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Introduction


Because of their importance in several areas of chemical,
physical and astrophysical research, van der Waals complexes
of simple molecules and rare gases (Rg) have for some time
received a great deal of experimental and theoretical atten-
tion.[1±6] Recently additional impetus has come from the
possible role of such systems in materials sciences and the
observation of new phenomena in large clusters of rare gases
with molecular impurities, either neutral or ionic.[7±13]


The aim of the present study is to demonstrate, by using the
specific example of carbon monoxide, how a more global
description of rare gas atoms weakly bound as van der Waals
(vdW) complexes to the CO molecule can be obtained from


quantum Monte Carlo calculations of the distribution of their
nuclear positions within the final molecule. State-of-the-art
quantum chemical treatments[13±15] start, in fact, with a fixed-
nuclei (FN), Born ± Oppenheimer (BO) approach and there-
fore search for the most stable structure of the three atomic
partners without any initial reference to the nuclear dynamics.
Thus, although this aspect is correctly accounted for by later
constructing the bound state levels of the triatomic complex,
this approach implies a cluster structure in which the atoms
have specified geometrical positions determined by the
minima in the potential energy surface (PES). This latter
description presents problems in the extraction of the
structural properties of such weakly bound complexes from
fully resolved infrared spectra,[16] since the progression of the
transitions can be assigned either in terms of a set of
approximate rigid body quantum numbers or in terms of the
nearly free internal rotor dynamics of the component
diatom.[17] In both limits a full set of measured and assigned
spectral transitions or of estimated spectroscopic constants is
used to determine the intermolecular potential. In either case,
the diatom component rovibrational states are often used as a
zeroth-order starting basis, and the overall rotations, plus a
radial basis related to the vdW vibrations, are employed in
further expansions with the appropriate angular momentum
recoupling.[13, 16, 18, 19] This spectroscopic analysis thus recog-
nizes the floppy nature and the wide-amplitude motions which
nuclei or groups of nuclei can undergo in these species and
underlines the difficulty of obtaining meaningful structural
parameters from traditional spectroscopic analyses. By con-
sidering the motion of the component diatom as the primary
dynamical reference[15, 16] it also acknowledges the fact that
the very notion of an equilibrium structure may become
irrelevant in such systems. On the other hand, an inspection of
bound and metastable final eigenfunctions that could help to
visualize the 3D behavior of such complexes is not commonly
used in studies of the energy levels and the predissociation
dynamics for vdW systems, since they tend to focus instead on
the calculation of the matrix elements for transitions and for
state lifetimes.[20, 21]


In the following we intend to show that a stochastic
approach can lead, with only a moderate computational
effort, to an overall representation of floppy, bound species in
their ground states that can provide additional insight into
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their true structural features. This alternative approach
complements the information already gathered from either
structural or dynamic representations of rovibrational and
metastable levels, as in the more conventional analysis,[3] and
can easily be extended to larger clusters with several Rg as
adatoms to the molecule; we are currently studying such
extensions of the title systems.[22]


The Stochastic Approach


One of the most general methods currently available for the
accurate treatment of quantum systems with more than a few
degrees of freedom is based on stochastic approaches which
are collectively referred to as quantum Monte Carlo (QMC)
methods.[23±25] Some of their main advantages are the absence
of size-dependent errors and by the favorable scaling of the
computational and storage requirements with the number of
degrees of freedom. The absence of a reference geometry
around which a basis expansion would be centered makes
them suitable for the treatment of floppy bound species where
the quantum mixing of several possible classical structures
frequently occurs. A further practical advantage, which will be
employed in the present study, is its ability to use a full
Hamiltonian generated in Cartesian coordinates and to
provide very accurate information on the ground state of
the bound system. The present calculations use the diffusion
Monte Carlo (DMC) algorithm, which is briefly described
below and more extensively in several recent publica-
tions.[26±29]


The Schrödinger equation for N bodies is given in
Equation (1), in atomic units and imaginary time t� it, where
y is the required wavefunction, VÃ the potential energy term, x
collectively describes all the position coordinates and mk are
the particle masses. Eref is a reference energy, which shifts the
origin of the energy scale to a convenient value. The above
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equation is isomorphic to a multidimensional anisotropic
diffusion equation with additional position-dependent rate
processes [Eq. (2)]. This implies that the original Schrödinger


equation may now be treated as a reaction ± diffusion process
and solved by a random walk. The linearity of the equation
allows many noninteracting random walkers (replicas) to be
used in each simulation and they are defined in terms of
Cartesian coordinates which are randomly changed and have
varying weight w(t) to simulate the kinetic and potential
energy terms in Equation (1). The population is propagated
along t by finite time steps. By considering the formal solution
of the time-dependent wavefunction in Equation (3), one sees


y(x,t)�
X


n


Cnfn(x) exp[ÿ (EnÿEref)]t (3)


that, as t increases, the dominant term of the sum on the r.h.s.
of Equation (3) will become the lowest eigenstate of the N-
particle system, since the higher states will have decayed to
zero. It is interesting to note at this point, to make a further
contact with the calculations described below, that the
primary product of DMC calculations is the total wave-
function, while the more conventional diagonalization proc-
esses[3] produce primarily energy levels, often disregarding the
information provided by the eigenvectors. The asymptotic
evolution of the amplitude of the wave function over
imaginary time as measured by the total weight of the random
walker ensemble W(t)�Swalks w(t) provides one mechanism
to compute the quantum energy within the DMC formalism.
W(t) decays exponentially according to the mismatch be-
tween the reference energy Eref and the ground state energy
E0 .[25, 29]


Although the study of excited bound states using QMC has
recently been undertaken,[30] the chief interest of the above
approach in the present analysis is its ability to generate the
nodeless ground states of weakly interacting molecular
systems.


Present Computations


The electronic degrees of freedom are first separated out by
solving the conventional fixed nuclei (FN) problem for all the
electrons as discussed below. Since the interaction between C
and O in the CO target corresponds to a strong chemical
bond, the high-frequency motion of the CO stretch vibration
can also be adiabatically decoupled from the soft vibrational
modes of the clusters. This implies that the full three-
dimensional He- and Ar ± CO potentials may be parametrized
in terms of the vibrational state i of the molecule with
quantum numbers vi [Eq. (4)].[31] A convenient way of
generating such adiabatic potentials is to average the full
interaction over target vibrational states, as in Equation (5);
the residual two Jacobi coordinates now represent the He


V(R,q,r) ) Vi(R,q;vi) (4)


Vi(R,q;vi)�hvi jV(R,qr) j vii (5)


distance from the CO center of mass (c.o.m.) and its angle
with the molecular bond axis, starting on the carbon side with
q� 08. An even simpler representation is obtained by replac-


Abstract in Italian: Le distribuzioni spaziali degli stati legati
di atomi di Elio e Argon con la molecola di CO vengono
esaminate partendo dalla superficie di potenziale elettronica
per lo stato fondamentale del rotatore rigido. Il problema dello
stato elettronico quantico viene risolto passando alla forma
diffusionale dell�eq. di Schrödinger ed ottenendo tali stati per
via numerica con metodi Montecarlo. Si puoÁ chiaramente
vedere dai risultati presentati che le deboli interazioni di van
der Waals implicano una forte componente di energia di punto
zero per gli stati fondamentali e quindi generano una marcata
delocalizzazione strutturale dei complessi in esame.
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ing the vibrational functions in Equation (5) with delta
functions at the CO equilibrium distance (rCO� 2.13a0),
thereby recovering the rigid rotor (RR) potential energy
surface VRR(R,q)�V(R,q ;rCO). The latter scheme has been
used in the present study, while the adiabatic approximation
will be employed in a subsequent analysis of larger clusters,[22]


with several He and Ar adducts, where frequency-shift
calculations similar to previous work will be carried
out.[22, 28, 32]


The He ± CO rigid rotor potential VRR was determined by
means of a density functional treatment (DFT) of the
electronic part at short and intermediate distances and
switched to dispersion interactions at larger distances beyond
the well region. This PES[32] compares well with the previous
calculated and empirical PES and therefore provides an
accurate description of the VRR(R,q) interaction. It is inter-
esting to note that it gives the position of the potential
minimum at a nonlinear structure (q� 1408) as suggested by
the earlier studies.[13±16]


Similar DFT calculations were carried out for Ar ± CO, and
the PES compares well with the most recent ab initio results[14]


(which were, however, limited to the shape of the well region),
as well as with other recent studies[34±35] and with the earlier
empirical surfaces.[36, 37] This suggests that the DFT method,
with long-range forces added, can provide realistic descrip-
tions of vdW interactions, as will become clear in the following
discussion. A full comparison of our DFT calculations with
the earlier data will be presented elsewhere,[38] where a
broader range of the molecular properties of the complex will
be discussed.


The general shapes of the present PES�s are shown in the
lower diagrams of Figure 1 (for He ± CO) and of Figure 2 (for
Ar ± CO). For the argon complex the potential minimum
(� ÿ 98 cmÿ1) is located at about R� 3.8 � and around q�
858, as suggested by earlier calculations.[34, 35] The much
shallower He ± CO minimum (� ÿ 22 cmÿ1) is located at
R� 3.5 � at an angle of q� 1408 as found in earlier
studies.[13±16]


We therefore used the above potential functions to carry
out the DMC calculations. They were done with an ensemble
of fixed size of 1000 random walkers using an ensemble
control scheme which splits the walker with highest weight
whenever a walker with small weight has not survived the
stochastic termination attempt.[29] Initial ensembles were
propagated for several thousand steps in order to reach
equilibrium. Time steps as short as 10 au were employed to
check for time-step errors. For both systems, time steps below
100 au caused no systematic effects exceeding our statistical
error bars. The quoted statistical accuracy amounts to one s


for a Gaussian error distribution, which is a good model for
the distribution of block energies in the present cases.


As expected, 4He ± CO is only a very weakly bound
complex: the present calculations yield the lowest bound
state at ÿ6.65� 0.007 cmÿ1, which compares reasonably well
with the result of ÿ6.96 cmÿ1 of Moszynski et al. ,[13] who
found twelve bound states for their PES by a variational
method. We have also obtained a value of ÿ73.93� 0.01 cmÿ1


for the lowest bound state of Ar ± CO within the VRR


approximation. The results from the best ab initio calcula


Figure 1. Top: calculations of 3D atomic-density distributions for the He
atom relative to the CO-fixed z axis (see text for details) and 2D
representation of the same density; bottom: 2D and 3D representation,
also in cylindrical coordinates as above, of the PES employed in the present
work. The Jacobi coordinates and the CO position are marked for clarity. In
the lower diagram a 2D representation is also shown of the bound-state
contour energies at the classical turning points.


Figure 2. As for Figure 1, but for the Ar ± CO system.


tions[35] suggest a binding energy of ÿ74.50 cmÿ1, with a zero-
point energy (ZPE) value of 21.786 cmÿ1, in good accord with
the present findings in spite of the use of a different PES. One
should also point out that the discrete variable representation
(DVR) method[35] is a very accurate way of obtaining bound
states for one-adduct complexes but rapidly becomes intract-
able for large complexes with many Rg adducts. On the other
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hand, the present DMC approach requires little extra effort as
the size increases.[22, 28] Furthermore, the DMC technique is
also useful in obtaining position correlation functions be-
tween atomic partners in the cluster, in visualizing the
structural aspects of the complex, and in carrying out such
calculations for larger systems.[22] In the present case of a
single rare gas adduct to a CO molecule, two-dimensional
density distribution 1(r,z) histograms have been calculated in
cylindrical coordinates. The z axis of the cylinder coordinate
system coincides with the CO bond and the polar radius r�
R sinq (with R,q the Jacobi coordinates) defines the perpen-
dicular distance of the Rg to the bond axis. The origin
coincides with the c.o.m. of the molecule, and the carbon atom
is on the positive z axis. The particle density is computed as a
function of r and z�R cosq by averaging over walks with
descendant weighting according to Equation (6).


1(r,z)� 1


2p


X
i


d�ri ÿ r�
r


�
d (ziÿ z)


�
walks


(6)


The calculation therefore accounts for the cylindrical
symmetry of the complex around the overall rotational angle
f. The computed quantities of Equation (6) are shown in the
upper parts of Figures 1 and 2 for the He ± CO and the Ar ±
CO complexes, respectively.


Discussion of Results


As mentioned before, the computed DMC histograms in
Cartesian coordinates are proportional to the spatial density
of the bound wavefunction for all the N nuclei interacting in
the system at hand. By taking advantage of adiabatic
decoupling, we can separate the internal vibrational motion
of the molecular atoms from the relative dynamics of the
three particles, leaving the one-particle density of the Rg
component with respect to the position of the diatomic species
as structural information. This density distribution corre-
sponds to the (J� 0, j� 0) rigid rotor bound state furnished by
the alternative expansion methods.[13, 35] The well-known
method of describing nuclear motions in weakly bound vdW
complexes involves a set of coordinates related either to a
space-fixed (SF) or a body-fixed (BF) frame of reference.[39, 40]


Such expansions are then employed to yield variationally
computed transition matrix elements, with either Hamiltonian
(BF or SF), which are in turn compared either with sequences
of spectroscopic transitions between triatomic bound states or
with line-broadening features due to metastability effects and
predissociation mechanisms.[20, 21] In such analysis, however,
the total wavefunctions of the various bound states are rarely
analysed and the highly delocalized character of the more
floppy complexes like He ± CO is only obliquely described by
taking the view that it contains a nearly free rotating CO
partner.[14±16, 34±37] The more direct view provided by the
present DMC calculations allows us to confirm earlier results
and directly focuses on the atomic motion of the Rg adduct
within the complex. By choosing cylindrical coordinates
referred to a fixed CO molecule (J� 0, j� 0 bound state in
the SF representation), the DMC density is in fact readily able


to provide the spatial density for that part of the wavefunction
which is associated with either the He or Ar atomic partners in
the VdW complexes.


The top part of Figure 1 shows such a density distribution
for the He atom. The following observations can easily be
made:
1. The distribution is very broadly shaped over nearly the


whole region around the CO monomer, with only a slight
increase of amplitude on the oxygen side (q approaching
1808) but being essentially constant from q� 1208 onwards.


2. Although the density distribution of the He atom is seen to
decrease as the angle q varies from 1808 toward 08, the
actual density values for the other linear O-C-He geometry
remain high, indicating that there is a large probability for
the Rg adduct to exist in that configuration.


3. The He atom is therefore highly delocalized, both in R and
q, and the average position of the helium is different from
the one suggested by the single configuration of the BO
potential minimum. This point could be further understood
by looking at the shape of the angular potential when the
Rg adduct is kept at the distances R of its radial potential
minima as the angle q is changed (minimum energy path).
This is shown in the upper part of Figure 3, where such a
profile is compared with the position of the lowest bound
state (straight line) given by the DMC calculations. The
absence of a local anisotropy barrier explains the high
delocalization of the He atom with respect to the molecular
partner at the bound-state energy. Thus the adduct appears
to be kept together mainly by long-range dispersion forces.


Figure 3. Minimum energy profiles for motion of the rare gas atoms
around CO as a function of the angular coordinate q� arccos(R� req)
discussed in the main text. Top: angular variation for the He ± CO system,
with the position of the lowest bound level (6.65� 0.007 cmÿ1) marked as a
horizontal line; bottom: same representation for the Ar ± CO system,
where the bound state is located at ÿ73.93� 0.01 cmÿ1.
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The above results are indeed in accord with earlier
calculations for the bound, total wavefunctions obtained
by diagonalizing the SF Hamiltonian on a basis of rovibra-
tional functions.[13] The results of Moszynski et al. for (j� 0,
J� 0) in fact show a substantial delocalization both in R and q


and the presence of a total symmetry for the wave-
function fairly close to, albeit still different from, the spherical
limit. This is also indicated by the DMC density plot of
Figure 1.


The power of the present approach is further illustrated by
repetition of the same calculations for the Ar ± CO complex,
for which previous computations of the bound triatomic
wavefunctions exist.[34, 35] For this system the variational
problem of determining bound and metastable states becomes
numerically more demanding than for He ± CO.[39] On the
other hand, once the PES is available, the DMC evaluation of
its ground bound state is not computationally more difficult
than that of the He complex.


The Ar adduct spatial density distribution with
respect to the fixed CO molecule (j� 0, J� 0 in the
SF parlance) is shown in the upper part of Figure 2, while
the angular behavior of the PES profile at the R values of the
minima as q changes are depicted in the lower part of
Figure 3.
1. The Ar atom density around the CO partner clearly peaks


at the T-shaped geometry (q�p/2) and is more narrowly
distributed along R ; that is, the localization in space of the
argon adduct is stronger than for He.


2. The lowest bound state is noticeably localized in the
attractive well (the ZPE is about 30 % of the well depth,
compared with about 70 % in the case of He ± CO), and is
below the barrier for rotation on the carbon end: the
corresponding CO motion, therefore, is more that of a
hindered rotor within the complex but still retains some
features of a nearly free internal rotor.[35]


3. The Ar adduct is here seen to exhibit a nonvanishing
density for the collinear structure of Ar-O-C, that is, it
shows a sizeable probability of existing above the
orientational barrier, as suggested by the DVR calcula-
tions[35] and by the position of the bound state in Figure 3.
Compared with the He adduct, the asymmetric density
distribution of Ar atom along the CO molecule is now
more marked.


4. There is a noticeable probability that the Ar atom will
tunnel through the end-carbon rotational barrier, thereby
reaching the linear O-C-Ar configuration, a feature
also discussed when comparing calculations to experi-
ments.[35]


A further qualitative indicator of the differences in
behavior can be seen by looking at the associated wavelengths
of the triatomic pseudoparticles bound in the lowest states
of the complex systems. The value of l for He ± CO is
about 4.8 �, to be compared with the lArCO value of about
0.7 �; in other words, the behavior of the latter system is
much more classical than that of the former. However, as the
ZPE value for the Ar ± CO is about twice that of He ± CO
(�30 cmÿ1 versus �16 cmÿ1) the local velocities are
nearly the same: about 2 � psÿ1 for He and about 3 � psÿ1


for Ar.


Conclusion


The present DMC calculations based on realistic PES�s from
our ab initio DFT calculations[33, 38] have allowed us to
examine quite directly the quantum features of nuclear
delocalization in weakly bound vdW complexes of three
component atoms. As it turns out, the method confirms the
highly delocalized nature of the lowest bound state of He ±
CO found in earlier calculations[13] and also allows us to
extend the results to a different complex, Ar ± CO, without
increase of computational effort. In the latter case the present
calculations are in agreement with the latest ab initio results
on the location of its bound triatomic states;[35] this finding
confirms the accuracy of the present stochastic treatment. The
interesting feature of these DMC calculations is that they
directly underline the dynamic nature of the structures in the
two clusters and the quantum delocalisation of the He and Ar
atoms within the systems. In both cases, in fact, the floppy
character of the vdW complexes already pointed out in
previous studies[13, 16, 34, 35] is confirmed by the DMC results.
Although the rather dubious validity of invoking a specific
structure to describe the highly delocalized He ± M bound
states has been mentioned before in several instances,[13±21] the
DMC quantum density distributions provide an additional,
and very instructive, representation for such molecular
quantum states.
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Introduction


Metals can readily provide electron-deficient species. Thus,
trialkylboranes tend to exist as monomeric 6-electron spe-
cies,[1] and 16-electron species containing transition metals are
also electron-deficient.[2] As such, they can serve as Lewis
acids in both stoichiometric and catalytic manners. At the
same time, however, they have a strong tendency to plug up
their empty orbitals through dimerization and polymeriza-
tion. Boron hydrides, including diborane (B2H6), essentially
all mono- and dialkylboranes,[3, 4] and trialkylalanes[5] are
known to exist as doubly bridged dimers. Many higher
oligomeric and polymeric aggregates are also known.[6] In
cases where all valence-shell empty orbitals are plugged, such
coordinatively saturated species may not readily serve as
Lewis acids. For example, coordinatively saturated B2H6


needs to be heated above 100 8C for its hydroboration with
ethylene,[7] and dimeric dialkylboranes are believed to dis-


sociate into monomers for their hydroboration with alkenes.[8]


A striking contrast between l,6-diboracyclodecane (1),[9]


which cannot readily dissociate into a monomeric dialkylbor-
ane, and its more elusive isomer bisborolane (2)[10] shown in
Scheme 1 clearly supports dissociative mechanisms. These
and other related findings have provided the basis for a well-
accepted and useful notion that might be termed the principle
of activation of Lewis acids or electrophiles through dissoci-
ation. In short, one is better than two.
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Scheme 1. Striking contrast in reactivity between 1,6-diboracyclodecane
and bis(borolane).


Much less well known is a seemingly contradictory concept
or generalization that might be termed the principle of
activation of Lewis acids or electrophiles through association.
As is clear from the discussion presented above, coordina-
tively unsaturated monomers (3) are far more Lewis acidic
than doubly bridged coordinatively saturated dimers (4).
However, the same compound can, in principle, readily
generate a species that is even more Lewis acidic than the
monomer through the formation of a singly bridged dimer (5).
In 5 the electron-deficient metal center is clearly more Lewis
acidic than that in 3. Generation of 5 must be occurring in a
dynamic monomer ± dimer equilibrium, and it should be a
widely observable phenomenon. Such an associative inter-
action may also be observable between two or more different
metal-containing species.[11] In an extreme situation, polar-


Principle of Activation of Electrophiles by Electrophiles through Dimeric
AssociationÐTwo Are Better than One


Ei-ichi Negishi*[a]


This paper is dedicated to Professors Herbert C. Brown and George A. Olah in recognition
of their pioneering studies in the general area of Lewis acid catalysis


Abstract: Electron-deficient metal compounds can be
significantly activated as electrophiles through dimeric
(or polymeric) association with either the same or
different electrophiles. Although this phenomenon has
played an important role in many reactions, such as the
Friedel ± Crafts reaction and the Ziegler ± Natta polymer-
ization, it has apparently only recently been fully
recognized. Its widespread exploitation promises to lead
to many new synthetically useful reactions as well as
ready and accurate interpretations of mechanistic and
structural phenomena in acid-catalyzed and -promoted
reactions.


Keywords: aluminum ´ dimerization ´ electron
deficiency ´ Lewis acids ´ zirconium


[a] Prof. Dr. E. Negishi
Department of Chemistry, Purdue University
West Lafayette, Indiana 47907 (USA)
Fax: (�1)765-494-0239
E-mail : negishi@chem.purdue.edu


CONCEPTS


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0411 $ 17.50+.50/0 411







CONCEPTS E. Negishi


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0412 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2412


ization of the MÿX bond may lead to its full ionization to
generate an ion pair; this is thought to be important in Ti- and
Zr-catalyzed alkene polymerizations.[12, 13] Clearly, the relative
acidity or electrophilicity of various monomeric and dimeric
species of MÿX is: 6> 5> 3> 4, as illustrated in Figure 1. If
the monomer 3 is a 6- (or 16-) electron species, 6, 5, and 4 are
respectively 4- (or 14-), 6- (or 16-), and 8- (or 18-) electron
species. However, distinction among these species, especially
that between 5 and 6, can be subtle. In this article, attention is
mainly focused on the contrast between 3 and 5 with special
emphasis on heterobimetallic interactions.
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Figure 1. Relationship between Lewis acidity and state of association of
MÿX.


Discussion


Carbotitanation with TiÿAl reagents and Ti-catalyzed car-
boalumination : The simplistic concept presented in Figure 1
led to the discovery in 1978 of the methyltitanation of
diphenylacetylene with 2 Me3AlÿCp2TiCl2 in high yield in-
volving essentially 100 % syn addition.[14] The stoichiometric
nature of the reaction with respect to Ti suggested that the
product might be an alkenyltitanium species 7, but this point
was clarified only in 1997,[15] and the process was interpreted in
terms of an Al-assisted methyltitanation (8) (Scheme 2). It is
interesting to note that in 1978 2 Me3AlÿCp2TiCl2 was also
independently reported to give the Tebbe reagent (9) slowly
by a CÿH activation,[16] which was later shown to involve a
bimetallic intramolecular acid ± base interaction (10 and
11).[17] Treatment of the Tebbe reagent with a base, such as


4-(N,N-dimethylamino)pyridine (DMAP), is known to pro-
duce methylenetitanocene, which reacts with PhC�CPh to
give the corresponding titanacyclobutene (12).[16b] The dichot-
omy exhibited by the acyclic and cyclic processes (Scheme 2)
was initially puzzling, but both results have been compellingly
confirmed. Within the context of the present discussion, the
associative bimetallic interactions in 8 and 10 are important.
Under comparable conditions MeTiCp2Cl alone does not
react with PhC�CPh, so both Ti and Al are needed at the
crucial moment.


Although the carbotitanation reaction shown above was
only stoichiometric with respect to both Ti and Al[15] and
rather limited in scope with respect to both p compounds and
the alkyl group, some Ti-catalyzed carboalumination reac-
tions of alkenes[18] and dienes as well as higher polyenes[19]


using TiIValkoxides without Cp have been recently developed.


Zirconium-catalyzed carboalumination of alkynes : The lim-
ited scope and the stoichiometric nature of the carbotitana-
tion of alkynes prompted screening of the other members of
the Ti triad, and it was discovered also in 1978 that the
reaction of Me3Al and Cl2ZrCp2 with alkynes was not only
quite general with respect to the alkyne structure but also
catalytic in Zr. Thus, it leads to carboalumination, that is, net
addition of a CÿAl bond to an alkyne.[20] As expected from an
assumption that the reaction would be concerted, essentially
100 % syn addition has been observed. Here again, it should
be stressed that neither Me3Al nor preformed MeZrCp2Cl
would react with alkynes under the same conditions
(Scheme 3). The results strongly suggested some bimetallic
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Scheme 3. Zirconium-catalyzed methylalumination of alkynes and meth-
ylzirconation of RC�CAlMe2.


process, and the Al-assisted
carbozirconation mechanism
involving 13 (Scheme 4) has
been supported by various ob-
servations including rapid
Me ± Cl exchange between
Me3Al and Cl2ZrCp2 observed
by NMR spectroscopy[21] and a
facile methylzirconation of di-
methylalumino-substituted al-
kynes to give 14[22] (Scheme 3).
However, the reaction must
be multimechanistic. Thus,
Me2AlCl has been shown not
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to transfer Me onto Cl2ZrCp2.[21] And yet, it undergoes a
relatively smooth Zr-catalyzed methylalumination of al-
kynes[20, 21] (Scheme 4). Furthermore, the use of Et2AlCl and
higher dialkylchloroalanes is not complicated by competitive
hydroalumination, which is a serious side reaction with Et3Al
and higher trialkylalanes containing b hydrogen atoms. For
the reactions of dialkylchloroalanes, a mechanism involving
direct CÿAl bond addition assisted by Zr, shown in 15, has
been proposed (Scheme 4).[21, 23] As might be expected, Zr-
catalyzed allylalumination and benzylalumination of alkynes
proceed well.[24] Zr-catalyzed carbozincation of alkynes with
Et2Zn[25] and diallylzinc[26] have also been developed in
conjunction with I2ZrCp2, which is more reactive than
Cl2ZrCp2.


The scope of the Zr-catalyzed carboalumination did not
initially include alkenes as substrates. Several years later,
however, a similar Zr-catalyzed ethylmagnesation of terminal
alkenes using EtMgBr and Cl2ZrCp2 was reported.[27] Puz-
zlingly, methylmagnesium reagents would not participate in
the reaction. A four-center addition mechanism similar to
those shown in Scheme 4 was initially suggested. However, in
1991 the reaction was unexpectedly shown to proceed by a
multistep catalytic cycle involving b CÿH activation[28]


(Scheme 5). Fortunately, each of the steps in the catalytic
cycle was stoichiometrically observable, and the key to the
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Scheme 5. Cyclic mechanism for the Dzhemilev ethylmagnesation of
alkenes.


mechanistic clarification was
the finding that zirconacyclo-
pentanes (16) react with
EtMgBr by s-bond metathesis
and b CÿH activation to give
the ethylmagnesation product
and ethyleneÿZrCp2 (17)[28]


which was not clarified in inde-
pendently reported other
mechanistic suggestions.[29] Fail-
ure to achieve methylmagnesa-
tion is readily explained by the
absence of a b CÿH bond in Me.
Significantly, this mechanistic
clarification posed a serious
general question as to whether
or not other Zr-catalyzed car-


bometalations with Et and other b-CÿH-containing alkyl
groups might also proceed by cyclic mechanisms.


In view of the concern described above, the Zr-catalyzed
reaction of higher alkylalanes with alkynes was reinvestigated
using 5-decyne as the representative substrate. Very surpris-
ingly, the reaction of Et3Al, which earlier was thought to
involve simple four-center addition to alkynes,[20, 21] was
strictly a cyclic process giving 18, which interestingly was
favored by nonpolar solvents such as hexanes. When Et2AlCl
was used in place of Et3Al, however, the reaction proceeded
more readily in more polar solvents like CH2Cl2 without
showing any sign of cyclization[23] (Scheme 6). These reactions
require both Al and Zr reagents. As Et2AlCl shows no sign of
Et ± Cl exchange with Cl2ZrCp2, a Zr-assisted direct carboa-
lumination mechanism similar to that involving 15 shown
in Scheme 4 may be proposed for the reaction. The
next question was how the cyclic carboalumination might
proceed.
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Its clarification proved to be a major challenge. In the light
of the mechanism of the Dzhemilev reaction (Scheme 5), a
similar mechanism involving the intermediacy of a zircona-
cyclopropane 17 and a zirconacyclopentene 19 was considered
first (Scheme 7). However, it was soon ruled out since there
was no indication of diethylation of Cl2ZrCp2 with Et3Al from
NMR spectroscopy and since 19, prepared by the reaction of
5-decyne with EtMgBr (2 equiv) and Cl2ZrCp2


[30] and there-
fore free of Al, did not induce the indicated catalytic cycle in
the presence of a 1:1 mixture of 5-decyne and Et3Al.[23]


RC CH(R1)


Me ZrCp2


RC CH(R1)


Cl+ AlMe2Cl


RC CH(R1)


Me AlMe


RC CH(R1)


Cl+ ZrCp2Cl2


R


Me


H(R1)


Cp2Zr
Cl


Cl
AlMe2


R


Me


H(R1)


AlMe2


Cp2Zr
Cl


AlMe2


ClMe


Me2Al
Cl


ZrCp2Cl
Cl


R


Me


H(R1)


AlMeCl


Cl2ZrCp2


Me3Al    +    Cl2ZrCp2


-


13


Me2AlCl    +    Cl2ZrCp2


-
+  Cl2ZrCp2


15
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Eventually, the three sets of results of pertinent stoichiometric
reactions shown in Schemes 8 ± 10 were put together to come
up with a most intricate bimetallic catalytic cycle, shown in
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Scheme 11.[23] Equally crucial was the recognition of a striking
parallel between the previously reported results of a series of
structural studies without the involvement of alkynes[31, 32] and
the three stoichiometric reactions of 5-decyne with Et3Al and
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Scheme 11. Proposed mechanism for the zirconium-catalyzed reaction of
5-decyne with Et3Al.


Cl2ZrCp2 under three different conditions. The formation of
the catalytically important intermediate 20 was shown to
occur more readily and more cleanly by the reaction of Et3Al
with EtZrCp2Cl, generated by treatment of ethylene with
HZrCp2Cl. The results support the notion that Et2AlCl must
be temporarily displaced by Et3Al for crucial bimetallic b


CÿH activation via 21 and 22 for the generation of 20, which
has been fully characterized spectroscopically and chemically.
In the absence of an excess of Et3Al, as in the 1:1 Et3Al ±
Cl2ZrCp2 reaction, no b CÿH activation occurs, and only
straightforward four-center carbometalation is possible. As
expected, 20 reacts readily with 5-decyne under the stoichio-
metric conditions. The initial carbozirconation product must
be 23. However, it evidently undergoes subsequent alkenyl ±
Et exchange to give free EtZrCp2Cl, as evidenced by detailed
NMR analysis, and the product 18 (Scheme 10). Self-dimeri-
zation of 18 must be more favorable than cross-aggregation, as
in 23 and 24. Under the catalytic conditions, the EtZrCp2Cl
thus generated is to react with Et3Al as above. One additional
noteworthy finding is that addition of one equivalent of
ClAlEt2 relative to zirconacyclopentene 19 in the presence of
5-decyne and Et3Al induces a smooth catalytic cycle. The 1:1
reaction of 19 and ClAlEt2 should convert catalytically
inactive 19 into catalytically active 23. What was missing in


the catalytically inactive sys-
tem (Scheme 7) was an ac-
tive form of Cl, either ClÿAl
or ClÿZr bonded species,
which can bring together
Zr and Al, or more specifi-
cally Cp2ZrEt which can
serve as an acidic compo-
nent and Et3Al (but not
ClAlEt2) which can serve
as an effective base without
tightly plugging the empty
coordination site on Zr. At
present, it is not clear
whether the critical carbo-
zirconation step is dissocia-
tive, involving a genuine 14-
electron zwitterion.[33] Some
associative processes involv-
ing 16-electron species ap-
pear equally or even more
plausible. This point, how-
ever, remains to be clarified.
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Hydrogen-transfer hydroalumination catalyzed by Zr and
uncatalyzed or Al-catalyzed hydrozirconation : Attempts to
carbometalate 5-decyne with (nPr)3Al in the presence of
10 mol % of Cl2ZrCp2 in 1,2-dichloroethane led to hydro-
alumination in 87 % yield along with only 9 % of the expected
n-propylalumination product. However, the hydroaluminated
product was a mixture of the expected (Z)-5-decene (52 %
yield) and its regioisomer (Z)-4-decene (35% yield).[23] Care-
ful examination did not detect any other regio- and stereo-
isomers. Regioisomerization in-
volving only an adjacent posi-
tion was initially puzzling, but it
can be readily explained, if one
assumes that the hydrometalat-
ed species, most probably an
alkenylzirconium species, can
undergo Lewis acid-assisted al-
lene formation and that hydro-
metalation of allenes with the
Al ± Zr reagent strictly delivers
H to the two terminal carbon
atoms of the allene moiety. This
interpretation is supported by the fact that only the fifth (but
not the fourth) C of 4- and 5-decenes is deuterated upon
treatment of the hydrometalated product with DCl/D2O
(Scheme 12). Since hydrozirconation of 5-decyne with Al-free
HZrCp2Cl regioselectively produces only (Z)-5-decene upon
protonolysis,[34] the two processes are discrete. Involvement of
an Al ± Zr bimetallic activation is very likely in the (nPr)3Al ±
Cl2ZrCp2 reaction, even though it may be a synthetically
undesirable process.
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Scheme 12. Proposed mechanism for regioisomerization in the hydrogen-
transfer hydrometalation of 5-decyne with (nPr)3Al ± Cl2ZrCp2 and regio-
selective deuteration.


For Zr-catalyzed hydroalumination, (iBu)3Al ± Cl2ZrCp2 is
a synthetically more useful, superior reagent system, and it
satisfactorily hydroaluminates various monosubstituted al-
kenes.[35] This work, published in 1980, appears to represent
the first report on Zr-catalyzed hydrometalation. A mecha-
nism involving the formation of iBuZrCp2Cl by transmetala-
tion and its H-transfer hydrozirconation of alkenes via a
6-membered transition state was initially proposed.[35] How-
ever, a recent study has shown that neither (iBu)3Al nor
iBuZrCp2Cl alone is capable of readily hydrometalating
alkenes in high yields, strongly indicating that bimetallic


activation must be required. The rate of the reaction of
1-alkenes with (iBu)3Al and Cl2ZrCp2 (5 mol %) is independ-
ent of alkene concentration, which is consistent with the
formation of a hydridozirconocene derivative, for example 25,
in the rate-determining step, but is not compatible with a
direct six-centered process via 26 (Scheme 13). Interestingly, a
reagent combination consisting of (iBu)2AlH and a catalytic
amount (10 mol%) of Cl2ZrCp2 is totally ineffective as a
hydroaluminating agent under comparable conditions.[35]


Hydrozirconations of alkenes and alkynes are commonly
carried out with preformed HZrCp2Cl,[34] which can be
obtained as a pure reagent. However, its preparation is
somewhat cumbersome, and various procedures for its in situ
generation have been devised that use LiAlH4,[36, 37] NaAl-
H2(OCH2CH2OCH3)2,[35] LiBH(sBu)3,[36, 38] and so on. How-
ever, one of the least expensive and cleanest is iBuZrCp2Cl,
readily preparable in >90 % yield by treating Cl2ZrCp2 with
1 ± 1.1 equiv of tBuMgCl.[36] The use of iBuMgCl in place of
tBuMgCl gives plentiful (iBu)2ZrCp2. Hydrogen-transfer
hydrozirconation of both terminal and internal alkynes with
iBuZrCp2Cl in benzene at 50 8C is a very satisfactory and
convenient alternative to the hydrozirconation with pure
HZrCp2Cl, and there are no complications caused by for-
mation of two regioisomers (Scheme 14).[39]
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Scheme 14. Synthetically useful hydrogen-transfer hydrozirconation of
alkynes with iBuZrCp2Cl.


Unlike alkynes, however, alkenes have proved to be too
unreactive to be practical in the hydrogen-transfer hydro-
zirconation with iBuZrCp2Cl, despite our earlier, more
favorable claim.[36] We then reasoned that, if the Zr-catalyzed
hydroalumination of alkenes with (iBu)3Al and Cl2ZrCp2


should indeed proceed by Al-assisted hydrozirconation as
shown in Scheme 13, it should also be feasible to achieve the
stoichiometric hydrozirconation with a catalytic amount of an
aluminum reagent using iBuZrCp2Cl as a hydride source. This
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indeed proved to be the case, and a very practical procedure
for hydrogen-transfer hydrozirconation of 1-alkenes with
Cl2ZrCp2, tBuMgCl, and 2 mol % of AlCl3 was developed[40]


(Scheme 15).


Zirconium-catalyzed enantioselective carboalumination of
alkenes : If the Zr-catalyzed carboalumination reaction with
alkenes occurs in a face-selective manner, an enantioselective
conversion of alkenes to isoalkylaluminum derivatives would
result. Attempts to apply the carboalumination reaction with
Me3Al in the presence of Cl2ZrCp2


[20] to alkenes were initially
all unsuccessful. In view of the facile Zr-catalyzed hydro-
alumination of alkenes with (iBu)3Al (Scheme 13),[35] even if
isoalkylaluminum derivatives are produced by the desired
carboalumination, they would be competitively consumed in
the hydroalumination reaction shown in Scheme 13. This has
indeed been recently confirmed.[41] The only high-yielding Zr-
catalyzed carbometalation of alkenes known before 1990 or so
was the Dzhemilev ethylmagnesation,[27] which proceeds by a
cyclic mechanism (Scheme 5), and attempts to observe high ee
values in this reaction have not been successful, the highest
reported ee being 30 ± 40 %, except for some recent success
with rather special allyl ethers and related heteroatom-
substituted alkenes.[42, 43] Thus, the prospect for highly enan-
tioselective Zr-catalyzed carbometalation of simple alkenes
looked very bleak for many years. However, rationalism and
generalization are, after all, human-generated dogmas, and
they must be viewed with doubts and skepticism, especially
when they pertain to some negative views. With this feeble
optimism, we prepared and tested several chiral Cp deriva-
tives, including some of those by Brintzinger[44] and Erker.[45]


Contrary to the negative prospect presented above, the
desired methylalumination of 1-alkenes with Me3Al and


Cl2ZrCp*2 , where Cp* is a chiral
Cp derivative, proceeded in
high yields (70 ± 90 %) in most
cases.[41] Moreover, the use of
Erker�s C2-symmetric Zr com-
plex containing 1-neomenthy-
lindene (27) led to a 65 ± 75 %
ee to go along with the above-


mentioned high chemical yields (Scheme 16 and Table 1).
Initially, it was assumed that the formation of the monome-
thylated Zr-centered cationic intermediate (28) as an active
transient species would be necessary to maintain C2 symmetry.


Cl Cl


Zr


R R


Me


AlMe2
R


Me


OH


Cl2ZrCp2  =*


 Me3Al (1 equiv.)


Cl2ZrCp2 (8 mol%)*
*


(CH2Cl)2, 22oC, 12h
*


(R) (R)


27


O2


Scheme 16. Zirconium-catalyzed enantioselective carboalumination of
1-alkenes with Me3Al.


However, it has since been noted that the two Cl atoms in 27
are neither diastereotopic nor enantiotopic, but they are
equivalent. Thus, replacement of either one with a Me group
will produce identical species 29 of C1 symmetry, which may
then undergo either dissociative or associative re-face selec-
tive methylzirconation via 28 or 29, respectively (Scheme 17).
Although the formation of 28 induced by ClAlMe2 must be
viewed with skepticism, this point remains to be clarified.


As might be expected, the reaction of 1-decene with Et3Al
and 27 in nonpolar solvents like hexanes was clean but cyclic.
After oxidation, 2-(n-octyl)-1,4-butanediol was obtained in
65 % yield and only 33 % ee.[46] Although the reaction of
1-decene with Et2AlCl and 27 in 1,2-dichloroethane did not
proceed well, the reaction of 1-hexene with Et3Al and 27
(8 mol %) in 1,2-dichloroethane at 25 8C gave the expected
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Scheme 15. Aluminum-catalyzed hydrogen-transfer hydrozirconation of 1-alkenes (X� alkyl and/or Cl).
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Scheme 17. Proposed mechanisms for zirconium-catalyzed enantioselective methylalumination of 1-alkenes with Me3Al.
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(R)-2-ethyl-1-hexanol in 65 % yield with 68 % ee. Since
ethylalumination was faster than methylalumination, the
reaction was run at 0 8C in most cases. After optimization
with respect to solvents, 1,1-dichloroethane, along with 1,2-
dichloroethane and dichloromethane, was found to be sat-
isfactory. The chemical yields of ethylalumination were
roughly 10 ± 15 % lower than those of methylalumination
mainly due to somewhat more competitive hydroalumination,
but the ee values observed with Et3Al under optimized
conditions were mostly >90 %.[46] The observed dramatic
switch in the course of reaction as the solvent was changed
from hexanes to dichlorinated hydrocarbons is quite remark-
able and very fortunate. The results of enantioselective
ethylalumination are also summarized in Table 1.


Zirconium-catalyzed stereoiso-
merization of alkenes : All ex-
amples of activation of electro-
philes by electrophiles dis-
cussed so far deal with
heterobimetallic dimeric asso-
ciation between Al and Ti or
Zr, some of which were even
planned on the basis of a ration-
ally developed notion shown in
Figure 1. On the other hand, the
results discussed below were
totally unexpected and novel.
Although they may appear
highly exotic, they seem to
point to a widely observable


strong intrinsic tendency for electrophiles to dimerize, or even
polymerize in some cases, to boost their electrophilicity along
the line of the principle shown in Figure 1.


During the course of a systematic investigation of the
reactions of three-membered zirconacycles, such as zircona-
cyclopropanes and zirconacyclopropenes, with alkenes, al-
kynes, and related p-bonded compounds,[47] some unexpected
results were obtained in the reaction of (1-butene)zircono-
cene generated from (nBu)2ZrCp2 and (E)- and (Z)-stilbene.
While none of the expected ring expansion reactions to give
zirconacyclopentanes, such as 31, took place, (E)-stilbenezir-
conocene was obtained in high yield in a stereoconvergent
manner. It was soon found that (Z)-stilbene can be readily
isomerized to the (E)-isomer by a catalytic amount of (E)-
stilbenezirconocene (32).[48] In the absence of 32 no isomer-
ization was detected (Scheme 18). Even in the ring expansion
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Scheme 18. Some nonconcerted stereoisomerizations of alkenes induced
by alkenezirconocenes.


reaction of ethylenezirconocene with b-methylstyrene, com-
plete cis-to-trans isomerization was observed.[49] This ring-
expansion reaction accompanied by stereoisomerization
should be contrasted with the stereospecific ring-expansion
reaction of benzynezirconocene (33).[50] From the results
presented above we may generalize that certain alkenezirco-
nocenes undergo nonconcerted reactions with p-bonded
compounds, whereas benzynezirconocenes and possibly other
alkynezirconocenes are less prone to undergo such non-
concerted processes and tend to remain within the confines of
concerted processes (Scheme 19). All these results shown in


Table 1. Zirconium-catalyzed enantioselective alkylalumination ± oxida-
tion to convert 1-alkenes to 2-alkyl-substituted 1-alkanols with trialkyla-
lanes by means of 27 as a catalyst.[a]


Substrate Me3Al Et3Al
Yield [%] % ee Yield [%] % ee


nBuCH�CH2 74 93
nHexCH�CH2 88 72
nOctCH�CH2 64 92
iBuCH�CH2 92 74 77 90
PhCH2CH�CH2 77 70 69 93
cHexCH�CH2 80 65 [b]


tBuCH�CH2
[b] [b]


HO(CH2)4CH�CH2
[c] 79 75 88[d] 90


Et2N(CH2)3CH�CH2
[e] 68 71 56 95


Me2Si(CH2CH�CH2)2
[f] 81 74 66 96


[a] The reactions were carried out using 8 mol % of 27 and Me3Al or Et3Al
(1 equiv unless otherwise stated). Methylalumination was performed in 1,2-
dichloroethane at 22 8C, while ethylalumination was performed in 1,1-
dichloromethane at 0 8C unless otherwise indicated. After oxidation with
O2, (R)-2-alkyl-1-alkanols were obtained, unless otherwise noted. [b] No
reaction observed. [c] Threefold excess of Me3Al or Et3Al was used, and
the reaction with Et3Al was carried out at 10 8C. [d] The alkylalane product
was quenched with HCl. [e] Twofold excess of Me3Al or Et3Al was used,
and the reaction with Et3Al was carried out at 25 8C. [f] The initial
alkylalumination products cyclized to give 30, after oxidation.
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Scheme 19. Stereospecific vs. nonstereospecific conversions of three-membered into five-membered zircona-
cycles.
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Schemes 18 and 19 presented an interesting puzzle as to how
zirconocene derivatives might induce stereoisomerization.


Stereoisomerization of stereo- and regiodefined alkene
(Z)-34 is clean, and only its E isomer ((E)-34) is obtained
without indications of the formation of other possible
regioisomers and so on arising from skeletal rearrangements
and other intermolecular processes.[49] So, it most probably
involves simple cleavage, heterolytic or homolytic, of the p


bond, accompanied by rotation and p-bond regeneration
(Scheme 20). A study with several p,p'-disubstituted (Z)-
stilbenes including stilbene itself clearly suggests heterolysis
developing a positive charge on the benzylic carbon atom b to
Zr.[49] These results pointed to a very reasonable heterolytic
mechanism involving 35 (Scheme 21).


Zr
Et


MePh Ph


MeD H D


Hcat.


Z-34 E-34


Cp2


Scheme 20. Zirconium-catalyzed stereoisomerization of 34, unaccompa-
nied by rearrangements or other processes.


However, a detailed kinetic study has revealed that the rate
of isomerization is first-order in stilbene but second-order in
the catalyst complex. This proved to be a major puzzle until a
dimeric crystalline compound unexpectedly obtained from
Me2ZrCp2 and ethylenezirconocene was shown by X-ray
structure analysis to be a Cp2ZrMe dimer with an inserted h2-
ethylene 36 (Scheme 22).[51]


The proposed revised mechanism incorporates an h2-
stilbene-bridged dimeric complex shown in the proposed
transient species 37[49] (Scheme 23). One may ask why such a
strange mode of dimerization might be involved. If one
accepts the principle of activation of electrophiles through
dimeric association, however, one should realize that it is a
normal and expected course of event in cases where mono-
meric electrophiles are not sufficiently electrophilic.


How general is the principle of electrophile activation through
dimeric association? Heterobimetallic activation in the Al/Ti
and Al/Zr as well as many other bimetallic systems now
appears to be an obvious and generally observable phenom-
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Scheme 23. Revised mechanism for zirconium-catalyzed stereoisomeriza-
tion of (Z)-stilbene.


enon for two electrophilic metallic species, and is detectable
by various different kinds of facts and observations.
Even in cases where the two interacting metals are the same,
activation between two different species may be readily
detected. For example, it has recently been observed
that the Simmons ± Smith reaction with ClCH2ZnCl can
be dramatically accelerated by ZnCl2.[52, 53] The results
appear to be interpretable in terms of the principle
proposed herein.[54]


On the other hand, electro-
phile activation through homo-
dimerization is much less tangi-
ble and usually detectable only
through kinetic studies showing
often puzzling second-order ki-
netics with respect to electro-
philes. If one looks at older
literature on various acid-cata-


lyzed reactions, such as addition of HCl to alkenes[55] and the
Friedel ± Crafts and related reactions,[56, 57] however, it is in
fact difficult to avoid kinetic equations showing second-order
dependence on acids. Furthermore, along with some unten-
able or unlikely termolecular mechanisms, one even finds
suggestions for the involvement of dimeric acids, such as H ±
Cl ´´ ´ H ± Cl,[55] even though the principle of activation dis-


cussed here may not have been
explicitly presented. In this con-
nection, Olah�s recent ac-
count[58] entitled Superelectro-
philes is highly instructive, as it
discusses the same electrophile
activation principle, even
though most of the superelec-


trophiles generated by protosolvation without the involve-
ment of metals are de facto dications, which may exist only in
superacidic media. In a limited number of cases, metallic
homodimers, such as Cl2AlÿCl�ÿAlÿCl3 and F4SbÿF�ÿSbÿF5,
are also discussed in the same context as that presented
herein.


