C1�H,C2�H)� 4.6 Hz, 1 H, C1�H), 7.48 (d, 3J(NH,C1�H)� 8.7 Hz, 1H,
NH), 7.83 (d, 3J(NHCHO,CHO)� 1.7 Hz, 1H, NHCHO), 8.18 (d,
3J(CHO,CHONH)� 1.7 Hz, 1 H, CHO), 8.98 (s, 1H, NH), 11.45 (s, 1H,
NH); 13C NMR (50 MHz, CDCl3): �� 12.67 (2 CHSi), 12.97, 13.38, 16.84
(3CH3CHSi), 17.19 (4CH3CHSi), 17.29, 20.55, 24.16, 60.56, 70.23, 71.60,
79.98, 80.20, 98.96, 146.28, 152.29, 157.70, 159.70, 169.53, 171.73; MS (FD�):
m/z (%): 627 (100) [MH]� ; MS(ESI�): m/z (%): 628 (100) [M�H]� ; HR-
MS (ESI�): calcd for [C26H45N5O9Si2 �H]� 626.2678, found 626.2694.
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Ising-TypeMagnetic Anisotropy in a Cobalt(��) Nitronyl Nitroxide Compound:
A Key to Understanding the Formation of Molecular Magnetic Nanowires


A. Caneschi,[a] Dante Gatteschi,*[a] N. Lalioti,[a] R. Sessoli,[a] L. Sorace,[a] V. Tangoulis,[a]
and A. Vindigni[b]


Abstract: The compound [Co(hfac)2-
(NITPhOMe)2] (2) (hfac� hexafluoro-
acetylacetonate, NITPhOMe� 4�-meth-
oxyphenyl-4,4,5,5-tetramethylimidazo-
line-1-oxyl-3-oxide) crystallizes in the
triclinic P≈1 space group, a� 10.870(5),
b� 11.520(5), c� 19.749(5) ä, ��
78.05(5), �� 84.20(5), �� 64.51(5)�,
Z� 2. It can be considered a model


system for studying the nature of the
magnetic anisotropy of [Co(hfac)2-
(NITPhOMe)] (1), which was recently
reported to behave as a molecular


magnetic wire. The magnetic anisotropy
of 2 was investigated by EPR spectros-
copy and SQUIDmagnetometry both in
the polycrystalline powder and in a
single crystal. The experimental mag-
netic anisotropy was related to the
anisotropy of the central ion and to the
exchange interaction between the co-
balt(��) ion and the radicals.


Keywords: angular overlap model ¥
cobalt ¥ magnetic properties ¥
radicals


Introduction


Molecular magnetism provides a range of exciting new types
of magnets[1] that are attracting increasing interest, both for
fundamental science and for the development of new uncon-
ventional applications. A particularly novel field is provided
by molecular clusters that show slow relaxation of the
magnetization at low temperatures, and which give rise to
magnetic hysteresis of molecular origin.[2] These materials can
be considered to be magnetic analogues of quantum dots in
conductors, in the sense that they are zero-dimensional in
nature and show properties similar to those of bulk magnets
(slow relaxation of the magnetization) accompanied by
important quantum effects.[3±5] To design and synthesize new
materials with implemented properties to store information
on the nanometer scale, it is necessary to have clear
indications for the requirements needed to observe slow
relaxation of the magnetization at low temperatures. It is now
well-known that the principal requisite corresponds to a
negative zero-field splitting parameter D in the ground S
state, which must be as large as possible. This corresponds to
an easy axis (Ising)-type anisotropy.


A possible approach to obtain slowly relaxing magnetic
clusters is the use of individual building blocks that have large
zero-field splittings and z axes that are mutually parallel. The
importance of this last requirement has been clearly shown in
the case of the isomeric forms of well-known Mn12 clusters. In
fact, these clusters contain eight manganese(���) and four
manganese(��) ions. The former have Jahn ±Teller distortions
that provide an Ising-type magnetic anisotropy. In the
archetypal [Mn12O12(CH3COO)16(H2O)4], the unique manga-
nese(���) axes are essentially parallel to each other,[6] giving
rise to a zero-field splitting D/k��0.70 K. Two isomeric
forms of [Mn12O12(p-MeBz)16(H2O)4] show a different ori-
entation of the elongation axes of manganese(���) and quite
distinct relaxation rates.[7, 8] In principle, Ising-type magnetic
anisotropy also influences the relaxation of one-dimensional
magnets, as suggested by Glauber in the 1960s.[9] According to
Glauber×s theory, an Ising chain should show exponential
divergence of the relaxation time of the magnetization as the
temperature decreases. The temperature-dependence of the
relaxation time should depend on a barrier proportional to
the exchange coupling constant. Although this theory has
been known for more than forty years it had never been tested
because very strong intrachain and very weak interchain
interactions are required in addition to the Ising anisotropy.