Conclusions


Electron-deficient metal compounds can be further activated
as electrophiles through hetero- and homodimeric associative
interactions as in 5. In the extreme situation, even metal
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Scheme 21. Mechanism proposed initially for stereoisomerization of stilbenes.
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cations, such as 6, may be generated. This simple principle of
activation of electrophiles through dimeric association is
fundamentally sound and appears to be unmistakable. It has
in fact been widely encountered in many acid-catalyzed
reactions including the Friedel ± Crafts reaction and the
Ziegler ± Natta polymerization. And yet, its full recognition
as a synthetically powerful principle does not appear to be
widespread as yet. It may be further extended so as to include
oligomeric and polymeric activations.


Several examples of heterobimetallic activation involving
Al ± Ti and Al ± Zr systems observed mainly in the author�s
laboratories have been discussed here to illustrate the
synthetic power of the principle. All but one of these
examples involve bridging with halogens. In one case, a
prototypical example involving activation through an h2-
alkene bridging is discussed. However, the effectiveness of
bridging involving elements other than halogens, such as O, S,
N, and H, must be further explored and scrutinized.


Singly bridged activated species, for example 5, and their
fully ionized limiting species, for example 6, appear to fall into
the category of superelectrophiles of Olah�s definition.[58]


Unlike protosolvated dicationic superelectrophiles and their
monocationic bridged analogues, which may exist only in
superacidic media, metal-centered superelectrophiles, espe-
cially those corresponding to 5, are readily accessible, and
they should even exist in ubiquitous dynamic monomer ±
dimer equilibria. Distinction between species represented by
5 and 6 is subtle, and may even be ignored in many cases. This
must, however, be made through careful investigations
involving kinetic, spectroscopic, and other measurements.


Correct recognition and full exploitation of the principle
discussed herein will lead to the development of a variety of
synthetically useful reactions catalyzed by metal electrophiles
and to the observation of many more second-order kinetics
with respect to both metallic and nonmetallic electrophiles.
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A Cyclotetraicosaphenylene


Volker Hensel and A. Dieter Schlüter*[a]


Abstract: Suzuki cross-coupling of kinked oligophenylene building blocks is used for
the repetitive synthesis of large hexagons, which as a result of their substitution with
flexible alkyl chains are soluble in common organic solvents. Cycle 15 with its 24
phenylene units is the largest shape persistent cycle known. The last cyclization step
proceeds with 68 % yield.


Keywords: cross-coupling ´ macro-
cycles ´ modular chemistry ´ repet-
itive synthesis ´ shape persistence


Introduction


Stimulated by the elegant syntheses of phenylacetylene-based
macrocycles by Moore[1] and Höger[2] along with our group�s
experience with Suzuki cross-coupling reactions,[3] we decided
to develop a repetitive synthesis for large, regular, and soluble
oligophenylene hexagons and other cycles. The long-range
objective of this research is the controlled synthesis of
monodisperse macromolecules with dimensions in the nano-
meter range and to accumulate all necessary knowledge for
applying the same protocol to the synthesis of heteroarylenes,
which are interesting targets for many reasons.[4] Recently we
reported on the synthesis of cycle 6 which consists of twelve
phenylene units. Depending on the route this synthesis can be
brought about on the gram scale in yields ranging from 17 ±
86 %.[5] An essential observation here was that the yields are
highest, when the ring is formed from one precursor instead of
from two precursors, and when this precursor carries the iodo/
boronic acid functional group pattern at its termini instead of
bromo/boronic acid. The present contribution gives a full
account on this work and describes the application of the same
protocol to the synthesis of cyclotetraicosaphenylene 15, an
oligophenylene hexagon with 24 phenylene rings.


Results and Discussion


Synthesis : The routes to cycles 6 and 15 are shown in
Schemes 1 ± 3 and Schemes 4 and 5, respectively. The general
procedure has already been described.[5, 6] Therefore only a


Scheme 1. Reaction scheme for the formation of 3 (n� 3).
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Scheme 2. Reaction scheme for the formation of 3 (n� 6).


Scheme 3. Reaction scheme for the formation of 6.


few general remarks are given here, followed by a
short description of the ring closures:
a) According to TLC evidence, the Suzuki cross-


coupling reactions proceed in practically all cases
virtually quantitatively. During work-up losses of
material depend on molecular weight (approx-
imately 5 ± 10 % for compounds with up to twelve
phenylenes and 10 ± 15 % for larger compounds).


b) The cross-coupling proceeds with very high selec-
tivity at CÿI over CÿBr. In fact, there was not
even mass spectrometric evidence for coupling
products that contain the iodo function.[7]


c) The conversion of CÿBr into CÿB(OH)2 was performed
with highest yield when tri(isopropyl)borate was used to
quench the lithiated precursor. The resulting boronic ester
was then hydrolyzed to boronic acid. This quenching
process should be done slowly and at low temperature
(ÿ78 8C). All boronic acids were purified by column
chromatography in amounts of up to 10 g, which could be
easily done because of the large differences in the Rf values
of the acids compared with all other by-products.


d) The CÿBr/CÿI conversions were done by lithiation with
butyllithium followed by treatment with 1,2-diiodoethane.
When this reaction was performed with small quantities of
substance, undesired protonations of lithiated intermedi-
ate caused by traces of water inadvertently present could
not be prevented, despite use of a dry-box, water-free
solvents, and flame-dried apparatuses. In the case of 9 (n�
6), which was subjected to this conversion in amounts of
600 mg (0.2 mmol; Scheme 5), the use of a sacrificing
agent like bromo benzene in a tenfold excess proved
successful. This way the detrimental effect of the remain-
ing last traces of water could be prevented. Yields of iodo
product could thus be brought up to 89 %.


e) The CÿTMS/CÿI conversions were done with iodochloride
and proceeded in all cases very cleanly in isolated yields of
approximately 87 ± 95 % with a tendency to the lower
value with increasing molecular weight.[8] This conversion
could also be performed with compound 10 (n� 3) to give


Scheme 4. Reaction scheme for the formation of 9 (n� 3).
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12 a without interference of the occasionally quite sensitive
boronic acid function (Scheme 5).


f) During several applications of borontribromide it was
observed that results were best when this compound was
used in freshly prepared, highly concentrated solutions
(CH2Cl2).


Scheme 5. Reaction scheme for the formation of 15.


The ring closure leading to cycle 6 has already been
described in quite some detail.[5] The larger cycle 15 was
prepared independently both from two half-rings 12 b and the
direct precursor 14. The yields for the final steps were 17 %
and 64 %, respectively. The total yields calculated from the
last common intermediate 9 (n� 3) amount to 11 % and 24 %
which favors the latter route involving six instead of four
steps. In both cases high-dilution conditions were applied. For
the direct precursor route, for example, a solution of
compound 14 and some [Pd(PPh3)4] in toluene was syringed
during 36 h into a refluxing mixture of the same complex in
dimethoxyethane with some toluene and saturated barium
hydroxide. Cycle 15 was prepared on the 150 ± 200 mg scale.
Isolation was achieved by preparative size exclusion chroma-
tography. The remaining material consists of a few percent of
deboronified starting material and mostly linear noncyclic
oligomers with a peak molecular weight of 33,000 g molÿ1


versus polystyrene standard.


Characterization of building blocks and of cycle 15 : All
building blocks were fully characterized (see Experimental
Section) except for most of the boron compounds, for which it
is normal to not be able to obtain correct data from elemental
analysis. The 1H and 13C NMR spectra of cycle 15 are very
simple because of its hexagonal symmetry, and the few signals
observed can be fully assigned. The spectra of both its
precursors (not shown) are far more complex, which supports
the proposed cyclic structure of 15. For example, the 13C NMR
spectrum of 14 shows (at least) 17 aromatic signals including
the characteristic absorptions of CÿI at d� 94.3, whereas that
of 15 exhibits only 11 signals as required. Some of these
17 signals are quite broad; this is due to some almost
isochronically absorbing carbons. The situation is even more
pronounced in the case of the half-cycle 12 b whose 13C NMR
spectrum reveals 23 aromatic signals. Further support for the
cyclic nature of 15 comes from size exclusion chromatography
(SEC). Co-injection experiments with half-rings, deboronified
direct precursor, and cycle gave significantly different reten-
tion times for all of them. Finally a MALDI-TOF mass
spectrometric investigation with 1,8,9-trihydroxyanthracene
as matrix material and AgOAc removed any last doubts. The
spectrum shows a signal at 2944 Da, which corresponds to the
molecular ion plus one Ag, and a low intensity signal at
3052 Da, which corresponds to the molecular ion plus two Ag
(Figure 1).


Cycle 15 gave correct data from elemental analysis (within
0.3). Its purity can be assessed by visual inspection of its
500 MHz 1H NMR spectrum (Figure 2), which also provides a
signal assignment. It crystallizes from toluene and chloroform
into single crystals whose structure determination is presently
underway.[9] The melting behavior of both cycles is presently
under investigation.


On the size of 15 : The equilateral hexagon that geometrically
describes the structure of cycle 15 has side-to-side and corner-
to-corner distances of approximately 3.0 and 3.5 nm, respec-
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tively. Disregarding the space demand for the chemical
structure, seven C60 fullerenes held at van der Waals distance
of each other fit into the interior of the hexagon. With these
dimensions, 15 is the largest shape-persistent cycle known.[10]


Counting the 1,3- and 1,4-phenylenes as three and four chain
members, respectively, the cycle consists of 90 chain members
altogether. This compares with Sanders� largest dioxopor-
phyrin cycle with 86,[11] Höger�s and Moore�s largest phenyl-
acetylene cycle with 82[12] and 66,[1] Vasella�s acetylenosac-
charide with 64,[13] Tobe�s metacyclophandodecaine with


42,[14] and de Meijere and
Scott�s exploded [6]rotane
with 30 ring members.[15] For
larger, but more flexible rings
see the work by Schill[16] and
Wegner[17] who made (CH2)144,
(CH2)192, and (CH2)288 rings
available using a long a,w-
diacetylene as initial building
block and Eglinton reaction
for coupling. These syntheses
are also repetitive in nature,
but do not use protecting
groups. The synthetic sequen-
ces therefore comprise of the
steps: a) linear oligomeriza-
tion, b) isolation of the re-
quired oligomer, c) subjection
of this oligomer to further
linear oligomerization, and
d) isolation of the C144, C192,
or C288 oligomer as precursor
for the final step e), which is


cyclization at high-dilution conditions. Large cycles have also
been obtained as mixtures from equilibrium condensations
like olefin metathesis[18] or from ring-closing depolymeriza-
tions.[19]


The repetitive approach, involving protecting groups, used
in the present work prevents all undesired oligomerizations
and, thus, also prevents the tedious subsequent separations
except in the last step. In this step the final, bifunctional ring
precursor necessarily has the option to either cyclize or
linearly oligomerize.


Figure 1. MALDI-TOF mass spectrum of cycle 15 (Dithranol; AgOAc). The signal at 3051.5 indicates the
disilver complex.


Figure 2. 500 MHz 1H NMR spectrum of cycle 15 in CDCl3 at 20 8C with an expansion of the aromatic region and the signal assignment.
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Experimental Section


General : Reagents were purchased from Fluka, Aldrich, or Acros and were
used without further purification. All solvents were purchased from Fluka,
Aldrich, or Acros and were purified and dried by standard methods.
Starting materials 1 (n� 1), 2 (n� 1), 7 and 8 were prepared according to
literature procedures.[3d] All reactions were carried out under N2. 1H NMR
spectra: Bruker AM 270 spectrometer (270 MHz) or Bruker AC 500
spectrometer (500 MHz) (TMS at d� 0, CHCl3 at d� 7.24, CH2Cl2 at d�
5.32, or DMSO at d� 2.49 as internal standard; mc� centered multiplet).
13C spectra: Bruker AM 270 spectrometer (67.9 MHz) or Bruker AC 500
spectrometer (126 MHz) (CDCl3 at d� 77.0 as internal standard). MS:
Varian MAT711 spectrometer. Melting points: Büchi 510 (open capillaries,
uncorrected values). Column chromatography: Merck silica gel 60, 0.040 ±
0.063 mm (230 ± 400 mesh). Analytical TLC: alumina sheets, silica gel
Si 60 F254 (Merck), detection: UV absorption. Elemental analyses: Perkin ±
Elmer EA 240.


Compound 3 (n� 2): Biphenylboronic acid 1 (n� 1; 14.07g, 33.5 mmol) and
bromoiodobiphenyl 2 (n� 2; 17.65 g, 33.5 mmol) were dissolved in toluene
(250 mL). The solution was degased and flushed with N2 repeatedly. A
saturated aqueous solution of Ba(OH)2 (200 mL) was added. The mixture
was degased again and tetrakis(triphenylphosphine)palladium(00) (190 mg,
1.65� 10ÿ4 mol) was added. The mixture was refluxed for 3 d with vigorous
stirring and then allowed to cool to room temperature. The layers were
separated, the aqueous one was washed twice with toluene (20 mL), and
the combined organic layers were washed once with water (20 mL). The
organic phase was dried (MgSO4). Chromatographic separation through
silica gel with hexane in portions of 10 g gave 25.46 g (96 %) of 3 (n� 2) as a
colorless oil. Rf� 0.18 (hexane); 1H NMR (270 MHz, CD2Cl2): d� 0.35 (s,
9H; SiMe3), 0.76 ± 0.85 (m, 9H; Me), 0.85 ± 0.92 (m, 3 H; Me), 1.11 ± 1.24
(m, 18H; CH2), 1.28 ± 1.36 (m, 4H; CH2), 1.36 ± 1.51 (m, 8 H; CH2), 1.54 ±
1.65 (m, 2H; CH2), 2.49 ± 2.73 (m, 8H; a-CH2), 7.08 (s, 1H; aromatic H),
7.09 (s, 1H; aromatic H), 7.15 (s, 1 H; aromatic H), 7.26 ± 7.34 (m, 5H;
aromatic H), 7.36 (s, 1 H; aromatic H), 7.42 ± 7.53 (m, 3 H; aromatic H);
13C NMR (67.9 MHz, CDCl3): d� 0.61 (SiMe3), 14.06, 22.52, 22.65, 29.17,
29.25, 29.75, 31.40, 31.56, 31.83, 32.56, 32.65, 32.74, 32.86, 36.04, 122.15
(CÿBr), 127.63, 127.97, 129.48, 129.72, 130.15, 130.22, 130.70, 131.06, 132.34,
135.72, 136.54, 136.71, 137.66, 139.22, 141.27, 141.48, 141.91, 142.42, 144.12,
145.99; MS (EI, 70 eV, 220 8C): m/z (%): 792 (14.4), 793 (13.7), 794 (17.1),
795 (12.8), 796 (6.9), 797 (1.9) [M�], 73 (100) [SiMe�3 ]; C51H73SiBr (794.13):
calcd C 77.14, H 9.27; found C 77.13, H 9.30.


Compound 2 (n� 2): Bromo(trimethylsilyl)quaterphenyl 3 (n� 2; 17.06 g,
21.5 mmol) was dissolved in CCl4 (150 mL), and a solution of ICl (3.84 g,
23.7 mmol) in CCl4 (20 mL) was added at 0 8C within 20 min under N2.
After 30 min and warming to room temperature, a 1m solution of sodium
disulphite (20 mL) was added. The layers were separated, the aqueous
layer was washed twice with dichloromethane (25 mL), and the combined
organic layers were washed twice with water (30 mL). The organic phase
was dried (MgSO4). Chromatographic filtration through silica gel with
hexane gave 17.8 g (98 %) of 2 (n� 2) as a colorless oil. Rf� 0.19 (hexane);
1H NMR (270 MHz, CD2Cl2): d� 0.75 ± 0.85 (m, 9 H; Me), 0.85 ± 0.93 (m,
3H; Me), 1.10 ± 1.26 (m, 1.29 ± 1.37 (m, 4H; CH2), 1.37 ± 1.52 (m, 8H; CH2),
1.52 ± 1.65 (m, 2H; CH2), 2.51 ± 2.65 (m, 6H;, a-CH2), 2.65 ± 2.73 (m, 2 H; a-
CH2), 7.08 (s, 1H; aromatic H), 7.10 (s, 1 H; aromatic H), 7.24 (s, 1H;
aromatic H), 7.23 ± 7.36 (m, 5H; aromatic H), 7.42 ± 7.53 (m, 3 H; aromatic
H), 7.74 (s, 1H; aromatic H); 13C NMR (67.9 MHz, CDCl3): d� 14.01, 22.48,
22.60, 29.11, 29.21, 30.38, 31.17, 31.36, 31.49, 31.64, 32.33, 32.53, 32.72, 40.35,
99.45 (CÿI), 122.14 (CÿBr), 127.46, 127.80, 127.88, 127.90, 129.46, 129.73,
129.96, 130.67, 130.70, 130.96, 132.30, 137.43, 137.60, 139.32, 139.84, 139.92,
140.89, 141.03, 141.65, 141.87, 142.58, 144.04; MS (EI, 70 eV, 150 8C): m/z
(%): 846 (38.9), 847 (21.0), 848 (44.4), 849 (22.5), 850 (5.06) [M�];C48H64BrI
(847.84): calcd C 68.00, H 7.61; found C 68.01, H 7.32.


Compound 3 (n� 3): The procedure was analogous to the one described for
3 (n� 2). Compound 2 (n� 2; 17.30 g, 20.4 mmol), 1 (n� 1; 8.58 g,
20.4 mmol), tetrakis(triphenylphosphine)palladium(00) (112 mg, 0.1 mmol
toluene (300 mL), and saturated aqueous solution of Ba(OH)2 (250 mL)
were used. Chromatographic separation through silica gel with hexane gave
19.83 g (87 %) of 3 (n� 3) as a colorless oil. Rf� 0.12 (hexane); Rf� 0.40
(hexane/dichloromethane� 9/1); 1H NMR (500 MHz, CDCl3): d� 0.46 (s,
9H; SiMe), 0.87 ± 0.93 (m, 15 H; Me), 0.95 ± 0.99 (m, 3 H; Me), 1.22 ± 1.36


(m, 30H; CH2), 1.38 ± 1.43 (m, 4H; CH2), 1.47 ± 1.53 (m, 2 H; CH2), 1.55 ±
1.64 (m, 10H; CH2), 1.68 ± 1.76 (m, 2H; CH2), 2.62 ± 2.67 (m, 2H; a-CH2),
2.71 ± 2.77 (m, 8 H; a-CH2), 2.77 ± 2.83 (m, 2 H; a-CH2), 7.21 (s, 1H;
aromatic H), 7.23 (s, 1H; aromatic H), 7.28 (s, 1 H; aromatic H), 7.29 (s, 1H;
aromatic H), 7.30 (s, 1 H; aromatic H), 7.33 ± 7.37 (t, 3J� 8 Hz, 1 H; aromatic
H), 7.37 ± 7.40 (m, 1H; aromatic H), 7.40 ± 7.49 (m, 6H; aromatic H), 7.52 ±
7.58 (m, 3H; aromatic H), 7.62 ± 7.7.64 (m, 1 H; aromatic H); 13C NMR
(125.8 MHz, CDCl3): d� 0.58 (SiMe3), 14.06, 14.08, 14.10, 14.13, 14.20,
22.39, 22.51, 22.53, 22.57, 22.64, 22.77, 29.17, 29.26, 29.31, 29.77, 31.06, 31.41,
31.43, 31.45, 31.48, 31.55, 31.57, 31.70, 31.76, 31.82, 32.53, 32.67, 32.74, 32.77,
32.79, 32.84, 36.03, 122.13, 127.54, 127.61, 127.65, 127.69, 127.76, 127.96,
129.49, 129.72, 130.19, 130.24, 130.28, 130.71, 130.97, 131.01, 131.05, 132.30,
135.69, 136.54, 136.65, 137.41, 137.51, 137.53, 137.67, 139.21, 140.63, 140.73,
141.23, 141.47, 141.60, 141.71, 141.82, 142.42, 144.06, 146.01; MS (EI, 70 eV,
150 8C): m/z (%): 1113 (14.5), 1114 (12.3), 1115 (20.1), 1116 (14.2), 1117
(5.8), 1118 (1.6) [M�], 73 (100) [SiMe�3 ]; C75H105SiBr (1114.64): calcd C
80.82, H 9.49; found C 80.83, H 9.45.


Compound 1 (n� 3): Bromo(trimethylsilyl)sexiphenyl 3 (n� 3; 4.88 g,
4.38 mmol) was dissolved in diethyl ether (250 mL) and a 1.6m solution of
n-butyllithium in hexane (27.3 mL, 43.8 mmol) was added at ÿ78 8C over a
period of 25 min. After warming to room temperature and cooling again to
ÿ78 8C triisopropyl borate (16.46 g, 87.6 mmol) was added within 2 h. The
reaction mixture was allowed to warm to room temperature overnight.
Water (250 mL) was then added. The layers were separated, the aqueous
one was washed twice with diethyl ether (100 mL), and the combined
organic layers were washed twice with water (200 mL). The organic phase
was dried over MgSO4. The solvent was removed in vacuo at 35 8C.
Chromatographic separation through silica gel with hexane/ethyl acetate
3:1 gave 3.72 g (80 %) of 1 (n� 3) as a colorless, highly viscous oil. Rf� 0.31
(hexane/ethyl acetate 3:1); 1H NMR (250 MHz, CD2Cl2): d� 0.38 (s, 9H;
SiMe3), 0.75 ± 0.96 (m, 18H; Me), 1.12 ± 1.40 (m, 36 H; g-, d-, e-CH2), 1.40 ±
1.70 (m, 12H; b-CH2), 2.58 ± 2.79 (m, 12H; a-CH2), 7.13 (s, 1H; aromatic
H), 7.20 ± 7.29 (m, 4H; aromatic H), 7.29 ± 7.44 (m, 7H; aromatic H), 7.44 ±
7.56 (m, 3 H; aromatic H), 7.56 ± 7.67 (m, 2 H; aromatic H), 8.32 (s, 1H;
aromatic H); 13C NMR (62.9 MHz, CD2Cl2): d� 0.70 (SiMe3), 14.22, 14.27,
14.32, 14.44, 22.94, 22.97, 23.00, 23.08, 27.38, 29.66, 29.70, 30.11, 31.92, 32.02,
32.26, 33.05, 33.19, 36.43, 127.98, 128.11, 130.62, 130.72, 131.46, 136.21,
137.03, 137.20, 138.06, 138.12, 138.17, 141.17, 141.25, 141.39, 142.15, 142.19,
142.24, 142.41, 142.90, 146.50; MS (EI, 70 eV, 380 8C, max. temp.): m/z (%):
1033 (13.6), 1034 (11.4), 1035 (100), 1036 (96.7), 1037 (85.3), 1038 (20.9),
1039 (5.8) [M�ÿB(OH)2], monomer.


Compound 2 (n� 3): The procedure was analogous to the one described for
2 (n� 2). Compound 3 (n� 3; 3.00 g, 2.69 mmol), dichloromethane (8 mL),
and ICl (481 mg, 2.69 mmol) in dichloromethane (8 mL) were used.
Chromatographic filtration through silica gel with hexane gave 3.04 g
(97 %) of 2 (n� 3) as a colorless oil. Rf� 0. 13 (hexane); 1H NMR
(270 MHz, CD2Cl2): d� 0.74 ± 0.95 (m, 18H; Me), 1.08 ± 1.30 (m, 30H; g-,
d-, e-CH2), 1.30 ± 1.38 (m, 6 H; g-, d-, e-CH2), 1.38 ± 1.56 (m, 10 H; b-CH2),
1.56 ± 1.69 (m, 2H; b-CH2), 2.50 ± 2.77 (m, 12H; a-CH2), 7.09 (s, 1H;
aromatic H), 7.12 (s, 1H; aromatic H), 7.17 (s, 1 H; aromatic H), 7.18 (s, 1H;
aromatic H), 7.19 (s, 1 H; aromatic H), 7.25 ± 7.38 (m, 8 H; aromatic H),
7.43 ± 7.55 (m, 4 H; aromatic H), 7.75 (s, 1 H; aromatic H); 13C NMR
(62.9 MHz, CDCl3): d� 14.01, 14.07, 18.66, 22.47, 22.50, 22.59, 29.11, 29.22,
29.26, 29.68, 30.37, 31.17, 31.40, 31.45, 31.48, 31.53, 31.64, 31.91, 32.31, 32.53,
32.7740.37, 99.44 (CÿI), 122.14 (CÿBr), 127.36, 127.60, 127.67, 127.74, 127.92,
129.44, 129.69, 130.02, 130.24, 130.68, 130.91, 130.98, 131.01, 132.29, 137.37,
137.45, 137.52, 137.63, 139.21, 139.81, 139.91, 140.53, 140.76, 140.83, 141.21,
141.50, 141.67, 141.80, 141.89, 142.54, 144.06; MS (EI, 70 eV, 300 8C): m/z
(%): 1166 (77.9), 1167 (58.1), 1168 (100), 1169 (69.9), 1170 (40.7), 1171
(14.4), 1172 (3.8) [M�]; C72H96BrI (1168.36): calcd C 74.02, H 8.28; found C
74.24, H 8.20.


Compound 3 (n� 6): The procedure was analogous to the one described for
3 (n� 2). Compound 2 (n� 3; 2.70 g, 2.31 mmol), 1 (n� 3; 2.71 g,
2.55 mmol), tetrakis(triphenylphosphine)palladium(00) (56 mg, 4.8�
10ÿ5 mol), toluene (70 mL), and a saturated aqueous solution of Ba(OH)2


(80 mL) were used. Chromatographic separation through silica gel with
hexane gave 4.49 g (93.6 %) of 3 (n� 3) as a colorless oil. 1H NMR
(500 MHz, CD2Cl2): d� 0.42 (s, 9H; SiMe3), 0.82 ± 0.87 (m, 33H; Me),
0.89 ± 0.994 (m, 3H; Me), 1.17 ± 1.31 (m, 66H; g-, d-, e-CH2), 1.33 ± 1.38 (m,
6H; g-, d-, e-CH2), 1.42 ± 1.59 (m, 22 H; b-CH2), 1.60 ± 1.68 (m, 2 H; b-CH2),
2.58 ± 2.62 (m, 2 H; a-CH2), 2.65 ± 2.77 (m, 22 H; a-CH2), 7.14 (s, 1H;
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aromatic H), 7.16 (s, 1 H; aromatic H), 7.22 ± 7.27 (m, 9 H; aromatic H),
7.32 ± 7.36 (m, 4 H; aromatic H), 7.36 ± 7.39 (m, 1 H; aromatic H), 7.39 ± 7.43
(m, 5H; aromatic H), 7.48 ± 7.55 (m, 5 H; aromatic H), 7.57 (mc, 1H;
aromatic H); 13C NMR (125.8 MHz, CD2Cl2): d� 0.63 (SiMe3), 14.25,
22.79, 22.91, 22.94, 22.96, 23.05, 29.51, 29.62, 29.67, 30.09, 31.83, 31.86, 31.90,
31.96, 32.03, 32.21, 32.85, 33.08, 33.13, 33.19, 36.36, 122.34 (CÿBr), 127.87,
128.02, 128.10, 128.44, 129.97, 130.44, 130.55, 130.60, 131.12, 131.38, 132.56,
136.12, 136.94, 137.06, 137.84, 137.98, 138.10, 139.58, 141.08, 141.56, 141.87,
142.04, 142.74, 144.44, 146.45. ; MS (EI, 70 eV, 350 8C): m/z (%): 2073 (8.6),
2074 (19.2), 2075 (31.1), 2076 (47.0), 2077 (42.1), 2078 (37.5), 2079 (26.5),
2080 (15.6) [M�], 73 (100) [SiMe�3 ]; C147H201SiBr (2076.62): calcd C 85.04, H
9.76; found C 85.11, H 9.69.


Compound 4 (n� 3): Bromotrimethylsexiphenyl 3 (n� 3; 635 mg,
0.57 mmol) was dissolved in diethyl ether (7.5 mL). After cooling to
ÿ78 8C, a 1.6m solution of n-butyllithium in hexane (0.71 mL, 1.14 mmol)
was added. The solution was allowed to warm to room temperature and
then cooled to ÿ78 8C again. At this temperature a solution of 1,2-
diiodoethane (406 mg, 1.42 mmol) in diethyl ether (2 mL) was added. The
solution was allowed to warm to room temperature within 1 h and water
(10 mL) was added. The layers were separated, the aqueous layer was
washed twice with diethyl ether (10 mL), and the combined organic layers
were washed twice with water (15 mL). The organic phase was dried over
MgSO4. The solvent was removed in vacuo. Chromatographic separation
through silica gel with hexane gave 589 mg (89 %) of 4 (n� 3) as a colorless
oil. Rf� 0.07 (hexane); 1H NMR (500 MHz, CDCl3): d� 0.49 (s, 9H;
SiMe3), 0.87 ± 0.94 (m, 15H; Me), 0.94 ± 0.99 (mc, 3 H; Me), 1.21 ± 1.36 (m,
30H; g-, d-, e-CH2), 1.37 ± 1.44 (m, 4 H; g-, d-, e-CH2), 1.46 ± 1.53 (m, 2H; g-,
d-, e-CH2), 1.53 ± 1.63 (m, 10 H; b-CH2), 1.68 ± 1.75 (m, 2H; b-CH2), 2.60 ±
2.65 (mc, 2H; a-CH2), 2.69 ± 2.76 (m, 8 H; a-CH2), 2.76 ± 2.82 (mc, 2H; a-
CH2), 7.17 ± 7.24 (m, 3H; aromatic H), 7.25 ± 7.31 (m, 3 H; aromatic H),
7.39 ± 7.49 (m, 8 H; aromatic H), 7.51 ± 7.58 (m, 2H; aromatic H), 7.76 (d,
3J� 7 Hz, 1H; aromatic H), 7.83 (s, 1 H; aromatic H); 13C NMR
(125.8 MHz, CDCl3): d� 0.58 (SiMe3), 14.07, 14.09, 22.53, 22.56, 22.64,
29.17, 29.26, 29.30, 29.76, 31.44, 31.48, 31.56, 31.80, 32.53, 32.66, 32.73, 32.77,
32.83, 36.02, 94.05 (CÿI), 127.60, 127.65, 127.68, 128.55, 129.65, 130.18,
130.23, 130.27, 130.68, 130.96, 131.01, 131.03, 135.69, 136.54, 137.52, 137.65,
138.19, 140.62, 141.20, 141.80, 142.41, 146.00; MS (EI, 70 eV, 160 8C): m/z
(%): 1160 (2.4), 1161 (100), 1162 (91.6), 1163 (42.9), 1164 (14.2), 1165 (3.7)
[M�]; C75H105ISi (1161.64): calcd C 77.55, H 9.11; found: C 77.34, H 8.83.


Compound 4 (n� 6): The procedure was analogous to the one described for
4 (n� 3). Compound 3 (n� 6; 2.11 g, 1.02 mmol), diethyl ether (10 mL), 1m
butyl lithium in hexane (1.2 mL, 1.92 mmol), and 1,2-diiodoethane (675 mg,
2.4 mmol) in dichloroethane (3 mL) were used. Chromatographic separa-
tion through silica gel with hexane gave 2.00 g (93 %) of 4 (n� 6) as a
colorless oil. Rf� 0.19 (hexane/dichloromethane� 9/1); 1H NMR
(500 MHz, CDCl3): d� 0.38 (s, 9 H; SiMe3), 0.77 ± 0.85 (m, 33 H; Me),
0.85 ± 0.90 (m, 3H; Me), 1.12 ± 1.27 (m, 66H; g-, d-, e-CH2), 1.27 ± 1.35 (m,
4H; g-, d-, e-CH2), 1.37 ± 1.41 (m, 2H; g-, d-, e-CH2), 1.41 ± 1.58 (m, 22 H; b-
CH2), 1.58 ± 1.65 (mc, 2H; b-CH2), 2.50 ± 2.58 (mc, 2H; a-CH2), 2.60 ± 2.76
(m, 22H; a-CH2), 7.05 (s, 1 H; aromatic H), 7.08 (s, 1 H; aromatic H), 7.10 ±
7.16 (m, 2H; aromatic H), 7.16 ± 7.24 (m, 9H; aromatic H), 7.32 ± 7.48 (m,
14H; aromatic H), 7.48 ± 50 (m, 5H; aromatic H), 7.70 (d, 3J� 7 Hz, 1H;
aromatic H), 7.76 (s, 1H; aromatic H); 13C NMR (125.8 MHz, CDCl3): d�
0.63, 14.08. 22.57, 22.66, 29.18, 29.32, 29.78, 31.49, 31.61, 31.85, 32.57, 32.70,
32.85, 36.07, 94.08 (CÿI), 127.68, 128.53, 129.61, 130.27, 130.42, 130.73,
131.05, 135.72, 136.55, 136.62, 137.40, 137.53, 137.66, 138.24, 139.19, 140.77,
141.56, 141.75, 141.88, 142.50, 144.17, 145.98; MS (EI, 70 eV, 380 8C, max.
temp.): m/z (%): 2120 (8.67), 2121 (10.93), 2122 (18.84), 2123 (17.86), 2124
(14.99), 2125 (9.16) [M�]; C147H201ISi (2123.19): calcd C 83.16, H 9.54; found
C 82.97, H 9.32.


Compound 5 (n� 3): The reaction was carried out under dry conditions
(glove box, oxygen and water content< 1ppm). Iodo(trimethylsilyl)sexi-
phenyl 4 (n� 3; 520 mg, 0.45 mmol) was dissolved in dichloromethane
(4 mL) and a solution of BBr3 (146 mg, 0.582 mmol) in dichloromethane
(0.3 mL) was then added. After 40 min pinacol (159 mg, 1.35 mmol) was
added, and after continued stirring for 30 min water (7 mL) was added. The
layers were separated, the aqueous one was washed twice with dichloro-
methane (5 mL), and the combined organic layers were washed twice with
water (20 mL). The organic phase was dried over MgSO4 and the solvent
was removed in vacuo at 35 8C. Chromatographic separation through silica
gel first with hexane and then with hexane/ethyl acetate 30:1 gave 382 mg


(70 %) of 5 (n� 3) as a colorless, highly viscous oil. Rf� 0.33 (hexane/ethyl
acetate 30:1); 1H NMR (250 MHz, CD2Cl2): d� 0.71 ± 0.86 (m, 18 H; Me),
1.03 ± 1.38 (m, 36H; g-, d-, e-CH2), 1.39 (s, 12H; pinacol CH3), 1.41 ± 1.52
(m, 12H; b-CH2), 2.42 ± 2.63 (m, 10H; a-CH2), 2.71 (mc, 2 H; a-CH2), 7.02
(s, 1 H; aromatic H), 7.04(s, 1H; aromatic H), 7.08 ± 7.21 (m, 5 H; aromatic
H), 7.23 ± 7.32 (m, 7H; aromatic H), 7.32 ± 7.41 (m, 2H; aromatic H), 7.59 ±
7.63 m, 2 H; aromatic H), 7.23 (mc, 1 H; aromatic H); 13C NMR (62.9 MHz,
CDCl3): d� 14.05, 14.13, 22.51, 22.66, 24.87 (ester-CH3), 26.73, 28.65, 29.14,
29.29, 29.54, 30.13, 31.43, 31.46, 31.56, 31.81, 32.54, 32.75, 32.78, 33.59, 35.57,
83.23 (ester-C), 94.02 (CÿI), 126.82, 127.45, 127.60, 127.66, 128.53, 129.61,
130.08, 130.28, 130.67, 130.99, 135.65, 136.68, 137.22, 137.36, 137.48, 137.51,
137.63, 138.21, 139.13, 140.66, 140.77, 141.23, 141.51, 141.61, 141.76, 141.90,
144.11, 144.17, 147.48; MS (EI, 70 eV, 100 8C): m/z (%): 1214 (23.2), 1215
(100), 1216 (77.8), 1217 (33.3), 1218 (9.2) [M�]; C78H108BIO2 (1215.43):
calcd C 77.08, H 8.96; found: C 76.81, H 8.71.


Compound 5 (n� 6): The procedure was analogous to the one described for
5 (n� 3). Glove box, iodo(trimethylsilyl)bideciphenyl 4 (n� 6; 1.65 g,
7.78� 10ÿ4 mol), dichloromethane (5 mL), BBr3 (234 mg, 9.34� 10ÿ4 mol) in
dichloromethane (0.29 mL), and pinacol (229 mg, 1.94 mmol) were used.
Chromatographic separation through silica gel with hexane/dichlorome-
thane 9:1 gave 1.27 g (75 %) of 5 (n� 6) as a colorless, highly viscous oil.
Rf� 0.22 (hexane/dichloromethane 9:1); 1H NMR (500 MHz, CD2Cl2): d�
0.79 ± 0.88 (m, 32H; Me), 0.88 ± 0.92 (m, 4 H; Me), 1.16 ± 1.29 (m, 66 H; g-,
d-, e-CH2), 1.29 ± 1.34 (m, 6 H; g-, d-, e-CH2), 1.37 (s, 12 H; pinacol CH3),
1.43 ± 1.60 (m, 24H; b-CH2), 2.57 (mc, 2 H; a-CH2), 2.59 ± 2.71 (m, 20H; a-
CH2), 2.86 (mc, 2H; a-CH2), 7.07 (s, 1 H; aromatic H), 7.12 (s, 1 H; aromatic
H), 7.15 ± 7.28 (m, 10 , aromatic H), 7.30 ± 7.32 (m, 2H; aromatic H), 7.32 ±
7.39 (m, 14H; aromatic H), 7.42 ± 7.52 (m, 5 H; aromaric H), 7.62 (s, 1H;
aromatic H), 7.71 (d, 3J� 7 Hz, 1 H; aromatic H), 7.73 (mc, 1 H; aromatic
H); 13C NMR (125.8 MHz, CDCl3): d� 14.04, 14.14, 22.53, 22.68, 24.88
(ester-CH3), 29.16, 29.26, 29.30, 29.36, 29.56, 31.45, 31.58, 31.83, 32.56, 32.77,
32.83, 33.59, 35.58, 83.27 (ester-C), 94.03 (CÿI), 127.67, 128.56, 129.64,
130.39, 131.01, 136.73, 137.21, 137.40, 137.54, 137.67, 139.16, 140.70, 140.75,
141.26, 141.54, 141.66, 141.73, 141.75, 141.92, 144.14, 144.19, 147.50; MS (EI,
70 eV, 380 8C, max. temp.): m/z (%): 2175 (33.0), 2176 (56.9), 2177 (55.4),
2178 (46.3), 2179 (28, 95), 2180 (16.7) [M�]; C150H204BIO2 (2176.98): calcd C
82.76, H 9.44;found C 82.43, H 9.26.


Compound 6 : a) A solution of 5 (n� 3; 382 mg, 0.314 mmol) and tris(tri-p-
tolylphosphine)palladium(00) (13 mg, 1.3� 10ÿ5 mol) in toluene (10 mL)
was added through a syringe pump within 72 h to a boiling mixture of the
same complex (13 mg, 1.3� 10ÿ5 mol) in a 1m aqueous solution of Na2CO3


(45 mL), dimethoxyethane (30 mL), and toluene (15 mL). The phases were
then separated, and the organic one was washed with water. Removal of the
solvent in vacuo gave crude 6 in a conversion of 44 % (anal. GPC).
Purification by preparative GPC gave 106 mg 6 (35 %) as a colorless, solid
material.
b) A solution of 5 (n� 6; 903 mg, 0.415 mmol) and tris(tri-p-tolylphosphi-
ne)palladium(00) (10 mg, 1� 10ÿ5 mol) in toluene (25 mL) was added
through a syringe pump within 54 h to a boiling mixture of the same
complex (11 mg, 1.08� 10ÿ5 mol) in a 1m aqueous solution of Na2CO3


(90 mL), dimethoxyethane (100 mL), and toluene (50 mL). The phases
were then separated, and the organic one was washed with water. Removal
of the solvent in vacuo gave crude 6 in a conversion of 89 % (anal. GPC).
Purification by preparative GPC afforded 678 mg 6 (85 %) as a colorless
solid material. tR : 19.3 min (column: water/styragel 7.8� 300 HR5E and
HR6E, flow 1 mL minÿ1 THF): lmax� 254.4 nm; 1H NMR (270 MHz,
CDCl3): d� 0.89 (t, 3J� 8 Hz, 36H; CH3), 1.32 (mc, 72 H; g-, d-, e-CH2),
1.60 (mc, 24H; a-CH2), 2.76 (t, 3J� 8 Hz, 24H; a-CH2), 7.30 (s, 12 H; H-3),
7.45 (s, 6 H; H-2'), 7.48 (d, 3J� 7 Hz, 12 H; H-4'), 7.59 (t, 3J� 7 Hz, 6H;
H-5'); 13C NMR (126 MHz, CD2Cl3): d� 14.07 (CH3), 22.74, 29.47, 31.69,
31.78, 32.95 [5�CH2], 127.75 (C-6'), 127.94 (C-5'), 130.69 (C-2'), 131.13 (C-
6), 137.76 (C-2), 141.03 (C-1), 141.95 (C-1'); MS (EI, 70 eV, 380 8C, max.
temp.): m/z (%): 1921 (65.9), 1922 (100), 1923 (94.3), 1924 (47.4), 1925
(27.8), 1926 (12.4), 1927 (4.2) [M�]; C144H192 (1923.10): calcd C 89.94, H
10.06; found C 89.76, H 9.87.


Compound 9 (n� 1): The procedure was analogous to the one described for
3 (n� 2). Biphenylboronic acid 7 (5.03 g, 12.0 mmol), bromo-iodobiphenyl
8 (4.29 g, 11.9 mmol), tetrakis(triphenylphosphine)palladium(00) (138 mg,
0.12 mmol), toluene (120 mL), and a saturated aqueous solution of
Ba(OH)2 (100 mL) were used. After work-up, chromatographic separation
through silica gel with hexane gave 6.08 g (81 %) of 9 (n� 1) as a colorless
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oil. Rf� 0.12 (hexane); 1H NMR (270 MHz, CD2Cl2): d� 0.36 (s, 9H;
SiMe3), 0.72 ± 0.88 (m, 6H; CH3), 1.09 ± 1.29 (m, 12 H; g-, d-, e-CH2), 1.43 ±
1.56 (m, 4 H; b-CH2), 2.54 ± 2.68 (m, 4 H; a-CH2), 7.14 (s, 1 H; aromatic H),
7.17 (s, 1H; aromatic H), 7.31 ± 7.41 (m, 3H; aromatic H), 7.42 ± 7.45 (m, 1H;
aromatic H), 7.45 ± 7.49 (m, 1H; aromatic H), 7.49 ± 7.55 (m, 1 H; aromatic
H), 7.55 ± 7.70 (m, 5 H; aromatic H), 7.84 (mc, 1H; aromatic H); 13C NMR
(62.9 MHz, CDCl3): d�ÿ0.99 (3C; SiMe3), 14.11 (2 C; CH3), 29.18 (1C;
CH2), 29.24 (1C; CH2), 31.44 (2 C; CH2), 31.49 (1C; CH2), 31.54 (1C; CH2),
32.55 (1 C; CH2), 32.65 (1C; CH2), 122.97 (1C; C-3, CÿBr), 125.59 (1C),
126.69 (2C), 128.67 (2C), 129.88 (2C), 130.10 (2 C), 130.26 (1C), 130.82
(1C), 131.01 (1C), 133.05 (2C) [14� tertiary C], 137.44 (1 C), 137.55 (1C),
137.92 (1C), 138.42 (1C), 140.06 (1C), 140.91 (1 C), 141.65 (1C), 142.28
(1C), 142.99 (1C) [9� quaternary C]; MS (EI, 70 eV, 180 8C): m/z (%): 624
(4.1), 625 (45.0), 626 (86.2), 627 (42.1), 628 (15.1), 629 (5.2), 630 (2.2) [M�],
73 [TMS�]; C39H49BrSi (625.81): calcd C 74.85, H 7.89; found C 74.63, H
7.73.


Compound 10 (n� 1): The procedure was analogous to that described for 1
(n� 3). Bromoquaterphenyl 9 (n� 1; 5.05 g, 8.07 mmol) was dissolved in a
mixture of diethyl ether (200 mL) and THF (200 mL). A 1.6m solution of n-
butyllithium in hexane (17.3 mL, 24 mmol) was added at ÿ78 8C. After
warming to room temperature and cooling again to ÿ78 8C, triisopropyl
borate (9.1 g, 48 mmol) was added within 2 h. After work-up, chromato-
graphic separation through silica gel with hexane/ethyl acetate 3:1 gave
4.30 g (93 %) of 10 (n� 1) as a colorless viscous oil. Rf� 0.38 (hexane/ethyl
acetate 3:1); 1H NMR (270 MHz, CDCl3): d� 0.40 (s, 9H; SiMe3), 0.82 ±
0.91 (m, 6H; CH3), 1.18 ± 1.38 (m, 12 H; g-, d-, e-CH2), 1.52 ± 1.67 (m, 6H; b-
CH2), 2.60 ± 2.78 (m, 4H; a-CH2), 7.22 ± 7.31 (m, 2H; aromatic H), 7.41 ±
7.48 (m, 2H; aromatic H), 7.48 ± 7.62 (m, 2H; aromatic H), 7.62 ± 7.77 (m,
3H; aromatic H), 7.77 ± 8.01 (m, 3 H; aromatic H), 8.23 (mc, 1 ± 2H;
aromatic H), 8.38 (mc, 1 ± 2 H; aromatic H), 8.51 (mc, 1 ± 2 H; aromatic H),
8.65 (mc, 1 ± 2H; aromatic H); 13C NMR (67.9 MHz, CDCl3): d�ÿ1.02
(SiMe3), 14.06, 22.47, 29.19, 30.66, 31.42, 31.48, 32.55, 32.65, 126.83, 128.67,
129.83, 130.90, 133.02, 134.09, 137.51, 138.41, 139.39, 140.29, 140.47, 140.83,
141.14, 142.35; MS (EI, 70 eV, 350 8C): m/z (%): 1717 (13.5), 1718 (14.8),
1719 (10.5), 1720 (6.2), 1721 (2.4) [M�] trimer, 546 (100), 547 (60.8), 548
(18.6), 549 (4.2) [M�ÿB(OH)2] monomer.


Compound 11 (n� 1): The procedure was analogous to the one described
for 2 (n� 2). Compound 9 (n� 1; 2.30 g, 3.68 mmol), CH2Cl2 (15 mL), ICl
690 mg (4.25 mmol), and CH2Cl2 (8 mL) were used. Chromatographic
separation through silica gel with hexane gave 2.25 g (90 %) of 11 (n� 1) as
a colorless oil. Rf� 0.14 (hexane); 1H NMR (270 MHz, CD2Cl2): d� 0.70 ±
0.94 (m, 6H; CH3), 1.06 ± 1.35 (m, 12 H; g-, d-, e-CH2), 1.37 ± 1.57 (m, 4H; b-
CH2), 2.48 ± 2.66 (m, 4H; a-CH2), 7.10 ± 7.14 (m, 2H; aromatic H), 7.14 ±
7.19 (m, 2H; aromatic H), 7.32 ± 7.55 (m, 4H; aromatic H), 7.60 ± 7.70 (m,
3H; aromatic H), 7.74 ± 7.82 (m, 2H; aromatic H), 7.82 ± 7.87 (m, 1H;
aromatic H); 13C NMR (67.9 MHz, CDCl3): d� 14.05 (2C; CH3), 22.46
(2C; CH2), 29.14 (2 C; CH2), 31.36 (2C; CH2), 31.46 (2C; CH2), 32.54 (2C;
CH2), 92.45 (1 C; C-4'''', CÿI), 122.95 (1C; C-3, CÿBr), 125.58 (1C), 126.70
(2C), 129.79 (2C) 130.10 (2 C), 130.25 (1C), 130.68 (1C), 130.91 (1C),
131.23 (2C), 137.10 (2C) [14� tertiary C], 137.36 (1C), 137.63 (1C), 138.00
(1C), 139.68 (1C), 140.43 (1C), 141.36 (1C), 141.44 (1C), 142.93 (1 C) [8�
quaternary C]; MS (EI, 70 eV, 160 8C): m/z (%): 676 (1.0), 677 (0.4), 678
(90.8), 679 (35.9), 680 (100), 681 (36.2), 682 (7.0), 683 (0.6) [M�]; C36H40BrI
(679.52): calcd C 63.63, H 5.93; found C 63.69, H 5.75.