We recently reported that the chain compound [Co(hfac)2-
(NITPhOMe)] (1) (where hfac� hexafluoroacetylacetonate
and NITPhOMe �4�-methoxyphenyl-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide, is composed of cobalt(��) ions and
nitronyl nitroxide radicals alternately arranged in a trigonal
helix.[10] The spin of the metal ion and that of the radical are
strongly interacting and below 20 K the a.c. susceptibility
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shows the appearance of an out-of-phase signal that is
strongly dependent on the frequency, as observed in molec-
ular clusters.[11] The relaxation time follows the Arrhenius law
in a wide range that covers almost ten orders of magnitude,
providing a spectacular example of Glauber dynamics.[12]


Furthermore, the compound exhibits magnetic hysteresis in
the absence of three-dimensional magnetic order. The chains
behave as magnetic wires, and, in principle, it may become
possible to store information on a single polymeric chain. The
Ising nature of the chain has been attributed to the presence
of cobalt(��) as this ion is known
to yield large anisotropy effects
when it is hexacoordinated.[13]


Tetragonal elongation and
trigonal compression provide
Ising-type anisotropy; however,
in lower symmetry the aniso-
tropy is hardly predictable.
Within the chain, the local an-
isotropy of the cobalt ions is
mediated by the helical struc-
ture so that unambiguous esti-
mation of the anisotropy of
cobalt has not been possible.


We have now synthesized the
mononuclear cobalt(��) bis-ni-
tronyl-nitroxide derivative
[Co(hfac)2(NITPhOMe)2] (2)
in which the metal ion has
essentially the same coordina-
tion geometry as observed in
the chain. The quantitative
analysis of the magnetic proper-
ties of cobalt(��) exchange-cou-
pled systems is not trivial and sophisticated techniques, such
as inelastic neutron scattering, have recently been used to
quantify the magnetic interactions within a pentameric
cobalt(��) cluster.[14] Herein we have investigated 2 in detail
by single-crystal EPR spectroscopy and single-crystal magnet-
ization measurements. The anisotropy parameters have been
accurately determined so that light can be shed on the nature
of the exchange interaction and of the anisotropy in the one-
dimensional compound 1 and it also provides useful hints for
designing new molecular magnetic materials with higher
blocking temperatures.


Results


Synthesis and molecular structure : The system [Co(hfac)2]/
NITPhOMe results in two different well-characterized crys-
talline derivatives according to the experimental conditions. If
the ratio of [Co(hfac)2]/NITPhOMe is 1:1 and the solution in
n-heptane is warmed to 80 �C or higher, the product that
quickly precipitates is the helical polymer [Co(hfac)2(NIT-
PhOMe)] (1). With the same stoichiometric ratio but with a
lower reaction temperature, �60 �C, the mononuclear com-
pound [Co(hfac)2(NITPhOMe)2] (2) is formed in a mixture
with the excess of the cobalt starting material. When 1 was


recrystallized in all the solvents investigated, the mononuclear
complex 2 was always formed. This suggests that 2 is
thermodynamically favored over to the chain compound 1.
Complex 2 crystallizes in the triclinic space group P1≈. The
structure contains octahedrally coordinated cobalt(��) ions
with four oxygen atoms from two hfac molecules and two
oxygen atoms from two cis-coordinated NITPhOMe radicals
(Figure 1). The coordination polyhedron of each Co(��) ion is
rather distorted with Co�O bond lengths ranging from
2.030(3) to 2.109(3) ä (Co�Orad� 2.057(3) and 2.109(3) ä,


respectively). The maximum distortion from octahedral
symmetry is observed in the O2-Co-O3 angle, which is
163.60(12)�, while the angle between the two coordinated O
atoms of the radicals O5-Co-O6 is 84.02(11)�. This distortion
can be explained by the cis coordination and by the �-stacking
interactions between the phenyl ring of the NITPhOMe
radical and the unsaturated part of one of the hfac molecules,
as previously observed in other [M(hfac)2NITR] compounds.[10]


The basic architecture of 2 compares well with that found in
1: the radicals bridge two different metal ions to form a
trigonal helix. The two coordination polyhedra are compared
in Figure 2, which is important with respect to the discussion
of the magnetic properties.