Compound 9 (n� 2): The procedure was analogous to the one described for
3 (n� 3). Compound 10 (n� 1; 1.93 g, 3.37 mmol), 11 (n� 1; 2.22 g,
3.27 mmol), tetrakis(triphenylphosphine)palladium(00) (76 mg, 0.07 mmol),
toluene (50 mL), and a saturated aqueous solution of Ba(OH)2 (50 mL)
were used. After work-up, chromatographic separation through silica gel
with hexane/dichloromethane 9:1 gave 3.07 g (85 %) of 9 (n� 2) as a
colorless vicous oil. Rf� 0.25 (hexane/dichloromethane 1:9); 1H NMR
(500 MHz, CDCl3): d� 0.33 (s, 9H; SiMe3), 0.79 ± 0.89 (m, 12H; CH3),
1.12 ± 1.32 (m, 24H; g-, d-, e-CH2), 1.48 ± 1.61 (m, 8 H; b-CH2), 2.56 ± 2.70
(m, 8H; a-CH2), 7.18 ± 7.25 (m, 4 H; aromatic H), 7.32 (t, 3J� 8 Hz, 1H;
aromatic H), 7.40 (d, 3J� 8 Hz, 2 H; aromatic H), 7.45 ± 7.53 (m, 7H;
aromatic H), 7.56 ± 7.66 (m, 6H; aromatic H), 7.66 ± 7.70 (d, 3J� 8 Hz, 2H;
aromatic H), 7.72 ± 7.78 (m, 4H; aromatic H), 7.82 (s, 1 H; aromatic H), 7.99
(s, 1H; aromatic H); 13C NMR (125.8 MHz, CDCl3): d�ÿ1.02 (SiMe3),
13.94 (CH3), 14.09 (CH3), 22.47 (CH2), 22.50 (CH2), 29.17(CH3), 29.24
(CH3), 31.44 (CH2), 31.48 (CH2), 31.53 (CH2), 32.52 (CH2), 32.65 (CH2),
122.94 (1C; C-3), 125.63 (1 C), 126.01 (2C), 126.72 (2C), 126.83 (2C),


126.85 (2C), 128.65 (2C), 129.29 (1C), 129.79 (2 C), 129.81 (2C), 129.87
(2C), 130.12 (2C), 130.29 (2 C), 130.87 (1C), 130.91 (1 C), 130.99 (2 C),
133.03 (2C) [28� tertiary C], 137.51 (1C), 137.54 (1C), 137.57 (1C), 137.66
(1C), 137.97 (1 C), 138.43 (1 C), 139.42 (1 C), 139.49 (1C), 140.17 (1 C),
140.25 (1 C), 140.49 (1C; quart), 140.80 (1C), 141.04 (1 C), 141.14 (1 C),
141.43 (1C), 141.47 (1 C), 141.60 (1C), 142.28 (1C), 142.99 (1 C) [19�
quaternary C]; MS (EI, 70 eV, 270 8C): m/z (%): 1096 (30.6), 1097 (27.9),
1098 (41.9), 1099 (30.4), 1100 (13.5), 1101 (4.0) [M�], 73 [TMS�];
C75H89BrSi (1098.52): calcd C 82.00, H 8.17; found C 81.92, H 8.14.


Compound 11 (n� 2): The procedure was analogous to the one described
for 2 (n� 2). Compound 9 (n� 2; 3.00 g, 2.73 mmol), CHCl3 (25 mL), ICl
(510 mg, 3.14mmol), and CHCl3 (10 mL) were used. Chromatographic
separation through silica gel with hexane/dichloromethane 9:1 gave 2.80 g
(89 %) of 11 (n� 2) as a colorless viscous oil. Rf� 0.27 (hexane/dichloro-
methane 9:1); 1H NMR (270 MHz, CD2Cl2): d� 0.79 ± 0.92 (m, 12H; CH3),
1.19 ± 1.40 (m, 24H; g-, d-, e-CH2), 1.49 ± 1.70 (m, 8 H; b-CH2), 2.7 ± 2.79 (m,
8H; a-CH2), 7.16 ± 7.22 (m, 3H; aromatic H), 7.24 ± 7.32 (m, 3 H; aromatic
H), 7.37 (mc, 1H; aromatic H), 7.51 ± 7.60 (m, 7 H; aromatic H), 7.60 ± 7.77
(m, 6H; aromatic H), 7.77 ± 7.85 (m, 6 H; aromatic H), 7.89 (mc, 1H;
aromatic H), 8.04 (mc, 1 H; aromatic H); 13C NMR (67.9 MHz, CDCl3): d�
14.08 (CH3), 22.50 (CH2), 29.21 (CH2), 31.51 (CH2), 32.67 (CH2), 92.44
(C-4''''''', CÿI), 122.97 ( C-3, CÿBr), 125.60, 126.71, 126.85, 129.28, 129.75,
129.78, 129.86, 130.11, 130.26, 130.69, 130.92, 130.99, 131.26, 137.11 (14�
tertiary C) 137.35, 137.55, 137.64, 137.70, 137.96, 139.52, 139.61, 140.19,
140.49, 140.67, 140.96, 141.09, 141.41, 141.62, 142.99 (15� quaternary C);
MS (EI, 70 eV, 250 8C): m/z (%): 1150 (81.9), 1151 (62.69), 1152 (100), 1153
(68.9), 1154 (25.4), 1155 (6.4), 1156 (1.6) [M�], 1198 (26.6), 1199 (21.0), 1200
(8.5), 1201 (1.2) [C72H80I�2 ], 1102 (9.9), 1103 (8.0), 1104 (22.2), 1105 (16.0),
1106 (15.6), 1107 (9.9), 1108 (3.7), 1109 (1.0) [C72H80Br�2 ]; C72H80BrI
(1152.23): calcd C 75.05,H 7.00; found: C 74.95, H 7.02.


Compound 9 (n� 3): The procedure was analogous to the one described for
3 (n� 2). Compound 10 (n� 1; 620 mg, 1.08 mmol), 11 (n� 2; 1.24 g,
1.08 mmol), tetrakis(triphenylphosphine)palladium(00) (25 mg, 0.02 mmol),
toluene (30 mL), and a saturated aqueous solution of Ba(OH)2 (30 mL)
were used. Chromatographic separation through silica gel with hexane/
dichloromethane 8:2 gave, after lyophilization, 1.43 g (84 %) of 9 (n� 3) as
a colorless solid amorphous material. Rf� 0.33 (hexane/dichloromethane
8:2); M.p. 68 8C; 1H NMR (500 MHz, CD2Cl2): d� 0.32 (s, 9 H; SiMe3),
0.78 ± 0.85 (m, 18H; CH3), 1.14 ± 1.30 (m, 36 H; g-, d-, e-CH2), 1.47 ± 1.58 (m,
b-CH2), 2.58 ± 2.69 (m, 12H; a-CH2), 7.15 (s, 1 H; aromatic H), 7.20 (s, 2H;
aromatic H), 7.22 (s, 1H; aromatic H), 7.23 (s, 2H; aromatic H), 7.34 ± 7.39
(m, 3H; aromatic H), 7.45 ± 7.53 (m, 11H; aromatic H), 7.58 ± 7.62 (m, 4H;
aromatic H), 7.62 ± 7.68 (m, 3H; aromatic H), 7.68 ± 7.72 (m, 4 H; aromatic
H), 7.76 ± 7.81 (m, 8 H; aromatic H), 7.86 (mc, 1H; aromatic H), 8.00 (mc,
2H; aromatic H); 13C NMR (125.8 MHz, CDCl3): d�ÿ1.02 (SiMe3), 14.09,
22.37, 22.47, 22.50, 22.52, 29.17, 29.24, 29.26, 31.44, 31.46, 31.48, 31.54, 31.67,
32.52, 32.65, 32.68, 122.94 (CÿBr), 125.63, 126.02, 126.72, 126.86, 128.65,
129.30, 129.81, 129.87, 130.14, 130.30, 130.87, 130.92, 130.99, 133.03, 137.51,
137.55, 137.63, 137.66, 137.98, 138.43, 139.43, 139.47, 139.49, 140.18, 140.25,
140.40, 140.49, 140.80, 141.05, 141.11, 141.13, 141.45, 141.47, 141.60, 142.28,
143.00; MS (EI, 70 eV, 350 8C): m/z (%): 1569 (54.3), 1570 (71.0), 1571
(100), 1572 (88.3), 1573 (50.8), 1574 (20.1), 1575 (6.3); C111H129BrSi (1571.23
): calcd C 84.85, H 8.27; found: C 84.83, H 8.22.


Compound 10 (n� 3): The procedure was analogous to that described for 1
(n� 3). Compound 9 (n� 3; 1.31 g, 8.36� 10ÿ4 mol), diethyl ether (3 mL),
toluene (30 mL), 1.6m solution of n-butyl lithium in hexane (1.57 mL, 2.5�
10ÿ3 mol, ÿ78 8C), and triisopropyl borate (786 mg, 4.2� 10ÿ3 mol) were
used. Chromatographic separation through silica gel with a) hexane and
b) hexane/ethyl acetate 3:1 gave, after lyophilization, 933 mg (74 %) of 10
(n� 3) as a colorless solid material. Rf� 0.21 (hexane/ethyl acetate 3:1);
softening point 75 8C; 1H NMR (270 MHz, CDCl3): d� 0.37 (s, 9H; SiMe3),
0.82 ± 0.98 (m, 18H; CH3), 1.17 ± 1.40 (m, 36 H; g-, d-, e-CH2), 1.52 ± 1.66 (m,
12H; b-CH2), 2.62 ± 2.76 (m, 12 H; a-CH2), 7.21 ± 7.45 (m, 9H; aromatic H),
7.52 ± 7.62 (m, 11H; aromatic H), 7.62 ± 7.68 (m, 2H; aromatic H) 7.68 ± 7.78
(m, 7H; aromatic H), 7.81 ± 7.95 (m, 10H; aromatic H), 8.02 ± 8.13 (m, 2H;
aromatic H), 8.44 (mc, aromatic H), 8.64 (mc, aromatic H); 13C NMR
(67.9 MHz, CDCl3): d�ÿ1.02 (SiMe3), 22.47, 29.23, 31.49, 32.66, 126.03,
126.74, 126.84, 128.57, 129.30, 129.31, 129.82, 129.88, 130.30, 130.67, 131.01,
137.18, 137.39, 137.61, 137.68, 137.99, 139.32, 139.89, 140.34, 140.67, 141.03,
141.15, 141.44, 141.86; MS (MALDI-TOF): m/z (%): 1727
[M��dithranolÿ (H2O)2].
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Compound 11 (n� 3): The procedure was analogous to the one described
for 2 (n� 2). Compound 9 (n� 3; 530 mg, 3.38� 10ÿ4 mol), CH2Cl2 (8 mL),
ICl (66 mg, 4.05� 10ÿ4 mol), and CH2Cl2 (3 mL) were used. Chromato-
graphic separation through silica gel with hexane/dichloromethane 8:2
gave, after lyophilization, 477 mg (87 %) of 11 (n� 3) as a colorless solid
material. Rf� 0.29 (hexane/dichloromethane 8:2); m.p. 72 8C; 1H NMR
(270 MHz, CDCl3): d� 0.80 ± 0.95 (m, 18H; CH3), 1.13 ± 1.48 (m, 36 H; g-,
d-, e-CH2), 1.49 ± 1.68 (m, 12H; b-CH2), 2.52 ± 2.77 (m, 12H; a-CH2), 7.13 ±
7.18 (m, 3 H; aromatic H), 7.22 ± 7.28 (m, 5 H; aromatic H), 7.35 (t, 3J� 8 Hz,
1H; aromatic H), 7.47 ± 7.56 (m, 11H; aromatic H), 7.58 ± 7.67 (m, 4H;
aromatic H), 7.67 ± 7.74 (m, 5H; aromatic H), 7.74 ± 7.83 (m, 10H; aromatic
H), 7.85 (mc, 1 H; aromatic H), 8.01 (mc, 2 H; aromatic H); 13C NMR
(67.9 MHz, CDCl3): d� 14.05, 22.29, 29.23, 31.52, 32.69, 92.39 (CÿI), 122.96
(CÿBr), 125.64, 126.03, 126.73, 126.86, 129.29, 129.82, 130.16, 130.28,
130.70, 130.99, 131.29, 137.14, 137.38, 137.64, 138.01, 139.51, 140.22, 140.44,
140.53, 140.70, 141.01, 141.18, 141.50, 141.68, 143.06; MS (EI, 70 eV, 380 8C,
max. temp.): m/z (%): 1623 (1.5), 1624 (2.2), 1625 (2.6), 1626 (2.4), 1627
(2.3), 1628 (1.0) [M�]; C108H120BrI (1624.94): calcd C 79.83, H 7.44; found C
79.68, H 7.31.


Compound 9 (n� 6): The procedure was analogous to the one described for
3 (n� 2). Compound 10 (n� 3; 385 mg, 2.54� 10ÿ4 mol), 11 (n� 3; 412 mg,
2.54� 10ÿ4 mol), tetrakis(triphenylphosphine)palladium(00) (12 mg, 1.04�
10ÿ5 mol) toluene (20 mL), and a saturated aqueous solution of Ba(OH)2


(15 mL) were used. Chromatographic separation through silica gel with
hexane/dichloromethane 8:2 gave, after lyophilization, 629 mg (83 %) of 9
(n� 6) as a colorless solid material. Rf� 0.16 (hexane/dichloromethane
8:2); m.p. 98 8C; 1H NMR (500 MHz, CDCl3): d� 0.42 (s, 9H; SiMe3),
0.87 ± 1.00 (m, 36 H; CH3), 1.22 ± 1.43 (m, 72H; g-, d-, e-CH2), 1.60 ± 1.72 (m,
24H; b-CH2), 2.66 ± 2.82 (m, 24H; a-CH2), 7.23 (s, 1 H; aromatic H), 7.29 (s,
2H; aromatic H), 7.31 ± 7.37 (m, 9 H; aromatic H), 7.49 (mc, 3 H; aromatic
H), 7.56 ± 7.74 (m, 32H; aromatic H), 7.75 ± 7.80 (m, 11H; aromatic H),
7.81 ± 7.92 (m, 22H; aromatic H), 8.06 (mc, 4 H; aromatic H); 13C NMR
(125.8 MHz, CDCl3): d�ÿ1.02 (SiMe3), 14.89, 22.38, 22.53, 22.66, 23.29,
29.05, 29.17, 29.26, 31.49, 31.55, 32.54, 32.70, 122.96 (CÿBr), 125.61, 126.01,
126.72, 126.86, 127.05, 128.66, 129.30, 129.82, 130.11, 130.28, 130.88, 130.99,
133.03, 137.51, 137.53, 137.57, 137.63, 139.48, 140.42, 141.12, 141.47, 142.99;
MS (MALDI-TOF in dithranol with Ag): m/z (%): 3097 ([M��Ag], 3018
[M��AgÿBr]; C219H249BrSi (2989.37): calcd C 87.99, H 8.40; found: C
87.71, H 8.24.


Compound 12a : The procedure was analogous to the one described for 2
(n� 2). Compound 10 (n� 3; 212 mg, 1.40� 10ÿ4 mol), CH2Cl2 (5 mL), and
ICl (34 mg, 2.09� 10ÿ4 mol) in CH2Cl2 (1 mL) were used. Chromatographic
separation through silica gel with hexane/ethyl acetate 3:1 gave after
lyophilization 206 mg (94 %) of 12a as a colorless solid material. Rf� 0.19
(hexane/ethyl acetate 3:1); softening point 74 ± 76 8C; 1H NMR (270 MHz,
CDCl3): d� 0.83 ± 1.02 (m, 18H; CH3), 1.19 ± 1.42 (m, 36H; g-, d-, e-CH2),
1.50 ± 1.73 (m, 12 H; b-CH2), 2.57 ± 2.84 (m, 12 H; aromatic H), 7.17 ± 7.43
(m, 10H; aromatic H), 7.51 ± 7.67 (m, 12H; aromatic H), 7.67 ± 7.78 (m, 6H;
aromatic H), 7.78 ± 7.93 (m, 11H; aromatic H), 7.98 ± 8.11 (m, 2 H; aromatic
H) 8.41 (mc, aromatic H), 8.69 (mc, aromatic H); 13C NMR (67.9 MHz,
CDCl3): d� 14.05, 22.49, 29.22, 31.51, 32.70, 92.39 (CÿI), 126.02, 126.85,
128.52, 129.29, 129.81, 130.69, 130.99, 131.28, 137.13, 137.36, 137.62, 137.71,
139.49, 140.44, 140.70, 141.00, 141.19, 141.83; MS (MALDI-TOF in
dithranol): m/z (%): 1781 [M��H�dithranolÿ (H2O)2].


Compound 12 b : Iodobideciphenylboronic acid 12 a (183 mg, 1.16�
10ÿ4 mol) and pinacol (35 mg, 3� 10ÿ4 mol) were dissolved in dichloro-
methane (15 mL). The solution was refluxed for 2 d, while simultaneously
removing water. Work-up and chromatographic separation through silica
gel with hexane/ethyl acetate 20:1 gave after lyophilization 186 mg (96 %)
of 12b as a colorless solid material. Rf� 0.38 (hexane/ethyl acetate 20:1);
softening point 68 ± 70 8C; 1H NMR (270 MHz, CDCl3): d� 0.78 ± 0.95 (m,
18H; CH3), 1.13 ± 1.37 (m, 36H; g-, d-, e-CH2), 1.40 (s, 12 H; ester-CH3),
1.49 ± 1.68 (m, 12H; b-CH2), 2.53 ± 2.76 (m, 12H; a-CH2), 7.12 ± 7.18 (m,
3H; aromatic H), 7.22 ± 7.29 (m, 5H; aromatic H), 7.46 ± 7.57 (m, 11H;
aromatic H), 7.57 ± 7.64 (m, 2H; aromatic H), 7.68 ± 7.74 (m, 5 H; aromatic
H), 7.74 ± 7.88 (m, 13H; aromatic H), 8.01 (mc, 2 H; aromatic H), 8.18 (mc,
1H; aromatic H); 13C NMR (67.9 MHz, CDCl3): d� 14.04, 22.49, 24.89
(ester-CH3), 29.23, 31.45, 31.53, 32.71, 83.86 (ester-C), 92.38 (CÿI), 126.03,
126.85, 128.21, 129.29, 129.82, 130.70, 130.98, 131.29, 133.53, 137.14, 137.38,
137.64, 137.73, 139.49, 140.23, 140.44, 140.55, 140.71, 140.89, 141.01, 141.20,


141.51; MS (MALDI-TOF in dithranol): m/z (%): 1671 [M�]; C114H132BIO2


(1672.01): calcd C 81.89, H 7.96; found C 81.71, H 7.82.


Compound 13 : The procedure was similar to the one described for 4 (n�
3). Compound 9 (n� 6; 610 mg, 2.04� 10ÿ4 mol) and bromobenzene
(320 mg, 2.03� 10ÿ3 mol) were dissolved in a mixture of diethyl ether
(1 mL) and toluene (8 mL). NaH (8 mg) was added. At ÿ78 8C a 1.6m
solution of n-butyllithium in hexane (2.8 mL, 2.28 mmol) was added. After
warming to room temperature and cooling again to ÿ78 8C, 1,2-diiodo-
ethane (2.53 g, 9.0 mmol) dissolved in toluene (5 mL) was added. The
reaction mixture was allowed to warm to room temperature over 2 h. A 1m
aqueous solution of sodium disulfite (15 mL) was added. Chromatographic
separation through silica gel with hexane/dichloromethane 7:3 gave 551 mg
(89 %) of 13 as a colorless solid material. M.p. 101 8C; Rf� 0.26 (hexane/
dichloromethane 7:3); UV/Vis: lmax� 283.6 nm; 1H NMR (270 MHz,
CDCl3): d� 0.47 (s, 9 H; SiMe3), 0.89 ± 1.06 (m, 36H; CH3), 1.25 ± 1.51 (m,
72H; g-, d-, e-CH2), 1.61 ± 1.81 (m, 24 H; b-CH2), 2.69 ± 2.91 (m, 24 H; a-
CH2), 7.27 ± 7.41 (m, 14 H; aromatic H), 7.48 ± 7.54 (m, 2H; aromatic H),
7.54 ± 7.66 (m, 24 H; aromatic H), 7.66 ± 7.74 (m, 8H; aromatic H), 7.74 ± 7.85
(m, 12 H; aromatic H), 7.85 ± 7.97 (m, 20H; aromatic H), 8.12 (mc, 4H;
aromatic H); 13C NMR (67.9 MHz, CDCl3): d�ÿ1.01 (SiMe3), 14.07
(CH3), 22.51, 29.24, 31.47, 31.54, 32.70, 94.36 (CÿI), 126.03, 126.86, 127.41,
128.67, 129.29, 129.82, 130.20, 130.98, 131.89, 137.45, 137.63, 139.50, 140.43,
141.17, 141.50; MS (MALDI-TOF in dithranol with Ag): m/z (%): 3143
[M��Ag], 3017 [M��Agÿ I]; C219H249ISi (3036.37): calcd C 86.63, H 8.27;
found C 86.41, H 8.03.


Compound 14 : The procedure was analogous to the one described for 5
(n� 3). Glove box, 13 (530 mg, 1.75� 10ÿ4 mol), dichloromethane (5 mL),
BBr3 (53 mg, 2.11� 10ÿ4 mol), dichloromethane (0.15 mL), pinacol
(110 mg, 0.93 mmol), and water were used. Chromatographic separation
through silica gel with hexane/ethyl acetate 30:1 gave 345 mg (64 %) of 14
as a colorless solid material. Rf� 0.21 (hexane/ethyl acetate 30:1); soften-
ing point 105 ± 108 8C; 1H NMR (270 MHz, CDCl3): d� 0.82 ± 1.00 (m,
36H; CH3), 1.23 ± 1.41 (m, 72 H; g-, d-, e-CH2), 1.43 (s, 12 H; pinacol CH3),
1.58 ± 1.80 (m, 24H; b-CH2), 2.72 ± 2.97 (m, 24H; a-CH2), 7.31 ± 7.43 (m,
14H; aromatic H), 7.45 ± 7.66 (m, 26H; aromatic H), 7.66 ± 7.77 (m, 9H;
aromatic H), 7.77 ± 7.83 (m, 11H; aromatic H), 7.83 ± 8.02 (m, 20H;
aromatic H), 8.15 (m, 4 H; aromatic H); 13C NMR (67.9 MHz, CDCl3):
d� 14.05 (CH3), 22.49, 22.56, 24.86 (ester-CH3), 29.19, 29.32, 31.54, 31.61,
32.70, 32.84, 83.81 (ester-C), 94.34 (CÿI), 126.09, 126.79, 127.41, 127.56,
128.76, 129.31, 129.47, 130.31, 131.04, 131.96, 137.67, 137.84, 139.61, 140.41,
141.24, 141.61; MS (MALDI-TOF in dithranol with Ag): m/z (%): 3199
[M��Ag]; C222H252BIO2 (3090.15): calcd C 86.29, H 8.22; found C 85.92, H
8.01.


Compound 15 : a) A solution of 12 b (182 mg, 0.111 mmol) and tris(tri-p-
tolylphosphine)palladium(00) (2.3 mg, 2.6� 10ÿ6 mol) in toluene (3.3 mL)
was added through a syringe pump within 30 h to a boiling mixture of
tris(tri-p-tolylphosphine)palladium(00) (2.5 mg, 2.5� 10ÿ6 mol), a saturated
aqueous solution of Ba(OH)2 (10 mL), dimethoxyethane (12 mL), and
toluene (3 mL). The phases were then separated, and the organic one was
washed with water. Removal of the solvent in vacuo gave crude 15 in a
conversion of 20 % (anal. GPC). Purification by preparative GPC gave
27 mg 15 (17 %).


b) A solution of 14 (270 mg, 8.74� 10ÿ5 mol) and tris(tri-p-tolylphosphine)-
palladium(00) (2.3 mg, 2.6� 10ÿ6 mol) in toluene (7 mL) was added through
a syringe pump within 36 h to a boiling mixture of tris(tri-p-tolylphos-
phine)palladium(00) (2.3 mg, 2.6� 10ÿ6 mol), a saturated aqueous solution
of Ba(OH)2 (20 mL), dimethoxyethane (15 mL), and toluene (4 mL). The
phases were then separated, and the organic one was washed with water.
Removal of the solvent in vacuo gave crude 15 in a conversion of 75%
(anal. GPC). Purification by preparative GPC gives 168 mg 15 (68 %) as a
colorless solid material. tR : 18.2 min (column: water/styragel 7.8� 300
HR5E and HR6E, flow 1 mL minÿ1 THF); UV/Vis: lmax� 283.6 nm;
1H NMR (500 MHz, CDCl3): d� 0.79 ± 0.86 (m, 36 H; CH3), 1.15 ± 1.31
(m, 72H; g-, d-, e-CH2), 1.51 ± 1.60 (m, 24H; b-CH2), 2.65 (mc, 24H; a-
CH2), 7.25 (s, 12H; H-3'), 7.42 (d, 3J� 9 Hz, 24 H; H-5), 7.60 (mc, 6H;
H-5'''), 7.69 ± 7.73 (m, 12 H; H-6'''), 7.79 (d, 3J� 9 Hz, H-6), 8.00 (s, 12H;
H-9); 13C NMR (67.9 MHz, CDCl3): d� 14.09 (CH3), 22.51 (CH2), 29.26
(CH2), 31.48 (CH2), 31.54 (CH2), 32.67 (CH2), 125.88 (C-6'''), 126.24 (C-2'''),
126.83 (C-3), 129.32 (C-5'''), 129.81 (C-2), 130.97 (C-6'), 137.64 (C-2'),
139.43 (C-4), 140.40 (C-5'''), 141.11 (C-1), 141.43 (C-1'''); MS (MALDI-







Cyclotetraicosaphenylene 421 ± 429
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TOF in dithranol with Ag): m/z (%): 2944 [M��Ag]; C216H240 (2836.27):
calcd C 91.47, H 8.53; found: C 91.23, H 8.39.
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Samarium Diiodide Promoted C-Glycosylation: An Application to the
Stereospecific Synthesis of a-1,2-C-Mannobioside and Its Derivatives


Olivier Jarreton,[b] Troels Skrydstrup,*[a] Juan-FeÂ lix Espinosa,[c]


JesuÂ s JimeÂnez-Barbero,[c] and Jean-Marie Beau*[b]


Abstract: The synthesis of the C-glyco-
side analogue of the disaccharide Man-
(a1!2)Man has been achieved in a
highly stereoselective and efficient man-
ner employing an approach which close-
ly parallels O-glycoside synthesis. The
key step included the samarium diiodide
reduction of mannosyl pyridylsulfone 18
in the presence of the C2-formyl
branched mannoside derivative 17 a to
furnish the C-disaccharide derivative


19 a in high yield. An intramolecular
formyl group transfer reaction by means
of 5-exo radical cyclization and concom-
itant fragmentation yielded aldehyde
17 a stereospecifically. We also present
a potentially viable alternative for


the deoxygenation of sterically encum-
bered secondary alcohols. Attempts
to extend this procedure to the
synthesis of the C-trisaccharide of
Man(a1!2)Man(a1!2)Man were
frustrated by the inability of the disac-
charide, pyridylsulfone derivative 43, to
undergo coupling with carbonyl sub-
strates upon treatment with SmI2, pos-
sibly owing to the sterically bulky C2
substituent.


Keywords: C ± C coupling ´ carban-
ions ´ C-glycosides ´ radicals ´
samarium


Introduction


It is now well established that cell surface carbohydrates
participate in key molecular recognition events with protein
receptors.[1] Although such interactions are important ele-
ments for cell-to-cell recognition and binding, they may also
be harmful in that they provide the initial steps in bacterial[2]


and viral infections,[3] as well as cell adhesion in inflamma-
tion[4] and metastasis.[5] Strategies for the prevention of such
diseases include the preparation of small, soluble carbohy-
drate-based pharmaceuticals which may inhibit this recogni-
tion event by preferential binding to the protein receptor.
However, the low binding constants of carbohydrates with
proteins and the potential instability of oligosaccharides to
extra- and intracellular glycosidases have opened a new field
for the development of carbohydrate mimics.[6]


An important class of glycomimetics includes the C-glyco-
sides in which the interglycosidic linkage (for example in a


disaccharide) has been substituted by a methylene group; this
renders these analogues completely resistant to hydrolysis.[7]


For these compounds to become promising drug candidates it
is also apparent that the solution conformational behavior
should be similar to that of the parent O-glycoside. Although
initial investigations by Kishi and co-workers suggest this is
true,[8] more rigorous studies performed by JimeÂnez-Barbero
have demonstrated that certain C-glycosides are more flex-
ible, possessing other non-exo-anomeric conformations.[9, 10]


Nevertheless, for the evaluation of C-glycosides as inhibitors
of the detrimental cellular interactions described above, a
general and rapid approach for the efficient construction of a
broad class of these mimics is required. Kishi�s group has
prepared a wealth of C-disaccharides and some C-trisacchar-
ides in order to investigate their conformational properties.[8]


The synthetic completion for each C-glycoside was in general
brought about by the de novo synthesis of at least one of the
pyranyl ring systems. Schmidt and co-workers used C1-
lithiated glycals, and their coupling to branched sugars has
proved to be a viable route to several b-C-disaccharides.[11] On
the other hand, SinayÈ and collaborators have provided a
synthetic stratagem to C-disaccharides employing tin hydride
promoted 8- and 9-endo radical cyclizations with disposable
tethers that control the stereochemistry at the anomeric
center.[12] Finally, the Armstrong group recently reported the
preparation of stereochemically diverse C-disaccharides and
trisaccharides by means of a nonstereoselective and partial de
novo synthesis from noncarbohydrate precursors.[13]


In contrast, we demonstrate in this paper the use of
anomeric organosamarium species as a possible route for the
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direct preparation of C-disaccharides, providing an example
of C-disaccharide construction which parallels O-glycoside
synthesis through the use of intact monosaccharide units as
both donors and acceptors. We also disclose our attempts to
extend this approach to the synthesis of a C-trisaccharide. The
advantages and disadvantages of this methodology will be
discussed.[14]


Results and Discussion


We have recently reported that reductive samariation of
mannosyl and glucosyl pyridylsulfones in the presence of
carbonyl substrates leads to the mild and stereospecific
synthesis of 1,2-trans-C-glycosides, where b-elimination af-
fording d-glucal is not a major
concern in contrast to similar
reactions performed with the
corresponding C1 lithium deriv-
atives.[15] In addition, this ap-
proach was successfully applied
to the synthesis of a C-glycoside
analogue of Man(a1!2)Glu
employing a C2-formyl deriva-
tive of glucose.[15a,d] In order to
expand this approach, we wish-
ed to synthesize the analogous
C-glycoside of the disaccharide
Man(a1!2)Man and the trisac-
charide Man(a1!2)Man-
(a1!2)Man, which are not only
important constituents of N-gly-
coproteins but have also been
identified as the principal cap-
ping residues of a major cell
surface lipopolysaccharide of
pathogenic mycobacteria strains


(for example Mycobacteria tuberculosis), partly responsible
for the recognition, uptake, and survival of mycobacteria in
macrophages.[16, 17] We were also interested as to whether the
conformational properties of this a-linked C-disaccharide and
C-trisaccharide would be similar to those of the parent O-
glycosides, and whether derivatives of the disaccharide could
be potential inhibitors of Man(a1!2)Man glycosidases (for
example the N-glycoprotein-trimming glycosidases).[9d]


Our synthetic approach to the methyl C-mannobioside 1
and C-mannotrioside 2 is outlined in Scheme 1. The salient
step of this synthesis involves the coupling of the mannosyl
organosamarium species 3, prepared by means of the SmI2


reduction of the corresponding pyridylsulfone, with the C2-
aldehydo-sugar 4. Our earlier observations with 3 show that
this organometallic species couples efficiently with carbonyl


substrates without the competing b-elimination to give d-
glucal.[15a,d,e] Subsequent dehydroxylation and deprotection
would then lead to the desired C-disaccharide. Employing a
suitable protecting group at the anomeric center of 4 would
allow its selective demasking and derivatization to generate a
new organosamarium species 5, which could couple to
aldehyde 4 (R'�Me), thus extending our procedure to the
preparation of C-trisaccharides in an iterative fashion. The
interesting feature of this approach is its close resemblance to
that of O-disaccharide and oligosaccharide synthesis.[18]


Although there were several potential routes to aldehyde 4,
we were particularly interested in adapting an approach for
the preparation of C2-formyl substituted sugars as previously
reported by Jung and Choe (Scheme 2).[19, 20] In this work, the
authors demonstrated that substrate 6, obtained by iodogly-
cosylation of tribenzylglucal with 1-phenylprop-2-enol and
then ozonolysis, could easily undergo a 5-exo radical cycliza-
tion ± fragmentation process resulting in the intramolecular
transfer of a formyl group to C2 and generation of a more
stable benzyl radical. The nice feature of this method is that


Abstract in Danish: En C-glykosid analog af disaccharidet
Man(a1!2)Man er blevet fremstillet paÊ en effektiv og meget
stereoselektiv maÊde ved brug af en C-glykosyleringsmetode
som kan sammenlignes med tilsvarende O-glykosyleringreak-
tioner. Nùgle reaktionen i syntesen bestaÊr af en kobling i hùjt
udbytte mellem mannosyl pyridylsulfon 18 og et passende
C2-formyl forgrenet kulhydrat 17a i nñrvñrelse af samarium-
diiodid. 17a kunne til gengñld fremstilles via en intra-
molekulñr formyl gruppe overfùrsel ved hjñlp af en 5-exo
radikalcyklisering efterfulgt af en fragmenteringsproces.
En alternativ metode til deoxygenering af sterisk hindrede
sekundñre alkoholer er ogsaÊ vist. Forsùg paÊ at udvide
denne C-glykosyleringsmetode til C-trisaccharider, saÊsom
Man(a1!2)Man(a1!2)Man, var ikke frugtbar, da den
samariumdiiodid-inducerede reaktion mellem pyridylsulfon
43 og 17a eller cyclohexanone ikke gav nogen koblings-
produkter, muligvis paÊ grund af den sterisk hindrende C2-
substituent.


OHO
HO


HO


OH


OHO
HO


HO


CH2


OHO
HO


HO


CH2


OMe


ORO
RO


RO


SmI2


ORO
RO


RO


OR


H
H


ORO
RO


RO


OR


SmI2


ORO
RO


RO


OR'


O


OHO
HO


HO


OH


OHO
HO


HO


CH2


OMe


ORO
RO


RO


OR'


ORO
RO


RO


OR


H
H


ORO
RO


RO


OMe


O


1


2


4


3


5


Scheme 1. Retrosynthetic analysis of the C-disaccharide Man(a1!2)Man (1) and the C-trisaccharide
Man(a1!2)Man(a1!2)Man (2).
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Scheme 2. Preparation of a C2-branched sugar 7 as reported by Jung and
Choe.[19]


not only is the formyl group transferred stereospecifically to
give the 1,2-cis relationship in 7 owing to the 5-membered
cyclic intermediate in the transfer mechanism, but the original
functionality at the anomeric center is itself transformed to
the well-known benzyl protecting group.


This approach, suitable for the preparation of equatorial-
oriented C2-aldehydosugars, would require some modifica-
tion to allow the introduction of the formyl group in the axial
position as required in our case. This gave us two choices,
depicted in Scheme 3: we could either employ iodide 8
possessing diequatorial C1,C2-substituents, which is obtained
as the minor isomer in approximately 20 % yield under the
iodoglycosylation reaction,[19] or attempt the formyl group
transfer from the correctly disposed C3-hydroxy group as in 9.
The second option appeared to be the more profitable.
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Scheme 3. Possible synthetic approaches to the 2-deoxy-C2-formyl-man-
noside.


Synthesis of the C2-branched sugar 16 : Selective functional-
ization of the C3-OH of d-glucal required initial protection of
the primary alcohol (Scheme 4). Hence d-glucal was con-
verted to the TBDPSi derivative 10 with TBDPSiCl and


imidazole as previously reported.[21] In order to introduce the
proper alkyl substituent necessary for the formyl group
transfer, we decided to alkylate with the known chloride
11[22] as any competing SN2 and SN2' reactions in this case
would lead to the same product. Glucal 10 was therefore


OHO


OTBDPS


HO
OHO


OTBDPS


Cl


PhPh


O


PhPh


ORO


OR


O


PhPh


OBzO
BzO I


OR


O


PhPh


OBzO
BzO


BnO


OR


O


OBzO
BzO I


OR


O


Ph
O


OBzO
BzO


O


OR


Ph
O


R = CH2Ph(p-OMe)


NIS, ROH
  CH3CNBu4NF, THF


12


94%


11


68%


13  R = H


b)


a) Bu2SnO
    Toluene


R = CH3


74%
78%


O3, PPh3


15b
15a


10


Bu3SnH, AIBN


PhH


JH1,H2 = 5.5 Hz
JH2,H3 = 2.5 Hz


R = Me
R = CH2Ph(p-OMe)


63%  (2 steps)
55%  (2 steps)17b


17a


12
3


16


i


BzCl, Pyr


14  R = Bz 99%


Bu4NBr


Scheme 4. Synthesis of aldehydes 17 a and 17 b by means of a radical
cyclization ± fragmentation approach.


transformed to the corresponding stannylene with Bu2SnO in
refluxing toluene and then treated with nBu4NBr and chloride
11 at 0 8C for 12 h, affording a 68 % yield of the derivatized
glucal 12. Subsequent desilylation and benzoylation of the C4-
and C6-hydroxy groups led to the dibenzoate 14 in an overall
yield of 94 %. Iodoglycosylation was achieved according to
that previously published.[23] N-Iodosuccinimide was added to
an acetonitrile solution of 14 and methanol at 0 8C to give a
78 % yield of the methyl glycoside 15 a. Small amounts of the
diequatorial C1,C2-isomer were also detected. Finally, 15 a
was subjected to ozonolysis to furnish aldehyde 16, which was
immediately used in the following transfer step. Treatment
with Bu3SnH in refluxing benzene for 1 h and subsequent
workup led to the isolation of a single aldehyde 17 a in 63 %
yield (2 steps). The configuration shown in 17 a was deduced
from the following spectral observations. The small coupling
constants between H1 and H2, and between H2 and H3
(JH1,H2� 5.5 Hz, JH2,H3� 2.5 Hz) in the 1H NMR spectrum are
consistent with a structure in which the formyl group occupies
an axial orientation at the C2 position. A larger trans-diaxial
H2,H3 coupling constant of approximately 9.0 Hz would have
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been expected if the formyl group was in the equatorial
position as for 7. The stereospecificity observed in the transfer
step therefore implies that the cyclic oxyradical i is a true
intermediate of this reaction. In addition, no epimerization to
the more stable equatorial aldehyde was noted.


Coupling and completion of disaccharide 1: With aldehyde
17 a secured, the stage was set for the coupling between the
two monosaccharide components. Following our earlier
reported procedure for the SmI2-promoted Barbier reactions
with glycosyl pyridylsulfones,[15a,d,e] two equivalents of SmI2


with respect to the pyridylsulfone were added quickly to a
concentrated THF solution of the mannosyl derivative 18
(1.5 equiv) and aldehyde 17 a ; this resulted in an immediate
decoloration of the one-electron reducing agent signaling the
completion of the reaction. As previously observed with
pyridylsulfone 18, no b-elimination occurred, but instead the
C-disaccharide 19 a could be isolated in good yield as a sole
diastereomer at the two newly created stereogenic centers
after chromatographic purification (Scheme 5). While the
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Scheme 5. Coupling of aldehyde 17 with the mannosyl pyridylsulfone 18.


exclusive formation of the a-anomer was anticipated, the high
stereoselectivity at the exocyclic stereocenter contradicts that
observed with simple aldehydes, reflecting the large sterical
encumbrance of the aldehyde substituent in 17.[24] Based on
the stereochemical assignments previously made for the
major isomer obtained from the coupling of 18 with octanal,
we tentatively attributed the (S)-configuration to the exocy-
clic stereocenter in 19 a.[15d]


In analogy with the C-mannosides previously obtained, the
nonreducing sugar of 19 a had a skew-boat conformation, as
seen from its 1H NMR coupling constants (JH1',H2'� 8.5 Hz,
JH2',H3'� 3.0 Hz, JH3',H4'� 4.0 Hz, JH4',H5'� 3.0 Hz). Although
this was an expected observation, CPK models of this system
suggested that the secondary alcohol used for transformation
or deoxygenation was in a sterically demanding environment
owing to the bulky TBS protecting group at the C2'-OH as
shown in conformer A (Scheme 5).


To test the ease of removal of the unwanted alcohol, we
examined the model system 20 prepared earlier by the
coupling of 18 with n-octanal (Scheme 6). Treatment of 20
with thiocarbonyldiimidazole (10 equiv) in benzene at 40 8C
for 12 h, led to its smooth conversion to the thiocarbonyl
derivative 21 in 94 % yield. Deoxygenation employing the
standard protocol (Bu3SnH, AIBN) in toluene at 90 8C led to
the expected C-glycoside 22 in 70 % yield, which could also be
desilylated to the alcohol 23. However, we quickly discovered
that the secondary alcohol in 19 a was quite resistant to
functionalization. Attempted thiocarbonylation employing
similar conditions as above were fruitless, even upon refluxing
in toluene for 12 h.
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Scheme 6. Model studies for the deoxygenation of the exocyclic hydroxy
group.


With the purpose of investigating other dehydroxylation
systems, we converted the model compound 24 to the highly
radicophilic thionocarbonate 25 in an 82 % yield employing
commercially available pentafluorophenyl chlorothionofor-
mate (3 equiv) and DMAP (5 equiv) in acetonitrile
(Scheme 6).[25] Deoxygenation in refluxing toluene with
Bu3SnH proceeded quickly (15 min) affording the C-glycoside
27 in 69 % yield. Although 24 could easily be transformed to
the methyl oxalolate 26 in quantitative yields, a known
procedure for deoxygenating tertiary alcohols,[26] the subse-
quent radical deoxygenation step with 26 led only to the
formation of a complex mixture.


When alcohol 19 a was subjected to similar thiocarbonylat-
ing conditions, 20 equivalents of the chlorothionoformate
were required for the reaction to reach completion, and the
products, approximately 30 % yield, were not only the desired
thionocarbonate 28 but also the rearranged product, the
thiocarbonate 29, in a ratio of 1 to 3, respectively (Scheme 7).
The driving force behind this rearrangement is likely to be the
combination of some strain energy release on going from the
sp3 CÿO bond to the longer sp3 CÿS bond and the formation
of the stronger C�O bond.[27] Although 29 could be reduced,
we did not pursue this route due to the inefficiency of the
thiocarbonylating step.







FULL PAPER T. Skrydstrup, J.-M. Beau et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0434 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2434


OBzO
BzO


BnO


OR


OBnO
BnO


BnO


OTBS


OH
H


OBzO
BzO


BnO


OMe


OBnO
BnO


BnO


OTBS


X
H


OBzO
BzO


BnO


OR


OBnO
BnO


BnO


OTBS


OCS(Imid)
H


OBzO
BzO


BnO


OR


OBnO
BnO


BnO


OTBS


O
H


OPhF5


S


OBzO
BzO


BnO


OR


OBnO
BnO


BnO


OTBS


H
H


X = OCS(PhF5)28
X = SCO(PhF5)


R = Me
R = CH2Ph(p-OMe) 99%


29


30b
30a


30%


31


(27%)


(38%)32a


19a


Bu3SnH
  AIBN
Toluene


Ph3SnH


F5PhOH


  AIBN
Toluene


R = Me
R = CH2Ph(p-OMe)


70%
90%32b


32a


19


ClCS(PhF5)
(20 equiv)


DMAP


(Imid)2CS (20 equiv)
CH3CN, reflux


89%


Scheme 7. Deoxygenation of the C-disaccharide 19.


Finally, we returned to the use of thiocarbonyldiimidazole,
and treated 19 a with 20 equivalents of the thiocarbonylating
reagent in refluxing acetonitrile (Scheme 7). Whereas only a
little conversion was noted (TLC analysis) after 10 hours, it
was found that slowly concentrating the solution to near-
dryness at 100 8C led to the conversion of 19 a to the desired
thiocarbonylimidazole derivative 30 a in high yield after
chromatographic purification. Having surmounted this obsta-
cle we were immediately confronted with a second. Subjecting
30 a to the radical deoxygenation conditions with Bu3SnH in
hot toluene afforded only a 38 % yield of the C-disaccharide
32 a along with the alcohol 19 a (27%). The use of the more
reactive triphenyltin hydride did not improve the reduction
yields. The sterically encumbering environment surrounding
the thionocarbamate was most likely the cause for this poor
yield. We reasoned that increasing the radicophilicity of the
C�S bond could be a possible remedy to this problem. It was
hoped that treatment of 30 a with pentafluorophenol under
the tin hydride reduction conditions would lead to the in situ
formation of 31 a, and that its high reactivity with the tin
radical would supercede its rearrangement to the thiocarbon-
ate 29. Indeed, when 30 a was treated with pentafluorophenol
(2 equiv), triphenylstannane (2.5 equiv) and AIBN in hot
toluene, a gratifying 70 % yield of the protected C-disacchar-
ide 32 a could be isolated. This procedure therefore represents
a potential alternative for the effective reductive deoxygena-
tion of sterically inaccessible secondary hydroxy groups.


It is interesting to note the conformational consequences of
the dehydroxylation step on the nonreducing sugar of the C-
mannobioside. Absence of functionality at C7 restores the
normal 4C1 chair conformation for the nonreducing sugar as
seen from the larger trans-diaxial coupling constants between
H3' and H4' and between H4' and H5' in the 1H NMR
spectrum of 32 a (JH3',H4'� 7.4 Hz, JH4',H5'� 7.4 Hz) compared
with 19 a.


A three-step deprotection sequence involving desilylation,
debenzoylation and hydrogenolysis finally afforded the meth-
yl C-mannobioside 1 in an overall yield of 79 %, completing
this highly convergent and stereoselective synthesis of a C-
disaccharide (Scheme 8). To simplify the characterization, 1
was converted to its heptaacetate 33, which clearly displayed
two conformationally normal monosaccharide units.
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Scheme 8. The final steps to the C-disaccharides 1 and 34.


In order to examine the conformational influence of
substituents at the methylene bridge of the a-C-disaccharide,
the hydroxy derivative 34 was prepared from 19 a employing a
similar three-step deprotection protocol as used above
(Scheme 8).[9d] We also focused our attention on the prepa-
ration of the fluoro derivative 35, and the recent work of
Motherwell and co-workers on the mild formation of alkyl
fluorides employing xanthate esters and 4-methyl(difluoro-
iodo)benzene seemed particularly appealing.[28] As the deoxy-
genation step of 19 a requires the thiocarbonylimidazole
derivative 30 a, we treated this compound with the (difluoro-
iodo)arene, even though methyl xanthates had been used
before for such conversions. However, when performed under
conditions suggested by Motherwell, a sole compound was
isolated whose 1H NMR spectrum did not conform with that
of the desired fluoride but that of the interesting imidazole
derivative 36 (Scheme 9).[29] This was somewhat surprising,
considering the absence of such compounds in the previous
cases reported. We tentatively explain this by invoking
intermediate ii. Perhaps the steric hindrance at C7 in ii is
too pronounced for the introduction of a nucleophile even as
small as the fluoride ion, therefore favoring a rearrangement
with intramolecular transfer of the imidazole group, as shown
in Scheme 9.
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Attempted extrapolation to the synthesis of methyl C-
mannotrioside : With the successful construction of the C-
mannobioside, we turned to the incorporation of a third
mannosyl unit by coupling the disaccharide samarium diio-
dide species 5 with aldehyde 17 a (Scheme 1). This required
modification of our mannobioside synthesis so that an
appropriate protecting group on the anomeric hydroxy group
of the reducing sugar could be incorporated, then selectively
unmasked in the presence of the others. The use of p-
methoxyphenylmethyl (MPM) ethers for the protection of
anomeric centers had been used with satisfactory results and
hence appeared suitable for our case.[30]


Synthesis of aldehyde 17 b was then commenced by a
similar route as for 17 a (Scheme 4). Iodoglycosylation of
glucal 14 with p-methoxybenzyl alcohol afforded iodide 15 b
in good yield, followed by the ozonolysis and formyl group
transfer to give the aldehyde 17 b in a combined yield of 54 %.
Subsequent SmI2-promoted coupling of this unit to pyridyl-
sulfone 18 again proved quite rewarding, efficiently generat-
ing disaccharide 19 b, which could subsequently be deoxy-
genated in 90 % yield by our above protocol.


The efficiency of the C1 O-protecting group removal was
tested by preparing the C2-branched sugar 37 in three steps
from aldehyde 17 b (Scheme 10). According to our recently
published method for the mild introduction of a benzyloxy-
methyl group, a THF solution of pyridylsulfone 38 and
aldehyde 17 b was treated with SmI2; this led to the formation
of alcohol 39 in an 81 % yield.[31] This compound was
subsequently deoxygenated in two steps to give 37. Modifica-
tion of the previously reported conditions [10 equivalents of
cerium ammonium nitrate (CAN) in an acetonitrile/water
mixture for 5 min at 20 8C] permitted the removal of the MPM
group to the hemiacetal 40 in 86 % yield.


In a similar fashion the MPM group could be oxidatively
removed from 32 b to give the hemiacetal 41 in an identical
yield (Scheme 11). Conversion to the anomeric pyridylsulfide
proceeded inefficiently if 41 was treated with dipyridyldisul-
fide in the presence of tributylphosphine, in which case
substantial amounts of the N-glycosylated product were
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Scheme 11. Synthesis of the mannobiosyl pyridylsulfone 43 and its
attempted coupling with aldehyde 17 a and cyclohexanone.


obtained. However, converting 41 to its trichloroacetimidate
with trichloroacetonitrile and DBU in CH2Cl2, followed by
treatment with thiopyridine and BF3 ´ Et2O (0.2 equiv) in the
same solvent at ÿ23 8C gave the pyridylsulfide 42 in 87 %
yield (2 steps).[15d] Further oxidation with MCPBA then led to
the sulfone 43.


Unfortunately, all attempts to couple pyridylsulfone 43 with
aldehyde 17 a failed even with a substantial increase in the
number of equivalents of the aldehyde used. The 1-deoxy-C-
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disaccharide 44 was the sole product isolated from the
reaction mixture. The same results were obtained with
cyclohexanone. This observation was particularly surprising
considering the successful Barbier reactions with the man-
nosyl pyridylsulfone 18.[15a,c±e]


The inability of 43 to couple to carbonyl may be explained
by the fact that although the reducing sugar in pyridylsulfone
43 adopts the normal 4C1 chair conformation, in the anomeric
samarium species this conformation will flip to that of an OS2


skew-boat as in iii (Scheme 11) placing the C1 and C2
substituents in pseudoequatorial positions. This orientation
places the large and bulky sugar substituent at C2 in an
unfavorable position, thus blocking the introduction of a
carbonyl substrate to the anomeric carbanion.


To circumvent this problem we decided to build up the C-
mannotrioside in the reverse order as depicted in Scheme 12,
where the final coupling reaction would involve the C-
branched disaccharide 45 and the organosamarium derivative
prepared from pyridylsulfone 18. In turn, 45 could be
prepared from the Barbier reaction of the anomeric organo-
samarium 46 with aldehyde 17 a. To prepare the precursor to
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Scheme 12. An alternative synthetic approach to the C-trisaccharide
Man(a1!2)Man(a1!2)Man (2).


this glycosyl samarium species we took advantage of our
previous synthesis of aldehyde 17 b, which has a disposable
protecting group at C1 (Scheme 13). Hence, sodium borohy-
dride reduction of the formyl group in 17 b and subsequent
protection of the primary alcohol gave the TBDPSi ether 47.
Oxidative removal of the MPM group with CAN then
provided the hemiacetal 48, which could be converted by a
three-step procedure to the pyridylsulfone 49. A similar
sequence incorporating a TBS group at the primary alcohol
was less rewarding and led to extensive desilylation during the
cleavage of the MPM ether.


Like the C-disaccharide 43, sulfone 49 proved particularly
resistant to any coupling with the simple ketones such as
cyclohexanone upon treatment with SmI2. To assure that
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Scheme 13. Synthesis of the C2-branched mannosyl pyridylsulfone 49 and
its attempted coupling with cyclohexanone.


reduction was occurring with the formation of the C1 ± Sm
bond, 49 was reduced with SmI2 in the presence of CH3OD.
Deuterium incorporation (70%) was observed at the anomer-
ic position and with complete stereoselectivity in favor of the
a-isomer. This observation confirms that the 2-deoxy-glycosyl
pyridylsulfones possessing an axially oriented C2-carbon
branch show high selectivity for the formation of an a-
anomeric carbanion.[32] However, the unwillingness of this
organosamarium intermediate to react with cyclohexanone
was somewhat surprising considering our previous successful
couplings with pyridylsulfone 18. We suggest again that steric
hindrance of the metallic center by the C2 substituent is
operating.


In a final attempt to prepare C-oligosaccharides with the
Man(a1!2)Man linkage we tested whether the 2-deoxy-
mannosyl pyridylsulfone 51 containing a C2-formyl group
could oligomerize upon treaatment with SmI2 (Scheme 14).
The preparation of 51 required the desilylation of the glycosyl
pyridylsulfone 49 and subsequent oxidation of the primary
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Scheme 14. An approach to synthesis of C-oligosaccharides.
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alcohol using Dess ± Martin periodinane (Scheme 15).[33]


Treatment of this compound with SmI2 did not lead to any
oligomerization as determined by analysis of the crude
product mixture with mass spectroscopy, although a trace of
the disaccharide 52 (n� 0) was observed. Instead a high yield
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Scheme 15. Attempted oligomerization of the mannosyl pyridylsulfone 51.


of a monosaccharide unit was isolated, whose structure was
tentatively assigned as cyclopropane derivative 53 in the form
of a single but undetermined stereoisomer based on its mass
spectrum and 1H NMR spectrum.[34] Surprisingly, complete
isomerization of the original a-oriented C1 ± Sm bond to the
b-position had been provoked by the C2 substituent, possibly
by means of internal coordination.


Conclusion


The samarium diiodide induced C-glycosylation appears to be
a viable route to C-disaccharides, as exemplified by our
efficient and convergent synthesis of C-mannobioside. The
interesting feature of this approach is its analogy to O-
glycosylation with the involvement of C-glycosyl donors and
acceptors. In addition, it provided two other C-mannoside
derivatives possessing a hydroxy and imidazolyl group at the
bridging methylene group. Interesting future studies include
the investigation as to whether such compounds possess
important glycosidase activity. A rigorous conformational
study of the C-mannobioside and the hydroxy derivative is
presented in the subsequent paper.[9d]


Unfortunately our attempts to extend this methodology to
1,2-trisaccharides were thwarted by the inability of the
disaccharidic samarium species to undergo coupling with a
mannoside acceptor. Whether this is an intrinsic property of
only the C2 functionalized sugars and not of others modified
at C3, C4, and C6 will be investigated in due course.


Experimental Section


General considerations : Unless otherwise stated, all reactions were carried
out under argon. THF was dried and freshly distilled over sodium/
benzophenone, dichloromethane over P2O5, and acetonitrile over CaH2.
Reactions were monitored by thin-layer chromatography (TLC). 2-O-tert-


Butyldimethylsilyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl 2-pyridylsulfone
(18) was prepared as previously described.[9d]


6-O-tert-Butyldiphenylsilyl-dd-glucal (10): To a solution of d-glucal (1.0 g,
6.85 mmol) and imidazole (1.04 g, 15.0 mmol) in DMF (2 mL) at 0 8C was
added TBDPSiCl (2.2 g, 8.2 mmol). After stirring for 16 h at 20 8C, the
solution was diluted with ether and washed with water and brine. The
organic phase was dried with Na2SO4 and evaporated to dryness. The crude
product was purified by flash chromatography (pentane/EtOAc, 2:1) to
give 1.93 g (73 %) of 10 as a colorless syrup. 1H NMR (250 MHz, CDCl3):
d� 7.72 ± 7.68 (m, 4 H, Ph), 7.50 ± 7.35 (m, 6H, Ph), 6.33 (dd, 3J(H,H)� 6.0,
2.0 Hz, 1 H, H1), 4.73 (dd, 3J(H,H)� 6.0, 2.0 Hz, 1 H, H2), 4.3 (dddd,
3J(H,H)� 5.5, 2.5, 2.0, 2.0 Hz, 1H, H3), 4.03 (dd, 3J(H,H)� 11.0, 4.0 Hz,
1H, H6b), 3.97 (dd, 3J(H,H)� 11.0, 3.5 Hz, 1 H, H6a), 3.90 (ddd, 3J(H,H)�
9.5, 4.3, 3.0 Hz, 1 H, H4), 3.82 (dt, 3J(H,H)� 9.5, 4.0, 3.5 Hz, 1 H, H5), 2.96
(d, 3J(H,H)� 3.0 Hz, 1H, OH), 2.40 (d, 3J(H,H)� 5.5 Hz, 1 H, OH), 1.09 (s,
9H, 3CH3).


3-O-(1,3-Diphenylprop-2-en-1-yl)-6-O-t-butyldiphenylsilyl-dd-glucal (12):
Dibutyltin oxide (460 mg, 3.80 mmol) was added to a solution of diol 10
(976 mg, 2.53 mmol) in toluene (30 mL). The mixture was heated under
reflux for 4 h, after which it was concentrated under reduced pressure to a
third of its original volume. The mixture was cooled to 0 8C and nBu4NBr
(815 mg, 2.53 mmol) and 1-chloro-1,3-diphenylprop-2-ene (11) (1.01 g,
4.31 mmol) were added. After stirring for 15 h at 20 8C, the reaction
mixture was diluted with toluene and then washed with water and brine.
The organic phase was dried with Na2SO4 and evaporated to dryness.
Purification by flash chromatograpy (pentane/EtOAc, 10:1) gave 12 as an
approximately 1:1 diastereomeric mixture and as a colorless syrup (991 mg,
67%). [a]22


D �ÿ12 (c� 1.0, dichloromethane); IR (neat): nÄ � 3054, 2987,
2986, 1652, 1422, 1113 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.72 ± 7.68 (m,
8H, 8 CHaryl), 7.50 ± 7.28 (m, 32H, 32 CHaryl), 6.63 (d, 3J(H,H)� 16.1 Hz,
1H, PhCH�C), 6.61 (d, 3J(H,H)� 16.1 Hz, 1 H, PhCH�C), 6.39 ± 6.26 (m,
4H, 2PhC�CH, 2 H1), 5.28 (d, 3J(H,H)� 7.0 Hz, 1H, C�CCHPh), 5.24 (d,
3J(H,H)� 7.0 Hz, 1 H, C�CCHPh), 4.84 (dd, 3J(H,H)� 6.2, 2.0 Hz, 1H,
H2), 4.70 (dd, 3J(H,H)� 6.2, 2.6 Hz, 1 H, H2), 4.23 ± 3.77 (m, 10 H, 2H3,
2H4, 2H5, 2 H6a, 2H6b), 2.58 (d, 3J(H,H)� 3.5 Hz, 1H, OH), 1.06 (s, 18H,
6CH3), 2.37 (d, 3J(H,H)� 3.5 Hz, 1 H, OH), 1.08 (s, 18 H, 6CH3); MS (ES):
m/z 599 [M�Na]; HR-MS (ES) (C37H40O4Si): calcd for [M�Na] 599.2616;
found 599.2594.


3-O-(1,3-Diphenylprop-2-en-1-yl)-dd-glucal (13): nBuN4F (400 mL,
0.39 mmol) was added to a solution of 12 (150 mg, 0.26 mmol) in THF
(3 mL) at 0 8C. After being stirred for 15 min at 20 8C, the solution was
diluted with ether and washed with water and brine. The organic phase was
dried with Na2SO4 and evaporated to dryness. The crude product was
purified by flash chromatograpy (pentane/EtOAc, 3:2) to give 83 mg
(94 %) of 13 as a colorless syrup. [a]22


D �ÿ58 (c� 1.0, dichloromethane); IR
(neat): nÄ � 3588, 3054, 2987, 2306, 1646, 1495, 1421, 1072 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 7.46 ± 7.21 (m, 20H, CHaryl), 6.66 (d, 3J(H,H)�
16.1 Hz, 1 H, PhCH�C), 6.62 (d, 3J(H,H)� 16.1 Hz, 1 H, PhCH�C),
6.39 ± 6.24 (m, 4 H, 2PhC�CH, 2 H1), 5.21 (d, 3J(H,H)� 7.0 Hz, 1 H,
C�CCHPh), 5.19 (d, 3J(H,H)� 6.8 Hz, 1H, C�CCHPh), 4.90 (dd,
3J(H,H)� 6.3, 2.5 Hz, 1H, H2), 4.76 (dd, 3J(H,H)� 6.3, 2.5 Hz, 1H, H2),
4.25 ± 3.82 (m, 10H, 2 H3, 2H4, 2 H5, 2H6a, 2H6b), 2.43 (d, 3J(H,H)�
4.0 Hz, 2 H, OH), 2.20 (d, 3J(H,H)� 4.0 Hz, 2 H, OH); C21H22O4 (338.4):
calcd C 74.54, H 6.55; found C 74.43, H 6.62.


4,6-Di-O-benzoyl-3-O-(1,3-diphenylprop-2-en-1-yl)-dd-glucal (14): Benzoyl
chloride (135 mL, 1.17 mmol) was added to a stirred solution of diol 13
(100 mg, 0.29 mmol) in pyridine (2 mL) at 0 8C. After stirring at this
temperature for 12 h, a saturated solution of NaHCO3 was added, and the
reaction mixture was diluted with ether. The organic phase was washed
with water and brine, dried with Na2SO4, and evaporated to dryness in
vacuo. The crude product was purified by flash chromatograpy (pentane/
EtOAc, 10:1) to give 170 mg (99 %) of 14 as a colorless syrup. [a]22


D �ÿ17
(c� 1.0, dichloromethane); IR (neat): nÄ � 3055, 2986, 1723, 1652, 1602,
1494, 1110 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.06 ± 7.95 (m, 8H,
8CHaryl), 7.59 ± 7.17 (m, 32H, 32 CHaryl), 6.65 (d, 3J(H,H)� 15.9 Hz, 1H,
PhCH�C), 6.57 (d, 3J(H,H)� 15.9 Hz, 1 H, PhCH�C), 6.52 (d, 3J(H,H)�
6.5 Hz, 1 H, H1), 6.49 (d, 3J(H,H)� 6.5 Hz, 1H, H1), 6.25 (dd, 3J(H,H)�
15.9, 7.0 Hz, 1 H, PhC�CH), 6.16 (dd, 3J(H,H)� 15.9, 7.0 Hz, 1H,
PhC�CH), 5.67 (dd, 3J(H,H)� 4.4, 4.4 Hz, 1H, H4), 5.28 (dd, 3J(H,H)�
4.4, 4.4 Hz, 1H, H4), 5.27 (d, 3J(H,H)� 6.9 Hz, 2 H, 2 C�CCHPh), 5.03 (dd,
3J(H,H)� 6.5, 3.7 Hz, 1H, H2), 4.91 (dd, 3J(H,H)� 6.5, 3.7 Hz, 1H, H2),
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4.78 ± 4.49 (m, 6 H, 2H3, 2 H6a, 2H6b), 4.20 ± 4.11 (m, 2 H, 2 H5); C35H30O6


(546.6): calcd C 76.91, H 5.53; found C 76.98, H 5.52.


Methyl 4,6-di-O-benzoyl-2-deoxy-3-O-(1,3-diphenylprop-2-en-1-yl)-2-iodo-
a-dd-mannopyranoside (15a): A mixture of glucal 14 (2.0 g, 3,66 mmol),
methanol (741 mL, 18 mmol), and crushed molecular sieves (3 �) in
acetonitrile (40 mL) was stirred for 10 min at 20 8C. The mixture was
cooled to 0 8C and N-iodosuccinimide (1.81 mg, 8.1 mmol) was added, after
which stirring was continued overnight at 20 8C. The reaction mixture was
diluted with dichloromethane and then washed consecutively with a 50%
saturated solution of Na2S2O3 and water. The organic phase was dried with
Na2SO4 and concentrated to dryness in vacuo. Flash chromatography
(cyclohexane/EtOAc, 20:1) gave 15 a (2.0 g, 78%) as a colorless syrup.
[a]22


D � 25 (c� 2.5, chloroform); IR (neat): nÄ � 3061, 3031, 2960, 1725, 1602,
1584, 1451, 1265, 1110 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.15 ± 7.94
(m, 8H, 8CHbz), 7.66 ± 7.02 (m, 32 H, 20Haryl , 12 CHbz), 6.63 (d, 3J(H,H)�
16.0 Hz, 1H, PhCH�C), 6.50 (d, 3J(H,H)� 16.0 Hz, 1H, PhCH�C), 6.32
(dd, 3J(H,H)� 16.0, 6.5 Hz, 1 H, PhC�CH), 5.98 (dd, 3J(H,H)� 16.0,
7.6 Hz, 1 H, PhC�CH), 5.86 (dd, 3J(H,H)� 9.6, 9.6 Hz, 1 H, H4), 5.81 (dd,
3J(H,H)� 9.6, 9.6 Hz, 1H, H4), 5.18 (d, 3J(H,H)� 9.0 Hz, 2H, 2H1), 5.05
(d, 3J(H,H)� 5.0 Hz, 1H, C�CCHPh), 5.02 (d, 3J(H,H)� 6.0 Hz, 1H,
C�CCHPh), 4.68 ± 4.00 (m, 8 H, 2H2, 2H5, 2 H6a, 2H6b), 3.67 (dd,
3J(H,H)� 9.0, 4.3 Hz, 1H, H3), 3.49 (dd, 3J(H,H)� 9.0, 4.3 Hz, 1H, H3),
3.41 (s, 3H, MeO), 3.39 (s, 3 H, MeO); C36H33O7I (704.6): calcd C 61.37, H
4.72; found C 61.72, H 4.66.


Methyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-formyl-a-dd-mannopyra-
noside (17 a): Ozone was bubbled through a solution of 15 a (150 mg,
0.21 mmol) in dichloromethane (10 mL) at ÿ78 8C until the solution
became slightly blue. Nitrogen was allowed to bubble through for 10 min,
after which triphenylphosphine (140 mg, 0.53 mmol) was added. The
solution was warmed to room temperature and evaporated to dryness in
vacuo. The residue was purified by flash chromatography (cyclohexane/
EtOAc, 4:1) to give 16 (133 mg, 99%) as a colorless syrup. This
iodoaldehyde (100 mg, 0.16 mmol) was dissolved in benzene (10 mL) and
Bu3SnH (72 mL, 0.27 mmol) and AIBN (5 mg, 0.022 mmol) were added.
After stirring under reflux for 4 h, the solvent was removed under vacuum
and the residue was purified by flash chromatography (cyclohexane/
EtOAc, 6:1) affording 50 mg of 17a as a colorless syrup (63 %). The
compound showed signs of decomposition and hence was immediately used
in the following step. 1H NMR (250 MHz, CDCl3): d� 9.98 (d, 3J(H,H)�
2.0 Hz, 1H, CHO), 8.09 ± 8.00 (m, 5H, Ph), 7.68 ± 7.21 (m, 10 H, Ph), 5.65
(dd, 3J(H,H)� 9.5, 8.5 Hz, 1 H, H4), 5.18 (d, 3J(H,H)� 2.5 Hz, 1 H, H1),
4.72 (d, 2J(H,H)� 12.0 Hz, 1 H, PhCH), 4.66 (d, 2J(H,H)� 12.0 Hz, 1H,
PhCH), 4.58 (dd, 3J(H,H)� 12.0, 3.5 Hz, 1 H, H6b), 4.46 (dd, 3J(H,H)�
12.0, 5.5 Hz, 1H, H6a), 4.36 (dd, 3J(H,H)� 8.5, 5.5 Hz, 1H, H3), 4.27 (ddd,
3J(H,H)� 9.5, 5.5, 3.0 Hz, 1H, H5), 3.45 (s, 3 H, MeO), 3.12 (ddd,
3J(H,H)� 5.5, 2.5, 2.0 Hz, 1 H, H2).


Methyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-tert-butyldimeth-
ylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosylhydroxy-methyl)-a-dd-man-
nopyranoside (19a): A 0.1m solution of SmI2 in THF (8.2 mL, 0.82 mmol)
was added to a stirred solution of sulfone 18 (256 mg, 0.37 mmol) and
aldehyde 17a (125 mg, 0.25 mmol) in THF (1.6 mL) under argon at 20 8C.
After stirring for 10 min, saturated aqueous NH4Cl was added to the
reaction mixture, which was then extracted twice with CH2Cl2. The
combined organic phases were washed twice with water, dried with
Na2SO4, and evaporated to dryness. Flash chromatography (cyclohexane/
EtOAc, 10:1) gave 19a (191 mg, 73%) as a colorless syrup. [a]22


D ��19.5
(c� 0.83, chloroform); 1H NMR (250 MHz, CDCl3): d� 8.13 ± 8.00 (m, 6H,
6HBz), 7.62 ± 7.13 (m, 24H, 4Ph, 4HBz), 5.90 (dd, 3J(H,H)� 8.5, 7.5 Hz, 1H,
H4), 5.53 (d, 3J(H,H)� 3.0 Hz, 1H, H1), 4.43 (ddd, 3J(H,H)� 8.9, 5.0,
1.0 Hz, 1H, H7), 4.74 ± 4.40 (m, 8 H, 8PhCH), 4.34 (dd, 3J(H,H)� 8.5,
3.0 Hz, 1H, H2'), 4.32 (s, 2H, H6a, H6b), 4.17 (m, 3 H, H5', H5, H3), 3.87
(dd, 3J(H,H)� 4.0, 3.0 Hz, 1H, H3'), 3.80 (m, 3J(H,H)� 8.5, 1.0 Hz, 1H,
H1'), 3.73 (dd, 3J(H,H)� 10.0, 7.5 Hz, 1 H, H6b'), 3.61 (dd, 3J(H,H)� 4.0,
3.0 Hz, 1H, H4'), 3.51 (dd, 3J(H,H)� 10.0, 5.5 Hz, 1 H, H6a'), 3.33 (s, 3H,
MeO), 2.88 (d, 3J(H,H)� 8.9 Hz, 1H, OH), 2.44 (ddd, 3J(H,H)� 5.0, 5.0,
4.0 Hz, 1H, H2), 0.90 (s, 9H, SitBu), 0.20 (s, 3 H, SiMe), 0.13 (s, 3H, SiMe);
13C NMR (50 MHz, CDCl3): d� 166.6, 165.6, 138.6, 138.4, 138.2, 138.1,
133.2, 133.0, 129.9, 128.4, 127.8, 127.7, 127.5, 100.4, 78.3, 76.1, 75.2, 75.1, 74.3,
73.6, 73.0, 71.9, 69.3, 68.7, 68.6, 67.0, 65.5, 64.1, 55.1, 45.3, 27.0, 26.0, ÿ4.2,
ÿ4.9; C62H72O13Si (1053.3): calcd C 70.70, H 6.89; found C 70.67, H 6.91.


Methyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-[2-O-tert-butyldimeth-
ylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl(xanthateimidazole)]-
a-dd-mannopyranoside (30 a): A solution of alcohol 19a (150 mg,
0.14 mmol) and thiocarbonyl diimidazole (507 mg, 2.85 mmol) in acetoni-
trile (3 mL) was refluxed overnight. The acetonitrile was distilled off
leaving a dark residue, which was purified by flash chromatography
(cyclohexane/EtOAc, 3:1) to afford 30a as a colorless syrup (147 mg,
89%). This intermediate was immediately used in the following step
without further characterization. 1H NMR (250 MHz, CDCl3): d� 8.37 (s,
1H, Himid), 7.90 ± 8.07 (m, 10H, 10HBz), 7.63 (d, 1H, J� 1.5 Hz, Himid), 7.14 ±
7.61 (m, 20 H, 4 Ph), 7.00 (d, 3J(H,H)� 1.5 Hz, 1H, Himid), 6.50 (dd,
3J(H,H)� 7.5, 3.0 Hz, 1 H, H7), 5.45 (dd, 3J(H,H)� 8.5, 3.5 Hz, 1H, H4),
5.14 (d, 3J(H,H)� 5.5 Hz, 1H, H1), 4.83 (d, 1 H, 2J(H,H)� 12.0 Hz, PhCH),
4.63 (d, 2J(H,H)� 11.5 Hz, 1H, PhCH), 4.33 ± 4.53 (m, 6 H, 6PhCH), 4.14 ±
4.33 (m, 5 H, H1', H2', H5, H6a, H6b), 4.10 (dd, 3J(H,H)� 3.5, 3.5 Hz, 1H,
H3), 4.00 (ddd, 3J(H,H)� 7.0, 6.0, 4.5 Hz, 1 H, H5'), 3.79 (dd, 3J(H,H)� 7.0,
7.0 Hz, 1H, H3'), 3.56 (dd, 3J(H,H)� 10.0, 6.0 Hz, 1 H, H6b'), 3.55 (dd,
3J(H,H)� 7.0, 2.5 Hz, 1 H, H4'), 3.43 (dd, 1H, 3J(H,H)� 10.0, 4.5 Hz, H6a'),
3.32 (s, 3 H, 3HMeO), 2.88 (ddd, 3J(H,H)� 7.5, 5.5, 3.5 Hz, 1 H, H2), 0.85 (s,
9H, SitBu), 0.04 (s, 3H, SiMe), 0.00 (s, 3 H, SiMe).


Methyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-tert-butyldimeth-
ylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl)-a-dd-mannopyrano-
side (32a): To a solution of 30a (107 mg, 0.092 mmol) in toluene (5 mL)
under argon was added sequentially pentafluorophenol (34 mg,
0.184 mmol), triphenyltin hydride (84 mg, 0.24 mmol) and AIBN (2 mg).
The solution was refluxed for 2 h and then concentrated in vacuo. The
residue was redissolved in acetonitrile and then washed twice with hexane.
Evaporation and purification by flash chromatography (cyclohexane/
EtOAc, 20:1 to 10:1) gave 32 a as a colorless syrup (67 mg, 70%). [a]22


D �
�2.9 (c� 0.83, chloroform); IR (neat): nÄ � 2926, 2854, 1726, 1452, 1268,
1109 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.06 ± 7.98 (m, 6 H, 6HBz),
7.64 ± 7.11 (m, 24H, 4 Ph, 4HBz), 5.41 (dd, 3J(H,H)� 9.6, 9.6 Hz, 1H, H4),
5.09 (d, 3J(H,H)� 1.0 Hz, 1H, H1), 4.76 ± 4.44 (m, 8 H, 8 PhCH), 4.56 (dd,
3J(H,H)� 11.5, 3.0 Hz, 1H, H6b), 4.40 (dd, 3J(H,H)� 11.5, 5.5 Hz, 1H,
H6a), 4.14 (dd, 3J(H,H)� 9.6, 5.3, 1H, H3), 4.12 (ddd, 3J(H,H)� 9.6, 5.5,
3.0 Hz, 1H, H5), 3.96 (dd, 3J(H,H)� 2.9, 2.5 Hz, 1H, H2'), 3.89 (ddd,
3J(H,H)� 11.1, 2.9, 2.9 Hz, 1 H, H1'), 3.84 (dd, 3J(H,H)� 7.4, 4.5 Hz, 1H,
H5'), 3.80 (dd, 3J(H,H)� 7.4, 7.4 Hz, 1 H, H4'), 3.71 (m, 2 H, H6a', H6b'),
3.64 (dd, 3J(H,H)� 7.4, 2.5 Hz, 1 H, H3'), 3.28 (s, 3H, 3 HMeO), 2.44 (dddd,
3J(H,H)� 9.5, 5.3, 2.4, 1.0 Hz, 1H, H2), 2.00 (ddd, 3J(H,H)� 15.0, 2.9,
2.4 Hz, 1H, H7b), 1.84 (ddd, 3J(H,H)� 15.0, 11.1, 9.5 Hz, 1 H, H7a), 0.92 (s,
9H, SitBu), 0.07 (s, 6 H, 2SiMe); MS (ES): m/z 1059.9 [M�Na]; HR-MS
(ES) (C62H72O12Si): calcd for [M�Na] 1059.4691; found 1059.4693.


Methyl 3,4,6-tri-O-acetyl-2-deoxy-2-C-(2,3,4,6-tetra-O-acetyl-a-dd-manno-
pyranosylmethyl)-a-dd-mannopyranoside (33): To a solution of 32 a (12 mg,
0.017 mmol) in THF (1 mL) under argon and at 0 8C was added a 1m THF
solution of Bu4NF (98 mL, 0.098 mmol). The solution was stirred for 24 h at
0 8C, diluted with ether and then washed twice with water and dried
(Na2SO4). After evaporation in vacuo to dryness, the residue was
redissolved in methanol (1 mL) to which was added a catalytic amount of
sodium methoxide. The solution was stirred for 18 h, after which it was
neutralized with amberlite IR-120. Filtration and evaporation of the
solvent left a syrup which was redissolved in methanol (6 mL) and acetic
acid (1 mL), to which was added 5% palladium on activated carbon
(30 mg). The mixture was stirred overnight under an atmosphere of
hydrogen, after which it was filtered through a pad of Celite and
evaporated to dryness. The residue was redissolved in pyridine (3 mL)
and Ac2O (1 mL) with DMAP (1 mg) and left overnight. Evaporation and
coevaporation with toluene afforded a syrup, which was purified by flash
chromatography (cyclohexane/EtOAc, 1:1) to give 33 as a colorless syrup
(6 mg, 79%). [a]22


D ��10 (c� 0.42, chloroform); IR (neat): nÄ � 3428, 1743,
1644, 1370, 1229, 1047 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.44 (dd,
3J(H,H)� 9.5, 5.0 Hz, 1H, H3), 5.25 (dd, 3J(H,H)� 8.5, 3.5 Hz, 1 H, H3'),
5.17 (dd, 3J(H,H)� 8.5, 8.0 Hz, 1H, H4'), 5.13 (dd, 3J(H,H)� 3.5, 3.0 Hz,
1H, H2'), 5.09 (dd, 3J(H,H)� 10.0, 9.5 Hz, 1H, H4), 4.88 (d, 3J(H,H)�
1.5 Hz, 1H, H1), 4.32 (dd, 3J(H,H)� 12.0, 6.5 Hz, 1H, H6a'), 4.20 (dd,
3J(H,H)� 12.0, 4.5 Hz, 1 H, H6a), 4.15 (dd, 3J(H,H)� 12.0, 2.5 Hz, 1H,
H6b), 4.13 (dd, 3J(H,H)� 12.0, 2.5 Hz, 1H, H6b'), 4.00 (ddd, 3J(H,H)� 9.0,
4.0, 3.0 Hz, 1 H, H1'), 3.94 (ddd, 3J(H,H)� 8.0, 6.5, 2.5 Hz, 1H, H5'), 3.91
(ddd, 3J(H,H)� 10.0, 4.5, 2.5 Hz, 1 H, H5), 3.40 (s, 3H, OMe), 2.36 (m, 1H,
H2), 2.14 (s, 3H, CH3), 2.13 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.10 (s, 3H,
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CH3), 2.07 (s, 3H, CH3), 2.05 (s, 6 H, 2CH3), 1.97 ± 1.84 (m, 2H, 2H7);
13C NMR (50 MHz, CDCl3): d� 170.8, 170.0, 169.8, 100.7, 70.8, 70.3, 68.6,
68.1, 67.0, 66.7, 62.7, 55.3, 41.6, 29.8, 24.5, 21.1, 20.9; MS (ES): m/z 671
[M�Na]; HR-MS (ES) (C28H40O17): calcd for [M�Na] 671.2163; found
671.2185.


Methyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-[2-O-tert-butyldimeth-
ylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl(1-methylimidazole)]-a-dd-
mannopyranoside (36): To a solution of the C-disaccharide 19a (98 mg,
0.084 mmol) in dichloromethane (10 mL) at 0 8C was added 4-methyl(di-
fluoroiodo)benzene (172 mg, 0.67 mmol). The solution was stirred for 4 h
at 0 8C and then evaporated to dryness. The residue was purified by flash
chromatography (cyclohexane/EtOAc, 2:1) to give 36 as a colorless syrup
(54 mg, 58%). [a]22


D ��1.7 (c� 0.83, chloroform); IR (neat): nÄ � 3063,
3032, 2928, 2855, 1827, 1725, 1452, 1725, 1452, 1265, 1108 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 8.20 (s, 1 H, imid), 8.08 ± 7.93 (m, 8 H, 8 Ph), 7.61 ±
7.04 (m, 24 H, 2 imid, 22Ph), 5.82 (dd, 3J(H,H)� 7.5, 2.3 Hz, 1 H, H7), 5.53
(dd, 3J(H,H)� 8.5, 3.5 Hz, 1 H, H4), 5.13 (d, 3J(H,H)� 6.0 Hz, 1 H, H1),
4.55 (d, 2J(H,H)� 12.0 Hz, 1 H, CHPh), 4.53 (d, 2J(H,H)� 10.0 Hz, 1H,
CHPh), 4.52 (d, 2J(H,H)� 12.0 Hz, 1 H, CHPh), 4.47 (s, 2H, 2CHPh), 4.46
(dd, 3J(H,H)� 10.0, 6.0 Hz, 1H, H6a), 4.45 (dd, 3J(H,H)� 10.0, 4.5 Hz, 1H,
H6b), 4.44 (d, 2J(H,H)� 12.0 Hz, 1 H, CHPh), 4.43 (d, 2J(H,H)� 10.0 Hz,
1H, CHPh), 4.41 (d, 2J(H,H)� 12.0 Hz, 1H, CHPh), 4.26 (ddd, 3J(H,H)�
8.5, 6.0, 4.5 Hz, 1 H, H5), 4.17 (dd, 3J(H,H)� 8.0, 3.0 Hz, 1 H, H6a'), 4.10
(dd, 3J(H,H)� 4.5, 2.3 Hz, 1 H, H1'), 4.06 (dd, 3J(H,H)� 6.5, 3.5 Hz, 1H,
H3'), 4.01 (t, 3J(H,H)� 3.5, 3.5 Hz, 1H, H3), 3.80 (dd, 3J(H,H)� 8.0,
5.0 Hz, 1H, H6b'), 3.72 (dd, 3J(H,H)� 4.5, 3.5 Hz, 1 H, H2'), 3.57 (dd,
3J(H,H)� 9.5, 6.5 Hz, 1 H, H4'), 3.40 (ddd, 3J(H,H)� 9.5, 5.0, 3.0 Hz, 1H,
H5'), 3.20 (s, 3 H, OMe), 2.81 (ddd, 3J(H,H)� 7.5, 6.0, 3.5 Hz, 1 H, H2), 0.88
(s, 9 H, SitBu), 0.00 (s, 3H, SiMe), ÿ0.12 (s, 3H, SiMe); MS (ES): m/z 1148
[M�2Na] (C65H74N2O12Si).


p-Methoxyphenylmethyl 4,6-di-O-benzoyl-2-deoxy-3-O-(1,3-diphenyl-
prop-2-en-1-yl)-2-iodo-a-dd-mannopyranoside (15b): The iodoglycosyla-
tion reaction was repeated as given for the preparation of 15 a, employing
glucal 14 (9.77 g, 17.9 mmol), p-methoxyphenylmethanol (4.46 mL,
35.7 mmol) and N-iodosuccinimide (6.0 g, 26,7 mmol) in acetonitrile
(195 mL). After work-up and flash chromatography (cyclohexane/EtOAc,
7:1), 15b was obtained as a colorless syrup (10.7 g, 74 %). [a]22


D ��27 (c�
2.0, chloroform); IR (neat): nÄ � 3061, 3031, 2959, 2837, 1719, 1601, 1514,
1451, 1246 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.20 ± 7.76 (m, 12H,
8CHBz, 4CHMPM), 7.70 ± 7.10 (m, 32H, 20CHaryl , 12 CHBz), 6.87 (m, 4H,
4CHMPM), 6.65 (d, 3J(H,H)� 16.0 Hz, 1H, PhCH�C), 6.51 (d, 3J(H,H)�
16.0 Hz, 1H, PhCH�C), 6.32 (dd, 3J(H,H)� 16.0, 6.6 Hz, 1H, PhC�CH),
6.01 (dd, 3J(H,H)� 16.0, 7.6 Hz, 1 H, PhC�CH), 5.90 (dd, 3J(H,H)� 9.6,
9.6 Hz, 1 H, H4), 5.85 (dd, 3J(H,H)� 9.6, 9.6 Hz, 1 H, H4), 5.34 (d,
3J(H,H)� 7.6, 6.6 Hz, 2H, 2C�CCHPh), 5.08 (d, 3J(H,H)� 4.0 Hz, 1H,
H1), 5.05 (d, 3J(H,H)� 5.5 Hz, 1 H, H1), 4.73 ± 4.08 (m, 12 H, 2CH2Ar,
2H2, 2H5, 2H6a, 2H6b), 3.83 (s, 6H, 2MeO), 3.73 (dd, 3J(H,H)� 9.0,
4.0 Hz, 1 H, H3), 3.58 (dd, 3J(H,H)� 9.0, 4.0 Hz, 1 H, H3); C43H39O8I
(810.7): calcd C 63.71, H 4.85; found C 63.82, H 4.75.


p-Methoxyphenylmethyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-for-
myl-a-dd-mannopyranoside (17 b): The ozonolysis and formyl group trans-
fer reaction was performed exactly as given for preparation of 17a.
Purification by flash chromatography (cyclohexane/EtOAc, 6:1) gave 17b
(707 mg, 55%) as a colorless syrup. The compound showed signs of
decomposition and hence was immediately used in the following step.
1H NMR (250 MHz, CDCl3): d� 9.96 (d, 3J(H,H)� 2.0 Hz, 1H, CHO),
7.69 ± 7.20 (m, 10H, 2Ph), 8.10 ± 8.04 (m, 5 H, Ph), 6.98 ± 6.90 (m, 4H,
CHMPM), 5.67 (dd, 3J(H,H)� 9.5, 8.5 Hz, 1 H, H4), 5.38 (d, 3J(H,H)�
2.5 Hz, 1H, H1), 4.74 (d, 2J(H,H)� 12.0 Hz, 1 H, PhCH), 4.73 (d,
2J(H,H)� 12.0 Hz, 1 H, PhCH), 4.66 (d, 2J(H,H)� 12.0 Hz, 1H, PhCH),
4.60 (dd, 3J(H,H)� 12.0, 3.5 Hz, 1H, H6b), 4.54 (d, 2J(H,H)� 12.0 Hz, 1H,
PhCH), 4.49 (dd, 3J(H,H)� 12.0, 5.5 Hz, 1H, H6a), 4.41 (dd, 3J(H,H)� 8.5,
5.5 Hz, 1 H, H3), 4.35 (ddd, 3J(H,H)� 9.5, 5.5, 3.5 Hz, 1H, H5), 3.86 (s, 3H,
MeO), 3.16 (ddd, 3J(H,H)� 5.5, 2.5, 2.0 Hz, 1H, H2).


p-Methoxyphenylmethyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-
tert-butyldimethylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosylhydroxy-
methyl)-a-dd-mannopyranoside (19 b): The SmI2-promoted coupling reac-
tion was performed as given for the preparation of 19a, employing
aldehyde 17 b (281 mg, 0.54 mmol), pyridylsulfone 18 (490 mg, 0.71 mmol)
and 0.1m SmI2 in THF (16 mL, 1.6 mmol). After work-up and flash
chromatography (cyclohexane/EtOAc, 10:1), 19b was obtained as a


colorless syrup (525 mg, 85%). [a]22
D ��4.0 (c� 0.42, chloroform); IR


(neat): nÄ � 2924, 2854, 1718, 1653, 1636, 1456, 1251, 1106 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 8.12 ± 7.96 (m, 6H, 6 HBz), 7.65 ± 7.07 (m, 24 H, 4Ph,
4HBz), 6.90 ± 6.80 (m, 4 H, 4HMPM), 5.86 (dd, 1 H, 3J(H,H)� 8.5, 6.5 Hz,
H4), 5.65 (d, 3J(H,H)� 3.0 Hz, 1H, H1), 4.69 ± 4.42 (m, 10 H, 8PhCH,
2MeOPhCH), 4.40 (ddd, 3J(H,H)� 8.5, 4.5, 1.0 Hz, 1 H, H7), 4.32 (dd,
3J(H,H)� 8.5, 3.0 Hz, 1H, H2'), 4.24 (dd, 3J(H,H)� 8.5, 4.5 Hz, 1H, H3),
4.23 (s, 2H, H6a, H6b), 4.18 (ddd, 3J(H,H)� 7.0, 6.0, 3.0 Hz, 1 H, H5'), 4.09
(ddd, 3J(H,H)� 6.5, 6.5, 2.5 Hz, 1H, H5), 4.06 (dd, 3J(H,H)� 8.5, 3.0 Hz,
1H, H2'), 3.78 (dd, 3J(H,H)� 8.5, 1.0 Hz, 1 H, H1'), 3.78 (dd, 3J(H,H)� 4.0,
3.0 Hz, 1H, H3'), 3.78 (s, 3 H, MeO), 3.66 (dd, 3J(H,H)� 4.0, 3.0 Hz, 1H,
H4'), 3.55 (dd, 3J(H,H)� 9.5, 6.0 Hz, 1 H, H6b'), 3.46 (dd, 3J(H,H)� 9.5,
7.0 Hz, 1 H, H6a'), 2.92 (d, 3J(H,H)� 8.5 Hz, 1H, OH), 2.48 (ddd,
3J(H,H)� 4.5, 4.5, 3.0 Hz, 1 H, H2), 0.88 (s, 9 H, SitBu), 0.17 (s, 3H, SiMe),
0.11 (s, 3 H, SiMe); MS (ES): m/z 1081.9 [M�Na]; HR-MS (ES)
(C69H78O14Si): calcd for [M�Na] 1181.5082; found 1181.5059.


p-Methoxyphenylmethyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-[2-O-
tert-butyldimethylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl-
(xanthateimidazole)]-a-dd-mannopyranoside (30 b): The thiocarbonylation
of 19b was performed exactly as given for the preparation of 30a.
Purification by flash chromatography (cyclohexane/EtOAc, 3:1) gave 30b
(108 mg, 99%) as a colorless syrup. This intermediate was immediately
used in the following step without further characterization. 1H NMR
(250 MHz, CDCl3): d� 8.27 (s, 1 H, Himid), 8.05 ± 7.92 (m, 10H, 10HBz),
7.65 ± 7.07 (m, 21H, 4Ph, Himid), 6.92 (d, 1 H, HMPM), 6.89 (d, 3J(H,H)�
1.5 Hz, 1 H, Himid), 6.68 (d, 2H, HMPM), 6.50 (dd, 3J(H,H)� 7.5, 1.5 Hz, 1H,
H7), 5.45 (dd, 3J(H,H)� 8.5, 3.5 Hz, 1 H, H4), 5.14 (d, 3J(H,H)� 5.0 Hz,
1H, H1), 4.85 (d, 3J(H,H)� 11.5 Hz, 1H, PhCH), 4.35 ± 4.67 (m, 8H,
8PhCH), 4.35 ± 4.04 (m, 6 H, H1', H2', H3, H5, H6a, H6b, PhCH), 4.00
(ddd, 3J(H,H)� 5.5, 5.5, 2.5 Hz, 1 H, H5'), 3.76 (dd, 3J(H,H)� 7.0, 7.0 Hz,
1H, H3'), 3.76 (s, 3H, 3HMeO), 3.53 (dd, 3J(H,H)� 7.0, 2.5 Hz, 1 H, H4'),
3.46 (dd, 3J(H,H)� 10.0, 5.5 Hz, 1H, H6b'), 3.37 (dd, 3J(H,H)� 10.0,
5.5 Hz, 1H, H6a'), 2.94 (ddd, 3J(H,H)� 7.5, 5.0, 3.5 Hz, 1H, H2), 0.81 (s,
9H, SitBu), ÿ0.08 (s, 3H, SiMe), ÿ0.05 (s, 3H, SiMe).


p-Methoxyphenylmethyl 4,6-di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-
tert-butyldimethylsilyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl)-a-
dd-mannopyranoside (32 b): The deoxygenation reaction was performed as
given for the preparation of 32a, employing thiocarbonate 30b (599 mg,
0.48 mmol) dissolved in toluene (32 mL), pentafluorophenol (96 mg,
0.52 mmol), triphenyltin hydride (444 mg, 1.24 mmol), and AIBN
(20 mg). After work-up and flash chromatography (cyclohexane/EtOAc,
6:1), 30 b was obtained as a colorless syrup (484 mg, 90%). [a]22


D ��4.8
(c� 2.5, chloroform); IR (neat): nÄ � 3064, 3030, 2959, 2928, 2857, 1725,
1515, 1453, 1267, 1098 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.07 ± 7.98 (m,
6H, 6 HBz), 7.62 ± 7.08 (m, 24H, 4 Ph, 4 HBz), 6.90 ± 6.82 (m, 4 H, 4 HMPM),
5.38 (dd, 3J(H,H)� 9.5, 9.5 Hz, 1 H, H4), 5.19 (d, 3J(H,H)� 1.0 Hz, 1H,
H1), 4.50 (dd, 3J(H,H)� 12.0, 2.5 Hz, 1 H, H6b), 4.37 (dd, 3J(H,H)� 12.0,
5.0 Hz, 1 H, H6a), 4.83 ± 4.36 (m, 10H, 8 PhCH, 2MeOPhCH), 4.15 (ddd,
3J(H,H)� 9.5, 5.0, 2.5 Hz, 1H, H5), 4.14 (dd, 3J(H,H)� 9.5, 5.0 Hz, 1H,
H3), 3.93 ± 3.68 (m, 4H, H1', H2', H4', H5'), 3.77 (s, 3H, 3HMeO), 3.62 (dd,
3J(H,H)� 10.7, 4.5 Hz, 1H, H6b'), 3.58 (dd, 3J(H,H)� 6.0, 2.0 Hz, 1H, H3'),
3.52 (dd, 3J(H,H)� 10.7, 3.5 Hz, 1H, H6a'), 2.47 (dddd, 3J(H,H)� 9.8, 5.0,
3.0, 1.0 Hz, 1H, H2), 2.07 ± 1.74 (m, 2 H, H7a, H7b), 0.89 (s, 9H, SitBu), 0.04
(s, 3H, SiMe), 0.03 (s, 3 H, SiMe); 13C NMR (50 MHz, CDCl3): d� 166.3,
165.7, 159.3, 138.5, 138.5, 138.3, 138.0, 133.2, 132.9, 129.8, 129.7, 129.2, 128.3,
128.2, 128.0, 127.5, 113.8, 99.5, 80.0, 78.9, 76.3, 75.0, 74.1, 73.2, 73.0, 72.7, 71.7,
71.4, 69.4, 69.2, 69.0, 68.4, 63.9, 55.2, 42.5, 25.9, 24.2, 18.1, 16.2, 15.9; MS
(ES): m/z 1066 [M�Na]; HR-MS (ES) (C69H78O13Si): calcd for [M�Na]
1165.5109; found 1165.5111.


4,6-Di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-tert-butyldimethylsilyl-3,-
4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl)-a-dd-mannopyranoside (41):
Water (333 mL) and cerium ammonium nitrate (727 mg, 1.32 mmol) were
added to a stirred solution of 32 b (150 mg, 0.13 mmol) in acetonitrile
(3 mL) at 20 8C. After being stirred for 5 min the mixture was diluted with
dichloromethane, and the organic phase was washed with a saturated
solution of NaHCO3, dried (Na2SO4), and evaporated to dryness in vacuo.
Purification by flash chromatography (cyclohexane/EtOAc, 8:1) gave 41
(115 mg, 86%) as a colorless syrup. [a]22


D ��20 (c� 0.7, chloroform); IR
(neat): nÄ � 3063, 3032, 2927, 2856, 1725, 1452, 1271, 1111cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 8.02 ± 7.93 (m, 4 H, Ph), 7.48 ± 7.09 (m, 26H, Ph),
5.54 (d, 3J(H,H)� 2.0 Hz, 1 H, H1), 5.39 (t, 3J(H,H)� 9.0, 9.0 Hz, 1 H, H4),
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4.69 (d, 2J(H,H)� 11.5 Hz, 1H, CHPh), 4.66 (d, 2J(H,H)� 11.3 Hz, 1H,
CHPh), 4.56 ± 4.48 (m, 1 H, H1'), 4.51 (d, 2J(H,H)� 11.5 Hz, 1 H, CHPh),
4.48 (d, 2J(H,H)� 11.3 Hz, 1H, CHPh), 4.46 (d, 2J(H,H)� 11.5 Hz, 1H,
CHPh), 4.45 (d, 2J(H,H)� 9.5 Hz, 1 H, CHPh), 4.43 (d, 2J(H,H)� 11.5 Hz,
1H, CHPh), 4.35 (d, 2J(H,H)� 9.5 Hz, 1 H, CHPh), 4.31 (ddd, 3J(H,H)�
9.0, 4.5, 3.0 Hz, 1 H, H5), 4.11 (dd, 3J(H,H)� 9.0, 4.7 Hz, 1 H, H3), 3.91 (dd,
3J(H,H)� 4.0, 3.5 Hz, 1H, H2'), 3.87 (dd, 3J(H,H)� 8.5, 3.5 Hz, 1H, H6a'),
3.84 (dd, 3J(H,H)� 8.5, 4.5 Hz, 1H, H6b'), 3.80 (dd, 3J(H,H)� 7.5, 3.5 Hz,
1H, H3'), 3.78 (ddd, 3J(H,H)� 7.5, 4.5, 3.5 Hz, 1H, H5'), 3.70 (t, 3J(H,H)�
7.5, 7.5 Hz, 1H, H4'), 3.68 (dd, 3J(H,H)� 7.5, 4.5 Hz, 1 H, H6a), 3.57 (dd,
3J(H,H)� 7.5, 3.0 Hz, 1 H, H6b), 2.49 (m, 1H, OH), 2.34 (m, 1H, H2),
2.06 ± 1.70 (m, 2H, H7a, H7b), 0.87 (s, 9H, SitBu), 0.02 (s, 6H, 2SiMe); MS
(ES): m/z 1046 [M�Na].