In the case of the monomer, � stacking occurs between the
phenyl ring (C24 ±C29) and one hfac ligand (O1 ±O3)
without formation of the ™sandwich∫ structure observed in 1
(Figure 2). The stacking interactions between the correspond-
ing planes are characterized by the angle �� 12.6� and the
distance d� 3.5 ä.[15] Selected bond lengths and angles are
given in Table 1. No significant intermolecular contacts are
observed. The shortest distance between noncoordinated NO
groups is 6.58 ä.


EPR spectra : Polycrystalline powder EPR spectra of 2 at
X-band frequency were observed at temperatures below 40 K.


Figure 1. Structure of 2 (ORTEP view). For the sake of clarity, the hydrogen atoms, as well as the methyl and the
CF3 groups have been omitted. The principal directions of the g tensor of the trimer are shown with respect to the
molecular structure. The direction of gy and gx are represented in gray with decreasing darkness, while the gz
direction has been labeled.
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Figure 2. Comparison of the molecular structure and coordination envi-
ronment of the cobalt ion in the monomeric 2 (left) and chain compound 1
(right).


They correspond to an S� 1/2 spin in a rhombic environment
(Figure 3). A simple inspection of the spectra suggests the
following g values: g1� 3.0, g2� 2.3, g3� 1.8. The three
features are characterized by remarkably different linewidths.


Figure 3. Observed (bottom) and computer-simulated (top) EPR spec-
trum of polycrystalline powder of 2 at 7 K and at X-band frequency. For the
simulation we used: gx� 1.85, gy� 2.2, gz� 2.9, Ax� 50 G, Ay� 30 G, and
Az� 70 G.


In particular, the high-field feature has a very broad shape,
suggesting that unresolved hyperfine interactions may be
present.


Assuming that unresolved hyperfine interactions may be
operative, the spectra were simulated with the spin Hamil-
tonian given in Equation (1), where I� 7/2 is the nuclear spin
of 59Co.


H�
�


i�x�y�z


�BHgiSi�
�


i�x�y�z


AiSiIi (1)


The simulated spectrum shown in Figure 3 was obtained
with the following parameters: g1� 2.9, g2� 2.2, g3� 1.85, and
A1� 70 G, A2� 30 G, A3� 50 G, with anisotropic linewidths
(W1� 160 G, W2� 100 G, W3� 210 G ). The hyperfine con-
tribution of the nitrogen atoms of the radicals have not been
taken into account. The quality of the fit is moderately
satisfactory, but the main features are reproduced.


Single-crystal EPR measurements were performed on 2. A
single crystal was oriented with the same diffractometer used
for the structure determination. This crystal had the shape of a


platelet with the faces (0,0,� 1)
largely developed and bounded
by the (0,� 1,� 1) and (�1,�
1,0) faces. Single-crystal EPR
spectra were recorded during
rotation of the crystal around
the three orthogonal axes a, b�,
and c* (where a is the crystallo-
graphic axis, c* is the normal to
the (0,0,1) face, and b� is or-
thogonal to the first two axes).
The spectra in most orienta-
tions show one signal whose
resonance field and linewidth
have strong angular depen-
dence (Figure 4). In some ori-
entations, the signal shows
some evidence of splitting, with
the appearance of a shoulder at
the resonance field, as often
observed when unresolved hy-


perfine interactions are present. In some orientations, weak
satellites are also observed. By increasing the temperature,


Figure 4. Angular dependence of the single-crystal EPR signal of 2
observed by rotating about the c* crystallographic axis at 4.2 K. At ��
0�, the field is along the crystallographic a axis.