4,6-Di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-tert-butyldimethylsilyl-3,-
4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl)-dd-mannopyranosyl 2-pyrid-
ylsulfide (42): To a solution of hemiacetal 41 (275 mg, 2.72 mmol) in
dichloromethane (7 mL) at 0 8C were added trichloroacetonitrile (273 mL,
2.72 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (21 mL, 0.14 mmol).
After stirring for 4 h at 0 8C, the reaction mixture was evaporated to
dryness and the imidate was purified by flash chromatography (cyclo-
hexane/AcOEt, 4:1 with 1% triethylamine). The imidate was then
redissolved in dichloromethane (12 mL) and cooled to ÿ15 8C, after which
2-mercaptopyridine (91 mg, 0.82 mmol) and BF3 ´ OEt2 (7 mL, 0.054 mmol)
were added. The solution was stirred at this temperature overnight and
then evaporated to dryness in vacuo. The crude product was purified by
flash chromatography (cyclohexane/EtOAc, 10:1) to give 42 (240 mg,
87%) as a colorless syrup. [a]22


D ��17 (c� 0.83, chloroform); IR (neat):
nÄ � 3064, 2924, 2854, 1726, 1600, 1261, 1108 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 8.36 (m, 1H, pyr), 8.00 (m, 1H, pyr), 7.82 (m, 1H, pyr), 7.47 ±
6.88 (m, 31H, pyr, 6 Ph), 6.46 (d, 3J(H,H)� 1.5 Hz, 1 H, H1), 5.43 (dd,
3J(H,H)� 9.5, 9.0 Hz, 1H, H4), 4.67 (d, 3J(H,H)� 11.5 Hz, 1H, CHPh),
4.66 (d, 3J(H,H)� 11.3 Hz, 1H, CHPh), 4.57 (ddd, 3J(H,H)� 9.5, 5.0,
2.5 Hz, 1 H, H5), 4.54 (s, 2H, 2CHPh), 4.52 (d, 2J(H,H)� 11.3 Hz, 1H,
CHPh), 4.47 (d, 2J(H,H)� 11.5 Hz, 1H, CHPh), 4.42 (d, 2J(H,H)� 12.5 Hz,
1H, CHPh), 4.33 (d, 2J(H,H)� 12.5 Hz, 1H, CHPh), 4.08 (dd, 3J(H,H)�
9.0, 4.6 Hz, 1 H, H3), 3.92 (ddd, 3J(H,H)� 6.5, 3.0, 2.5 Hz, 1 H, H1'), 3.93
(dd, 3J(H,H)� 7.0, 2.5 Hz, 1 H, H3'), 3.91 (dd, 3J(H,H)� 3.0, 2.5 Hz, 1H,
H2'), 3.87 (d, 3J(H,H)� 7.0, 5.0 Hz, 1 H, H4'), 3.80 (dd, 3J(H,H)� 7.0,
5.0 Hz, 1H, H6a), 3.77 (ddd, 3J(H,H)� 5.0, 4.5, 4.5 Hz, 1H, H5'), 3.67 (d,
3J(H,H)� 4.5 Hz, 2H, H6a', H6b'), 3.64 (dd, 3J(H,H)� 7.0, 2.5 Hz, 1H,
H6b), 2.53 (dddd, 3J(H,H)� 10.0, 4.6, 3.5, 1.5 Hz, 1 H, H2), 2.18 ± 1.95 (m,
2H, 2H7), 0.88 (s, 9 H, SitBu), 0.07 (s, 3H, SiMe), 0.05 (s, 3H, SiMe); MS
(ES): m/z 1139 [M�Na]; HR-MS (ES) (C66H73NO11SSi): calcd for [M�Na]
1138.4574; found 1138.4571.


4,6-Di-O-benzoyl-3-O-benzyl-2-deoxy-2-C-(2-O-tert-butyldimethylsilyl-3,-
4,6-tri-O-benzyl-a-dd-mannopyranosylmethyl)-dd-mannopyranosyl 2-pyrid-
ylsulfone (43): To a mixture of sulfide 42 (220 mg, 0.20 mmol) and NaHCO3


(118 mg, 1.40 mmol) in CH2Cl2 (12 mL) at 0 8C was added MCPBA of
approximately 80 % purity (156 mg, 0.6 mmol). The mixture was stirred for
1.5 h at 0 8C, after which it was diluted with CH2Cl2 and washed
consecutively with a 50% saturated solution of Na2S2O3, saturated
NaHCO3, and brine. The organic phase was dried with Na2SO4 and
concentrated to dryness in vacuo. Flash chromatography (cyclohexane/
EtOAc, 6:1) gave 43 (140 mg, 62 %) as a colorless syrup. [a]22


D ��37.2 (c�
0.83, chloroform); IR (neat): nÄ � 3063, 3031, 1725, 1452, 1315, 1270,
1106 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.62 (dd, 3J(H,H)� 5.0, 1.5 Hz,
1H, pyr), 7.98 (dd, 3J(H,H)� 9.0, 7.5 Hz, 1H, pyr), 7.86 (d, 3J(H,H)�
7.5 Hz, 1H, pyr), 7.61 ± 7.10 (m, 31H, pyr, 6 Ph), 5.40 (dd, 3J(H,H)� 9.5,
7.0 Hz, 1 H, H4), 4.88 (ddd, 3J(H,H)� 9.5, 4.5, 3.5 Hz, 1 H, H5), 4.70 (d,
2J(H,H)� 11.5 Hz, 1 H, CHPh), 4.62 (d, 2J(H,H)� 11.5 Hz, 2 H, CHPh),
4.58 (d, 2J(H,H)� 11.5 Hz, 2H, CHPh), 4.49 (d, 2J(H,H)� 11.5 Hz, 1H,
CHPh), 4.48 (d, 2J(H,H)� 11.5 Hz, 2 H, CHPh), 4.50 (m, 1H, H1'), 4.44
(ddd, 3J(H,H)� 4.5, 1.5, 1.5 Hz, 1H, H5'), 4.38 (dd, 3J(H,H)� 1.5, 1.0 Hz,
1H, H2'), 4.26 (d, 3J(H,H)� 1.2 Hz, 1 H, H1), 3.88 (dd, 3J(H,H)� 7.0,
4.2 Hz, 1 H, H3), 3.86 (dd, 3J(H,H)� 5.5, 4.5 Hz, 1H, H4'), 3.87 (dd,
3J(H,H)� 6.0, 1.5 Hz, 1 H, H6a'), 3.77 (dd, 3J(H,H)� 6.0, 1.5 Hz, 1H,
H6b'), 3.77 (dd, 3J(H,H)� 9.5, 4.5 Hz, 1 H, H6a), 3.66 (dd, 3J(H,H)� 9.5,
3.5 Hz, 1H, H6b), 3.64 (dd, 3J(H,H)� 5.5, 1.5 Hz, 1 H, H3'), 3.20 (dddd,
3J(H,H)� 11.5, 4.2, 4.2, 1.2 Hz, 1 H, H2), 1.75 ± 1.55 (m, 2H, H7a, H7b), 0.86
(s, 9 H, SitBu), 0.06 (s, 3 H, SiMe), 0.03 (s, 3H, SiMe); 13C NMR (50 MHz,
CDCl3): d� 166.0, 165.6, 155.9, 150.5, 138.8, 138.6, 138.3, 137.7, 133.5, 133.1,


130.1, 129.8, 129.5, 128.5, 128.4, 128.1, 127.9, 127.7, 127.6, 127.5, 127.4, 123.8,
89.3, 78.9, 75.7, 74.7, 74.0, 73.2, 73.1, 72.4, 71.3, 69.1, 67.9, 63.8, 36.0, 35.6,
29.8, 26.3, 26.0, 18.1; MS (ES): m/z 1171 [M�Na]; HR-MS (ES)
(C66H73NO13SSi): calcd for [M�Na] 1170.4472; found 1170.4470.


4,6-Di-O-benzoyl-3-O-benzyl-1,2-deoxy-2-C-(2-O-tert-butyldimethylsilyl-
3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-a-dd-mannopyranoside (44): A
0.1m solution of SmI2 in THF (1.4 ml, 0.14 mmol) was added to a stirred
solution of sulfone 43 (70 mg, 0.062 mmol) and aldehyde 17 a (62 mg,
0.123 mmol) in THF (0.7 mL) under argon at 20 8C. After stirring for
10 min, saturated aqueous NH4Cl was added to the reaction mixture which
was then extracted twice with CH2Cl2. The combined organic phases were
washed twice with water, dried with Na2SO4, and evaporated to dryness.
Flash chromatography (cyclohexane/EtOAc, 10:1) gave 44 (60 mg, 97%)
as a colorless syrup. [a]22


D ��17.1 (c� 1.4, chloroform); IR (neat): nÄ � 3063,
3030, 2927, 2855, 1724, 1452, 1267, 1096 cmÿ1; 1H NMR (250 MHz, CDCl3):
d� 8.06 ± 7.88 (m, 4 H, Ph), 7.61 ± 7.09 (m, 26H, Ph), 5.34 (dd, 3J(H,H)� 9.5,
8.5 Hz, 1H, H4), 4.68 (d, 2J(H,H)� 12,0 Hz, 1 H, CHPh), 4.67 (d,
2J(H,H)� 12.0 Hz, 1 H, CHPh), 4.56 (d, 2J(H,H)� 12.0 Hz, 1H, CHPh),
4.54 (d, 2J(H,H)� 12.0 Hz, 1 H, CHPh), 4.52 (d, 2J(H,H)� 12.0 Hz, 1H,
CHPh), 4.46 (d, 2J(H,H)� 12.0 Hz, 1 H, CHPh), 4.44 (d, 2J(H,H)� 12.0 Hz,
1H, CHPh), 4.44 (dd, 3J(H,H)� 12.0, 4.5 Hz, 1H, H6a), 4.43 (d, 2J(H,H)�
12.0 Hz, 1 H, CHPh), 4.37 (dd, 3J(H,H)� 12.0, 5.5 Hz, 1H, H6b), 4.24 (dd,
3J(H,H)� 12.0, 3.0 Hz, 1H, H1b), 3.93 (dd, 3J(H,H)� 5.5, 4.5 Hz, 1H, H2'),
3.86 (ddd, 3J(H,H)� 9.5, 5.5, 4.5 Hz, 1 H, H5), 3.82 (ddd, 3J(H,H)� 5.5, 1.0,
1.0 Hz, 1H, H1'), 3.79 (dd, 3J(H,H)� 8.5, 3.5 Hz, 1 H, H3), 3.78 (ddd,
3J(H,H)� 9.0, 6.0, 4.0 Hz, 1H, H5'), 3.73 (t, 3J(H,H)� 9.0, 9.0 Hz, 1 H, H4'),
3.70 (dd, 3J(H,H)� 9.0, 4.5 Hz, 1H, H3'), 3.67 (dd, 3J(H,H)� 11.0, 6.0 Hz,
1H, H6a'), 3.65 (dd, 3J(H,H)� 11.0, 4.0 Hz, 1H, H6b'), 3.48 (dd, 3J(H,H)�
12.0, 1.5 Hz, 1 H, H1a), 3.47 (ddd, 3J(H,H)� 9.0, 4.0, 1.0 Hz, 1H, H7a), 3.35
(ddd, 3J(H,H)� 9.0, 9.0, 1.0 Hz, 1H, H7b), 2.26 (ddddd, 3J(H,H)� 9.0, 4.0,
3.5, 3.0, 1.5 Hz, 1 H, H2), 0.88 (s, 9H, SitBu), 0.05 (s, 3H, SiMe), 0.03 (s, 3H,
SiMe); 13C NMR (50 MHz, CDCl3): d� 166.3, 133.8, 133.6, 133.3, 133.2,
130.0, 129.9, 129.8, 129.7, 129.6, 129.0, 128.7, 128.6, 128.5, 128.0, 104.0, 102.3,
97.7, 76.7, 74.7, 72.4, 72.2, 72.0, 69.7, 69.2, 68.5, 68.3, 63.3, 63.2, 57.7, 55.4, 54.8,
38.0, 35.0, 29.7, 27.1; MS (ES): m/z 1130 [M�Na]; HR-MS (ES)
(C61H70O11Si): calcd for [M�Na] 1129.4587; found 1129.4585.
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Conformational Differences Between C- and O-Glycosides:
The a-C-Mannobiose/a-O-Mannobiose Case


Juan-FeÂ lix Espinosa,[a] Marta Bruix,[b] Olivier Jarreton,[c] Troels Skrydstrup,[c,d]


Jean-Marie Beau,[c] and JesuÂ s JimeÂnez-Barbero*[a]


Abstract: The conformational behavior of methyl a-C-mannobiose (1) and an
analogue 3 bearing a hydroxy group at the bridging position have been studied with a
combination of NMR spectroscopy (J and NOE data) in different solvents and
molecular mechanics and dynamics calculations. The obtained results show clear
differences with respect to the O-disaccharide analogue 2.


Keywords: conformation analysis ´
C-glycosides ´ mannobiose ´ molec-
ular modeling


Introduction


In recent years the search for new glycosidase inhibitors has
led to a group of oligosaccharide analogues with the glycosidic
oxygen substituted by carbon.[1] In fact, C-glycosides may
serve as carbohydrate mimics resistant to metabolic proc-
esses.[2] Nevertheless, for C-disaccharides to be biologically
useful, it is required that their conformational behavior
should be analogous to that of the natural compound.
Therefore, it is important to determine how the synthetic
derivatives behave. Kishi and coworkers have been very
active in this field, and solely on the basis of a semiquanti-
tative analysis of NMR data, mainly coupling constants, have
proposed similar conformations for both kinds of com-
pounds.[3] However, their conclusions are somewhat unex-
pected since the substitution of an oxygen by a methylene
group results in a change in both the size and the electronic
properties of the glycosidic linkage.[4] Using a combination of
NMR (NOE and J data) and molecular mechanics, we


recently reported for the first time that the assumption of
similar conformations for C- and O-glycosides is not true for
C- and O-lactose (with a b-glycosidic linkage), since the
orientation around the aglyconic bond is quite different for
the two derivatives.[5] These results have encouraged us to
extend our studies to determine whether these findings can be
generalized for other carbon-bridged saccharides. The study
of a a-linked C-disaccharide such as a-C-mannobiose[6] would
provide new insights on this topic, since owing to the different
contributions of exo-anomeric and steric effects a-glycosidic
bonds may be expected to be conformationally different to b-
glycosidic linkages. On this basis, we report here the
conformational study of methyl a-C-mannobiosides 1 and 3
using a combination of NMR spectroscopy and MM3*
molecular mechanics and dynamics calculations.[7] Compound
1 is the C-analogue of the disaccharide moiety a-d-Man-
(1!2)a-d-Man (2), a frequently occurring structural motif in
a variety of glycoconjugates.[8]


Results and Discussion


Conformation of methyl a-C-mannobioside (1) in aqueous
solution : The adiabatic surfaces[7] calculated for 1 and 2 are
shown in Figure 1. From these energy surfaces, probability
distributions were obtained according to a Boltzmann func-
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tion. Glycosidic torsion angles
are defined as f H1'-C1'-C7-C2
and y C1'-C7-C2-H2. Two dif-
ferent conformational families
are found for 2 (Table 1). The
global minimum A has dihedral
angles of f�ÿ52� 20 and y�
ÿ25� 30, and about 81 % of
the population is located
around this conformer. This
conformation is in agreement
with the global minimum pre-
viously described using HSEA
calculations[9] (f�ÿ47, y�
ÿ20) and is also in accordance
with earlier values for similar
linkages.[10] The potential ener-
gy surface previously found for
2 is similar to ours. In fact, this
map shows a satisfactory fit
between experimental (steady-
state NOEs and T1s) and theo-
retical results.[9]


On the other hand, the anal-
ysis of the distribution map for
1 shows clear differences: three
conformational families coexist
in solution and the global mini-
mum is located in a different
region (Figures 1b and 2, mini-
mum B, f�ÿ48� 20, y�
43� 30) accounting for 59 %
of the population. This mini-
mum displays a similar value for the glycosidic torsion in
comparison to minimum A (the exo-anomeric conforma-
tion)[11] but the orientation around the C-aglyconic bond is
rather different. It is noteworthy that a third conformational
family (Figures 1b and 2, minimum C, f� 49� 20, y� 47�
30) is predicted with a population of approximately 25 %. This
conformation does not correspond with the exo-anomeric
disposition since the C7ÿC2 bond is anti with respect to the
C1'ÿO5' bond. In fact, this conformation has never been


observed for a-O-mannobioside moieties. Additional infor-
mation on the conformational stability of the different
minima was obtained from MD simulations with the MM3*
force field using the continuum GB/SA (generalized Born
solvent-accessible surface area) solvent model for water.[12]


Independent of the starting minimum (A, B, or C), the
calculated trajectories showed several interconversions
among the three different regions. The trajectory bears a
clear resemblance to the adiabatic surface described above.


The validity of the theoretical results has been tested using
NMR measurements of vicinal coupling constants and NOEs.
The assignment of the resonances was made through a
combination of COSY and TOCSY experiments. Experiments
(500 and 600 MHz) were performed at a variety of temper-
atures to avoid signal overlapping. Second-order analysis of
the spectrum was performed to obtain refined d and J values.
The results are shown in Table 2 along with the expected
values for all the minima and for the ensemble average,


Abstract in Spanish: Se ha estudiado, mediante una combina-
cioÂn de RMN y caÂlculos de mecaÂnica y dinaÂmica molecular, el
comportamiento conformacional en disolucioÂn del metil a-C-
manobioÂsido (1) y de un anaÂlogo que presenta un grupo
hidroxilo en el carbono interglicosídico (3). Los resultados
indican claras diferencias respecto al O-disacaÂrido natural (2).


Figure 1. Adiabatic (a,c) and population distribution (b,d) maps for 1 (a,b) and 2 (c,d). Energy contours are given
every 0.5 kcal molÿ1. Distribution contours are given at 10 %, 1 % and 0.1 % of the population.


Table 1. Torsional angle values (f,y) of the predicted minima and MM3* populations (GB/SA solvent model) of the low-energy regions. The regions around
f extend for about 208 and around y for about 308.


C-mannobiose (1) O-mannobiose (2) C-(OH)-mannobiose (3)
A B C A B A B C


torsion angle f/y ÿ 68/ÿ 52 ÿ 48/43 49/47 ÿ 52/ÿ 25 ÿ 44/31 ÿ 80/ÿ 60 ÿ 59/32 60/51
population [%] 15.7 58.8 25.1 80.9 19.1 39.0 7.2 53.8
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calculated using the Haasnoot ± Altona modification of the
Karplus equation.[13] Diastereotopic assignment of the pro-
chiral H7proR and H7proS protons was performed, using a


combination of J and NOE val-
ues, as follows. Since the high-
field proton shows two large
couplings (8.9 and 8.7 Hz to H2
and H1', respectively), for the
major conformer of 1, this pro-
ton (H7anti) presents an anti-
periplanar relationship to both
H2 and H1'. Two sets of torsion
angles permit this orientation :
f/yÿ60/608 or f/y 60/ÿ 608. In
the first case, H7proS would be
H7anti ; for f/y 60/ÿ 608,
H7proR would be H7anti. Both
orientations have exclusive
NOEs which can be used to
assign the diastereotopic H7
protons. Those NOEs are H1/
H5' and H1/H1', for the first
case, and H4/H2' for the second
one. In addition, the first orien-
tation predicts that the H7anti/
H1 NOE should be weaker than
the H7not-anti/H2' NOE. Ex-
perimentally, the presence of
both H1/H5' and H1/H1' NOEs,
the absence of the H4/H2' NOE,
and the stronger intensity of the
H7not-anti/H2' NOE with re-
spect to the H7anti/H1 NOE
leads us to the deduction that
H7anti is indeed H7proS. It has
to be stressed that no computa-


tional calculations have been used to reach this conclusion.
Nevertheless, the NMR-based assignment is in complete
agreement with the calculations which predict no population
of the f/y 60/ÿ 608 conformer (see above). Coming back to
the conformational analysis of 1, the four interglycosidic
coupling constant values indicate that it is not possible to
explain all of them simultaneously with only one minimum,
and that the three A, B, and C conformations should be taken
into account. The match between theoretical and experimen-
tal data using the MM3*-predicted Boltzmann distribution is
excellent.


Further information was obtained from NOE experiments.
2D-NOESY (recorded at 500 and 600 MHz; one example is
shown in Figure 3),[14] 2D-ROESY, and 1D-DPFGSE NO-
ESY[15] spectra were acquired. The relevant interresidue
proton ± proton distances are shown in Table 3. As for the J


Figure 2. Stereoscopic views of the low-energy conformations obtained by MM3* calculations for compound 1.


Table 2. Relevant experimental vicinal coupling constants (J [Hz] obtained at
600 MHz) across the interglycosidic linkage of 1 and 3 in different solvents. The
values expected for the different minima and the ensemble average values are also
given. H7proR and H7proS assignments are based on NOE/J analysis.


H/H pair Theoretical values Experimental values
A B C Distri-


bution
D2O [D6]DMSO [D5]Pyr MeOD


H-1'/H7proS 11.6 11.2 2.3 8.8 8.7 9.2 9.8 9.3
H1'/H7proR 2.7 1.2 11.6 4.0 3.5 3.4 3.3 3.4
H2/H7proS 1.9 11.9 11.9 9.7 8.9 9.2 8.6 9.3
H2/H7proR 12.3 1.4 1.5 3.5 4.1 3.1 4.7 3.6
H1'/H7 (3) 2.6 0.8 9.3 6.0 5.3 ± ± ±
H2/H7 (3) 11.9 0.2 0.5 6.3 5.3 ± ± ±


Table 3. Relevant interresidue and ensemble average hrÿ6iÿ1/6 proton ± proton distances. Strong, medium, and weak experimental NOEs are denoted by s, m,
and w, respectively.


Proton pair Min. A Min. B Min. C Ensemble (1) 1 D2O 1 [D6]DMSO 1 MeOD 1 [D5]Pyr 3 D2O
Theoretical values Experimental values


H1-H1' 4.7 3.2 2.1 2.6 ms ms ms m s
H1-H5' 3.4 2.8 5.2 2.9 mw mw m mw w
H2-H2' 4.7 4.2 2.2 2.8 mw mw mw mw ms
H2-H5' 2.6 4.3 4.6 3.5 w w w mw mw
H2-H1' 3.2 2.4 2.9 2.5 s s s s m
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Figure 3. Partial NOESY spectrum of 1 (600 MHz, 303 K, D2O). There is
partial overlap between protons H1' and H3 and between H5' and H4.


data, it is not possible to justify simultaneously all the
observed NOEs with just one conformer. Qualitatively, the
presence of strong NOEs between H1' and H2 and between
H1 and H5' indicates that the global minimum B is heavily
populated in solution. The
NOE between H2 and H5' also
points to the presence of con-
former A, since this contact is
exclusive for this minimum.
Finally, the existence of con-
former C is also confirmed by
NMR data. The distance be-
tween H2 and H2' is greater
than 4 � in both conformer A
and conformer B, and is 2.2 �
in conformer C. Therefore, the
existence of this H2/H2' NOE


can only be explained by the occurrence of conformer C.
From a quantitative point of view, Figure 4 shows the build-up
curves for the key NOEs in comparison with the values
obtained from the population distribution using a full
relaxation matrix approach.[14] It can be observed that the
agreement is satisfactory. Nevertheless, the experimentally
observed large H2/H2' and the small H2/H5' NOEs suggest,
respectively, that the population around C is slightly over-
estimated by the calculations (<25 %), whereas the popula-
tion around A should be larger than the predicted (>16 %).
For 1, the presence of two additional methylene protons at the
glycosidic linkage allows more conformational information to
be obtained. Although only qualitatively, the observed NOEs
are shown in Table 4 in comparison with the predicted
ensemble average distances. A good match is observed
between the two sets of data. However, the analysis presented
herein deserves some comments: the presence of a conforma-
tional equilibrium has been determined. Nevertheless, it has
to be stated, following Neuhaus and Williamson,[14] that the
ability to fit NOE data using predicted conformations cannot
be taken to mean that those conformations are necessarily
those that are present; other choices might well fit the NOE
data also.


In conclusion, all the NMR results (NOE and J data) have
allowed us to demonstrate a different conformational behav-
ior of C-mannobioside with respect to its O-analogue. To
summarize, the global minima of 1 and 2 adopt exo-anomeric
conformations around f, but the orientations around the
aglyconic bond y are rather different between both com-
pounds. It is noteworthy that the presence of conformer C for
1, which has a conformation not favored by the exo-anomeric
effect, with a torsional variation of 1208 upon the f angle, has
never been observed for a-O-glycosides and is very unusual
for b-O-glycosides.[16] Therefore, C-glycosides may also dis-
play significant variations, not only around y as mainly


Figure 4. Experimental and calculated NOE curves for compound 1. Thick lines with filled symbols:
experimental curves. Open symbols: calculated curves. Left: &,&: H2/H2'; *,*: H2/H5; ~,~: H2/H1; right: &,&:
H2/H1'�H3; *,*: H1/H1'; ~,~: H1/H5.


Table 4. Ensemble average distances hrÿ6iÿ1/6 and observed NOEs for the methylene protons. For the observed NOEs of 1, the first letter indicates the
intensity to H7proS and the second one to H7proR. For compound 3, only one proton exists. Strong, medium, and weak NOEs are denoted by s, m, and w,
respectively.


Theoretical
H7proS hrÿ6iÿ1/6


Theoretical
H7proR hrÿ6iÿ1/6


Observed
NOEs 1 D2O


Observed NOEs 1
[D6]DMSO


Observed
NOEs 1 MeOD


Observed
NOEs 1 [D5]Pyr


Observed
NOEs 3


H1 2.7 3.6 ms/ ± mw/ ± m/vw s/vw mw
H2' 3.2 2.4 ± /s ± /s ± /s ± /s s
H3' 2.5 2.7 m/mw m/w m/w ms/m s
H5' 2.2 2.7 s/w s/ ± s/ ± s/ ± ms
H4 2.4 2.6 m/m mw/m w/m m/m s
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observed for b-C-lactosides[5] but also around f. Kishi and
coworkers have questioned the importance of the exo-
anomeric effect as the major factor determining why O-
glycosides adopt their particular conformation.[17] Our results
suggest that in the absence of stereoelectronic stabilization,
conformations which are not consistent with the exo-anomeric
disposition may be adopted. This fact indicates that the exo-
anomeric effect is indeed an important factor in determining
the conformational behavior of O-glycosides. In addition, the
finding that three areas of the conformational maps are
populated in solution demonstrates that 1 is much more
flexible than 2.


Conformational features of compound 1 in MeOD,
[D6]DMSO, and [D5]Pyr : Oligosaccharide conformational
analysis is sometimes performed in solvents other than water,
such as DMSO, in order to demonstrate the degree of
flexibility of the glycosidic linkage and to mimic the binding
site of biomolecular receptors.[18] On this basis, additional
information on the existence of extensive conformational
flexibility for 1, as well as a different conformational behavior
with respect to 2, was inferred from the dependence of the
relevant NMR parameters on the solvent employed for the
NMR measurements.


Thus, vicinal proton ± proton coupling constants (Table 2)
as well as NOEs through T-ROESY and NOESY (Tables 3
and 4) measurements were obtained for 1 in MeOD,
[D6]DMSO, and [D5]Pyr solutions. It was observed that the
relevant interbridge couplings do not strongly depend on the
solvent. This fact seemed to indicate that the conformational
equilibrium is not significantly affected by solute ± solvent
interactions, in contrast with the observations reported for b-
C-glycosides.[5] The major differences are observed between
[D5]Pyr and D2O. 3JH1'±H7proS and 3JH2±H7proR values are larger in
[D5]Pyr than in D2O, while 3JH1'±H7proR and 3JH2±H7proS values are
somehow smaller. These numbers seem to indicate that the
population of conformer A increases in [D5]Pyr compared to
D2O. The observed differences in [D6]DMSO and MeOD
compared with the D2O values are always smaller than 0.8 Hz,
indicating a minor change in the respective populations
through minima A, B, and C, although minimum B seems to
be slightly more populated in these two solvents.


These observations were substantiated by NOE values
recorded in these solvents. Tables 3 and 4 show the relevant
proton ± proton contacts. It can be observed that those NOEs
which correspond to the proton ± proton distances, which are
closer in conformer A, are relatively stronger in [D5]Pyr than
in the other two solvents. This fact indicates again that the
population of conformer A increases in [D5]Pyr with respect
to D2O, [D6]DMSO or MeOD. On the other hand, the relative
NOEs are similar in the latter three solvents; again, this
indicates a similar conformational distribution to that descri-
bed above for D2O, with a slight increase in the population of
conformer B. According to the MM3* calculations, the
solvation energies in water increase in the order A<B<C.
Although merely qualitative, this fact could explain the higher
population of conformers A and B in nonaqueous solvents.


Conformational features of compound 3 in aqueous solution :
According to the results described above for 1, steric and
electrostatic factors determine the conformational behavior
of 1 in solution. It is well known that the presence of hydroxy
groups may alter the balance of these types of factors within
the molecule.[19] In order to obtain information about which
factors determine the relative orientation of the glycosidic
linkages, a conformational analysis of 3 was also carried out.
In the first step, molecular mechanics calculations with the
MM3* force field were used. The minima described above for
1 were taken as starting structures to find the corresponding
conformers of 3. In order to assign the chirality of the
interglycosidic CHOH group, a combination of J and NOE
data was recorded, following a similar protocol to that
described above for 1, and it was determined that the CHOH
group has the S-configuration. For the calculations, two
different conditions were employed. In the first one, the GB/
SA solvent model for water[12] was used. Then the calculations
were repeated with a bulk dielectric constant of 78 D. The
influence of the dielectric constant value used was inferred
from the obtained results. In the first case, with the continuum
solvent model, conformer C was the most stable one, followed
by conformer A (DE� 8.2 kJ molÿ1). Conformer B was
destabilized by 14.7 kJ molÿ1. On the other hand, for e� 80
debyes, conformer A was the global minimum, while the
relative steric energy values for C and B were 3.9 and
11.2 kJ molÿ1, respectively. In both cases, minor differences in
the corresponding torsion angles were found. These results
indicate that the major conformer found for 1, minimum B,
seems to be rather more destabilized when the bridge carbon
is substituted by a hydroxy group. According to the calcu-
lations, regions A and C should dominate the probability
distribution. This result is again in sharp contrast with the
results reported for the natural compound 2.


In a second step, molecular dynamics simulations with the
MM3* force field and the GB/SA solvent model for water
were carried out. Three different trajectories were obtained
by taking the different minima as starting structures. The
obtained trajectory starting from minimum C remained at the
same region during the 3 ns simulation. On the other hand,
when the dynamics calculations started from either minimum
A or B, the trajectories were basically identical and showed
several transitions between these two conformational regions.
Therefore, according to the simulations, the energy barrier
between minima A and B (around y) is smaller than that
existing between this area and minimum C (around f). In
comparison to the simulation described above for 1, it seems
that the energy barrier around f increases upon OH-
substitution at the a-carbon. As a test to predict the
conformational behavior of the R-diastereomer of 3, single-
point MM3* calculations were also performed. The energy
values obtained predict that now conformer B should be the
most populated one (60%), followed by C (35 %), and finally
A (5 %).


Nevertheless, in order to obtain reliable conformational
information, the validity of the calculations were tested using
experimental NMR measurements of vicinal proton ± proton
coupling constants and NOEs for 3. Both H7 couplings to H1'
and H2 have the same value, namely, 5.3 Hz, which indicates
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that a single conformer cannot explain the experimental
values (see Table 2). Although many combinations[14] may
explain the observed data, a near-identical population dis-
tribution between conformers A and C, with a fairly small
contribution (<10 %) of conformer B, is in agreement with
the experimental values. In addition, this assumption was
verified by NOE analysis. Indeed, the presence of strong H2/
H2', H7/H3', and H7/H5' can only be explained by the
presence of an important population of conformer C. Medium
H1/H1' and weak H1/H2' NOEs are also exclusive to the
presence of conformer C. In addition, the strong H4/H7 is
indicative of the existence of conformer A. Moreover, the
absence of the B-exclusive H1/H5' NOE, clearly observed in
1, indicates that the population of this conformer is greatly
decreased upon hydroxy substitution on the bridged-carbon
atom to give 3. In this case, the MD simulations predict a
larger contribution of conformer B than that found exper-
imentally.


Therefore, our results clearly confirm that the flexibility
around the glycosidic linkages of both b- and a-C-glycosides
may be easily determined by NMR spectroscopic experi-
ments. In addition, the conformational changes observed
upon variation of the solvent or C-hydroxy substitution also
reflect the small energy barriers between the different energy
regions. Thus, conformations different from the major one
existing in solution may be bound by the binding site of
proteins without major energy conflicts. These results, along
with those previously obtained by us for C-lactose (with a b-
glycosidic linkage), are important for drug design. For the
binding of a flexible compound to a protein, usually one of the
existing conformations should be selected out of the ensem-
ble.[20] Therefore, a negative binding entropy would be
expected, thus decreasing the energy of binding.[21] Conse-
quently, the flexibility of C-disaccharides may be a limitation
in the use of C-disaccharides as therapeutic agents. Never-
theless, these compounds are still excellent probes for the
study of the binding sites of proteins and enzymes.[16a, 22] They
may also serve as test compounds to compare conformational
properties of oligosaccharides.


Experimental Section


Molecular mechanics and dynamics calculations : Molecular mechanics and
dynamics calculations were performed using the MM3* force field as
implemented in Macromodel 4.5.[23] f is defined as H1'-C1'-C7-C2 and y


as C1'-C7-C2-H2, that is, the atoms of the nonreducing end are primed.
Only the gg orientation of the lateral chain was used for the a-Man
moieties. Separate calculations for a dielectric constant e� 80 debyes and
for the continuum GB/SA solvent model were performed.[12] First,
potential energy maps were calculated for the disaccharides: relaxed
(f,y) potential energy maps were calculated as previously described.[24]


Four initial geometries were considered, cc, cr, rr and rc, obtained by
combining the positions r (reverse clockwise) and c (clockwise) for the
orientation of the secondary hydroxy groups of both pyranoid moieties.
The first character corresponds to the nonreducing moiety, and the second
one to the reducing moiety. In total, 1600 conformers were calculated for
every disaccharide and both dielectric conditions. The previous step
involved the generation of the corresponding rigid residue maps by using a
grid step of 188. Then, every f,y point of this map was optimized using the
200 steepest descent steps, followed by 1000 conjugate gradient iterations.
From these relaxed maps, adiabatic surfaces[7] were built, and the probabi-


lity distributions were calculated for each f,y point according to a
Boltzmann function at 303 K.


The energy minima structures (A, B, and C) were used as starting
geometries for molecular dynamics (MD) simulations[25] at 300 K, with the
GB/SA solvent model, and a time step of 1 fs. The equilibration period was
100 ps. After this period, structures were saved every 0.5 ps. The total
simulation time was 3 ns for every run. Average distances between
intraresidue and interresidue proton pairs were calculated from the
dynamics simulations.


NMR spectroscopy : NMR experiments were recorded on Varian Unity 500
and Bruker AMX-600 spectrometers, with an approximately 3 mg mLÿ1


solution of the disaccharides at different temperatures. Chemical shifts d


are reported against the residual HDO signal (d� 4.71) and external TMS
(d� 0) as references. The double-quantum filtered COSY spectrum was
obtained with a data matrix of 256� 1 K to digitize a spectral width of
2000 Hz. 16 scans were used with a relaxation delay of 1 s. The 2D TOCSY
experiment was performed using a data matrix of 256� 2 K to digitize a
spectral width of 2000 Hz; 4 scans were used per increment, with a
relaxation delay of 2 s. MLEV 17 was used for the 100 ms isotropic mixing
time. Data from the one-bond proton ± carbon correlation experiment were
collected in the 1H-detection mode with the HMQC sequence and a reverse
probe. A data matrix of 256� 2 K was used to digitize a spectral width of
2000 Hz in F2 and 10000 Hz in F1. Four scans were used per increment with
a relaxation delay of 1 s and a delay corresponding to a J value of 145 Hz. A
BIRD pulse was used to minimize the proton signals bonded to 12C. 13C
decoupling was achieved by the WALTZ scheme.


NOESY experiments were performed with the selective 1D double-pulse
field-gradient spin echo module, using four different mixing times, namely
150, 300, 450, and 600 ms. 2D NOESY, 2D-ROESY, and 2D-T-ROESY
experiments were also performed with the same mixing times, and with
256� 2 K matrices.


NOE calculations : NOESY spectra were simulated according to a
complete relaxation matrix approach, following the protocol previously
described,[24] with four different mixing times (between 150 and 600 ms).
The spectra were simulated from the average distances hrÿ6ikl calculated
from the relaxed energy maps at 303 K. Isotropic motion and external
relaxation of 0.1 sÿ1 were assumed. A tc of 45 ps was used to obtain the best
match between experimental and calculated NOEs for the intraresidue
proton pairs (H1'/H2' and H1/H2).


All the NOE calculations were automatically performed by a program
written by the authors and available from them on request.[24]
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Conformational Schemes: An Available Tool for the Assignment of NMR-
Measured Barriers, Demonstrated with the Example of Crowded Piperidines


Anatoly M. Belostotskii,* Hugo E. Gottlieb, Pinchas Aped, and Alfred Hassner[a]


Abstract: MM3-derived full conforma-
tional schemes are proposed as a power-
ful and convenient tool for the currently
problematic assignment of NMR-meas-
ured barriers for flexible systems that
possess more than one type of inde-
pendent intramolecular motion. Hin-
dered piperidines were chosen as a
molecular model with seven possible
intramolecular dynamic processes. The
free energies of activation for methyl
group topomerization in 1,2,2,5,5-pen-
tamethyl-, 1-ethyl-2,2,6,6-tetramethyl-,


and 1-butyl-2,2,6,6-tetramethylpiperi-
dines were determined at different tem-
peratures by means of line-shape anal-
ysis of 13C NMR spectra. Schemes of
conformational transformations for the
N-Me and N-Et compounds were cre-
ated with MM3-based methodology.
These schemes permit the assignment


of the measured barriers to ring inver-
sion for the N-Me compound and to ring
inversion ± nitrogen inversion, ring in-
version, and CÿN rotation for the N-
Alkprimary piperidines (for the N-Et and
N-Pr derivatives the experimental bar-
riers had previously been attributed to
isolated CÿN rotation only). A unique
dynamic process for tertiary amines,
isolated nitrogen inversion, is described
for the N-alkylpiperidines with an N-
substituent bulkier than Me.


Keywords: conformation analysis ´
molecular dynamics ´ nitrogen het-
erocycles ´ NMR spectroscopy


Introduction


Three different types of intramolecular motion (rotation
around single bonds of the ring substituents, pyramidal
nitrogen inversion, and ring inversion) form the whole set of
conformational dynamic processes for the six-membered
saturated azacycles.[1±5a] Thus, seven intramolecular processes
are in principle possible for N-alkylpiperidines: three isolated
processes, namely isolated CÿN rotation (ISR), isolated
nitrogen inversion (INI), and ring inversion (RI), and four
concerted processes, namely nitrogen inversion ± CÿN rota-
tion (NIR), ring inversion ± nitrogen inversion (RINI), ring
inversion ± N-substituent rotation (RIR), and ring inversion ±
nitrogen inversion ± N-substituent rotation (RINIR). RI[6a±c]


and ISR[5a,b] are trivial cases for substituted six-membered
rings, NIR necessarily takes place for most tertiary
amines,[7±12] and the possibility of RINI or RINIR in piper-
idine compounds has also been considered.[2, 4, 5b, 13a±c] In
contrast, INI was mentioned as not relevant for alkyl-
amines.[7, 12] Each of these dynamic processes may cause a
splitting of peaks in the NMR spectra at low temperatures,
and it is usually not possible to determine a priori which
process is responsible for this peak dichotomy.[1, 2, 13a] For


instance, solid arguments (including calculation results) were
given in Bushweller�s pioneering experimental work[7] con-
cerning the distinction between ISR and NIR by observing the
temperature-induced changes in NMR spectra of open-chain
tertiary amines.


However, not all speculations in the literature are as
reliable (for criticism see refs. [1, 12, and 13d]) in the analysis
of conformational dynamics in amines. In particular, assign-
ment of temperature-induced changes in the NMR spectra of
piperidine compounds has been performed considering a) only
three processes (ISR, NIR, and RI in the present terms as
reviewed in refs. [2, 3]) or b) also ring-inversion-related
concerted processes (RINI or RINIR).[13a±c] In case a) the
considerations are obviously not complete. In case b) the
arguments are insufficient. For instance, concerted processes
were assumed arbitrarily to be higher in energy and therefore
were not taken into account in the assignment of the
experimental barriers for sterically crowded piperidines.[13b]


Moreover, the authors mentioned a two-barrier sequence of
intramolecular motions as a combined process which may
occur in addition to isolated processes in other piperidines[13c]


(concerted dynamic processes have obviously one barrier in a
one-step conformational transformation; see, for example,
ref. [12]). Only NIR (but not the RI-related processes) was
included[12] in the consideration of the NMR-measured
barrier[13b] for hindered piperidines with b-branched N-
substituents.


These assignment problems would clearly be overcome if a
full conformational scheme, which includes relative energies
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of stable conformers as well as transition states, were available
for the compound under consideration. For instance, a
comparison of the barriers for isolated and concerted
processes permits the identification of the lowest energy
conformational pathways by which the geminal sub-
stituents of the piperidine ring become isochronous (a
process which is monitored by NMR[13a±d, 14]). Surpris-
ingly, no practical approach to the design of quantitative
full conformational schemes has been introduced for
organic compounds with complex conformational dy-
namics. Only recently was the MM3 force field found to
be effective in establishing the formal relationship
between stable conformers and the corresponding
transition states for cyclic compounds and in modeling
isolated as well as concerted intramolecular proces-
ses.[13d] Thus, a simple assignment of the experimental barriers
becomes possible using conformational schemes derived by
our MM3-based methodology.[12, 13d] In particular, for N-Me-
piperidine 1, RINIR and RI turn out to be the processes
whose rate is measured by dynamic NMR (DNMR) techni-
ques.[13d]


Unfortunately, the conformational scheme for piperidine 1
cannot be extended a priori to the more hindered analogues.
Experimental barriers (by NMR) for the unhindered piper-
idine 1 and its crowded analogue 2 are 12.0[14] and
8.2[13b] kcal molÿ1, respectively. In other words, the lowest
energy conformational pathways, which lead to isochronism
of the geminal substituents for these piperidines, differ by
approximately 4 kcal molÿ1. Thus, it is reasonable to assume
that the conformational schemes for unhindered and hindered
piperidines are fundamentally different.


In order to obtain more reliable information about intra-
molecular motion in N-n-alkyltetramethylpiperidines 2 ± 5


and to assign the NMR-measured barriers
for these compounds, we have approach-
ed this problem by building full confor-
mational schemes for these azacycles by
means of MM3-based calculations.


Results and Discussion


NMR study : Compounds 3[15] and 5 were
obtained by alkylation of the secondary
piperidine 6 with an excess of ethyl- or n-


butyl iodide (7 a,b, respectively). The room temperature 1H
and 13C NMR data, as well as the high-resolution mass spectra
of compounds 3 and 5, are reported in Tables 1 and 2.


Barriers for the rate-determining dynamic process in
piperidines 2 and 3 were previously measured[13b] by the
coalescence method, which is less accurate than full line-shape
analysis.[16] We have therefore used the latter method to
redetermine these barriers as well as the yet unknown barrier
of the N-Bu analogue 5 (see Experimental Section). The
activation parameters for the intramolecular motion in these
piperidines were obtained by fitting of the 13C signals of the a-
methyl groups of the piperidine ring to their simulated
lineshapes. The results shown in Table 3 demonstrate only
weak dependence of the free energy of activation (DG=) on
the temperature (thus, DS= may be estimated as nearly zero).
We can, therefore, reliably compare DG= values and MM3-
calculated barriers (for problems with such comparisons see
refs. [11, 12]).


Lowest energy conformers and nitrogen inversion for piper-
idines 2 ± 5 : The widely used MM3 force field, explicitly
parameterized for amines,[17a±c] was employed for geometry
optimization of stable conformations and transition states
involved in rotational and inversional processes for piper-
idines 2 and 3. These conformations were found by stochastic
search options (for details see the Experimental Section and
also refs. [12, 13d]). High-energy conformations found with


Table 1. Data of the 1H NMR[a] (dH/J [Hz]) and high-resolution mass spectra (m/z)
for piperidines 3 and 5.


a-Me cycl. CH2 N-CH2 Others MH� (calcd
MH�)


3 1.02 s 1.3 ± 1.6 2.47 q/6.9 0.98 t/6.9 (Me) 170.190 (170.191)
5 1.12 s 1.3 ± 1.6 2.35 m 0.90 t/5.7 (Me) 1.21 qm/5.7 198.219


(b-CH2) 1.4 m (g-CH2) (198.222)


[a] In CDCl3 at 25 8C; s� singlet, t� triplet, q�quartet, m�multiplet.


Table 2. 13C NMR data (d) for piperidines 2, 3, and 5 in CDCl3 at 25 8C.


C-2, C-6 C-3, C-5 C-4 a-Me C-1' C-2' C-3' Me


2 53.76 41.31 17.96 26.34 28.51 ± ± ±
3 53.38 41.30 17.81 26.24 b[a] 38.11 20.85 ± ±
5 54.48 41.25 17.83 27.51 b[a] 44.85 38.23 20.61 14.11


[a] b�broadened.


Table 3. Kinetic parameters for intramolecular motion in amines 2, 3, and 5 (k [secÿ1]; DG=


[kcal molÿ1]).


T [K] 2 3 5
k DG= k DG= k DG=


175.5 250� 25 8.2� 0.1
195.6 3500� 360 8.1� 0.1
215.6 (3.7� 0.4)� 104 8.0� 0.1 88� 10 10.6� 0.2 45� 6 10.9� 0.2
235.6 (3.2� 0.7)� 105 7.8� 0.2 550� 60 10.7� 0.1 400� 40 10.9� 0.1
256.2 6000� 600 10.5� 0.1 3500� 400 10.8� 0.1
276.9 (3.1� 0.4)� 104 10.5� 0.2
301.7 (1.7� 0.7)� 105 10.5� 0.3 (1.0� 0.1)� 105 10.8� 0.1
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DE (relative to the lowest energy conformer) above
14.5 kcal molÿ1 (e.g., 1-sofa for 3, DE� 14.7 kcal molÿ1) were
not considered. CÿMe rotation transition states were
also excluded as not important for the assignment problem.
We assume that all relevant conformations were found
because:
1) The number of such conformations for six-membered rings


is essentially restricted, and
2) expected conformations (e.g., some 2,5-half-chair forms),


which were not generated by the stochastic search, are not
relevant for the compounds studied. These conformations
were designed by fixation of ring atoms in the proper
geometry followed by block-diagonal energy minimization
with geometry optimization. Restriction of motion along
the z axis (perpendicular to the ring mid-plane) of four or
five selected ring atoms was used successfully in this
optimization procedure in order to keep the desired
conformations. However, all the structures built in this
way reverted to conformations already found by the
stochastic search when the restrictions were removed in
the next energy minimization step (e.g., by the full-matrix
minimization option). Thus, the conformational schemes
for piperidines 2 and 3 (formal relationships between
stable conformations and transitions states were estab-
lished using the MM3-derived methodology;[12, 13d] see
below and Experimental Section) may be considered as
representative.


The calculation results obtained for the lowest energy
conformers of 2, 3, and 5 lead to a simple conclusion. A
staggered conformation (the common case for vicinal single
bonds; see Figure 1) of the b-bonds of the N-substituent and


Figure 1. Lowest energy stable conformations of piperidines 2 ± 5.


the endocyclic CÿN bonds is present only in the case of the N-
Me compound 2. The conformational search performed for
3 ± 5 confirms the previous findings[18] that these bonds are
eclipsed in the lowest energy conformation of 2,2,6,6-tetra-
methylpiperidines with an N-substituent bulkier than Me.
This conformation is an exception among alkylamines, for
which a staggered conformation is invariably present[5a, 8, 19, 20]


(for instance, as for 1 and 2). Mechanistic considerations of
nitrogen inversion show[7, 12] that this is always a concerted
NIR process (and not INI[12, 21]) in alkylamines. In this case,
CÿN bonds are staggered with other bonds in stable
conformations. INI is possible provided there is vicinal
eclipsing of these bonds in one of the stable conformations.[12]


Thus, piperidines 3 ± 5 and more hindered analogues[18] are
unique amines for which nitrogen inversion may occur also as
an INI process (see Figure 2). Hence, conformational schemes
for amines 2 and 3 should be different.


Figure 2. NIR and INI (TS� transition state). NIR is not seen for
piperidine 3 (see Figure 4), while both INI and NIR occur for piperidines
9 and 10.


Conformational schemes for piperidines 2 and 3 : The full
conformational scheme for piperidines with equal geminal
substituents may be considered to consist of two identically
constructed fragments (d and l in Figure 4). These fragments
represent the same conformational transformations, within
each of two groups, of structures which are formal ring
enantiomers (see, e.g., chair A and chair B in Figures 3 ± 5).
Interconversion between the two groups (formal enantioto-
pomerization of the piperidine ring) actually leads to the
NMR-detected isochronism of geminal ring substituents (see
Table 1), since this finally provides interchange between the
lowest energy conformers, chairs A and B (see Figure 5). In
order to simplify the comparison of the given schemes with
that for piperidine 1,[13d] one of the schemes, namely that for
piperidine 2, is given as a representative half-scheme (the d-
fragment of the full scheme with elements of the l-fragment,
as was done for 1[13d]). A full conformational scheme is given
for N-Et-piperidine 3 (see Figure 4).


1,2,2,6,6-Pentamethylpiperidine (2): The conformational
scheme for piperidine 2 (see Figure 3) includes the usual
elements of conformational schemes for saturated six-mem-
bered rings (pseudorotation cycle, 1- and 4-sofa and half-
chair)[6a±c, 13d, 22] as well as elements which are absent in the
scheme for unhindered piperidine 1[13d] (2-sofa forms and 1,4-
half-chair including the NIR transition state for the 1,4-half-
chair conformation). These additional elements enable new
conformational pathways which lead to the NMR-observed
topomerization of geminal ring substituents (see Figure 3 and
Tables 1 and 2). These pathways are: i) chair A!1,4-half-
chair!1,4-twist!1,4-twist (planar N)!1,4-twist!1,4-half-
chair!chair B, and ii) chair A!chair (planar N)!chair
(axial N-Me)!2-sofa!1,4-twist!1,4-half-chair!chair B.
Another low-energy pathway is iii) chair A!4-sofa!1,4-
boat!2,5-twist!2,5-boat!1,4-twist!1,4-half-chair!chair
B.


The 8.1, 8.1, and 8.5 kcal molÿ1 highest energy points along
these pathways (i ± iii) correspond to the 1,4-half-chair, 1,4-
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half-chair and 2-sofa transition states, respectively. Pathways
of significantly higher energy are of the CS (involving both 1-
and 4-sofa transition states) and C2 (involving 1,4-half-chair
forms with both pseudoequatorial and pseudoaxial N-Me
orientations) modes, which are inherent also to the cyclo-
hexane case[17] (only the CS mode is present for piperidine
1[13d]). Thus, the NMR-determined barrier for piperidine 2
indeed belongs to RI in agreement with the previous[13b]


report. Since the difference between the calculated values
for the barriers in these pathways is small (0.4 kcal molÿ1),
both conformational pathways contribute to the temperature-
dependent changes in the NMR spectra of 2.


There is very good agreement (0.1 or 0.5 kcal molÿ1)
between the experimental and the calculated barriers for
both pathways (as was also the case for piperidine 1 and
azetidine compounds[13d]). It is important to emphasize that
these values are extracted from the low energy pathways
obtained from the designed conformational schemes. Thus,
the fit confirms the validity of these schemes.


1-Ethyl-, 1-propyl-, and 1-butyl-2,2,6,6-tetramethylpiperidine
(3 ± 5): The scheme of conformational transformations for the


N-Et compound 3 (Figure 4) differs from that for the N-Me
compound 2 in several aspects. 1) The N-Et substituent
provides several structures (which are located in vertical
columns in the scheme) for almost all of the ring forms. These
structures differ mainly in the orientation of the methyl group
of the N-Et substituent. 2) The pseudorotation cycle is not
closed for 3 [no direct transformation of the form 1,4-boat
(flagstaff-oriented N-Et substituent)!2,5-twist (pseudoaxial
N-Et substituent) takes place]. 3) The expected INI transi-
tion states are present only for the chair forms of 3. 4) For
piperidines 2 and 3 ªentryº into the pseudorotation cycle
occurs via different sets of ring conformations. In the case of 2
they are 1,4-half-chairs and 1-, 2-, and 4-sofa, while for 3 they
are 1,4-half-chairs, 2,5-half-chair and 1-, 3- and 4-sofa.
5) Three of the d- (l-)!l- (d-) interconversions are the same
for 2 and 3 (via 1-sofa and 1,4-half-chair conformations and
the NIR transition state in the 1,4-twist conformation).
Additional interconversions via the 1,4-half-chair of lower
energy and the 2,5-boat with a pseudoaxial N-substituent are
present for compound 3.


The pathways (L1 and L2) of low energy for conformational
transformation chair A!chair B in N-Et-piperidine 3 are


Figure 3. Scheme of conformational transformations for piperidine 2 (a-methyl groups are not shown). Energies (kcal molÿ1) are relative to the lowest
energy conformer, the names (in parentheses) and the relative energies for the transition states are in bold. * is a formal label, = depicts second-order
transition states. Low-energy conformational pathways (i ± iii) are marked by the corresponding characters.
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Figure 5. Diastereotopomerization of geminal ring substituents and ho-
motopomerization of 1,3-geminal fragments (enantiotopomerization chair
A ± chair B) for piperidines 2 ± 5 lead to isochronism of a-methyl groups
(numbers depict Me groups, * is a formal label).


detailed in Figure 4. The highest energy point in the former
energy pathway is the RINI transition state in the 1,4-half-
chair form (DE� 9.3 kcal molÿ1). Two other pathways (via the
NIR transition state in the 1,4-twist conformation (DE�
11.8 kcal molÿ1) and via the 2,5-boat with a pseudoaxial N-
substituent (DE� 10.7 kcal molÿ1) are less favorable. Thus,
only pathways L1 and L2 are equally involved in the NMR-
observed topomerization of the Me groups.


There are two transition states in the L2 pathway (1,4-half-
chair, 8.9 kcal molÿ1, RI; chair, 9.0 kcal molÿ1, ISR) which are
near in energy to the 9.3 kcal molÿ1 point for L1 and L2. The
small energy difference between these calculated barriers
permits assignment of the experimental barrier for 3 to RINI,
ISR, and RI (similarly to the assignment of the barrier for the
N-Me analogue to two RI transition states). In kinetics terms,
these dynamic processes are the first amongst all others to
become slow relative to the NMR time scale as the temper-
ature is lowered. On the other hand, the accuracy of MM3-
based calculations is insufficient to estimate separate contri-
butions of these close energy processes to the temperature-
induced changes of NMR spectra of 3.


The difference between the experimental barriers (meas-
ured in CD2Cl2) for the N-Et compound 3 (10.3 kcal molÿ1)
and the N-Pr compound 4 (10.6 kcal molÿ1) is
0.3 kcal molÿ1.[13b] Our experiments, also in CD2Cl2, demon-
strate the same difference (Table 4) between the barriers for


Figure 4. Scheme of conformational transformations for N-Et compound 3 (* is a formal label). Energies (in rectangles; kcal molÿ1) are relative to the lowest
energy conformer. The names and the relative energies for the transition states are in bold. The orientation of the N-Et substituent is shown in parentheses
(feq�pseudoequatorial, fax�pseudoaxial, bo�bowsprit, fl� flagstaff). Conformations with the same ring form are grouped in columns. Chair A ± chair B
pathway L1 of low energy is marked by bold lines. Another low-energy pathway L2 is shown by dotted lines.


Table 4. The barrier values obtained by DNMR and MM3 calculations for compounds 2 ± 5 (kcal molÿ1)


DNMR (DG=) MM3 (DE) for ISR
(chair)


MM3 (DE) for RI
(lower energy
1,4-half-chair)


MM3 (DE) for RINI
(higher energy
1,4-half-chair)


Previous a
ssignment


New assignment
(this work)


2 N-Me 8.0 (this work) 8.2[a] 7.3 ± 8.1 RI[a] RI
3 N-Et 10.6 (this work) 10.3[a] 9.0 8.9 9.3 ISR[a] RINI� ISR�RI
4 N-Pr 10.6[a] 9.5 9.1 9.5 ISR[a] RINI� ISR�RI
5 N-Bu 10.9 (this work) 9.5 9.0 9.4 ± RINI� ISR�RI


[a] Data from ref. [13b].
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N-Et and N-Bu compounds 3 and 5. Since the difference in
measured barrier values from one source is usually reliable,
we conclude that the experimental barrier for N-Et piperidine
3 is 0.3 kcal molÿ1 lower than those for higher N-n-alkyl
homologues. This small energy difference suggests that
conformational transformations for the N-Pr and the N-Bu
compounds 4 and 5 are described by the same scheme as for
N-Et compound 3 (excluding additional rotations around the
CÿC bonds of the N-substituents for 4 and 5).


The calculated barrier values for ISR in the ring chair
conformation show an increase of 0.5 kcal molÿ1 for N-Pr and
N-Bu piperidines 4 and 5 relative to 3 and a smaller increase
for the RINI and RI transition states in 1,4-half-chair
conformations (see Table 4). The difference between the
two highest barriers of the low-energy pathways L1 and L2


(i.e., between high-energy points corresponding to RINI and
ISR) changes only by ÿ0.3 and 0.1 kcal molÿ1 on going from
N-Et piperidine 3 to N-Pr and N-Bu piperidines 4 and 5,
respectively. Therefore, we can conclude that the measured
barriers for compounds 4 and 5 also belong to RINI, ISR, and
RI. This finding corrects the previous speculative barrier
assignment[13b] for piperidines 3 and 4 to ISR only. However,
the calculations performed here for N-alkylpiperidines 3 ± 5
show a bigger deviation from the experimental barrier values
(1.1 ± 1.5 kcal molÿ1) than the ones obtained for the N-Me
compounds (see Table 4).


Thus, this MM3-based conformational scheme method-
ology (this work and ref. [13d]; see also ref. [23, 24] for a
related but more complicated procedure of scheme design)
allows a reliable barrier assignment independent of the number
and type of the expected isolated or concerted processes (within
the limits of compound classes included in MM3 parameter-
ization[17a,b, 27]). We are not aware of any other approach which
can achieve this (see Introduction and also refs. [25, 26]).
Moreover, these schemes demonstrate that considerable
differences in experimental barriers for related compounds
(e.g., between 1 and 2 as well as between 2 and 3 ± 5) arise
from different isochronism-determining conformational path-
ways. This suggests that structure-based analogies as well as
common (actually symbolic) or arbitrarily simplified confor-
mational schemes (e.g., the four-position scheme, which is
often used for saturated azacycles,[1, 2, 13a, 28a,b, 29] the related
eight-position conformational cube,[13b,c] and protonation/
inversion schemes[2, 30] for piperidines) are essentially prob-
lematic methods for the assignment of such barriers. In
addition, unexpected dynamic processes may be responsible
for temperature-induced changes in NMR spectra, as was
discovered[13d] from the conformational schemes for azeti-
dines and pyrrolidines.


We can even maintain that previous assignments, which
were based on the limited methodology of common con-
formational schemes as well as on assumptions of the
similarity of the barrier values for related compounds, require
additional support, at least in the case of the systems with
complex conformational dynamics. For instance, assignment
of the experimental barrier (11.0 kcal molÿ1) for 1,2,2,6-
tetramethylpiperidine (8) to nitrogen inversion (this assign-
ment is based on the common four-position scheme for
piperidines)[28a] ignores the possibility of concerted processes


(such as for 1 and 2). Furthermore, our MM3-based calcu-
lations (which in general only underestimate NIR barriers by
less than 1.3 kcal molÿ1[12]) give only 8.8 kcal molÿ1 as an NIR
barrier for 8. This is a normal value for NIR, while enhanced
11.0 kcal molÿ1 and higher NIR barriers occur only in the
exceptional cases of some bicyclic alkylamines[13d, 31] and some
neopentylamines (see ref. [10] and below; small azacycles
possessing high NIR barriers are obviously not included in the
discussion). Therefore the measured barrier for piperidine
8[28a] belongs rather to an RI-associated intramolecular
dynamic process.


An example of the intensive use of structural analogies is
the recent assignment of experimental barriers for the N-
alkylpiperidine series.[13c] According to this assignment the
measured barriers, for example, for N-neopentylpiperi-
dine (9) and N-neopentyl-3,3-dimethylpiperidine (10)
(10.6 kcal molÿ1 and 11.8 kcal molÿ1) undoubtedly represent
ring inversion[13c] since these values are near to experimental
values for the ring inversion of N-Me compound 1
(11.8 kcal molÿ1[32] and 12.0 kcal molÿ1[14]). As shown above,
this methodology is extremely unreliable. The 1.2 kcal molÿ1


difference between experimental values shows rather the
discrepancy in conformational dynamics for these N-neo-
pentylamines. In addition, the calculated ISR barriers for 9
and 10 (this work; see also ref. [13c]) are 10.3 and
10.6 kcal molÿ1, respectively. Our calculations also give 12.0
and 12.1 kcal molÿ1 for the corresponding NIR barriers (the
conformational cube diagram[13c] includes INI but ignores
NIR as well as other concerted processes). Based on the
speculative level of comparison of selected barriers,[13c] ISR
for 9 and NIR for 10 could be considered as experimental
barrier-forming components. However, a question about low-
energy conformational pathways remains open for these
amines. Therefore, similarity in the values of measured and
previously assigned barriers does not indicate their identity
independently of the source of selected barriers (e.g., assumed
to be similar to the experimental RI barrier for related amine
1[13c] as well as the NIR and ISR barriers calculated here). To
accurately assign experimental barriers for 9, 10, and other
piperidines,[13c] full conformational schemes (similar to those
for 1 ± 3) must be built.


Conclusions


Conformational schemes may be designed successfully with
the MM3 package without arbitrary assumptions about the
structure of these schemes. Since they overcome the problems
mentioned above, MM3-derived conformational schemes are
in our opinion an essential (and convenient) tool for barrier
assignment in systems with more than one type of intra-
molecular motions.


The conformational energy surface, at least for piperidines,
may be susceptible to relatively small structural changes. The
discrepancy in conformational pathways among 1-methyl-,
1,2,2,6,6-pentamethyl-, and 1-ethyl-2,2,6,6- tetramethylpiper-
idine is accompanied by a significant difference in exper-
imental barriers. Therefore we view a considerable value for
such a difference as an indication of a significant change of the
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potential energy surface for related compounds with complex
conformational dynamics. We conclude also that several
intramolecular dynamic processes may simultaneously con-
tribute to experimental barriers for such systems.


Experimental Section


Amines 2 and 6 are commercially available compounds.


Piperidines 3 and 5 : A mixture of piperidine 6 (10 mmol) and iodide 7a or
7b (150 mmol) was heated in a sealed tube for 8 ± 10 h at 100 or 135 8C,
respectively. After addition of hexane and filtration, the solution was
treated with 1m HCl to pH� 1 and extracted with CH2Cl2. The aqueous
phase was basified with NaOH to pH� 12 and extracted with CH2Cl2. The
organic phase was concentrated at 25 8C and loaded on to a 4-cm layer of
silica gel. Subsequent elution with CH2Cl2 and CH2Cl2/ether (5:1) afforded
compounds 3 and 5 in 70 ± 80% yield.


All 1H and 13C NMR spectra were obtained on a Bruker AM-300
spectrometer. TMS was used as internal standard. Samples of 2, 3, and 5
(20 ± 25 mg in 0.5 mL of CD2Cl2) were equilibrated for approx. 10 min at
each temperature before each NMR experiment. Temperatures were
measured with a calibrated Eurotherm 840/T digital thermometer and are
believed to be accurate to within 0.5 K. For the complete lineshape analysis
a modified version of a program written by R. E. D. McClung, University of
Alberta, Edmonton T6J 2G2 (Canada) was used with visual fitting. The
activation parameters were calculated using the Eyring equation. The 1994
version of the MM3 program[17a±c] was used for molecular mechanics
calculations. Stochastic search followed by full-matrix Newton ± Raphson
minimization (option 9) was used for locating the transition states and
stable conformations. Stochastic search (200 pushes) was performed 3 and 4
times for 2 and 3, respectively, starting from different ring conformations.
Coordinates derived from the eigenvectors (produced by option 5) of
vibrational modes with negative imaginary frequencies were employed as
starting coordinates for minimization in the establishment of the formal
relationship between conformers and transition states.
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Artificial Neurons with Logical Properties Based
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Abstract: Electrochemically operated
devices based on paired-band micro-
electrode assemblies, which mimic the
five basic physicochemical steps of neu-
ronal processing of information (namely,
propagation of electrical impulse along
the emitting neuron to its synaptic cleft,
release of chemical messenger in the
synaptic cleft, diffusion of chemical
messenger across the synaptic gap, de-
tection of chemical messenger by the
receiving neuron, propagation of elec-
trical impulse along the receiving neu-
ron), can be built by taking advantage of
the unique properties of double-band


electrodes. It is shown that such artificial
neurons can be designed to perform as
Boolean logical gates with AND or OR
functionalities. The time responses of
the devices and the basic theoretical
features, which explain their unique
properties, have been investigated ana-
lytically and through accurate conformal
mapping simulations of the diffusional
cross-talk operating in the vicinity of


each coupled double-band assembly.
These simulations are in complete
agreement with experimental observa-
tions. Furthermore they allow a simple
analogy to be established between the
device at hand and a simple double
band. Based on this analogy, simple
analytical formulations of the response
time of the system and of the limiting
currents that can pass through the as-
sembly are proposed. The relevance of
the present results to other situations in
which analogous physico ± chemical
phenomena operate is also discussed.


Keywords: electrochemistry ´ logic
gates ´ oxidations ´ paired-band
electrodes ´ reductions


Introduction


In nature, transmission of specific information often proceeds
through a sequential combination of biochemical and phys-
icochemical steps. A typical illustration of this delicate
interplay between biochemical and physicochemical process-
es is given by the processing of information through a chain of
interconnected neurons. Thus, the emitting neuron sends a
potential impulse along its axon from its main cell body to its
terminal synaptic clefts, through which the neuron is con-
nected to the receiving neuron(s). This information proceeds
along the axon through the sequential opening/closing of a
series of ion channels. When this electrical stimulation reaches
the synaptic area, it forces the release of chemical neuro-
transmitters into the synaptic cleft through a still debated
sequence of biochemical events.[1] The released molecules
(e.g., dopamine) diffuse through the synaptic cleft from the
emitting neuron membrane surface to that of the receiving
neuron, where they eventually activate a receptor site. This
activation results in the creation of a second electrical impulse


that now propagates along the membrane of the receiving
neuron toward its main body, where it is processed and may be
sent to other connected neurons of this chain.


Cast into physicochemical terms this whole process can be
summarized by the following sequence of events: electrical
perturbation (potential impulse); transduction into chemical
perturbation (exocytosis of neurotransmitter); transmission
of information by diffusion (diffusion into the synaptic cleft);
transduction into a new electrical perturbation (detection and
ensuing potential impulse).


It occurred to us that the same sequence of events could be
repeated electrochemically at the micrometric scale taking
advantage of the peculiar properties of paired-band micro-
electrodes.[2, 3] Thus electrical information can be shuttled
through a chain formed by two artificial synapses connected
by an artificial neuron, by repetition of the following electro-
chemical events: electrical potential stimulation!elec-
trogeneration!diffusion!collection!new electrical stimu-
lation. This can be readily adapted to perform with the
functionality of a Boolean AND gate. Also, by use of another
design, the initial electrical information can be sent into
different geometrical directions according to its sign while it is
processed through the assembly, so that the whole device
performs with the properties of an OR Boolean logical gate.
Here we report a series of experimental and theoretical
evidence that establish the validity of these principles.[4]
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Results and Discussion


Principle of mimicked neuronal behavior : The device is
outlined in Figure 1. Two double-band electrode assem-
blies[3b,e,g] (hereafter also called the two synapses by analogy
with a biological neuron) are dipped in the same electrolyte


Figure 1. Schematic representation of the two double band assembly used
in this work. a) Schematic view of a cross section of one of the double-band
electrodes. b) Connections between the double bands and indication of the
diffusional cross-talks existing near each double band (see text). The color
code used for the electrodes (i.e., black or white) indicates only which
electrodes are short-circuited and isolated from any power supply (black
ones) and which ones are connected to the bipotentiostat (white ones)
without implication on their nature (viz. , anode or cathode).


solution containing, in our case, a molecular species (Red)
under its stable reduced form, belonging to the chemically
reversible redox couple Red/Ox. Two electrodes, one of each
double band, are connected in short circuit through a
conducting metallic lead isolated from the solution. The
second electrode of one double band (input of the first
synapse) may be submitted to a positive electrical potential
square pulse, which activates the device by oxidation of
species Red. The second band of the other double band
(output of the second synapse) is biased at a potential set on
the plateau of the reduction wave of the Red/Ox couple, in
order to collect the information.


Before the incoming potential pulse is applied to the input
of the first synapse, the ensemble of the two bands in short
circuit is in electrochemical equilibrium with the solution
containing species Red alone, and so both bands take the same
potential as the solution. When the input of the first synapse is
subjected to the oxidizing potential pulse, Red is oxidized at
its surface and diffuses cylindrically into the solution.[3e±g] This
way, a wave of oxidizing solution spreads toward the second
band of the first synapse. When this diffusional wave reaches
it, the solution surrounding the second band has a more
positive potential than the metal so that the electrode tends to
reduce it. To do so electrons must be shuttled from the band to
the solution, which normally should be impossible, because
the two short-circuited bands cannot acquire a positive charge
without reaching an infinite positive potential, since they
consist of a metallic conductor isolated from any electrical


source. However, with the present system, the band in contact
with the oxidizing solution in the first synapse may reduce it,
provided an equivalent charge is compensated by the second
synapse. This implies that the short-circuited band of the
second synapse simultaneously oxidizes at the same rate the
solution surrounding it. In other words, through microscopic
loss of charge (vide infra, in the theoretical section), the
ensemble of the two short-circuited bands adjusts its potential
at a value intermediate between that of the oxidizing solution
(created around the first synapse) and that of the still
unaffected solution (around the second synapse). Under
these conditions, the ensemble is reducing on one side (first
synapse) and oxidizing on the other side (second synapse),
and is therefore traversed by a current that corresponds to the
identical amplitudes of the fluxes of charges exchanged at
each short-circuited electrode. This way, macroscopic charges
never develop in the isolated conductor and the system
transfers the information imposed on its input band to the
second synapse. This has two consequences which are
exploited in this work (see also Morita et al.[5] for another
interesting application of this principle in the field of trace
analysis).


On the one hand, Ox is formed at the second synapse short-
circuited electrode. As explained above for the first synapse,
this creates a diffusional wave of oxidizing solution that moves
toward the paired-band electrode of the same synapse. Since
this electrode is poised on the reduction plateau of the Red/
Ox couple, every Ox molecule reaching its surface is
necessarily reduced into Red and a current necessarily flows
through the overall device, which is another way to say that
the initial information, namely, the potential square pulse
applied to the input of the first synapse, has been processed by
the neuron and transferred to the output of the second
synapse. This transmission occurs necessarily with a time
delay, since it is carried by diffusion.[3e±g] In fact (vide infra,
theoretical section), this requires a duration in the order of
t� 4 w2/{D[(1�w/g)1/2ÿ 1]2}, where D is the average diffusion
coefficient of Red and Ox species, g the gap thicknesses, and w
the common width of the band electrodes (see Figure 1a) used
in each synapse.


On the other hand, it is important to recognize that each
synapse behaves as a generator/collector paired-band assem-
bly: Red is oxidized at the input band electrode of each
synapse; the electrogenerated Ox species diffuses toward the
corresponding output band of each synapse where it is
reduced back to Red ; the regenerated Red species diffuses
back to the input band electrode where it restores the
originally depleted Red concentration, and so on. In former
works,[3e±g] we showed that this whole sequence rapidly creates
(namely, only after a few t) a steady state diffusion pattern in
the vicinity of each paired-band assembly, with the conse-
quence that ultimately identical currents flow at each paired
band, and a negligible current escapes from the vicinity of the
electrodes toward the counter electrode located far away into
the bulk solution. It is thus understood that the whole device
shuttles information from a squared pulse input through itself
and performs this operation with a filtering behavior that is
phenomenologically reminiscent of that of a first-order filter
of the time constant t.
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To conclude this section, we wish to stress that to propagate
a positive potential pulse, the two paired-band assemblies
must be bathed by a solution containing the reduced form
(Red) of a chemically reversible redox couple. Obviously, the
converse is true for propagation of a negative potential pulse.
This requirement can be used to address information in
different directions based on the positive or negative nature of
the potential pulse applied at the first synapse input. This OR
function will be illustrated experimentally below. Similarly,
this can be used to perform an AND function.


Experimental illustration


Mimicking neuronal synaptic behavior : Figure 2 shows the
experimental response of a device such as the one described in
the above section when the two artificial synapses were
dipped into the same solution [here, 5 mm ferrocene (Fc) in
MeCN/0.3m NBu4BF4] and were submitted to a potential
square pulse (here, 0.2 V to 0.8 V vs. SCE, see Figure 2a;
E0


Fc�=Fc� 0.43 V vs. SCE) applied to the input band of the first
assembly. Each synapse was composed of two paired platinum


Figure 2. Processing of a positive potential step by the assembly schema-
tized in Figure 1. Each double band-synapse consists of two platinum bands
(w� 6 mm, l' 4 mm) separated by an insulating gap in mylar (g� 2 mm)
and dipped in a solution of ferrocene (5mm in MeCN/0.3m NBu4BF4).
a) Potential pulse applied to the input of the first synapse. b) Current
monitored at the output of the second synapse. c) Current monitored at the
input of the first synapse. In b) and c) the experimental currents (symbols)
are compared with the simulated ones (solid lines).


bands (thickness: w� 6 mm; length: l' 4 mm) separated by an
insulating gap (g� 2 mm) in mylar. Each assembly was from a
cross section of an arrangement consisting of a mylar film
sandwiched in between two platinum foils glued with epoxy
resin (see Experimental Section for determination of the
dimensions of electrodes and gap). The two assemblies were
set up a few centimeters apart in the solution, one electrode of
each being connected in short-circuit by an insulated copper
wire of approximately 15 cm overall length.


Figure 2b represents the current flow through the output
band of the second synapse, shown in phase with the potential
pulse (see Figure 2a) applied to first synapse input. As
explained above, the output current rise is filtered with a


time constant of about 100 ms, a value which compares
satisfactorily with the predicted time constant (vide infra);
t� (g2/D){4(w/g)2/[(1�w/g)1/2ÿ 1]2}' 80 ms for DFc� 1.8�
10ÿ5 cm2 sÿ1, w� 6 mm and g� 2 mm.


At the beginning of the current rise period, the diffusion
layers are too small to allow a total cross-talk between the two
paired electrodes of each synapse. This is best observed upon
examination of the current flowing through the lead con-
nected to the input electrode of the first synapse (Figure 2c).
Initially, most of the Ox (Ferricinium, Fc�) flux electro-
generated at the input electrode of the first synapse is not
collected by its paired electrode, so that the current flowing
through this lead has an important Cottrellian nature; most of
the current flow escapes into the solution bulk toward the
counter electrode. However, the noncollected fraction of the
flux decreases when time becomes longer than t, because then
the diffusion layers sizes are sufficient to allow a significant
cross-talk between the paired electrodes within each synapse
and therefore between the two synapses (vide supra). Thus,
the Cottrellianlike fraction of the current vanishes progres-
sively, being replaced by a steady state current that features
the setting-up of an extensive diffusional cross-talk between
the paired-band electrodes within each synapse. Thus as time
reaches infinity (vide infra), the current in the input lead is
expected to tend toward a constant value, which is the same as
the one flowing through the output lead of the second
synapse. Under these conditions the whole information about
the current is shuttled through the assembly.


When the potential pulse ends, the input band electrode
becomes reducing versus Fc�, so that all the Fc� carriers are
consumed at each electrode of the device and the current
drops to zero, thus terminating the processing of the
information. This occurs again with a diffusional time
constant t (data not shown; compare with Figure 4).


Mimicking neuronal synaptic behavior with OR or AND
Boolean properties : The above device has phenomenological
properties that could be achieved using a single double-
band.[3e±g] Indeed, each synapse behaves almost identically,
albeit for different physicochemical reasons. Therefore, the
use of two synapses seems to complicate unnecessarily the
system and even to increase its time constant as compared
with a single synapse (vide infra). However, the use of a
device with two synapses allows us to modulate the properties
of the whole system, so that it can execute Boolean functions
while it processes the information. The nature of the Boolean
function is determined by the solutions surrounding each
synapse and by the connections within the system. We wish to
illustrate this original property by showing how AND and OR
functions can be performed.


AND logic gate : We have explained above that in order to
perform, the two synapses must be bathed by solutions of
identical redox status, for example, two solutions containing
the reduced form of a chemically reversible redox couple. This
situation (noted hereafter Red-Red) was shown to transfer
positive pulses. Respectively, two solutions containing the
oxidized form of a chemically reversible redox couple (noted
Ox-Ox) allow the transfer of a negative pulse. If now two
solutions of different redox nature are used in each synapse
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vicinity, namely, Red-Ox or Ox-Red, the information cannot
be processed because the short-circuited electrodes can only
be cathode ± cathode (Red-Ox) or anode ± anode (Ox-Red).
Passage of any significant current requires the build-up of
macroscopic charges in the short-circuited electrode assem-
bly, and this is impossible in an isolated metallic conductor.
Because of this property the above device may perform an
AND Boolean function; current passes when the two
solutions are of identical redox nature (vide supra) and is
blocked when the redox nature of the two solution differs.
This property will be experimentally checked in the following,
since it can also be used for the creation of a OR gate (vide
infra).


OR logic gate : This function requires three synapses; one
input and two output (see Figure 3). The input synapse is
dipped in a solution containing two species, Red1 and Ox2,
belonging to two different chemically reversible redox


Figure 3. Schematic representation of a Boolean OR gate after the same
fashion used in Figure 1; the three electrodes represented in white (one per
synapse) are driven by a tripotentiostat, and the three electrodes
represented in black (one per synapse) are short-circuited and isolated
from any power supply. Each double band is dipped in a different solution
contained in an independent vessel; the three solutions are connected by
electrolyte bridges to ensure closing of the circuits loops. Input synapse,
top; plus output synapse, bottom left; minus output synapse, bottom right.


couples, Red1/Ox1 and Red2/Ox2. Again, one electrode of this
synapse is connected to a potentiostat and may be subjected to
potential pulses, while the second electrode is short-circuited
with two others electrodes, one per each of the two output
synapses. One output synapse (plus output) is designed to
process the positive signal information. It is therefore dipped
into a solution containing only Red1; its second electrode is
poised on the plateau of the reduction wave of Ox1. The other
synapse (minus output), which is aimed to process the
negative information, is soaked into a solution of Ox2 only;
its second electrode is biased at a potential set on the
oxidation plateau of Red2.


With this arrangement, when a positive potential is applied
to the input electrode of the input synapse, it is processed
through the plus output according to the same physicochem-


ical processes described above, while a negative potential
signal is obviously shuttled through the minus output. A
positive pulse cannot be processed through the minus output,
because this requires the presence of a species to oxidize in
the second synapse. The converse is true for the plus output,
which lacking the presence of a species to reduce in the second
synapse cannot process a negative potential pulse. Therefore
the above system processes the potential signal applied to its
input with the properties of a OR gate; it directs the
information towards one of its two outputs according to the
sign of the potential perturbation. The physicochemical
phenomena that sustain the processing of information are
identical to those described above, therefore the transmission
is again filtered with a time constant t (vide supra). Figure 4
establishes the experimental validity of this system with


Figure 4. Processing of a potential signal by the Boolean OR gate
schematized in Figure 3. All three double bands are as described in
Figure 2. The input synapse was dipped in a solution containing ferrocene
(5mm) and TCNQ (5 mm) in MeCN/0.3m NBu4BF4. The plus output
synapse was dipped in a solution of ferrocene (5mm) in MeCN/0.3m
NBu4BF4, and the minus output synapse in a solution of TCNQ (5 mm)
in MeCN/0.3m NBu4BF4. a) Potential signal applied to the input band of
the input synapse. b) Current monitored at the input of the input synapse.
c) Current monitored at the plus output. d) Current monitored at the minus
output.


ferrocene (Red1) and TCNQ (Ox2 ; E0
TCNQÿ=TCNQ�ÿ0.08 V vs.


SCE). It is seen that when the system is submitted to a double
potential step (�0.2 to �0.8 to ÿ0.4 V vs. SCE, Figure 4a), a
current always passes through the input synapse, because
ferrocene is oxidized during the positive step, while TCNQ is
reduced during the negative one. The input current is then
positive during the positive potential step and negative during
the negative step (Figure 4b; compare Figure 2c). However,
only the positive current may be transferred at the plus
output, which contains ferrocene (Figure 4c), and only the
negative one may reach the minus output, that is, that
containing TCNQ (Figure 4d). Inspection of the rising or
descending sections in Figures 4c and 4d shows that the
response time is as expected comparable to those in Figure 2c
(ca. t �0.1 s), and therefore are in qualitative agreement with
the predictions.
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Theory : Figures 2 and 4 establish qualitatively the experi-
mental validity of the principles that have been developed
above. Information can be processed and possibly treated
logically by these double-band assemblies in a way that
mimics biological neurons operation. One key feature in the
processing of any information is the time response of the
transferring device. As observed experimentally, the time
response is governed by the occurence of a significant
diffusional cross-talk between the two bands paired within


each synapse. A quantitative
evaluation of the time constant
of the assembly can be ach-
ieved by simulation of the
diffusional cross-talk in the
series of two synapses consid-
ered above. These simulations
were performed in the confor-
mal space of the device to take
advantage of the great simpli-
fication of the problem at hand
as established previously for
double- and triple-band elec-
trodes.[2, 3e,f]


In the conformal space[2, 3c,e,f]


(see Appendix and Figure 5),
the natural geometrical ar-
rangement of a double synapse
is transformed into a system
consisting of two adjacent rec-
tangular boxes. This trans-
formed geometry smooths all


the important curvatures of the concentration profiles that
exist in the true space near the electrode edges and over the
gap region of each synapse (vide infra and Figure 7). This
allows a facile and rapid numerical resolution of Fick�s laws in
the conformal space by techniques that have been previously
elaborated and well documented for double- and triple-band
electrode assemblies.[2, 3e,f]


Through this procedure, the current response of the double-
synapse assembly discussed above can be determined and
compared with the experimental ones. This is performed in
Figure 2 for the output current (namely, that flowing through
the output lead of the output synapse; Figure 2b) and the
input current (namely, that flowing through the input lead of
the input synapse; Figure 2c) for ferrocene (DFc� 1.8�
10ÿ5 cm2 sÿ1, E0


Fc�=Fc� 0.43 V vs. SCE) used in an assembly of
two synapses (Figure 1b) with g� 2 mm, w� 6 mm, and l�
3.9 mm (first synapse) or l� 4.2 mm (second synapse) sub-
mitted to a potential square pulse. As evidenced by Figures 2b
and 2c the agreement is excellent (current magnitudes and
time constant), which quantitatively validates all the above
discussions.


Simulations allow a more careful investigation of the
behavior of the system over a longer time. Indeed, it is
apparent from Figures 2 and 4 that the output current rises
rather sharply with a time constant in the order of t.
Afterwards it still increases steadily with time, but at a
considerably slower pace. This is evidenced in Figure 6a,
which represents the experimental output current with a


Figure 6. Behavior of the system in Figures 1 and 2 over a longer time.
a) experimental variations of the output current with time for conditions
identical as in Figure 2 except for the duration of the potential step pulse
(100 s here; see text). b) Simulated variations of the amplification factor ig/
ib and collection factor ic/ig [see text and Eq. (2)] when neglecting the
interference of convection.


logarithmic time scale when the input potential signal is a step
function (from 0.2 to �0.8 V vs. SCE at time zero and
maintained at 0.8 V for more than 100 s). This figure shows
that after a fast initial rise, the output current increases almost
linearly with log(t) up to a steady state value that is reached
after about 20 s. Such a behavior is expectable considering the
diffusional properties of paired-band assemblies, albeit we
have not discussed it up to now.


Indeed, with a double-band electrode used in the gener-
ator ± collector mode (as each of the two synapses in series)
pure steady state is achieved theoretically only at after an
infinite time, because steady-state achievement requires that
the diffusional leak of the species electrogenerated at the
generator electrode toward the solution bulk becomes
negligible versus the generator current. In fact we established
previously for double-band assemblies[2, 3e] that whenever the
time scale exceeds (g�w)2/D significantly the generator
current ig and the collector current ic are related through the
relationship given in Equation (1), in which ib is the current at
a single-band electrode of identical dimensions as each of the
paired bands (i.e. , the generator current when the collector
electrode is not connected).


ib/ig� 1ÿ (ic/ig)2.01 (1)


Since ib, the single-band current, decays logarithmically
with time, steady state is approached in a logarithmic fashion
and is reached only at infinity; theoretically one has then i1b �
0 and therefore i1c � i1g [Eq. (1)]. However, this theoretical
feature cannot be observed experimentally, because it sup-
poses a diffusional transport only, while at longer times


Figure 5. Conformal space
transform of the assembly in
Figure 1 (see text and appendix
for equation of the transforma-
tion). The two conformal spaces
(i.e., (G,q) for the first synapse
and (G',q') for the second syn-
apse) are represented side to
side; the two short-circuited
electrodes in Figure 1 are repre-
sented by a single boundary with
two sides. Transformed electro-
des are represented in solid
black and transformed insula-
tors in dotted areas.
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convection interference cannot be ignored.[6] The effect of
convection becomes experimentally apparent when the dif-
fusion layer thickness (which increases with time like log(t)
for band electrodes) becomes comparable with that of the
convection free hydrodynamic layer.[7] For our experimental
conditions this occurs after a few seconds. At times longer
than a few seconds, the leakage of the species electrogen-
erated at the generator electrode toward the solution bulk
does not occur only by diffusion, but also becomes controlled
by convection. As a consequence ib i) tends to become
independent of time above a few seconds and ii) has a larger
value than it would have if controlled by diffusion only. As a
result, at infinite times a convective steady state is achieved, in
which ib [Eq. (1)] becomes constant, but is not zero so that the
collector and generator currents also become constant yet
with i1c < i1g [Eq. (1)].


The same phenomenology obviously applies to the series of
two synapses considered here; however owing to the slight
complication of diffusion cross-talk due to the presence of two
synapses, Equation (1) needs to be replaced by Equation (2)
[Figure 6b] as established by simulation in the conformal map
space.


ib/ig� 1ÿ (ic/ig)2.03 (2)


This equation is very close to Equation (1) and differs only
by the slight modification in the exponent of ic/ig. This close
similarity can be understood easily by considering the diffu-
sional situation in the conformal space[2] (Figures 5 and 7).


Figure 7. Comparison between the concentration profiles in the conformal
spaces for a) a double band operated in the generator ± collector mode, and
b) a two-synapse assembly (Figure 1) with the same double bands, when the
two systems approach steady state [Eq. (1) and Eq. (2), respectively]. The
concentration profiles are shown in both cases at t� 85t, with t� g2/D in
a) and t� (geq)2/D in b) [geq is given in Eq. (5)].


On the one hand, Figure 7b shows that the boundary
featuring the two short-circuited electrodes in the middle of
the diagram (Figure 5) functions nearly as a hole allowing
communication between the two sub-boxes featuring each
synaptic compartment. Indeed, since the two short-circuited
electrodes are necessarily at the same potential, identical
concentrations are maintained on each side of the boundary.
Also, since these electrodes cannot accumulate charges, the
moduli of the integrated current fluxes must be the same on


each side of the boundary, so that the average concentration
gradients over the boundary are identical on each side. (Note
that this is no more true for the G>w* section of the
boundary, which represents the insulating sections. Then
concentrations on each side may differ; however, the concen-
tration gradients are necessarily equal at each G value, since
they are zero.


On the other hand, it is known that most of the behavior of
double-band assemblies is governed by diffusion in the near
vicinity of the electrodes[2, 3e,f] , that is, at G�w* in the
conformal space. Considering the above, this shows that the
diffusion pattern in the conformal space featuring the two-
synapses assembly closely resembles that which would be
obtained for a single double-band element performing in a
generator ± collector mode,[2, 3e] in which the generator is the
input band electrode of the input synapse and the collector the
output band of the output synapse. This close identity is
adequately seen by inspection of Figure 7 which compares the
concentration profiles of the Red species for a double band
(Figure 7a) with the assembly of the two synapses (Figure 7b)
in their conformal spaces. However, the match is not exact
i) because of the presence of the insulating boundary in the
middle of the diagram for G>w* and ii) because although the
integrals of the current densities (i.e., the concentration
gradients) over the [0,w*] interval of G are identical, the
current densities themselves are not equal for a given value of
G. This explains why Equation (2) is extremely close to
Equation (1), but cannot be strictly identical.


The above analogy presents other interesting points. First,
because of this near equivalence, when the steady state is
approached the concentrations of Red and Ox in the middle
boundary plane are necessarily equal, that is, [Red]� [Ox]�
[Red]bulk/2, where [Red]bulk is the initial bulk concentration of
Red in each synaptic compartment. Indeed, the concentration
gradients versus q of Red and Ox in a double-band system
operating near to the steady state in generator ± collector
mode are constant in the conformal space, in the region
located between the two transformed electrodes. With the
concentration of Red being zero at the input electrode and
that of Ox being zero at the output electrode, and since
[Red]� [Ox]� [Red]bulk at each point of the solution, the
above equality ensues easily. Because of the Nernst law, this
establishes that when steady state is approached, the short-
circuited electrodes are poised at a potential equal to the
standard potential E0 of the redox couple.


Second, because at steady state [Red]� [Ox]� [Red]bulk/2 in
the middle boundary plane of the conformal space, we can
readily deduced that the steady-state current limit of the
assembly is approximately equal to half that observed when
one of the synapses is operated alone in a generator ± collector
model[2, 3e] [Equation (3), in which the subscript db stands for


istst
g � istst


c � (istst
g )db/2� (istst


c )db/2� nFD[Red]bulk 1�


� �������ÿ1
p �


Zw � g=2


g=2


��h2 ÿ g2=4��h2 ÿ fw � g=2g2�ÿ1=2 dh


2
Zg=2


ÿg=2


��h2 ÿ g2=4��h2 ÿ fw � g=2g2�ÿ1=2 dh


(3)
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a single double-band synapse and the superscript stst indicates
the steady-state limit] .


The third consequence of this near equivalence deals with
the analytical evaluation of the time response of the assembly.
The equivalent double band has a transformed gap width that
is double of that of each transformed synapse. Since homo-
thetic scaling is allowed in the transformed space,[2] this is akin
to say that the equivalent double band has the same gap width
as each band in the transformed space, but that the widths of
its transformed electrodes are half those of each transformed
synapses. Because of the conformal transformations (see
Appendix) this equivalence is expressed by Equation (4) in
which geq is the gap width in the real space of the double band
equivalent to the two-synapse assembly.


Argcosh(1� 2w/geq)� (1/2)Argcosh(1� 2 w/g) (4)


geq� g� {2(w/g)/[(1�w/g)1/2ÿ 1]} (5)


t� (geq)2/D� (g2/D)� {4(w/g)2/[(1�w/g)1/2ÿ 1]2} (6)


Equation (4) readily affords geq [Eq. (5)]. Also, the re-
sponse time t of the two-synapse assembly is readily given by
the duration of diffusion over the gap of the equivalent double
band[2, 3e] [Eq. (6)], that is, precisely what has been observed
experimentally (vide supra). Note that since tb� g2/D is the
time constant due to each individual synapses, g� 4(w/g)2/
[(1�w/g)1/2ÿ 1]2, the bracketed expression in Equation (6)
represents the delaying effect (note that one has always g>


16) due to the setting-up of significant cross-talk between each
synapse as compared with the transmission time (i.e., g2/
D[2, 3e]) when each synapse is operated alone. It is noteworthy
that g depends on w/g only, so that the delaying effect can be
adjusted at will from its minimum value (g� 16 and t� 16g2/
D, for w/g� 1) to larger values (g� 4 w/g and t� 4 wg/D, for
w/g� 1) by modifying w/g while tb depends only on the gap
and diffusivity of the electroactive material.


Relevant applications : In this last section we wish to discuss
some relevant applications of the concepts and devices
developed here (see also refs. [5a,b] for another interesting
application in the field of trace analysis).


An immediate application of the concepts developed here
is that they afford a simple interpretation of peculiar
phenomena observed in scanning electrochemical microscopy
(SECM).[8] In SECM, an ultramicroelectrode is dipped into a
solution containing an electrochemically active species (e.g.,
Red in the above) at concentration C0 and is used as a tip
moved above the surface to be explored. When the electrode
diffusion layer is not occulted by the object, and the electrode
potential poised on the plateau of the oxidation wave of Red,
the steady state current is given by Equation (7)[2] for a disc
electrode of radius r0 .


istst
disc� 4nFr0DC0 (7)


However, when the diffusion layer is partially occulted by
the object (Figure 8a), diffusion of Red is hampered and the


Figure 8. Schematic representation of scanning electrochemical micro-
scopy (SECM) in relevance with the two-synapse assemblies considered in
this work. The circle around the SECM tip electrode represents the size of
its diffusion layer, that is, the maximum region of space that is probed by
the electrode. a) Principle of current tip decrease when a nonconducting
object protrudes into the diffusion layer and hampers diffusion to the tip.
b) Principle of current tip enhancement when a conducting object
protrudes into the diffusion layer (see text).


current is then smaller than predicted in Equation (7).
Through this procedure, topology of objects can be mapped
with a resolution that approaches the size of the electrode
tip.[8b,c] However, what precedes is true only when the scanned
object is insulating and therefore cannot act as an electrode.
When the object scanned is sufficiently conducting so as to
perform as a potential electrode, one observes a current
amplification instead of a current decay whenever the object
protrudes in the diffusion layer of the electrode.[8b,c] This
peculiarity has been thoroughly explained by simulations in
Bard�s group,[8b,c] however the present work offers a simple
explanation of the phenomena operating under these circum-
stances. Indeed, provided the intruding object is a conductor,
the electrode tip and the part of the object encroaching upon
the diffusion layer constitutes a synapse akin to those
considered here. Thus, the part of conducting object contained
in the synapse operates as a cathode (i.e., reduces Ox) which
forces it, on the edges of the synapse, to behave as an anode
and oxidize Red (Figure 8b). Since steady state current at a
disc electrode originates mainly from the electrode perimeter,
the situation is then equivalent to the creation of a fake disc
electrode, larger than the size of the SECM probe, located on
the object scanned, which oxidizes Red. Because this fake
electrode has a radius R0 necessarily larger than r0, that of the
true electrode tip, it can be seen from Equation (7) that the
current is necessarily larger than when the conducting object
does not encroach upon the tip diffusion layer as observed
experimentally.


A second application which can be foreseen is related to
sensing devices. Indeed, the response time and steady state
currents of the two-synapse assemblies considered here
depend on the medium bathing the synapses through the
involvement of D (vide infra) in the expression for t [Eq. (6)].
Here to minimize the experimental difficulties and also to
simplify the system we used classical solutions possibly
connected by bridges when they were different (see AND
and OR Boolean gates and Experimental Section). An
interesting alternative would consist of the use of polymers
or polyelectrolytes around each synapse. Thus the trans-
mission properties of the two-synapse assemblies would
change according to the physicochemical status of the
polymeric solutions around each electrode, because this status
would control the diffusivity and the amount of electroactive
species in the vicinity of the synapse. Based on this, a synaptic
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nose could be designed to sense chemical species in a way
similar to recently developed artificial noses,[9] but with the
advantage of offering much more degrees of variations and in
particular the possibility of an internal logical treatment by
the device itself. Work is under progress in this direction in our
group.


A third application which can be foreseen involves the
learning aptitudes of the devices. To simplify the problem at
hand, we have used solutions containing an excess of
supporting electrolyte. Indeed, under such circumstances,
transport of molecules occur by diffusion only because
migration is suppressed.[7] If polymer is used around each
synapse and as well as low excesses of supporting electrolyte,
migration must control the transmission properties of the
assemblies. Thus, starting from a situation in which no excess
of electrolyte is present in the polymer surrounding the
synapses, the assembly should not be able to transmit any
significant information during a first stimulation. However,
passage of this feeble information should nevertheless enrich
the synaptic range in electrolyte[6, 10] so that transmission of a
second pulse should be facilitated, and so on. In other words,
the device is expected to learn to pass the information through
the passage of the information itself in a way that is
reminiscent of learning abilities of real neurons. Work is also
under progress in this direction in our group.


Conclusion


In this work we have demonstrated that devices designed on
the basis of double-band assemblies can mimic the five basic
steps of neuronal transmission: electrical stimulation of
emitting neuron!release of chemical messengers!diffusion
of chemical messengers!detection of chemical messen-
gers!electrical stimulation of receiving neuron. Thus, a
potential pulse may be processed through an assembly of two
coupled double-band electrodes, each with one short-circuit-
ed electrode. Each double-band performs as a synapse, and
the two short-circuited electrodes as the neuron body. These
simple systems can be adapted to acquire the properties of
AND or OR logical gates.


The time responses of the devices and the basic theoretical
features supporting their properties have been investigated by
undertaking a complete simulation of the diffusional cross-
talk operating in the vicinity of each coupled double-band
assembly. These simulations, based on conformal mapping,
provide results that are in complete agreement with the
experimental observations. Furthermore they allow us to
establish a simple analogy between the system at hand and a
simple double band. Based on this analogy, simple analytical
formulations of the response time of the device and of the
limiting currents that can pass through the assembly have
been achieved. Finally some potential applications of these
assemblies have been discussed, particularly in the context of
artificial nose or learning devices; however, these are still in
development in our laboratory.