Table 1. Selected bonds lengths [ä] and angles [�] for 2 compared to those found in 1.[a]


2 1


Co1 ±O3 2.030(3) N1 ±C13 1.357(5) Co1 ±O6 2.028(4) N9 ±C17 1.337(8)
Co1 ±O2 2.038(3) N2 ±O7 1.278(5) Co1 ±O5 2.040(4) N8�O3 1.300(6)
Co1�O6 2.057(3) N2�C13 1.353(5) Co1�O4 2.057(5) N8�C17 1.366(7)
Co1�O1 2.064(3) N3�O6 1.310(4) Co1�O7 2.086(5)
Co1�O4 2.108(3) N3�C23 1.333(5) Co1�O3 2.097(4)
Co1�O5 2.109(3) N4�O8 1.269(4) Co1�O2* 2.108(4)
N1�O5 1.295(4) N4�C23 1.358(5) N9�O2 1.287(6)
O3-Co1-O2 163.60(12) O2-Co1-O5 89.93(11) O6-Co1-O5 166.60(2) O7-Co1-O3 99.13(2)
O3-Co1-O6 97.57(12) O6-Co1-O1 89.73(11) O6-Co1-O4 94.95(2) O2*-Co1-O6 95.46(2)
O3-Co1-O1 95.52(11) O6-Co1-O4 174.18(10) O6-Co1-O7 85.82(2) O2*-Co1-O4 87.59(2)
O3-Co1-O4 85.19(11) O6-Co1-O5 84.02(11) O6-Co1-O3 84.29(2) O2*-Co1-O7 175.57(2)
O3-Co1-O5 86.19(11) O1-Co1-O4 84.89(11) O5-Co1-O4 89.99(2) O2*-Co1-O3 85.28(2)
O2-Co1-O6 97.86(11) O1-Co1-O5 173.69(11) O5-Co1-O7 81.90(2) O2*-Co1-O5 97.16(2)
O2-Co1-O1 90.06(11) N1-O5-Co1 122.33(2) O5-Co1-O3 92.35(2) N8-O3-Co1 127.34(4)
O2-Co1-O4 79.95((11) N3-O6-Co1 123.70(2) O4-Co1-O7 88.05(2) N9*-O2*-Co1 129.73(4)
O4-Co1-O1 101.32(11) O4-Co1-O3 172.70(2)


[a] The correspondence in the labeling of atoms between the monomer 2 and the chain 1 derivatives is the
following: O1(2)�O4(1), O2�O5, O3�O6, O4�O7, O5�O3, O6�O2. * denotes the atoms in the helix
generated by the threefold screw axis.
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the signals dramatically broad-
en and the compound is EPR
silent above 40 K. This is in
agreement with the presence of
cobalt(��) ions which are known
to relax rapidly at high temper-
atures.[16]


The angular dependence of
the g value of the main line is
shown in Figure 5. The mini-
mum g was observed in the
rotation b� at �40� from c*,
while the maximum g was ob-
served in the rotation around c*
at �130� from a. The principal
values and directions of the g
tensor were determined by
standard least-squares analy-
sis[17] and are given in Table 2
(the uncertainty in the angles is
�5�). The principal direction
associated with the minimum g
value lies 17.8� from the Co�O1
bond and 12.7� from the normal
to the O3-C6-C7-C8-O4 hfac
plane, while the direction asso-
ciated with the maximum g is
approximately between the
Co�O1 and Co�O6 bonds, as


shown in Figure 1. The principal values of the g tensor
estimated from the single-crystal spectra are in reasonable
agreement with those evaluated from the powder spectrum.


A more detailed analysis of the single-crystal spectra would
require the inclusion of hyperfine interactions and of the
interactions responsible for the observed splitting of the lines.
The latter are presumably caused by dipolar interactions
between neighboring molecules, which are of the same order
of magnitude as the hyperfine splitting. Similar effects were
previously observed in magnetically undiluted copper(��)
compounds.[18] In the present case, the detailed analysis is
complicated by the large number of lines present (8 hyperfine
lines, each split into a number of fine structure lines, which
depend on the number of neighbors). Furthermore, no really
well-resolved spectra were observed. Therefore, we limited
our investigation to obtain reliable values of g and as well as
its principal directions. The simulation of the single spectra
starting from the values reported in Table 2 and taking into


account the hyperfine structure is satisfactory, except for
those orientations where the satellites are more intense.


Magnetic measurements : The �T value for polycrystalline
powders of 2, pressed in a pellet to avoid orientation in the
external field, is 1.25 emuKmol�1 at room temperature. This
is well below the value expected for uncorrelated spins
(2.625 emuKmol�1 if all the g values were equal to 2). Since
high-spin cobalt(��) has a positive orbital contribution to g, it is
apparent that the low value of �T can only be justified by
strong antiferromagnetic interactions between cobalt(��) and
the radicals. �T decreases on lowering the temperature and
levels out at �0.7 emuKmol�1 at low temperatures.