Experimental Section


Chemicals : Solutions of ferrocene (Fc, Merck) and/or tetracyanoquinodi-
methane (TCNQ, Sigma) were prepared in acetonitrile (Carlo Erba, HPLC
grade) containing 0.3m tetrabutylammonium tetrafluoroborate (NBu4BF4).
NBu4BF4 was synthesized by mixing aqueous solution of NBu4HSO4 and
NaBF4 (Aldrich). The precipitate was extracted with dichloromethane
(Merck), recrystallized from ethyl acetate/petroleum ether and dried under
vacuum. Before use, the solvent was heated over calcium hydride and then
distilled under N2 atmosphere.


Double-band electrodes : The double-band assemblies were prepared
according to a previously reported procedure[3b, 11] by placing a mylar film
(2.5 mm nominal thickness, Energy Beam Sciences) as an insulator between
two sheets of platinum foil, with the whole inserted between two pieces of
soft glass. The platinum foils were purchased from Goodfellow (5 mm
nominal thickness). These materials were sealed by applying a small
amount of epoxy resin (Epon 828 with 10% triethylentretramine, Aldrich)
between all layers. Pressure was applied to the assembly with a clip to keep
the spacing between the layers as small as possible and the epoxy sealing as
tight as possible. The curing process was carried out at a temperature of
120 8C for 2 h. Electrical connections were made independently to the back
of each foil with silver epoxy (Elecolit, type 340) before completing the
double-band device by sealing the whole assembly into a glass tube. A cross
section of this assembly was then exposed with a diamond saw and polished
by successive steps with five abrasive papers of finer and finer grades (Presi
P400, P600, P1000, P1200 and P4000). The final polishing step was
performed on wet tissue (Presi NV) with alumina (Presi, 0.3 mm grain size)
and surface controlled under an Olympus binocular equipped with a video
camera. It was apparent from the photographs that albeit the parallelism of
the bands was always excellent, in some assemblies used here the bands
were misaligned lengthwise by a maximum of 3% (over a 4 mm typical
length). Band widths and gap were evaluated from photographs taken with
an Olympus microscope calibrated with 10 mm divisions. For each double-
band assembly, these dimensions (e.g., gap, electrode widths, and electrode
lengthsÐvalues reported in the text) were then determined more precisely
by finely adjusting these parameters through the simulation of voltammo-
grams obtained for each electrode and with different scan rates so as to
obtain the best fits with a single set of parameters at all scan rates. In this
adjustment procedure, the initial values were the nominal values (gap and
band thicknesses) or those obtained by optical measurements (electrodes
lengths). The diffusion coefficient of ferrocene (5mm) in our medium has
been estimated by the use of a Pt disk microelectrode (12.5 mm radius based
on independent calibration) leading to a value of DFc� 1.8� 10ÿ5 cm2 sÿ1.


Instrumentation : Experiments were conducted at room temperature under
argon atmosphere after complete degassing of the solutions by argon
bubbling. The cell (ca. 15 mL) was equipped with about a 1 cm2 apparent
surface area platinum counter electrode and a Tacussel SCE reference
electrode. Potential control of one band electrode of each synapse (see text
and Figures 1 and 3) was achieved by a locally constructed bipotentiostat
(viz. , four-electrode cell; two working electrodes, one reference electrode,
one counter electrode in the system represented in Figure 1) or by a locally
constructed tripotentiostat (viz. , five-electrode cell; three working electro-
des, one reference electrode, one counter electrode in the system
represented in Figure 3) controlled by a EGG &PAR waveform generator
(model 175). In all experiments except in those dealing with the OR
application (Figure 3), the two double bands were dipped in the same
solution and were placed a few centimeters apart to avoid any direct
communication. For the OR application, the cell consisted of three
independent cylindrical vessels interconnected by fine sintered glass
bridges to allow electrical connection, but prevent solution mixing. Each
vessel was filled with a different solution (see text and Figure 3) and
contained a single double-band electrode. Connections between the three
double-band electrodes are detailed in the text and in Figure 3. Voltammo-
grams and chronoamperograms were recorded on a Nicolet 320 digital
oscilloscope and transferred to a PC for data processing.


Simulations : Programs were written in Pascal and the simulations were
performed on a Pentium PC. All simulations were performed in the
conformal spaces of the system at hand through algorithms adapted from
previously described ones,[3e±g] based on the analysis presented in the
Appendix. The only difficulty was related to the consequences of the
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misalignment of paired bands. For introducing this effect, each paired-band
assembly was separated theoretically into three individual components and
treated by summating the currents due to each of these three individual
components. A first component is the section of the generator not flanked
by the collector. This was treated at a single-band electrode. The second
component was that in which the generator is flanked by the collector and
which was therefore treated as a double band. The third component was
that consisting of the fraction of the collector not flanked by the generator,
for which the current was set to zero because no collection could exist.
Mathematically this decomposition is correct except within the micro-
metric zones, which are the boundaries between the three sections.
However, the errors associated to these neglected zones are at most
equivalent to those associated to the neglecting of edge effects and
therefore are fully negligible.[3e±g]


Appendix


Simulations in the conformal space : Derivation of conformal space and
simulations of diffusion at double bands alone were performed as described
previously.[2, 3e±g] Derivation of conformal space and simulations of the
double-band assemblies follow readily from this previous work so that we
report here only a brief summary and principle of the method. Straight
notations (viz. , x, y, for the true space, Figure 1a; G, q, for the conformal
space, Figure 5) are used for the space variables in the first synapse, while
primed ones (viz. , x', y', G ', and q') are used in the second synapse. For each
synapse, the conformal transformations and equations are identical except
for the boundary conditions at electrode surface, which depend on the
synapse, so that these are described here for the first synapse only, while
boundary conditions will be given for each individual synapse.
The following dimensionless variables are defined as follows: a� [Red]/
[Red]bulk (concentration) and l� t/T (time), in which T is the maximum
duration of the electrochemical experiment and the others parameters are
defined in the text. Then the subsequent transformations were achieved on
the natural space variables (x, y) to introduce the conformal space (G,
q):[2, 3e±g] x� g/2 cosh(G)sin(q) and y� g/2cosh(q)sin(G). This allows us to
recast Fick�s second law [Eq. (8)], which is valid in the natural space,[7]


(note that a single Fick�s law is required since [Ox]� [Red]bulkÿ [Red],
because of mass conservation) into Equation (9), which is valid in the
conformal space[2, 3e±g] (b� [Ox]/[Red]bulk� 1ÿ a).
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In Equation (10) p� g/2(DT)1/2. Within the conformal space, the gap
thickness is p (i.e., G� 0, 0� q�p) while the electrode widths are w*�
Argcosh(1� 2g), in which g�w/g, that is, the transformed electrodes
correspond to q� 0 or p, 0�G '�w*.
The above partial derivative equation was then made discreet and solved
by numerical finite differences according to procedures we previously
reported and by the Hopscotch method.[3e±g] These numerical procedures
afford the values of a at any required mesh point of the two simulation grids
used (one for each synapse) for any time l�Dl based on those determined
at time l, where Dl is the time increment in the simulation, except for the
mesh points located on the boundaries (viz. , q� 0 or p, G� 0 or 1 , first
synapse; q'� 0 or p, G '� 0 or 1 , second synapse). To determine the a
values on the boundaries one must use the proper set of boundary
conditions at each transformed electrode and at each transformed
insulating wall, as well as at infinity (a� 1, for G!1 ). Therefore, starting
from the situation at time zero (l� 0, a� 1 at each mesh point of each grid),
a values can be determined iteratively at any point of space for any value of
l of the time and in particular at l� 1 (viz. , t�T).
At each insulating wall (q� 0 or p, w*<G) a zero flux boundary condition
applies: qa/qq� 0. The same is true over the gap (G� 0, 0�q�p): qa/qG�
0. At infinity, the solution is not affected by diffusion so that a!1 when
G!1 .


The boundary conditions at the electrode surface are more delicate, since
they depend on the electrode considered. At the input electrode of the first
synapse, the potential E is imposed externally. Considering a Nernst law
with a�b� 1, one obtains for q� 0, 0<G<w*: a� 1/[1� exp(x)], in which
x� (nF/RT)(E0ÿE) and n is the number of electrons transferred in the
Red/Ox couple and E0 its standard potential. At the output of the second
synapse, the potential is set on the plateau of Ox reduction wave (viz. , b�
0), so that for q'�p, 0�G '�w*: a� 1. The conditions on the short-
circuited electrodes (q�p, 0�G�w*, first synapse and q'� 0, 0�G '�w*,
second synapse) are implicit, because on the one hand a is constant all over
the two electrodes, since these are at an equipotential surface, that is, for
q�p, 0�G�w*, and q'� 0, 0�G ';�w* a� a*. On the other hand the
current fluxes integrated over each electrode are equal because the short-
circuited electrodes cannot accumulate macroscopic charges. In the
conformal space this condition is expressed in Equation (10), since fluxes
are conserved by conformal transformations.[2, 3e±g]
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Numerical evaluation of the gradients versus q or q' is performed through a
three point parabolic approximation as previously reported. This amounts
to express each of the above integrals as a linear function of a*, so that the
above equality affords a* as a linear function of a values at selected mesh
points of the finite difference grids used in each synaptic compartment.
Based on the above procedures, the values of a (and of b� 1ÿ a) can be
evaluated at each required mesh point for each value of the dimensionless
time l. From these concentration maps (e.g., as that shown in Figure 7b)
the currents flowing through each electrode can be readily evaluated at any
instant. Again, because of the conservation of fluxes through the conformal
transformation, the current ig at the input of the first synapse and that, ic, at
the output of the second synapse are given by the two following integrals
performed in the conformal space[2, 3e±g] [Eqs. (11) and (12)], in which l is
the common length of the electrodes in the real space.
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Evidence of the Reversible Formation of Cationic p-Allylpalladium(ii)
Complexes in the Oxidative Addition of Allylic Acetates
to Palladium(0) Complexes


Christian Amatore,* Anny Jutand,* Gilbert Meyer, and Loïc Mottier[a]


Abstract: It has been established that the oxidative addition of allylic acetate with
the palladium(0) complex, generated from a mixture of Pd(dba)2� 2 PPh3, affords a
cationic p-allylpalladium(ii) complex. This reaction is reversible and proceeds
through at least two successive equilibria. The overall equilibrium constant has been
determined in THF and DMF. The acetate ion does not act as a simple leaving group,
but plays the role of a nucleophile able to react with cationic p-allylpalladium(ii)
complexes to reproduce the allylic acetate; a process that may be responsible for the
racemization of chiral allylic acetates. In DMF, no significant ion pairing occurs and
free ions are formed. On the other hand, in THF almost complete ion pairing occurs
and almost no free ions are produced.


Keywords: allyl complexes ´ cations
´ mechanistic studies ´ palladium ´
reversible oxidative addition


Introduction


Palladium complexes are efficient catalysts in reactions
involving nucleophilic substitutions on allylic acetates
[Eq. (1)] or their derivatives (Tsuji ± Trost reactions).[1±2]


Chiral ligands on the palladium may induce enantioselective
reactions.[2]


Two kinds of catalysts are generally used, either palladi-
um(00) complexes or p-allylpalladium(ii) complexes. Oxidative
addition of palladium(00) with the allylic acetate is admittedly
supposed to be the first step of the catalytic cycle and to
proceed in two successive reactions. The first one is a
coordination of a low-ligated palladium(00) complex PdOL2


(L� phosphine ligand) to the double bond of the allylic
acetate [Eq. (2)] followed by an oxidative addition in which a
cationic p-allylpalladium(ii) complex is formed [Eq. (3)] with
release of the leaving group AcOÿ.


As a result of the nucleophilic attack on the cationic p-
allylpalladium(ii) complex, a palladium(00) complex is regen-


erated [Eq. (4)]; this may then initiate a second catalytic cycle
through Equations (2) and (3).


The feasibility of reaction shown in Equation (4) has been
well established by treating nucleophiles on authentic samples
of cationic p-allylpalladium(ii) complexes,[1±2] which are
efficient catalysts as they are precursors of palladium(00)
complexes through Equation (4). A cationic p-allylpalladi-
um(ii) complex was thus postulated as resulting from the
oxidative addition [Eq. (3)], although to our knowledge no
evidence of its formation under true catalytic conditions has
been reported. In this context, it is worth recalling that
cationic p-allylpalladium(ii) complexes are usually not syn-
thesized by an oxidative addition of allylic acetates with
palladium(00) complexes.[3] They are generally synthesized
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independently by reacting MBF4 or MBPh4 (M�Na, K) with
the p-allylpalladium(ii) chloride dimeric complex, [{Pd(h3ÿ
C3H5)(m-Cl)}2], in the presence of the ligand L.[4] Under these
conditions, the counter anion is BFÿ4 (or BPhÿ4 ), that is, not
OAcÿ as it should be when the oxidative addition is performed
from allylic acetates. Consequently, the possible role of the
acetate ion (or of another leaving group) in the overall
catalytic process has been generally omitted. Moreover, in
some cases, it is more convenient to start from a cationic p-
allylpalladium(ii) complex expected to be formed in situ from
a mixture of [{Pd(h3-C3H5)(m-Cl)}2] and the ligand L. This
reaction generates one chloride ion per palladium center, but
it is noteworthy that the role of the chloride ions is very often
neglected.[5]


Our target is to understand the mechanism of the Pd-
catalyzed nucleophilic substitution on allylic acetates better,
yet having in mind a more ambitious long-term objective, that
is, to understand the origin of the enantioselectivity achieved
in the presence of chiral ligands. This approach requires a
detailed mechanistic analysis of every step of the catalytic
cycle, independently but also in the context of the overall
catalytic reaction, that is, taking in account all the species in
solution such as anions [the leaving group of the allylic
derivative or the anions provided by the precursor of the
palladium(00)] or cations (provided by the nucleophile). In-
deed we have shown in previous contributions that these
generally omitted ions play in truth crucial kinetic roles.[6] In
this context, it is worth to recall that Trost et al. have
established that mixing a chiral allylic acetate with a
palladium(00) complex ligated by triphenylphosphine, without
any nucleophile, resulted in a partial racemization of the
allylic acetate.[7] Such racemization might be responsible for
the loss of stereospecificity observed in some palladium-
catalyzed allylic substitutions.[8] This suggests that both of the
reactions in Equations (2) and (3) are reversible and that the
acetate ion is able to attack the intermediate cationic p-
allylpalladium complex, resulting in the inversion of the initial
configuration of the chiral allylic acetate. These results
encouraged us to investigate in detail the mechanism of the
oxidative addition of palladium(00) complexes with allylic
acetate under experimental conditions close to those of a
catalytic reaction. Among the various precursors of palla-
dium(00) complexes, mixtures of PdO(dba)2 (dba� trans,trans-
dibenzylidenacetone) and phosphine ligands L, afford effi-


cient catalysts.[1, 2, 9] Indeed Pd(dba)2 is air stable and it allows
an easy investigation of the role of different phosphine ligands
in catalytic reactions just by mixing Pd(dba)2 and the desired
ligand. We have previously identified the effective palladi-
um(00) catalytic species generated in situ in mixture of
Pd(dba)2� 2 L (L�monodentate phosphine ligands)[10] by
investigating the mechanism of the oxidative addition with
phenyl iodide. In DMF and THF solvents (noted S hereafter),
the scheme shown in Equations (5) ± (7) has been establish-
ed.[10]


Pd0(dba)2� 2 L ÿ! Pd0(dba)L2� dba (5)


Pd0(dba)L2�S *)ÿÿ SPd0L2�dba (6)


SPd0L2�PhI ÿ! PhPdIL2�S (7)


PdO(dba)L2 is the major complex in solution, but the
reactive species is the low ligated complex SPdOL2. However
its concentration is always very low due to its up-hill
involment in the very endergonic equilibrium (6), thus
resulting in a slow overall reactivity. Indeed this catalytic
system was found to be less reactive than PdOL4 (L�PPh3)
emphasizing the negative role of the dba ligand in the overall
reactivity, due to its strong affinity for SPdOL2.


We report here our investigation on the mechanism of the
oxidative addition of allylic acetates with palladium(00) com-
plex generated in situ in mixtures of Pd(dba)2� 2 PPh3. Our
main contribution is to demonstrate kinetically for the first
time that i) the complex formed in the oxidative addition is
really a cationic p-allylpalladium(ii) complex and (ii) the
oxidative addition is reversible, evidencing that AcOÿ is not
only a simple leaving group as generally postulated, but that it
might play another role in the catalytic process.


Results and Discussion


Evidence of the nucleophilic attack of an acetate ion on a
cationic p-allylpalladium complex by 1H and 31P NMR
spectroscopy: 1H NMR (250 MHz, TMS) spectroscopy per-
formed on an authentic sample of the p-allylpalladium
complex [(h3-C3H5)Pd(PPh3)2][BF4] in [D1]chloroform exhib-
ited, besides the aromatic proton of PPh3, three sets of signals
(Figure 1a) at d� 5.97 (1 H, Hc), d� 3.97 (2 H, Hb), and d�
3.58 (2 H, Ha). After addition of one equivalent of nBu4NOAc
and two equivalents of dba, the signals Hc, Hb, and Ha,
corresponding to the p-allylpalladium complex became
broader (Figure 1b), while a new set of thin signals appeared
that were characteristic of the allylic acetate
CH2�CHÿCH2ÿOAc (compare with the spectrum of an
authentic sample of CH2�CHÿCH2ÿOAc shown in
Figure 1c). The OCOCH3 protons of CH2�CHÿCH2OAc
were also detected as a thin singlet at d� 2.09, while those
of CH3CO2


ÿ appeared as a broad singlet at d� 1.98.
31P NMR (101 MHz, H3PO4) spectroscopy performed on a


mixture of PdO(dba)2, two equivalents of PPh3, and fifty
equivalents of CH2�CHÿCH2OAc in DMF exhibited, besides


Abstract in French: L�addition oxydante de l�acØtate allylique
avec le complexe du palladium(00) formØ in situ dans le mØlange
Pd(dba)2� 2 PPh3 donne un complexe p-allylpalladium(ii)
cationique. Cette rØaction est rØversible et rØsulte de deux
Øquilibres successifs. La constante de l�Øquilibre global a ØtØ
dØterminØe dans le THF et le DMF. L�ion acØtate n�est donc pas
un simple groupe partant mais joue aussi le roÃle de nuclØophile
capable de rØagir avec le complexe p-allylpalladium(ii) catio-
nique pour redonner l�acØtate allylique. Cette rØaction pourrait
eÃtre à l�origine de la racØmisation de divers acØtates allyliques
chiraux. Dans le DMF, on obtient des ions libres alors que des
paires d�ions sont formØes dans le THF.
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Figure 1. 1H NMR spectrum (250 MHz, [D1]chloroform, TMS). a) [(h3-
C3H5)Pd(PPh3)2][BF4]. b) [(h3-C3H5)Pd(PPh3)2][BF4], 2 equiv of dba, and
1 equiv of nBu4NOAc. c) CH2�CHÿCH2ÿOAc.


the two signals of PdO(dba)(PPh3)2 at d1� 27.36 and d2�
25.53,[10a] a broad signal at d3� 24.06 (Figure 2a). The latter
was assigned to the cationic p-allylpalladium complex ion (h3-
C3H5)Pd(PPh3)�2 by comparison with an authentic sample of
[(h3-C3H5)Pd(PPh3)2][BF4].[11] 31P NMR spectroscopy per-
formed on an authentic sample of the p-allylpalladium
complex [(h3-C3H5)Pd(PPh3)2][BF4] in DMF exhibited one
thin singlet at d3� 24.08 (Figure 2b). After addition of one
equivalent of nBu4NOAc and two equivalents of dba to [(h3-
C3H5)Pd(PPh3)2][BF4], the signal d3 became broad, while a set
of two signals appeared at d1� 27.35 and d2� 25.52 (Figure 2c)
that are characteristic of PdO(dba)(PPh3)2.[11b] Thus, starting
either from Pd(dba)2, two equivalents of PPh3 and
CH2�CHÿCH2ÿOAc, or from [(h3-C3H5)Pd(PPh3)2][BF4]
with two equivalents of dba and one equivalent of AcOÿ


resulted in similar 31P NMR spectra (compare Figure 2a and
2c).


These 1H and 31P NMR experiments indicate that a
palladium(00) complex is formed together with the allylic
acetate by attack of the acetate ion on the cationic p-
allylpalladium complex. The fact that the 1H and 31P NMR
signals of the cationic p-allylpalladium complex were broad in
the presence of dba and acetate ion evidences that this
complex is involved in an equilibrium [see Eq. (8)].


(h3-C3H5)Pd(PPh3)�2 �AcOÿ� dba >


Pd0(dba)(PPh3)2�CH2�CHÿCH2ÿOAc
(8)


Moreover, since broad and thin signals were simultaneously
observed on the same NMR spectrum, the equilibrium shown
in Equation (8) involves at least two successive equilibria with
different equilibration rates. Thus, we tend to consider that
(h3-C3H5)Pd(PPh3)�2 and AcOÿ are involved in a first and


faster equilibrium than the
second one, which connects
the intermediate species
formed to the final neutral
species PdO(dba)(PPh3)2 and
CH2�CHÿCH2ÿOAc.


Evidence, by conductimetric
studies in DMF, of the reversi-
ble formation of a cationic p-
allylpalladium(iiii) complex in
the oxidative addition of allylic
acetate with the palladium(00)
complex, which is formed in the
mixture Pd(dba)2� 2 PPh3 :
Since the oxidative addition of
allylic acetate to a palladium(00)
complex is supposed to produce
ionic species, conductimetric
experiments were performed
in THF on a mixture of PdO-
(dba)2 (2 mmol dmÿ3) and two
equivalents of PPh3, after addi-
tion of 100 equivalents of
CH2�CHÿCH2ÿOAc. Howev-
er, no significant conductance
could be obtained at 20 8C. The
resulting ionic p-allylpalladi-
um(ii) complex {(h3-C3H5)Pd-
(PPh3)�2 AcOÿ} is probably ion-
paired in THF,[12] thus exclud-
ing any kinetic investigation by
conductance measurements.
Therefore, another solvent was
investigated (DMF) in which
free ions might be produced.


Conductimetric studies on
a mixture of PdO(dba)2


(2 mmol dmÿ3) and two equiva-
lents of PPh3, in DMF at 20 8C,
showed a residual conductance of 0.2 mS. After addition of
n� 6.2 equivalents of CH2�CHÿCH2ÿOAc, the conductance
increased as a function of time to reach a plateau (Figure 3a).
Successive addition of the allylic acetate resulted in the same
phenomenon and enhanced the plateau conductance value
(Figure 3a).


From these experiments one deduces qualitatively that on
the one hand, ionic species are formed by the reaction of
palladium(00) complex with the allylic acetate, and on the other
hand that these ionic species are involved in an equilibrium
with the starting reagents, because their concentration
increases upon increasing the excess concentration of allylic
acetate. Addition of increasing amounts of the allylic acetate
resulted in a shift of the equilibrium towards the formation of
the ionic species.


Figure 3b exhibits the variation of the conductivity of a
solution of Pd(dba)2 (2 mmol dmÿ3), containing two equiva-
lents of PPh3 and fifty equivalents of the allylic acetate, in the
presence of increasing amounts of dba, in DMF at 2 8C. When


Figure 2. 31P NMR spectrum
(101 MHz) performed in
0.5 mL of DMF and 0.05 mL
of [D6]acetone with H3PO4 as
an external reference. a)
Pd(dba)2, 2 equiv of PPh3, and
50 equiv of CH2�CHÿCH2ÿ
OAc. b) [(h3-C3H5)Pd-
(PPh3)2][BF4]. c) [(h3-C3H5)Pd-
(PPh3)2][BF4], 2 equiv of dba,
and 1 equiv of nBu4NOAc.
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the concentration of dba increased, the limiting value of the
conductance of the solution decreased; this shows that dba
also controls the equilibrium concentration of the ionic
species, whose concentrations decreased when the concen-
tration of dba increased.


Therefore, Equation (9) reasonably expresses the overall
equilibrium taking place when the allylic acetate is added to a
solution of PdO(dba)2 and two equivalents of PPh3 (note that
the formation of PdO(dba)(PPh3)2 is omitted for clarity [see
Eq. (5)][10a]). The complex [(h3-C3H5)Pd(PPh3)2]�[AcO]ÿ


could formally be synthesized in situ by mixing stoichiometric
amount of [nBu4N]�[AcO]ÿ and [(h3-C3H5)Pd(PPh3)2]�[BF4]ÿ


according to Equation (10).


PdO(dba)(PPh3)2�CH2�CHÿCH2ÿOAc )*
K0


(h3-C3H5)Pd(PPh3)�2 �OAcÿ� dba
(9)


[nBu4N]�[AcO]ÿ� [(h3-C3H5)Pd(PPh3)2]�[BF4]ÿ ÿ!
[(h3-C3H5)Pd(PPh3)2]�[AcO]ÿ� [nBu4N]�[BF4]ÿ


(10)


The conductance of a solution of nBu4NOAc
(2 mmol dmÿ3) in DMF at 20 8C, was G1� 89 mS. The con-
ductance of a solution of the ionic complex [(h3-
C3H5)Pd(PPh3)2][BF4] (2 mmol dmÿ3) was G2� 96.5 mS. The
conductance of a solution of [nBu4N][BF4] (2 mmol dmÿ3) was
G3� 136.5 mS. For these three salts, the conductivity varied
linearly with their concentration (in the range used here, i.e.,
from 0.2 to 6 mmol dmÿ3) demonstrating that free anions and
cations were present in solution without significant involve-
ment of ions pairs. If the reaction given in Equation (10) were
quantitative, the conductance of the complex [(h3-
C3H5)Pd(PPh3)2]�[AcO]ÿ should be G4� (G1�G2)ÿG3�
49� 3 mS. As shown in Fig-
ure 3a, this limiting value was
not reached even in the presence
of 100 equivalents of allylic ace-
tate (36 mS), showing that the
formation of the complex [(h3-
C3H5)Pd(PPh3)2]�[AcO]ÿ is not
quantitative. This may be a
result of an involvement in the
equilibrium shown in Equa-
tion (9), which could not be
totally shifted to its right-hand
side and/or because the p-allyl-


palladium(ii) complex formed in Equation (9) was partially
ion-paired.


The reaction of [(h3-C3H5)Pd(PPh3)2][BF4] with AcOÿ and
dba was also monitored by conductivity in DMF. The
conductivity of a solution of [(h3-C3H5)Pd(PPh3)2]�[BF4]ÿ


(2 mmol dmÿ3) increased rapidly after addition of two equiv-
alents of dba and one equivalent of nBu4NOAc; this is a result
of the additional conductivity of nBu4NOAc (Figure 3c).
However, within a few seconds we observed a decay of the
conductivity of the solution indicating that ionic species were
consumed and that neutral species were slowly formed as a
function of time. This experiment demonstrates that the
acetate ions are able to react with a cationic p-allylpalladi-
um(ii) complex to form neutral species [Eq. (8)].[13] This is the
first quantitative evidence in favor of the reversibility
established qualitatively in Equation (9).


Further evidence of the reversibility of the oxidative addition
of allylic acetate with the palladium(00) complex formed in the
mixture Pd(dba)2� 2 PPh3


By UV spectroscopy: determination of the equilibrium con-
stant in DMF and THF : As already reported, the complex
Pd(dba)(PPh3)2 (1 mmol dmÿ3 in DMF), quantitatively
formed in mixture of Pd(dba)2� 2 PPh3, was characterized
by UV spectroscopy with its absorption band at
lmax� 396 nm (Figure 4a).[10b] Addition of six equivalents of
CH2�CHÿCH2ÿOAc to this solution resulted in a fast decay
of the absorbance of Pd(dba)(PPh3)2 which quickly reached a
constant value. Successive additions of excess of the allylic
acetate resulted in successive additional decays of the
absorbance of Pd(dba)(PPh3)2, showing that the concentra-


Figure 3. Conductance measurements in DMF. a) Pd(dba)2 (2 mmol dmÿ3) and PPh3 (4 mmol dmÿ3) in the presence of n equiv of CH2�CHÿCH2ÿOAc at
20 8C. b) Pd(dba)2 (2 mmol dmÿ3), PPh3 (4 mmol dmÿ3), and CH2�CHÿCH2ÿOAc (100 mmol dmÿ3) in the presence of various amounts of dba at 2 8C. c) [(h3-
C3H5)Pd(PPh3)2][BF4] (2 mmol dmÿ3) alone and then addition of 2 equiv of dba and 1 equiv of nBu4NOAc at 20 8C.


Figure 4. UV spectrum performed in DMF in a 1 mm path cell. a) Pd(dba)2 (1 mmol dmÿ3) and PPh3


(2 mmol dmÿ3) in the presence of n equiv of CH2�CHÿCH2ÿOAc at 20 8C. b) [(h3-C3H5)Pd(PPh3)2][BF4]
(2 mmol dmÿ3), dba (4 mmol dmÿ3), and nBu4NOAc (2 mmol dmÿ3) at 20 8C as a function of time (Dt� 6.5 s
between two spectra).
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tion of this complex was controlled by an equilibrium
involving the allylic acetate. We deduce from Figure 4a that
more than 210 equivalents of allylic acetate were required to
drive the reaction to completion, as evidenced by the
complete disappearance of the Pd(dba)(PPh3)2 absorption
band. The decay of the absorbance of Pd(dba)(PPh3)2 at
lmax� 396 nm was concomitant with the increase of the
absorbance of dba, at lmax� 330 nm. At least three isobestic
points were observed, characterizing species involved in an
equilibrium as described in Equation (9).


The reaction of [(h3-C3H5)Pd(PPh3)2][BF4] with two equiv-
alents of dba and one equivalent of AcOÿ was monitored by
UV spectroscopy in DMF (Figure 4b). A solution of [(h3-
C3H5)Pd(PPh3)2][BF4] (2 mmol dmÿ3) did not exhibit any
absorbance bands at around 400 nm. After addition of two
equivalents of dba and one equivalent of nBu4NOAc, the
absorption band characteristic of Pd(dba)(PPh3)2 at lmax�
396 nm grew as a function of time (Figure 4b). This experi-
ment definitively establishes that the acetate ions react with
the cationic p-allylpalladium(ii) complex to regenerate a
palladium(00) complex as in Equation (8).


We conclude that the oxidative addition of the allylic
acetate with the palladium(00) complex formed in situ from a
mixture of Pd(dba)2� 2 PPh3 is a reversible reaction leading
to a cationic p-allylpalladium(ii) complex and one acetate ion.
The equilibrium constant K0 has been calculated in DMF
based on the UV spectra of solutions of Pd(dba)2 containing
two equivalents of PPh3 and various amounts of
CH2�CHÿCH2ÿOAc. In a first attempt, we only considered
the formation of free ions in solution [see Eq. (9)].


At equilibrium [Pd(dba)L2]�C0(1ÿ x), [CH2�CHÿ
CH2ÿOAc]�C0(nÿ x), [h3-C3H5)PdL�2 ]� [OAcÿ]�C0x, and
[dba]�C0(1� x), in which C0 is the initial concentration of
Pd(dba)2, n is the number of equivalents of the allylic acetate
and x� (D0ÿDeq)/(D0ÿD1) (D0: initial absorbance of
PdO(dba)(PPh3)2, Deq: absorbance at the equilibrium position,
D1 : absorbance when the equilibrium in Equation (9) is
totally shifted to its right-hand side). D values were measured
at l� 405 nm.[14] The equilibrium constant K0 is therefore
given by Equation (11).


K0�
�h3-C3H5�PdL�2 ��OAcÿ��dba�


�Pd�dba�L2��CH2�CHÿCH2ÿOAc� �
C0x2�1 � x�
�1ÿ x��nÿ x�


K0


C0


� x2�1 � x�
�1ÿ x��nÿ x�


(11)


The plot of C0(1� x)/
(nÿ x)(1ÿ x) versus 1/x2 for
different values of n and C0 ,
gives a straight line with a zero
intercept (Figure 5), thus con-
firming that ion-pairing is neg-
ligible. The equilibrium con-
stant is then readily calculated
from the slope, K0(DMF)�
3.5(�0.4)� 10ÿ5 mol dmÿ3, at
20 8C.


From the above value of K0 ,
one can evaluate x for any


Figure 5. Determination of the equilibrium constant K0 in DMF [Eq. (9)]
from UV spectroscopy. Plot of C0(1� x)/(1ÿ x)(nÿ x) as a function of 1/x2.
C0� [Pd(dba)2]0, n equiv of CH2�CHÿCH2ÿOAc, x� (D0ÿDeq)/(D0ÿ
D1) (D0 : initial absorbance of PdO(dba)(PPh3)2, Deq : absorbance at the
equilibrium position, D1 : absorbance when the equilibrium [Eq. (9)] is
totally shifted to its right-hand side). Slope� 3.5� 10ÿ5m, 1� 0.97.


values of n and C0. The conductance measured for different
values of n (from the plateaus of Figure 3a) can then be
plotted as a function of x. This plot represented in Figure 6a is
a straight line extrapolated to x� 1. This extrapolated
conductance value of 56� 3 mS corresponds to the quantita-
tive formation of (h3-C3H5)Pd(PPh3)�2 and AcOÿ in Equa-
tion (9), under the experimental conditions of Figure 3a. This
extrapolated value is close to the theoretical value of 49 mS,
calculated above for free ions [Eq. 10]. This again supports
the fact that (h3-C3H5)Pd(PPh3)�2 and AcOÿ are formed as
free ions in DMF through the reaction in Equation (9),
therefore validating a posteriori the hypothesis we used for
the calculation of K0. The extrapolated value of the con-
ductance was determined for different concentrations C0 of
Pd(dba)2 and plotted as a function of C0 (in the range of 1 to
10 mmol dmÿ3). Figure 6b shows that the conductance of
cationic complex/acetate ion solutions varied linearly with the
palladium concentration. This definitively establishes that
there are free ions in DMF and no significant ion pairing.


In THF, the complex Pd(dba)(PPh3)2, (1 mmol dmÿ3)
quantitatively formed in the mixture of Pd(dba)2 and two
equivalents of PPh3 exhibited an adsorption band at lmax�
394 nm. Successive additions of CH2�CHÿCH2ÿOAc resulted
in a decay of the absorbance, which reached a constant value.
As in DMF, the oxidative addition is a reversible reaction.


Figure 6. a) Plot of the conductance of solutions of Pd(dba)2 (2 mmol dmÿ3), PPh3 (4 mmol dmÿ3), and n equiv of
CH2�CHÿCH2ÿOAc (from the plateaus of Figure 3a) versus x (calculated from the experimental value of K0) at
20 8C. 1� 0.995. b) Plot of the conductance (calculated by extrapolation to x� 1 as in Figure 6a) versus the
concentration of Pd(dba)2 at 20 8C. 1� 0.994.
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Since the p-allylpalladium(ii) complex {(h3-C3H5)Pd-
(PPh3)�2 ,AcOÿ} was found to be ion-paired in THF, the
expression of the equilibrium constant [Eq. (13)] for the
reaction given in Equation (12) differs from that expressed in
DMF, in which only ion pairs are considered [see above
Eqs. (9) and (11)].


PdO(dba)(PPh3)2�CH2�CHÿCH2ÿOAc )*
K
�
0


{(h3-C3H5)Pd(PPh3)�2 ,OAcÿ}� dba
(12)


K�
0�


�fh3-C3H5�PdL�2 OAcÿg��dba�
�Pd�dba�L2��CH2�CHÿCH2ÿOAc�


K0
�
0�


x�1 � x�
�1ÿ x��nÿ x�


(13)


At equilibrium [Pd(dba)L2]�C0(1ÿ x), [CH2�CHÿ
CH2ÿOAc]�C0(nÿ x), [{h3-C3H5)PdL�2 OACÿ}]�C0x, and
[dba]�C0(1� x), in which C0 is the initial concentration of
Pd(dba)2, n the number of equiv of the allylic acetate and x�
(D0ÿDeq)/(D0ÿD1) (D0 : initial absorbance of PdO-
(dba)(PPh3)2, Deq: absorbance at the equilibrium position,
D1 : absorbance when the equilibrium [Eq. (12)] is totally
shifted to its right-hand side). Absorbencies D were measured
at l� 405 nm and K0 was calculated for different values of x
and n. K0*(THF)� 1 (�0.4)� 10ÿ2 at 20 8C.


By cyclic voltammetry : As already reported, voltammetry of a
mixture of PdO(dba)2 (2 mmol dmÿ3) and two equivalents of
PPh3 performed at a rotating disk electrode in DMF, exhibits
the two successive oxidation waves O1, characteristic of
PdO(PPh3)2, and O2, characteristic of Pd(dba)(PPh3)2, in-
volved in the equilibrium given in Equation (6).[10a] Addition
of one equivalent of CH2�CHÿCH2ÿOAc resulted in an
immediate, but small, decay of these oxidation waves
(Figure 7a) and provoked a shift to less positive potentials.
After successive additions of the allylic acetate, one observed
corresponding decays of the oxidation currents to zero at
large excesses of the allylic acetate. Since the current is
proportional to the concentration of the palladium(00) com-
plexes, we conclude again that the palladium(00) complexes are
involved in an equilibrium with the allylic acetate as in given
in Equation (9).


A third oxidation wave O3 was also observed. Its oxidation
current grew with the concentration of the allylic acetate,
while those of waves O1 and O2 decayed. Wave O3 was readily
assigned to the oxidation of the acetate anions, by comparison
with the voltammetry of authentic samples of nBu4NOAc. In
the presence of 200 equivalents of allylic acetate, the palla-
dium(00) complexes almost disappear (Figure 7a) and the
oxidation wave O3 of the acetate ions was only observed.


The cyclic voltammogram of a solution of [(h3-
C3H5)Pd(PPh3)2][BF4], 2 mmol dmÿ3, in DMF did not exhibit
any oxidation peaks, but a main reduction peak R0 was
observed at ÿ1.31 V versus SCE (Figure 7b). After addition
of two equivalents of dba and one equivalent of nBu4NOAc,
the oxidation wave O2, characteristic of Pd(dba)(PPh3)2, was
observed at �0.55 V versus SCE.[10a] This experiment stresses
again that the acetate ions react with the cationic p-
allylpalladium(ii) complex to regenerate a palladium(00) com-
plex as given in Equation (8).


Conclusion


All these experiments establish that, in DMF, the oxidative
addition of allylic acetate with the palladium(00) complex,
generated from a mixture consisting of Pd(dba)2� 2PPh3


[Eqs. (5) and (6)], affords cationic p-allylpalladium(ii) com-
plexes by a reversible process involving at least three
successive equilibria [Eqs. (6), (14), and (15)], leading to an
overall equilibrium situation in which no significant ion
pairing occurs (Scheme 1).


Pd0(dba)2� 2 L ÿ! Pd0(dba)L2 (5)


Pd0(dba)L2�S > SPd0L2� dba (6)


The equilibrium shown in
Equations (14) and (15) are
connected through a common
intermediate. Although not
demonstrated in this work, the
palladium(00) is probably ligated
by the olefin double bond as it
is in Pd(dba)(PPh3)2 com-
plex.[10] In THF, the same reac-
tions occur except that one
must consider that, in addition,
almost complete ion pairing
occurs so that almost no free
ions produced (Scheme 1).


Our work evidences that the
role of the acetate ion cannot
be considered as a simple inno-


Figure 7. a) Cyclic voltammetry performed in DMF (containing nBu4NBF4, 0.3 mol dmÿ3) at a rotating gold disk
electrode (i. d.� 2 mm, scan rate of 20 mV sÿ1, angular velocity of 105 rad sÿ1) at 20 8C. Pd(dba)2 (2 mmol dmÿ3)
and PPh3 (4 mmol dmÿ3) in the presence of: (Ð) 0, (- - -) 1, (´ ´ ´ ) 5, (� �� ) 50, and (x x x) 200 equiv of
CH2�CHÿCH2ÿOAc at 20 8C. b) Cyclic voltammetry performed in DMF (containing nBu4NBF4, 0.3 mol dmÿ3) at
a stationary gold disk electrode (i. d.� 0.5 mm, scan rate of 200 mV sÿ1) at 20 8C: (Ð) [(h3-C3H5)Pd(PPh3)2][BF4]
(2 mmol dmÿ3); (- - -) [(h3-C3H5)Pd(PPh3)2][BF4] (2 mmol dmÿ3), PPh3 (4 mmol dmÿ3), and nBu4NOAc
(2 mmol dmÿ3).
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Scheme 1. Overall equilibrium situation in DMF and THF. K0�
3.5(�0.4)� 10ÿ2 in DMF at 20 8C; K�


0� 1(�0.4)� 10ÿ2 in THF at 20 8C.


cent leaving group. Indeed, its reaction as a nucleophile with
the p-allylpalladium(ii) complex can compete with other
softer nucleophiles.[8] This competition of course becomes
higher and higher as the reaction proceeds due to increasing
concentration of acetate ions, released from the allylic acetate
with concomitant decay of the nucleophile concentration. In
DMF (free ions) the acetate ion is located far from the
cationic p-allylpalladium(ii) center and may not greatly
influence the electronic density on the palladium(ii) atom.
On the other hand, in THF the acetate ion sticks on the
palladium(ii) complex (ions pair) and, consequently, not only
diminishes the positive charge on the palladium(ii), but also
enhances/modifies the steric hindrance around the palladium;
these two factors should influence the reactivity of the p-
allylpalladium(ii) complex with nucleophiles.


These results concerning the reversibility of the oxidative
addition, that is, the existence of the backward reaction in
Equation (15), are in agreement with work done by Trost and
Bäckvall[7, 8] as recalled in the Introduction. Our work
establishes this reversibility kinetically and determines the
thermodynamics of the equilibrium. However, the exact
mechanism (one or two steps) of the backward reaction in
Equation (15) cannot be clarified from our work. Based on
literature, two situations may occur as a function of the
nucleophilic properties of the acetate. If the acetate anion is
considered as a soft nucleophile, it gives rise to an anti attack
with inversion of the configuration[15a] on the cationic p-
allylpalladium complex (itself resulting from an anti oxidative
addition with inversion of the configuration[15b]), and the
overall reaction should lead to the initial enantiomer with
retention of the configuration. The partial observed inversion
is generally understood as an inversion of the stereochemistry
of the p-allylpalladium(ii) complex either by a p ± s ± p


mechanism[2a,f, 8a, 16] or by an SN2 reaction of the palladium(00)
complex with the p-allylpalladium(ii) complex, as established
by Bäckvall et al.[8d] The acetate ion may interfere in one of
these two mechanisms. Moreover, a mechanism in which
racemization would proceed by an internal attack of the allyl
moiety by the acetate ligated to the palladium is not
excluded.[8, 17] In the presence of a chiral ligand, the racemi-
zation of a prochiral allylic acetate as a consequence of a
reversible oxidative addition should favor enantioselectivity
by dynamic kinetic resolution.


When other allylic derivatives are considered, the oxidative
addition may be not reversible as it will depend on the
nucleophilic properties of the leaving group. In such cases, fast
inversion of the intermediate diastereoisomeric p-allylpalla-
dium(ii) complexes is required to achieve enantioselectivity.[2a]


The mechanism of oxidative addition of allylic acetates with


palladium(00) complexes, generated in situ in mixtures of
Pd(dba)2 and phosphine ligands, is now under investigation as
a function of the leaving group and the ligand in order to
examine the generality of this reaction.


Experimental Section


General: 31P NMR spectra were recorded on a Bruker spectrometer
(101 MHz) with H3PO4 as an external reference. UV spectra were recorded
on a DU 7400 Beckman spectrophotometer. Cyclic voltammetry was
performed with a home made potentiostat and a wave form generator
Tacussel GSTP4. The cyclic voltammograms were recorded on a Nico-
let 301 oscilloscope. Conductivity was measured on a Tacussel CDM210
conductivity meter (cell constant� 1 cmÿ1).


Chemicals: DMF was distilled from calcium hydride under vacuum and
kept under argon. Commercial allylic acetate CH2�CHÿCH2ÿOAc (Acros)
was used after filtration on alumina. Commercial p-allylpalladium(ii)
chloride dimer complex, [{Pd(h3-C3H5)(m-Cl)}2] (Acros), was used without
any purification. Pd(dba)2 was prepared according to described proce-
dures.[18] The synthesis of [(h3-C3H5)Pd(PPh3)2][BF4] was adapted from a
related procedure.[4]


Synthesis of [(h3-C3H5)Pd(PPh3)2][BF4]: PPh3 (0.262 g, 1 mmol) in acetone
(3 mL) was added to a solution of [{Pd(h3-C3H5)(m-Cl)}2] (0.1 g, 0.27 mmol)
in acetone (5 mL). Water (4 mL) was added followed by NaBF4 (0.161 g,
1.5 mmol) in water (2 mL), leading to the formation of a precipitate.
Crystallization from dichloromethane/methanol afforded white crystals of
pure [(h3-C3H5)Pd(PPh3)2][BF4]. The complex was characterized by 1H and
31P NMR spectroscopy (see Figures 1 and 2).


UV experiments : These experiments were performed in a thermostated
1 mm path-length cell on mixtures of Pd(dba)2 (1 mmol dmÿ3) and
2 equivalents of PPh3 in DMF or THF and the suitable amount of
CH2�CHÿCH2ÿOAc. UV spectra of a solution of [(h3-
C3H5)Pd(PPh3)2][BF4] (2 mmol dmÿ3) containing 2 equivalents of dba and
1 equivalent of nBu4NOAc were recorded as a function of time.


Electrochemical set-up and electrochemical procedure for voltammetry :
Experiments were carried out in a three-electrode cell connected to a
Schlenk line. The counter electrode was a platinum wire of about 1 cm2


apparent surface area; the reference was a saturated calomel electrode
(Tacussel) separated from the solution by a bridge filled with DMF (3 mL)
containing nBu4NBF4 (0.3 mol dmÿ3). DMF (12 mL) containing nBu4NBF4


(0.3 mol dmÿ3) were poured into the cell followed by Pd(dba)2 (13.8 mg,
0.024 mmol), PPh3 (12.6 mg, 0.048 mmol), and various amounts of
CH2�CHÿCH2ÿOAc. Cyclic voltammetry was performed at a rotating
gold disk electrode (i.d. 2 mm) with a scan rate of 20 mV sÿ1 and an angular
velocity of 105 rad sÿ1. Cyclic voltammetry was performed at a steady gold
disk electrode (i.d. 0.5 mm) with a scan rate of 0.2 V sÿ1) from a solution of
[(h3-C3H5)Pd(PPh3)2][BF4] (18.2 mg, 0.024 mmol) in DMF, and then on the
same solution containing dba (11.2 mg, 0.048 mmol) and nBu4NOAc
(7.2 mg, 0.024 mmol).
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Reactivity of Alkynyl Platinum Complexes towards PPh2H and PPh2(O)H:
Unexpected Formation of Alkynyl Tetralithium Diplatinum Compounds
Stabilized by m3-(k3P,O,O-PPh2Oÿ) Ligands


L. R. Falvello,[a] J. FornieÂs,*[a] J. GoÂ mez,[b] E. Lalinde,*[b] A. Martín,[a]


M. T. Moreno,[b] and J. SacristaÂn[b]


Abstract: The reactivity of Li2-
[Pt(C�CR)4] and cis-[Pt(C�CR)2COD]
(R� tBu a, Ph b) towards PPh2H and
PPh2(O)H has been investigated. The
course of the reaction of Li2[Pt(C�CR)4]
with PPh2H strongly depends not only
on the reaction conditions employed,
but also on the alkyne subtituent R.
Thus, treatment of Li2[Pt(C�CtBu)4]
with PPh2H (1:3) in an acetone/ethanol
mixture affords trans-[Pt(C�CtBu)2-
(PPh2H)2] (1 a) together with an un-
usual tetralithium diplatinum species
[{Pt(C�CtBu)2ÿx(PPh2O)2�xLi2Sn}2] (x�
0, Sn� (H2O)3 2'a ; x� 1, Sn� (H2O)2


3'a) in low yield. Complexes
[{Pt(C�CtBu)2(PPh2O)2Li2(m-H2O)-
(Me2CO)2}2] (2 a) and [{Pt(C�CtBu)-
(PPh2O)3Li2(H2O)(thf)}2] (3 a) have
been characterized by X-ray diffraction.
On the other hand, treatment of
Li2[Pt(C�CPh)4] with PPh2H (1:3 molar


ratio) allows the synthesis not only of
the analogous derivatives 1 b and 2'b,
but also of the unexpected, novel mono-
nuclear compound [Pt(C�CPh)2-
(PPh2CHPhCH2PPh2)] (4 b), which has
been characterized by X-ray diffraction
and contains cis-terminal alkynyl groups
and the new chelating ligand 1-phenyl-
1,2-bis(diphenylphosphino)ethane. Sim-
ilar s-alkynyl complexes cis-
[Pt(C�CR)2(PPh2H)2] 5 are easily pre-
pared by displacement of the cycloocta-
diene (COD) ligand from the precursor
cis-[Pt(C�CR)2COD] at low tempera-
ture (ÿ30 8C) by PPh2H. The unexpect-
ed diplatinum complex [{Pt(C�CtBu)(m-
PPh2)(PPh2H)}2] (6 a), also character-


ized by X-ray diffraction, is also formed
(2% yield) during the synthesis of com-
plex 5 a. By contrast, cis-[Pt-
(C�CR)2COD] reacts with PPh2(O)H
in CH2Cl2 at low temperature (ÿ40 8C),
either in 1:2 or 1:3 molar ratio, to
produce novel diphenylphosphinous
acid/phosphinite complexes [{Pt(C�CR)-
{(PPh2O)2H}(PPh2OH)] 7, which are
precursors of the related neutral com-
pounds [Pt(C�CR){(PPh2O)2H}L] (L�
PEt3, PPh2H, CNtBu 8 ± 10) and
the ionic (NBu4)[Pt(C�CR)(CN)-
{(PPh2O)2H}] (11), which are formed
through simple PPh2OH substitution
reactions. Complexes 7 can also be
doubly deprotonated by LiOH to give
the corresponding tetralithium diplati-
num species 3 ; this route is the most
convenient one for the synthesis of 3 a
and the only one for complex 3 b.