Single-crystal magnetic measurements were performed at
2 ± 40 K by orienting the crystal with its principal directions x,
y, and z of the g tensor, as determined from the EPR spectra,
parallel to the magnetic field of the SQUID magnetometer
(the largest error in the orientation was estimated to be
�10�). As expected, the magnetization is highly anisotropic
(Figures 6 and 7). The �T values reported in Figure 6 are


Figure 6. Temperature dependence of the magnetic susceptibility multi-
plied by the temperature measured on a single crystal of 2 with the
magnetic field oriented along the direction of largest (z), intermediate (y),
and smaller (x) component of the g tensor, as determined from the EPR
spectra. The lines correspond to the calculated values (see text).


Figure 7. Field dependence of the molar magnetization of a single crystal
of 2 with the magnetic field oriented along the direction of largest (z),
intermediate (y), and smaller (x) component of the g tensor, measured at
2 K (�), 3.5 K (�), and 6 K (�). The lines correspond to the calculated
values (see text).


practically independent of temperature in all three directions,
with a small decrease at the lowest temperature. The observed
values (0.82 emumol�1 K for z, 0.56 emumol�1 K for y, and
0.34 emumol�1 K for x) are in reasonable agreement with
what would be expected for a system of noninteracting S� 1/2
spins, with the g values observed in the EPR spectra (0.84,
0.52, and 0.30 emumol�1 K, respectively). The fact that the �T


Figure 5. Angular dependence
of the g values of 2 extracted
from the position of the main
line in the single-crystal EPR
spectra recorded by rotating
about the a (top), b� (middle),
and c* (bottom) crystallograph-
ic axes. The lines correspond to
the values calculated with the
diagonalization procedure (see
text) which gives the results
reported in Table 2.


Table 2. Principal values and cosine directors in the ab�c* reference frame
of the g tensor of 2 at 4.2 K.


gz� 2.998 � 0.694
0.577


� 0.429
gy� 2.332 � 0.116


� 0.678
� 0.725


gx� 1.790 0.710
0.454


� 0.538
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values are essentially independent of temperature suggests
that the S� 1/2 ground state is the only one which is thermally
populated up to 40 K.


The magnetization versus applied field spectrum, with the
field oriented along the three principal axes, has been
measured at 2.5, 3.5, and 6 K; the results are shown in
Figure 7. The curves display an approach to saturation with
values in reasonable agreement with those expected for S�
1/2 with the same g values as extracted from EPR spectro-
scopic measurements.


Discussion


The analysis of the magnetic properties of compounds that
contain octahedral cobalt(��) is hampered by the presence of
largely unquenched orbital contributions associated with the
ground 4T1g state. Low-symmetry components and spin-orbit
coupling effects remove the degeneracy leaving one Kramers
doublet lying at the lowest level, separated from the excited
states by more than 100 cm�1. Therefore, it is a reasonable
approximation to treat the cobalt(��) ion at low temperatures
as an effective S� 1/2, corresponding to the Kramers doublet,
with high anisotropy. The magnetic coupling can therefore be
expressed by the Hamiltonian given in Equation (2).


H� JzS1zS2z� JxS1xS2x� JyS1yS2y (2)


When Jz�0, Jx� Jy� 0, the system is at the Ising limit, when
Jz� 0, Jx� Jy�0 the system is at the XY limit. Important
information on the nature of the exchange interaction is
obtained from the g values of the cobalt(��) ions: for gz� gx ,gy
the system is closer to the Ising limit, for gx ,gy� gz the system
is closer to the XY limit.


The conditions for observing gz� gx ,gy were given at an
early stage by Abragam and Bleaney[13] by means of a crystal-
field approach. This was later generalized by the Florence
group who used the ligand-field model.[19, 20] At the Ising limit,
gz� 8 ± 9, gx� gy� 0.


The g values observed in 2 clearly depend on the g values of
the cobalt(��) and radical centers, and on the nature of the
exchange interaction. Simple formulae are available that
relate the individual g tensors to those of the coupled triad at
the limit of strong isotropic exchange; however, it is doubtful
that such an approximation is valid in this case.


The principal directions of the g tensor are determined by
those of gCo because the radicals can reasonably be assumed to
have isotropic g tensors. It was previously observed that the
gCo tensors are extremely sensitive to low-symmetry compo-
nents of the ligand field, and that even small deviations from
rigorous symmetry determine dramatic deviations of the
principal axes from the bond directions, or from their
bisectors. Large deviations from idealized symmetries were
previously observed in trans-[Co(hfac)2X2] derivatives,[21] in
which the z axis deviates from the perpendicular of the
[Co(hfac)2] plane by as much as 19�, depending on the nature
of the axial ligand. Similar large deviations have been
observed for the in-plane axes.


Attempts were made to reproduce the field dependence of
the anisotropic magnetization and the low-temperature (T�


40 K) dependence of the anisotropic �T value by exact
diagonalization of the Hamiltonian given in Equation (3).


H�Jz(SCo
z SR1


z � SCo
z SR2


z � � Jy(SCo
y SR1


y � SCo
y SR2


y �
� Jx(SCo


x SR1
x � SCo


x SR2
x � � �BS≈CogCoH≈ � �BS≈R1gR1H≈ � �BS≈R2gR2H≈


(3)


Beyond the three Ji values (i� x, y, z), it is necessary to
assume that the g values of the cobalt(��) are also parameters,
which leaves the g tensors of the radicals as isotropic with g�
2.00. The interaction of the cobalt(��) ions with the two radicals
was assumed to be identical to avoid over-parameterization.
The parameters were allowed to vary in a wide range.
Isotropic values of the spin Hamiltonian were unable to
reproduce the experimental data, and a large anisotropy was
required with a strong antiferromagnetic Jz . The best-fit
results are shown as lines in Figures 6 and 7. A very large
value, Jz/k� 3200 K, was used; however, it must be remarked
that the fit can only be performed in the low-temperature
range and is therefore essentially insensitive to this value
provided that Jz/k� 400 K. The other parameters are: Jx/Jz�
0(�0.05), Jy/Jz� 0.69(�0.05), gzCo� 9.1(�0.5), gyCo� 0.5
(�0.7), and gxCo� 0 (�1.). The g values of the cobalt(��) ion
evaluated from the fitting are in the high limit of those
expected by the Abragam and Bleaney model.[13]


The strong anisotropy of the magnetic interaction suggested
by the best-fit parameters implies that the ground-state
doublet is not a pure S� 1/2 spin state. Nevertheless, the
Zeeman splitting, �E, of the ground doublet calculated with
the above parameters provides the field for which �E� h�
where � is the frequency of the EPR experiments. The g values
estimated from the calculated resonance field are gx� 1.87,
gy� 2.43, and gz� 2.87. They are in reasonable agreement with
the result of the single-crystal EPR spectra, displayed in
Table 2.


To explain the anisotropic characteristic of the cobalt ion in
2, as derived from both EPR and magnetic measurements, we
employed the angular overlap model. The calculation was
performed with a program which has been described else-
where.[22] Indeed, during past years, the angular overlap
approach has been widely used to rationalize the magnetic
properties of low-symmetry high-spin cobalt(��) compounds,[20]


because low-symmetry effects of the �-interactions can be
taken into account in a careful manner. In fact, g anisotropy
for distorted octahedral cobalt(��) complexes is mainly de-
pendent on the relative splitting of the t2g orbitals. The �


interactions, which can be bonding or antibonding in nature
depending on the relative energies of the metal and ligand
orbitals, are then crucial in the determination of this splitting.
As an example, we may consider a tetragonal coordination
environment. In this case, if the splitting of the t2g orbitals
results in a 2Eg ground doublet, then g�� g	, whereas the
reverse applies if the ground doublet is 2A2g. In terms of the
ligand field approach, the value of the splitting of the t2g
orbitals is ��E(dxy)�E(dxz), which in the angular overlap
formalism may be written as �� 4e�	eq� 2e��eq� e�ax.[16] It
is then clear that the anisotropy of the � interaction has to be
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carefully considered in order to understand the magnetic
behavior of these systems.


The coordination geometry employed for the calculation
was that derived from the solution of the crystal structure,
assuming the orthogonalized reference system ab�c*. How-
ever, to avoid the use of too many parameters, we did not take
into account the variation in bond lengths and thus assumed
the same Dq value for the same class of ligand. As initial
guesses for the ligand field parameters, we used for the hfac
ligand the values which are reported in the literature for
acetylacetonate and those of pyridine-N-oxide for the nitron-
yl-nitroxide radicals. The only relevant source for the �


anisotropy was readily identified in the radicals, whose
interaction could reasonably be assumed to be mainly
directed out-of-plane. The anisotropy of this � interaction
was then assumed to be quite large (e��/e�	� 0.1). With these
starting values, we obtained the following g values for the
ground doublet: gx� 1.39, gy� 1.97, and gz� 7.21 which there-
fore provides evidence for the Ising behavior of the system.
We then performed different calculations allowing e��/e�	 for
radicals, and e�, e�/e�, and e� for both the two class of ligands to
vary by 30% around their starting values. The largest Ising
character was obtained on lowering the ratio e�/e� for the
radicals down to 0.15. This yielded the following g values: gx�
1.43, gy� 1.84, and gz� 7.8. Finally, as the g values obtained
with all the calculations were within the limits gx
 1.5, gy

1.99, and gz� 7.1, we may conclude that the Ising behavior of
cobalt(��) in this system is well accounted for within the
framework of the angular overlap model.


Conclusion


The combined use of single-crystal EPR spectroscopy and
single-crystal SQUID magnetometry, even in the absence of
any symmetry, has allowed an accurate estimation of the
magnetic anisotropy of 2. The cobalt(��) ion coordinated by
NITR radicals has Ising-type anisotropy, which gives rise to
Ising-type antiferromagnetic exchange interaction between
the metal ion and the radicals. This might be a general feature
of the cobalt(��) ± radical interaction because it seems to be
associated with the nature of the � interaction between the
metal ion and the radical orbitals.


In molecular magnetism, so far only limited attention has
been given to the problem of magnetic anisotropy. However,
recent results have shown that the use of highly anisotropic
metal ions can introduce new interesting properties in
molecular magnets, such as strong coercive fields in bulk
magnets,[23] and slow relaxation of the magnetization in zero-
dimensional[2] and one-dimensional materials.[11, 12] For the
last case in particular, the close resemblance of the cobalt
environment in 1 and 2 allows us to confirm that the magnetic
anisotropy of the cobalt(��) ions in 1 is of the Ising type as
required to observe slow dynamics of the magnetization
according to the Glauber model. Moreover, it is possible to
overlap the very similar coordination spheres of the cobalt ion
in 1 and 2. Hence the principal directions of the g tensor of 2
suggest that the easy magnetization axis z of each cobalt spin
in 1 forms an angle of �50� (�10�) with the symmetry axis of


the helix. The non-colinearity of the local z axis is an
important feature in determining the magnetic properties of
1.[12] We have shown how the detailed analysis of the
anisotropic magnetic properties of simple model systems,
such as 2, may indeed provide some clues for the design of
new classes of molecular magnetic materials.


Experimental Section


Synthesis of [Co(hfac)2(NITPhOMe)2]: A solution of NITPhOMe, pre-
pared as previously described,[24](0.13 g, 0.5 mmol) in n-heptane (20 mL)
was added to a solution of [Co(hfac)2] ¥ 2H2O (0.13 g, 0.25 mmol) in CHCl3
(3 mL). Slow evaporation of the final dark blue solution at room
temperature gave large (�5 mg), dark blue crystals of 2, which were
suitable for X-ray analysis. Elemental analysis (%) calcd for C38F12CoH40-


N4O10: C 45.66, H 4.03, N 5.60; found: C 45.58, H 4.14, N 5.57.


Crystallography : X-ray diffraction data were collected on an Enraf-Nonius
CAD4 four-circle diffractometer. Corrections for Lorentz and polarization
effects and for absorption (� scan) were applied. The crystal structure of
the compound was solved by direct methods using the SIR97 program,[25]


which gave the positions of all non-hydrogen atoms, although some of the
fluorine atoms were later identified by successive Fourier difference
syntheses. The structure was refined with the SHELX97 program package
against F 2 with full-matrix least-square techniques.[26] Refinement of 596
parameters gave R1� 0.0630 for 5677 reflections with Fo� 4�(Fo) and
0.0919 for all 7692 data with S� 1.021. The hydrogen atoms were calculated
at fixed positions and refined with an overall isotropic thermal parameter.


Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-164371 (2). Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK (fax:(�44)1223-336-033; e-mail :deposit@ccdc.cam.ac.uk).


Physical measurements : Magnetic studies where performed on powders
and oriented single crystals in a CryogenicsS600 SQUID magnetometer.
EPR spectra of both powder and single-crystal samples were performed
with a VarianESR9 spectrometer equipped with a helium flow cryostat at
the X-band frequency.
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