Keywords: alkynyl ´ diphenylphos-
phine ´ lithium ´ phosphinite ´
platinum


Introduction


Transition metal complexes with s-acetylide ligands have
attracted considerable attention recently,[1] partly because of
their close relationship to organometallic vinylidene chem-
istry,[2] but also because of their role as promising building
blocks in the design of species containing linear arrays of


delocalized p systems.[3] Investigations in this area range from
basic chemical transformations to the synthesis of new
materials with enhanced nonlinear optical properties or to
the preparation of liquid crystals and polymeric materials.[1±3]


As a result of the wide variety of metals and coligands used,
the family of acetylide complexes is now quite large.[1]


Usually, these complexes are stabilized by innocent neutral
ligands, such as tertiary phosphines or arsines (ER3; E�P,
As), diphosphines, and so forth. However, as far as we know,
similar compounds containing secondary or primary phos-
phines (PR2H or PRH2) as coligands are very scarce.[4] This
could be due in part to the fact that the high reactivity of PÿH
bonds in these molecules will have restricted the use of the
most conventional synthetic methods employed for acetylide
compounds.[1±4] On the other hand, it is well established that
addition reactions of HÿE (E� a heteroatom or group) across
unsaturated carbon linkages are an important class of
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reactions from a synthetic viewpoint.[5] However, in spite of
recent interest in the metal-catalyzed interaction of PÿH
bonds with acetylenes,[6] the reactivity of alkynyl complexes
towards these acidic phosphines has scarcely been explored,[7]


in contrast to the very rich chemistry developed for related
acetylene (RÿC�CR) or alkylidyne (M�CR) bridging com-
plexes.[8a±e] PÿC coupling reactions through the insertion of
acetylenes, either at terminal or bridging PR2 groups, have
been also documented.[8f±j] In the context of these molecules it
should be noted, however, that many di- and polynuclear
complexes stabilized by phosphido (mÿPRÿ2 ) and acetylide (m-
C�CRÿ) bridges have been prepared through PÿC(alkyne)
bond cleavage reactions starting from phosphinoacetylene
(PR2C�CR) and metal carbonyls.[9]


Following our work on polymetallic alkynyl dibridged
platinum complexes,[10] we recently explored the reactivity
of diphenylalkynylphosphine compounds cis-[PtX2-
(PPh2C�CR')2] (X�Cl[11a] or C�CR[11b] ; R, R'�Ph, tBu)
towards the labile neutral species cis-[Pt(C6F5)2(thf)2] (thf�
tetrahydrofuran) as a possible synthetic route for obtaining
hetero-bridged phosphide/acetylide compounds. However,
the expected PÿC(alkyne) bond cleavage process does not


take place and only homo-bridged (m-X)2 (X�Cl, C�CR), or
hetero-bridged (m-PPh2C�CPh)(m-X) homo- or hetero-dinu-
clear complexes resulted from these reactions. These results
prompted us to try the preparation of heteroleptic cis- or
trans-[Pt(C�CR)2L2] platinum alkynyl complexes containing
PR2H ligands. Such complexes are of interest since it is well-
known that upon coordination the PÿH bond is reactive and,
therefore, could give appropriate precursors for phosphido
(PRÿ2 ) ligands formed by proton transfer reactions or by
addition to sources of unsaturated metal fragments.[12] In
addition, the combination of these acidic molecules and the
alkynyl ligands on a metal center could in principle induce
new features and properties not necessarily encountered in
their analogues containing tertiary phosphine ligands.


We have previously prepared trans-substituted derivatives
of the type trans-[Pt(C�CR)2(PPh3)2] by treatment of cis-
[PtCl2(PPh3)2] with classical alkynyl reagents such as
LiC�CSiMe3


[10b] or (AgC�CR)n (R�Ph, tBu),[13] although
trans-[Pt(C�CtBu)2(PPh3)2] can also be obtained in high yield
by partial displacement of the alkynyl groups (by PPh3) from
the reactive Li2[Pt(C�CtBu)4], prepared in situ.[10b] After a
few unsuccessful attempts to prepare related derivatives
containing the secondary phosphine PPh2H, by treatment of
cis-[PtCl2(PPh2H)2] with MC�CR (M�Li, Ag) (the reactions
yield very complex mixtures as deduced through 31P NMR
spectroscopy), we finally decided to attempt their synthesis by
treating Li2[Pt(C�CR)4] with PPh2H. Preliminary results[14]


revealed that treatment of Li2[Pt(C�CtBu)4] with PPh2H
(1:3 molar ratio) gives not only the expected trans-
[Pt(C�CtBu)2(PPh2H)2] (1 a) in low yield (25 %), but also a
very unusual complex [{Pt(C�CtBu)2(PPh2O)2Li2(m-
H2O)(Me2CO)2}2] (2 a ; 40 %), formed by two dianionic
trans-ÿOPPh2{Pt(C�CtBu)2}PPh2Oÿ units connected by four
Li� centers.


Some preliminary results, in particular the crystal structure
of 2 a,[14] have already been reported. We now describe in
detail the systematic study that has been undertaken since
that report.


Results and Discussion


Reactions of Li2[Pt(C�CR)4] (R� tBu, Ph) with PPh2H :
Complex trans-[Pt(C�CtBu)2(PPh2H)2] (1 a) was prepared in
low yield (25 %) in a way similar to that previously reported
for trans-[Pt(C�CtBu)2(PPh3)2],[10b] by partial displacement
with PPh2H of the 3,3-dimethylbutynyl ligands of the reactive
homoleptic species Li2[Pt(C�CtBu)4]. Complex 1 a slowly
precipitates (�7 h) as a white solid after treatment of the
colorless solution obtained by dissolving the species
Li2[Pt(C�CtBu)4], generated in situ, in an acetone/ethanol
mixture with an excess of PPh2H (Pt/L 1:3), under a nitrogen
atmosphere at room temperature. However, prolonged stir-
ring of the resulting filtrate (7 h) under aerobic conditions
leads to the formation of a new white precipitate 2''a. The
stoichiometry of this solid is in agreement with a formulation
[{Pt(C�CtBu)2(PPh2O)2Li2(H2O)3}2] and its solubility and
spectroscopic data (IR, NMR, see below) are clearly different
from those of the mononuclear complex 1 a. Recrystallization


Abstract in Spanish: Se han estudiado las reacciones de
Li2[Pt(C�CR)4] y cis-[Pt(C�CR)2COD] (R� tBu a, Ph b) con
PPh2H y PPh2(O)H. El transcurso de la reaccioÂn de
Li2[Pt(C�CR)4] con PPh2H depende no solo de las condicio-
nes de reaccioÂn usadas, sino tambiØn del sustituyente R del
alquino. Así, el tratamiento de Li2[Pt(C�CtBu)4] con PPh2H
(1:3) en acetona/etanol da lugar a la formacioÂn de trans-
[Pt(C�CtBu)2(PPh2H)2] 1a junto con las especies
[{Pt(C�CtBu)2ÿx(PPh2O)2�xLi2Sn}2] [x� 0, Sn� (H2O)3 2''a ;
x� 1, Sn� (H2O)2 3''a] que se obtienen en bajo rendi-
miento. [{Pt(C�CtBu)2(PPh2O)2Li2(m-H2O)(Me2CO)2}2] 2a
y [{Pt(C�CtBu)(PPh2O)3Li2(H2O)(thf)}2]3a han sido carac-
terizados por difraccioÂn de rayos X. Por otro lado, el
tratamiento de Li2[Pt(C�CPh)4] con PPh2H (relacioÂn molar
1:3) permite preparar no solo los derivados anaÂlogos 1b y 2''b,
sino tambiØn el compuesto mononuclear [Pt(C�CPh)2-
(PPh2CHPhCH2PPh2)] 4b, caracterizado por difraccioÂn de
rayos X y que contiene el nuevo ligando 1-fenil-1,2-bis(dife-
nilfosfino)etano. Los complejos del tipo cis-[Pt(C�CR)2-
(PPh2H)2] 5 se preparan faÂcilmente a partir del correspon-
diente cis-[Pt(C�CR)2COD] por desplazamiento del ligando
COD con PPh2H a baja temperatura (ÿ30 8C). El complejo
dinuclear [{Pt(C�CtBu)(m-PPh2)(PPh2H)}2] 6a, caracteriza-
do por difraccioÂn de rayos X, se forma tambiØn (2 %
rendimiento) en el proceso de síntesis de 5a. cis-
[Pt(C�CR)2COD] reacciona con PPh2(O)H en CH2Cl2


(ÿ40 8C), tanto en relacioÂn molar 1:2 como 1:3, para formar
el complejo [Pt(C�CR){(PPh2O)2H}(PPh2OH)] 7, precursor
de los derivados neutros [Pt(C�CR){(PPh2O)2H}L] (L�
PEt3, PPh2H, CNtBu 8 ± 10) o anioÂnico [NBu4][Pt(C�CR)-
(CN){(PPh2O)2H}] 11 relacionados. Los complejos del tipo 7
pueden ser doblemente desprotonados con LiOH para formar
los derivados de tipo 3, siendo este el camino maÂs conveniente
para preparar 3a, y el uÂnico para 3b.
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of 2''a from hot acetone yields a crystalline solid identified by
X-ray crystallography as the unexpected tetralithium diplati-
num complex [{Pt(C�CtBu)2(PPh2O)2Li2(m-H2O)(Me2CO)2}2]
(2 a ; 40 % yield based on Pt). A schematic view of 2 a is given
in Scheme 1. The structure and details of the crystallographic
study are given in ref. [14] and will not be repeated here.
The most interesting feature of this complex is the
presence of an unusual linear chain of four lithium ions
sandwiched by two square planar dianionic units (trans-
ÿOPPh2{Pt(C�CtBu)2}PPh2Oÿ) through bridging phosphinite
groups, which display a novel m3-(k3P,O,O) bonding mode. The
two inner lithium centers are connected by two (m-H2O)
bridges, while the outer ones interact with two terminal
acetone ligands each. If the second filtrate is stirred, small
amounts of yet another new white precipitate (3''a) are slowly
generated. After 1 d of stirring, the solid 3''a was filtered and
recrystallized from THF/OEt2 giving a microcrystalline solid
identified by elemental analysis, spectroscopic data and X-ray
crystallography (Figure 1) as the novel tetralithium diplati-
num diphenylphosphinite compound [{Pt(C�CtBu)-
(PPh2O)3Li2(H2O)(thf)}2] 3 a, in very low yield (ca 4 % based
on initial Pt). Although at first sight the formulations of 2 a
and 3 a are quite different, their overall geometries, in
particular the central linear Li4 core, are rather similar. In
spite of the large structural diversity found in lithium organyl


Figure 1. View of the molecular structure of
[{Pt(C�CtBu)(PPh2O)3Li2(thf)(H2O)}2] 3 a with the atom numbering
scheme.


chemistry,[15] this simple linear Li4 core resulting from the
perpendicular disposition of the three four-membered Li2O2


planar rings (apex sharing) is remarkable and contrasts with
the more usual cubane (two stacked rings) or stair-shaped


Scheme 1. Reactions of Li2Pt(C�CR)4 with PPh2H.
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(ladder of three rings) arrangements found in other tetra-
lithium derivatives. The latter have been elegantly rational-
ized from ring-stacking or laddering ideas.[15] To our knowl-
edge only the recently reported lithium gallium phosphonate
Li4[(MeGa)6(m3-O)2(tBuPO3)6] ´ (THF)4 shows a similar linear
tetralithium core.[16] A schematic view of the structure of 3 a
(Figure 1) is also given in Scheme 1. As can be observed, the
similarity between 2 a and 3 a is clear. The most notable
difference is the presence on each Pt center in 3 a of a third
phosphinite group, which in turn bridges the two inner lithium
centers and displaces the two m-H2O observed in complex 2 a.
As in 2 a,[14] the crystal structure determination reveals the
presence of two independent, but similar half-molecules per
asymmetric unit and, therefore, discussion will be limited to
only one (denoted A), for which selected bond distances and
angles are listed in Table 1. As can be seen in Figure 1, each
centrosymmetric hexanuclear Pt2Li4 molecule is made up by
two identical and staggered (1808) dianionic platinate
Pt(C�CtBu)(PPh2O)2ÿ


3 fragments, which sandwich a one-
dimensional lithium wire consisting of four Li� ions linked
through the oxygen atoms of the phosphinite groups. The
inner lithium centers [Li(2), Li(2')] achieve the usual fourfold
coordination through bonding to four oxygen atoms from four
different PPh2Oÿ ligands (two from each platinum fragment),
while the peripheral lithium centers [Li(1), Li(1')] interact
with only two oxygen atoms of two different PPh2Oÿ ligands
(one from each Pt unit) and complete their coordination
spheres with two different solvent molecules each (THF and
H2O). However, in spite of this structural difference, the LiÿO
bond distances [range 1.95(2) ± 2.00(2) � for Li(2) and


1.90(2) ± 1.99(2) � for Li(1)]
are similar and comparable
with those found in 2 a[14] and
in other lithium compounds
containing pseudotetrahedral
LiO4 units.[15±16] While in 2 a
the outer Li2O2 rings possess
bridging H2O, in 3 a these rings


are bound by the oxygen atoms [O(2), O(2')] of the PPh2Oÿ


groups trans to C�CtBu ligands. As a consequence, the Li ´´ ´
Li separation and angles at the oxygen atoms in the external
rings [Li(1)ÿLi(2)� 2.62(3) �, 85.4(9)8 at O(1) and 84.4(8)8 at
O(3)] are similar to those found in 2 a [Li(1)ÿLi(2)�
2.610(13) �, angles at O, 84.5(4)8 average], but they are very
different in the central Li2O2 ring [Li(3) ´ ´ ´ Li(2) 2.57(4) � in
3 a vs 2.848(13) � in 2 a ; Li(2)ÿO(2)ÿLi(2')� 82.1(9) in 3 a vs.
Li(2)ÿO(5) Li(2')� 88.1(4)8 in 2 a).


Another remarkable structural feature in complex 3 a is the
presence, as in complex 2 a, of phosphinite ligands displaying
an unusual m3-(k3P,O,O') bonding mode. Although a variety of
metal coordination modes have been observed[17] for PR2Oÿ


ligands, (monodentate P- or O-bonded and bridging m-P,O), to
our knowledge these complexes are the first examples in
which this type of ligand connects three centers. Each PPh2Oÿ


ligand is P-bonded to the soft Pt center [Pt(1)ÿP(1,2,3)
2.307(3), 2.290(3), 2.315(3) �] and O-bridging to two lithium
centers. All P-m3-O bond lengths vary over a small range
[1.527(8) ± 1.543(8) �] and are comparable with those ob-
served in 2 a [average 1.538(4) �]. These distances are also
similar to those reported for [{Me3Si2N}Cd{(mes)2P´ ´ ´O}2-
Li(thf)2] [1.512(8), 1.526(8) �],[18] which is the only previously
reported structure containing metal and Li centers connected
by phosphinite bridging ligands {m2-P(mes)2O}, and only
slightly larger than those seen in Ph3P�O [1.461,
1.484(1) �],[19] suggesting that the interaction with the Li is
substantially electrostatic in nature.[20] The stereochemistry
about the bridging oxygen atoms varies; it is almost trigonal
planar for the outer atoms O(1) and O(3) from mutually trans


Table 1. Selected bond lengths (�) and angles (8) for [{Pt(C�CtBu)(PPh2O)3Li2(thf)(H2O)}2] ´ 1.75 Et2O (3 a, molecule A).[a]


Pt(1)ÿC(1) 2.010 (12) Pt(1)ÿP(2) 2.290 (3) Pt(1)ÿP(1) 2.307 (3)
Pt(1)ÿP(3) 2.315 (3) P(1)ÿO(1) 1.527 (8) P(1)ÿC(13) 1.812 (12)
P(1)ÿC(7) 1.847 (13) P(2)ÿO(2) 1.536 (7) P(2)ÿC(19) 1.818 (12)
P(2)ÿC(25) 1.832 (11) P(3)ÿO(3) 1.543 (8) P(3)ÿC(37) 1.815 (12)
P(3)ÿC(31) 1.827 (12) O(1)ÿLi(1) 1.92 (2) O(1)ÿLi(2) 1.95 (2)
O(2)ÿLi(2) 1.95 2) O(2)ÿLi(2') 1.96 (2) O(3)ÿLi(1') 1.90 (2)
O(3)ÿLi(2') 2.00 (2) O(4)ÿLi(1) 1.99 (2) O(5)ÿLi(1) 1.94 (2)
Li(1)ÿLi(2) 2.62 (3) Li(2)ÿLi(2') 2.57 (4) C(1)ÿC(2) 1.21 (2)
C(2)ÿC(3) 1.49 (2)


C(1)-Pt(1)-P(2) 175.0 (3) O(3')-Li(1)-O(4) 111.1 (11) P(1)-O(1)-Li(2) 121.6 (7)
P(2)-Pt(1)-P(1) 89.51 (11) O(5)-Li(1)-O(4) 99.0 (10) P(2)-O(2)-Li(2) 110.0 (7)
P(2)-Pt(1)-P(3) 89.76 (10) O(2)-Li(2)-O(2') 97.9 (9) Li(2)-O(2)-Li(2') 82.1 (9)
C(13)-P(1)-C(7) 103.0 (6) O(2)-Li(2)-O(3') 126.5 (11) P(3)-O(3)-Li(2') 121.3 (7)
C(19)-P(2)-C(25) 96.9(5) O(2')-Li(2)-O(3') 108.8(10) O(3')-Li(1)-O(1) 97.0(9)
C(37)-P(3)-C(31) 102.2 (6) C(2)-C(1)-Pt(1) 174.9 (10) O(1)-Li(1)-O(5) 104.7 (11)
P(1)-O(1)-Li(1) 148.9(8) C(1)-Pt(1)-P(1) 90.9(3) O(1)-Li(1)-O(4) 123.0(11)
Li(1)-O(1)-Li(2) 85.4(9) C(1)-Pt(1)-P(3) 91.8(3) O(2)-Li(2)-O(1) 110.2(10)
P(2)-O(2)-Li(2') 109.2 (7) P(1)-Pt(1)-P(3) 157.54 (10) O(1)-Li(2)-O(2') 123.3 (10)
P(3)-O(3)-Li(1') 153.8(8) O(1)-P(1)-Pt(1) 112.7(3) O(1)-Li(2)-O(3') 92.7(8)
Li(1')-O(3)-Li(2') 84.4(8) O(2)-P(2)-Pt(1) 115.2(3) Li(2')-Li(2)-Li(1) 174.0(14)
O(3')-Li(1)-O(5) 124.1 (12) O(3)-P(3)-Pt(1) 110.9 (3) C(1)-C(2)-C(3) 174.1 (13)


[a] Symmetry transformation used to generate equivalent primed atoms is ÿx� 2,ÿ y� 1,ÿ z.
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PPh2Oÿ ligands (the sums of angles are 3568 and 359.58,
respectively) and clearly pyramidal at O(2) (sum of the angles
301.38). The net result is that the six metal centers (Pt2Li4) and
the phosphorus and oxygen atoms of the mutually trans
phosphinite ligands [P(1), O(1) and P(3), O(3)] are essentially
coplanar [max. deviation 0.1658 for Pt(1)]. Finally, it should
be noted that the simultaneous coordination of the three
PPh2Oÿ ligands to the Li4 core produces a significant
distortion in the platinum coordination; the angle
P(1)ÿPt(1)ÿP(3) (157.58) is rather smaller than from the ideal
value (1808) and considerably smaller than that observed in
2 a [170.95(5)8].


As is shown in Scheme 1 (path ii), addition of PPh2H to an
acetone/ethanol solution of Li2[Pt(C�CPh)4] generated a
mixture from which, after 12 h of stirring under nitrogen,
the complex trans-[Pt(C�CPh)2(PPh2H)2] (1 b) and mixed
species 2''b, which are analogous to 1 a and 2''a, respectively,
were obtained. Both complexes were isolated in very low
yield (�11 %) after adequate recrystallization (CHCl3/hexane
1 b or THF/hexane 2''b) of the corresponding first and second
crude fractions (see Experimental Section), which also con-
tained a considerable amount of a new mononuclear deriv-
ative [Pt(C�CPh)2(PPh2CHPhCH2PPh2)] (4 b ; characterized
by 31P NMR). We have observed that the formation of this
latter complex 4 b is clearly favored by prolonged reaction
times. Thus, by stirring the initial mixture for six days (even
under not very rigorous anaerobic conditions, path iii),
complex 4 b separates cleanly in very high yield (91 %). An
X-ray diffraction study (Figure 2, Table 2) confirms that 4 b is
a square planar PtII complex formed by an unsymmetrical
diphosphine ligand and two mutually cis-alkynide groups. The
geometrical details are unexceptional for these types of
ligands. Chemically equivalent both lengths PtÿP [2.258(3),
2.270(3) �], PtÿC [1.997(12), 2.020(14) �], and C�C
[1.20(2) �] are identical within experimental error, and the
PtÿCa�Cb(Ph) fragments do not deviate significantly from
linearity (angles at Ca/Cb 176.4(12)/174.6(14); 169.9(11)/
174.8(16).


During our efforts to optimize the synthesis of the mono-
nuclear complexes 1 as possible precursors to polynuclear
species, we observed that the yields were dependent on the
presence of air in the reaction system and on whether
deoxygenated solvents were used. For instance, under anae-
robic conditions the yield of 1 a was increased to about 40 %


Figure 2. View of the molecular structure of [Pt(C�CPh)2-
(PPh2CHPhCH2PPh2)] 4b with the atom numbering scheme.


or 88 % by stirring for twelve hours or six days (path iv),
respectively, while that of 2 a decreases to about 11 % when
isolated as a pure material and, under these conditions
complex 3 a was not detected (see Experimental Section).
Similarly, by stirring (24 h) Li2[Pt(C�CPh)4] with PPh2H in an
acetone/ethanol (1:1) mixture under aerobic conditions no
trace of 1 b was detected, and 2''b was isolated in 31 % yield
from the mixture after adequate workup (path v). All these
facts clearly show that the formation of 2 and 3 a, containing
phosphinite PPh2Oÿ ligands, stems from the partial oxidation
of the PPh2H ligand to diphenylphosphine oxide PPh2(O)H
during the course of the reactions. In fact, as is shown in
Scheme 1 (path vi), treatment of tetraalkynylplatinate species
Li2[Pt(C�CtBu)4] with three equivalents of PPh2(O)H causes
the slow precipitation (3 d) of a white solid identified by
31P{1H}NMR as a mixture of 2''a and 3''a from which both
complexes can be separated as a result of their different
solubilities (see Experimental Section). In addition, the
formation of 2''a and 3''a seems to be independent to the
formation of the mononuclear derivative 1 a. Thus, an attempt
to obtain 2 a by treatment of 1 a with a stoichiometric mixture
of LiOH (2 equiv) and H2O2 (2 equiv) in acetone was not
successful. After 15 hours of stirring at room temperature, no
reaction was observed. However, we noted that under more


Table 2. Selected bond lengths (�) and angles (8) for [Pt(C�CPh)2(PPh2CHPhCH2PPh2)] 4b.


PtÿC(1) 1.997 (12) PtÿC(9) 2.020 (14) PtÿP(2) 2.258 (3)
PtÿP(1) 2.270 (3) P(1)ÿC(25) 1.786 (14) P(1)ÿC(31) 1.809 (13)
P(1)ÿC(17) 1.833 (11) P(2)ÿC(37) 1.78 (2) P(2)ÿC(43) 1.817 (13)
P(2)ÿC(18) 1.859 (13) C(1)ÿC(2) 1.20 (2) C(2)ÿC(3) 1.41 (2)
C(9)ÿC(10) 1.20 (2) C(10)ÿC(11) 1.44 (2) C(17)ÿC(18) 1.50 (2)
C(18)ÿC(19) 1.51 (2)


C(1)-Pt-C(9) 93.6 (5) C(2)-C(1)-Pt 169.9 (11) C(17)-P(1)-Pt 106.1 (4)
C(9)-Pt-P(1) 94.4 (3) C(10)-C(9)-Pt 176.4 (12) C(37)-P(2)-C(18) 106.2 (6)
C(25)-P(1)-C(31) 104.7 (6) C(18)-C(17)-P(1) 108.0 (8) C(37)-P(2)-Pt 116.1 (5)
C(31)-P(1)-C(17) 105.1 (6) C(17)-C(18)-P(2) 108.5 (8) C(18)-P(2)-Pt 106.7 (4)
C(31)-P(1)-Pt 119.9 (4) C(1)-Pt-P(2) 85.8 (3) C(1)-C(2)-C(3) 174.8 (16)
C(37)-P(2)-C(43) 108.5 (7) P(2)-Pt-P(1) 86.26 (12) C(9)-C(10)-C(11) 174.6 (14)
C(43)-P(2)-C(18) 106.1 (6) C(25)-P(1)-C(17) 105.6 (6) C(17)-C(18)-C(19) 113.2 (11)
C(43)-P(2)-Pt 112.5 (5) C(25)-P(1)-Pt 114.3 (5) C(19)-C(18)-P(2) 114.6 (9)
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drastic conditions (excess of LiOH and H2O2) and a pro-
longed reaction time (6 d) complex 1 a disappears, giving a
very complex mixture of unidentified platinum compounds
containing phosphorus, in which no trace of 2''a could be
detected. Moreover, the formation of 3 a (3''a), which contains
three diphenylphosphinito groups on each Pt center, seems to
take place through the formation of 2 a (2''a) with only two
PPh2Oÿ ligands, as intermediate. This can be inferred from the
observation that treatment of a suspension of 2 a in CHCl3


with PPh2(O)H slowly produces the displacement of one tert-
butylacetylide by one PPh2Oÿ on each platinum center,
transforming 2 a into complex 3 a (or 2''a into 3''a). The
process is slow, with only �50 % conversion in two days
[compound 2 a is still present in small amounts even with
longer reaction times (� 5 days)].


The mechanism of formation of 4 b, containing two
mutually cis-alkynyl ligands and a new diphosphine 1-phe-
nyl-1,2-bis(diphenylphosphino)ethane, is less clear. This com-
plex can be seen as formed throgh the formal addition of
PhC�CH to cis-[Pt(C�CPh)2(PPh2H)2] (5 b). The nearest
example to be found in the literature is the base-induced
addition of coordinated phosphines on [M(CO)4(PPh2H)2]
(M�Cr, Mo) to acetylenes, yielding metal complexes of
chelating diphosphine ligands.[8h±j] However our attempt to
obtain 4 b starting from 5 b and LiC�CPh (3 equiv) was
unsuccesful. The reaction yielded a complex reaction mixture
in which no trace of 4 b was detected.


It should be mentioned that the yield of platinate lithium
species can be diminished (see Scheme 2 path i for R� tBu)
or eliminated (R�Ph) by treating the initial suspension,
formed with [PtCl2(tht)2] (tht� tetrahydrothiophene), with a
lesser excess of LiC�CR (1:3) [giving what is probably a
mixture of species of the type Pt(C�CR)4ÿx(tht)xLi2ÿx (x� 0 ±
2)], with PPh2H (Scheme 2, paths i and ii). In the case of R�
Ph, the yield of 1 b can be increased to 67 %; but surprisingly,
under these conditions the unexpected new phosphido-
bridged dinuclear compound [{Pt(C�CPh)(m-PPh2)-
(PPh2H)}2] 6 b is also isolated in very low yield (11 %) from
the mother liquors.


All complexes 1, 2, 3 a, 4 b, and 6 b have been characterized
by microanalysis, mass spectra (FAB), and IR and NMR
spectroscopy (see Experimental Section). For the mononu-
clear complexes 1 the appearance in their IR spectra of
absorptions assignable to (C�C) (2106 cmÿ1 1 a, 2110 cmÿ1 1 b)
and to (PÿH)[12, 21] (2369 cmÿ1 1 a, 2376 cmÿ1 1 b) confirms the
presence of terminal alkynyl[10] groups and PPh2H li-
gands.[12, 21]


In addition, the presence of a singlet in their 31P{1H} NMR
spectra (ÿ1.99 1 a, ÿ4.26 1 b), which splits into the expected
XX' pattern (N� 400 Hz 1 a, 402.7 Hz 1 b) under off reso-
nance conditions, and especially the magnitude of 1J(Pt,P)
[2616 Hz 1 a, 2547 Hz 1 b], indicates a trans configuration of
the ligands about platinum.[22] In agreement with this, the PÿH
protons in the 1H NMR spectra give rise to a pattern
(centered at d� 6.46 for 1 a and at d� 6.72 for 1 b),
corresponding to the AA' part of an AA'XX' system with
characteristic values for the N parameter [1J(P,H)� 3J(P',H)]
(�400 Hz) and for the 2J(Pt,H) coupling constant (26.2 Hz
1 a, 26.8 Hz 1 b). In the 13C NMR spectra the acetylenic
carbons (d Ca/Cb 85.2/120.6 1 a ; 102.9/112.4 1 b), which are
easily identified owing to the significantly different coupling
constants to 195Pt nuclei [1J(Pt,Ca)� 913 Hz 1 a, 834 Hz 1 b ;
2J(Pt,Cb) 249 Hz 1 a, 259 Hz 1 b], are seen as triplets
[2J(Ca ,P)� 15.9 Hz 1 a, �27 Hz 1 b ; 3J(Cb,P)� 2.6 Hz 1 a]
confirming unambiguously the trans disposition of the
ligands.[22] The characterization of 2 a has been reported
previously [14] (see also Experimental Section). As in complex
2 a (2''a), compounds 2''b and 3 a (3''a) exhibit in their IR
spectra broad n(OH) bands (3374 ± 3623 cmÿ1), confirming
the presence of water, and show absorptions in the PÿO
stretching region (997 ± 1038 cmÿ1), suggesting the presence of
phosphinito bridging groups.[17] Moreover, while no (C�C)
vibration is observed in the typical region of alkynyl ligands
for 3 a, a band at 2095 cmÿ1 is seen for 2''b. As in complex 2 a
(or 2''a) compound 2''b exhibits a singlet far downfield [d�
68.07, 1J(Pt,P)� 2395 Hz] in its 31P{1H} NMR spectrum,
indicative of the phosphorus oxidation to PV. In contrast, 3 a
exhibits an A2X pattern with 195Pt satellites in the expected
downfield region consisting of a doublet at dA� 73.14 as a
result of the two mutually trans phosphorus atoms and a
triplet at dX� 58.70 assigned to the phosphinite group trans to
C�CtBu with a cis coupling constant 2J(PA,PX) of 29.3 Hz.
The considerable upfield shift of the phoshorous resonance
of the latter phosphinite group suggests that the negative
charge is more localized over the oxygen atom, in agree-
ment with the pyramidal coordination found in the crystal
structure (see above). The most remarkable features of
the 1H NMR spectrum of 3 a are the presence (in addition
to Ph resonances) of a sharp singlet at d� 0.49 due to
the equivalent tert-butyl groups and a broad signal at
d� 1.59. This latter signal disappears upon addition of a drop
of D2O to the solution and, therefore, could be tentatively
assigned to the H2O molecules at the lithium centers. The
low solubility of these heteronuclear complexes prevents


13C NMR analysis. It is worth
noting that although the 31P and
1H NMR spectra of these mixed
species (2, 3 a) at room temper-
ature are compatible with the
solid structures (2 a, 3 a), their
7Li NMR does not show the
expected two lithium environ-
ments. At room temperature
the complexes show only one
singlet signal (d� 0.88 2 a,
ÿ0.62 2''b sharp; ÿ1.03 3 a,Scheme 2. Reactions of [PtCl2(tht)2] with PPh2H.
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broad with w1/2� 129 Hz), suggesting fast intermolecular
lithium exchange (no PÿLi splitting is observed),[23] most
probably due to partial dissociation of Li� in solution, in
agreement with the essentially electrostatic nature of the
interactions. By lowering the temperature for complex 3 a the
signal broadens (coalesces at ca. 1 ± 3 8C) and is finally
resolved into a pair of singlets of similar intensity (ÿ20 8C,
d�ÿ0.23, ÿ1.97).


The IR spectrum of 4 b confirms the presence of terminal
alkynyl ligands [(C�C) 2114 cmÿ1] and its 31P{1H} NMR
spectrum reveals two doublet [2J(P,P)cis� 13.8 Hz] resonances
with 195Pt satellites [d/1J(Pt,P) 49.24/2260 Hz; 21.53/2250 Hz],
consistent with the presence of the unsymmetrical diphos-
phine. The most noteworthy features of its proton spectrum
are the presence of two multiplets at d� 3.83 and 2.53 due to
diasterotopic methylene protons (CH2) and a doublet
[2J(H,P)� 47 Hz] of multiplets centered at d� 3.19 attribut-
able to CHPh.


The 31P{1H} spectrum of complex 6 b exhibits, as in complex
6 a (see below), two different [d� 1.58 for PPh2H (AA') and
d�ÿ138.7 for m-PPh2 (XX')] and characteristic signals
[AA'XX' pattern; N� 2J(PA,m-PXtrans)� 2J(PA-m,PX'cis)� 321.4,
1J(Pt,PA)� 2051 Hz, 1J(Pt,PX,PX')� 1688, 1766 Hz]. The
1H NMR shows a signal at d� 5.35 (doublet of multiplets,
dm) due to PÿH. In addition, the IR spectrum of 6 b shows an
absorption at 2104 cmÿ1, which can be assigned to (C�C). All
these data are compatible with the formulation given and
confirmed by X-ray crystallography on the analogous tert-
butylacetylide derivative 6 a.


Reactions of cis-[Pt(C�CR)2COD] with PPh2H and
PPh2(O)H : The results are shown in Scheme 3. As has
already been mentioned, the PÿH bonds are highly reactive
and therefore, synthetic routes for generating [MPR2H]
complexes usually require only mild conditions.[21] A general
synthetic strategy for preparing cis-[PtX2L2] (X� an anionic
ligand such as alkynyl, alkyl, aryl, halide; L�PR3) is based in
the easy displacement of labile COD from appropiate
precursors [PtX2COD] by the incoming phosphine li-
gand.[10a, 11b] Therefore, the recently reported neutral platinum
derivatives [Pt(C�CR)2COD] (R� tBu,[10a] Ph[24]) were as-
sumed to be the most suitable starting materials for the
preparation of the corresponding geometrical isomers with
the PPh2H ligands mutually cis. As is shown in Scheme 3
(path i) treatment of the complex [Pt(C�CR)2COD] (R�
tBu, Ph) in CH2Cl2 at low temperature (ÿ30 8C) with PPh2H
(1:2 molar ratio) results in the displacement of the cyclo-
octadiene ligand, yielding solutions from which the expected
products cis-[Pt(C�CR)2(PPh2H)2] are obtained as white
(R� tBu 5 a) or yellow (R�Ph 5 b) solids in high yields
(79 % 5 a, 76 % 5 b). Surprisingly, in the synthesis of the tert-
butylacetylide derivative 5 a, cooling the resulting diethyl
ether filtrate for a week results in the precipitation of a white
solid (2% based on Pt), which after recrystallization from
CHCl3/hexane is identified as the phosphido-bridged dinu-
clear PtII complex [{Pt(C�CtBu)(m-PPh2)(PPh2H)}2] (6 a).


Complexes 5, which are stable enough to display their
molecular peaks in FAB(�) mass spectra, are easily charac-
terized by elemental analysis and spectroscopic means (see


Scheme 3. Reactions of cis-[Pt(C�CR)2(COD)].
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Experimental Section). Thus, their IR spectra confirm the
presence of PÿH bonds [(PÿH) 2354 cmÿ1 5 a, 2342 cmÿ1 5 b]
and terminal alkynyl ligands [n(C�C) 2118 cmÿ1 5 a, 2119 cmÿ1


5 b]; their 1H NMR spectra display the PÿH resonances in the
expected region (d� 5.88 5 a, 6.08 5 b) with a pattern (dm)
corresponding to an AA'XX' system (X� 31P, N� 378 Hz 5 a,
390 Hz 5 b). The 31P NMR spectra exhibit a doublet due to
phosphorus ± hydrogen coupling [1J(P,H)�N] with 195Pt sat-
ellites, which is reduced to the expected singlet (d ÿ5.49 5 a,
ÿ7.07 5 b) by 1H decoupling. Similar to previous findings,[21]


the observed large value for 1J(P,H) coupling compared with
free PPh2H (214 Hz) is consistent with the change in the
hybridization of P to sp3, leading to more s character in the
PÿH bond upon coordination.[25] The platinum coupling
constants 1J(Pt,P) are significantly lower (2156 Hz 5 a,
2169 Hz 5 b) than those observed in the trans derivative 1
(2616 Hz 1 a, 2547 Hz 1 b), suggesting that the PPh2H ligand in
these mononuclear complexes exerts a weaker trans influence
than the terminal alkynyl ligands. Finally, in accordance with
the proposed cis formulation[26] for these isomers the acet-
ylene carbon resonances Ca and Cb appear in the 13C{1H}
NMR spectra (d Ca/Cb� 84.3/118.8 5 a ; 99.9/110.6 5 b) as a
first-order doublet of doublets (dd) [2J(Ca ,Ptrans)/2J(Ca ,Pcis)
153.0 Hz/21.2 Hz 5 a, 148.8 Hz/21.4 Hz 5 b] and as a typical A
part of a second-order AXX' system [3J(Cb,Ptrans)�
3J(Cb,Pcis)� 36.3 Hz 5 a, 36.4 Hz 5 b], respectively. Compar-
ison of the one-bond PtÿCa coupling constants (Hz) with
those observed for the corresponding trans isomers again
confirms a higher influence for the C�CR ligands (1122.4 5 a,
1114.6 5 b vs. 913 1 a, 834 1 b).


The identity of the complex [{Pt(C�CtBu)(m-
PPh2)(PPh2H)}2] 6 a has been determined not only by
elemental analysis and spectroscopic techniques, but also by
a single-crystal X-ray diffraction study. The IR spectrum of 6 a
exhibits a strong absorption at 2352 cmÿ1 assignable to the
(PÿH) stretching vibration, but no absorption is observed in
the typical nÄ(C�C) region. The presence of alkynyl C�CtBu
ligands is better revealed by the 1H NMR spectrum which
shows, in addition to a doublet of multiplets centered at 5.25
[J(P,H)� 368 Hz], as a result of PÿH protons, a singlet signal
at d� 0.86 attributable to equivalent tBu groups. In agree-
ment with the formulation, two well-separated signals were
observed in the 31P{1H} NMR spectrum at d� 1.36 andÿ145.4
whose central lines, due to the PtÿPt isotopomer (43.8 %),
show the expected AA'XX' pattern (see Experimental
Section for numbering) with a value of 328.4 Hz for the N
parameter [2J(PA,Px)� 2J(PA,Px')� 2J(P,Ptrans)� 2J(P,Pcis)] and


are comparable with those observed in related systems, for
example, [{PtCl(m-PPh2)L}2] (L�PEt3 378.8 Hz, L�PPh2H
394.4 Hz),[27a] [{PtCl(m-PHMes)(PH2Mes)}2] (360 Hz).[27d] The
values of the K [K� 4J(PA,PA')� 2J(PX,PX')� 136.4 Hz] and L
[L� 2J(PA,PX)ÿ 2J(PA,PX')� 362 Hz] parameters, which allow
the determination of the coupling constants 2J(PA,m-PXtrans)
[345.2 Hz] and 2J(PA,m-PX'cis) [16.8 Hz], are directly obtained
from the analysis of the spectrum. Comparison of the N and L
values (jN j<jL j ) proves that their signs are opposite and,
probably, that 2J(PA,m-PX'cis) is negative, since coupling con-
stants between phosphorus atoms in mutually trans positions,
such as 2J(PA,m-PX) are known to be large and positive.[27] If
4J(PA,PA') is assumed to be�0, this leads a value of 136 Hz for
j 2J(PX,PX') j , comparable with those reported for related
systems.[27] The low-field resonance (d� 1.36) is assigned to
the equivalent PPh2H ligands, while the strongly shielded
signal (at d ÿ145.4) is in accordance with the high-field shifts
found in related phosphido-bridged dimers in which no
significant metal ± metal interaction is observed,[25, 27, 28] and
is consistent with the platinum ± platinum separation
[3.649(1) �] found in the crystal structure. Each signal is
flanked by satellites due to the isotopomer 195PtÿPt (AA'XX'M
spin system, 44.8 %), which permits the determination of the
platinum ± phosphorus coupling constants. In agreement with
the formulation, the downfield resonance (d� 1.36) only
exhibits one set of short 195Pt satellites [1J(Pt,PA)� 2035 Hz,
3J(Pt,PA')�0 Hz], while the upfield signal shows two different
sets of 195Pt satellites [1J(Pt,PX, PX')� 1689, 1792 Hz), unam-
biguously confirming the bridging nature of these phosphorus
atoms (m-PPh2). In keeping with earlier observations[27] the
one-bond PtÿPA coupling constant for the terminal phosphine
is larger than for the phosphido bridge (346 and 243 Hz,
respectively), consistent not only with the observation of a
shorter PtÿP distance in the X-ray structure [2.2944(11) �
terminal vs. 2.3376(10), 2.3169(11) � bridging], but also with
previous suggestions of a lower phosphorus s-orbital contri-
bution to the PmÿPt bond due to ring strain effects.[12b] If as in
complexes 1 and 5 (and also in 9) the PPh2H ligand exerts a
lower trans influence than does C�CR, then the 1J(Pt,PX')
[1792 Hz] could be assigned to the PX' atom trans to PPh2H,
although this assignment is not unequivocal. The X-ray
structural data for 6 a reveal (Table 3, Figure 3) that the PtÿP
(bridging) bond trans to PPh2H [2.3376(10) �] is slightly
longer than the PtÿP(bridging) bond trans to C�CtBu [2.3169
(11) �], suggesting the opposite assignement. Clearly more
structural and spectroscopic studies including other secondary
phosphines and other types of platinum complexes will be


Table 3. Selected bond lengths (�) and angles (8) for [{Pt(C�CtBu)(m-PPh2)(PPh2H)}2] 6a.[a]


PtÿC(1) 2.003 (4) PtÿP(1) 2.2944 (11) PtÿP(2) 2.3196 (11)
PtÿP(2') 2.3376 (10) P(1)ÿC(7) 1.814 (4) P(1)ÿC(13) 1.815 (4)
P(2)ÿC(25) 1.821 (4) P(2)ÿC(19) 1.847 (3) C(1)ÿC(2) 1.212 (5)
Pt ´´ ´ Pt 3.649 (1)


C(1)-Pt-P(1) 90.38 (11) C(25)-P(2)-Pt' 114.77 (12) C(7)-P(1)-Pt 118.47 (12)
P(1)-Pt-P(2) 98.31 (4) Pt-P(2)-Pt' 103.17 (4) C(25)-P(2)-C(19) 103.3 (2)
P(1)-Pt-P(2') 173.23 (3) C(1)-C(2)-C(3) 177.2 (4) C(19)-P(2)-Pt 111.35 (12)
C(7)-P(1)-C(13) 103.5 (2) C(1)-Pt-P(2) 169.98 (10) C(19)-P(2)-Pt' 109.40 (12)
C(13)-P(1)-Pt 117.15 (13) C(1)-Pt-P(2') 94.90 (10) C(2)-C(1)-Pt 174.8 (3)
C(25)-P(2)-Pt 114.99 (13) P(2)-Pt-P(2') 76.83 (4)


[a] Symmetry transformation used to generate equivalent primed atoms is ÿx, ÿy, ÿz.
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Figure 3. View of the molecular structure of [{Pt(C�CtBu)(m-
PPh2)(PPh2H)}2] 6 a with the atom numbering scheme.


required to obtain more conclusive results relevant to the
trans influence of the PR2H and C�CR ligands. Complex 6 a,
which is the first structurally characterized platinum com-
pound simultaneously stabilized by alkynyl, phosphide, and
PPh2H ligands, crystallizes as the more symmetrical anti
isomer, as observed previously for other m-phosphido di-
mers.[27a, 29] The central Pt2P2 core is roughly planar and
exhibits angles at the Pt center [P(2)ÿPtÿP(2')� 76.83(4)8]
and the phosphorus atoms [PtÿP(2)ÿPt'� 103.17(4)8] com-
parable with those found in other phosphide-bridged plati-
num(ii) dimers without metal ± metal bonds (PÿPtÿP 74.6 ±
77.28 ; PÿPÿPt 102.8 ± 105.48).[12e, 27c,d, 29] The angles and Pt ´´ ´ Pt
separation [3.649(1) �] in 6 a can be compared with those
observed in [{PtCl(m-PPh2)(PPh2H)}2] (angles at P/Pt 102.88/
77.208 ; PtÿPt 3.585(1) �].[29] As expected, the terminal
PtÿP(1) bond [2.2944(11) �] is shorter than the bridging
PtÿP bonds [2.3376(10) � and 2.3169(11) �]. The PtÿC
[2.003(4) �] and CÿC [1.212(5) �] separations and the angles
at Ca [174.8(3)8] and Cb [177.2(4)8] of the terminal C�CtBu
group are unexceptional and merit no further comment.


For comparative purposes, the reactivity of cis-
[Pt(C�CR)2COD] towards diphenylphosphine oxide [di-
phenylphosphinous acid PPh2(O)H] has also been explored.
The coordination chemistry of these ditopic ligands,
R2P(O)H, (soft P and hard O donors) and that of their
monoanionic phosphinite counterparts, R2(O)Pÿ, has been
thoroughly investigated,[17] and special mention is due the
chelating mixed system R2PO ´´´ ÐOPR2 that is easily formed
when a phosphinite ligand, R2POÿ, and a hydroxyphosphine
PR2(O)H group are in a cisoidal disposition about a metal
center.[17h, 30] Interest in this system, formed through strong
intramolecular hydrogen bonds[31] (O ´´ ´ H ´´´ O), as well as the
recent implication of several complexes of the type
[MH{(PR2O)2H}L] (M�Pt, Pd) in catalytic processes such
as hydrogenation or hydroformylation of alkenes[32] and
hydrophosphinylation or hydrophosphorylation of alkynes,[6]


gives renewed importance to the search for new complexes
stabilized by these ligands.


It was not surprising that treatment of cis-
[Pt(C�CR)2COD] in CH2Cl2, at low temperature (ÿ40 8C)


with PPh2(O)H in either 1:2 or 1:3 molar ratio led to the
formation of the respective neutral phosphinito/hydroxyphos-
phine containing derivatives [Pt(C�CR){(PPh2O)2H}-
(PPh2OH)] (7 a R� tBu; 7 b R�Ph; Scheme 3, path ii). In
the reaction with R� tBu, a small amount of [Pt{(PPh2O)2H}2]
is also detected in the mixture by 31P NMR spectroscopy. The
quantity increases considerably with the temperature of the
reaction; at room temperature the reaction of cis-
[Pt(C�CtBu)2COD] with two equivalents of PPh2(O)H gives
[Pt{(PPh2O)2H}2][30e] [d� 72.33, 1J(Pt,P)� 2454 Hz] in 36 %
yield, and only small amounts of 7 a are detected in the
reaction mixture. The formation of the bis(phosphinite)
bis(hydroxyphosphine) derivative under these mild condi-
tions contrasts with the more drastic conditions previously
reported for its preparation ([PtX{(PPh2O)2H}2PPh2OH] and
[AgPPh2O]n, 18 h, RT[30e]).


Complexes 7 are air-stable white solids, slightly soluble in
CHCl3 or CH2Cl2 and very insoluble[33] in other common
solvents such as acetone or THF, and which display spectral
properties (see Experimental Section) consistent with their
formulation. Thus, both complexes show in their FAB(�)
mass spectra the expected peak corresponding to the molec-
ular ion and in their IR spectra absorptions in the n(PÿO)
region (900 ± 1028 cmÿ1). As has been previously noted,[30a,d±f]


the lack of (OÿH) bands in the usual spectral region is
consistent with the presence of symmetrical hydrogen-bond-
ing interactions of type O ´´´ H ´´ ´ O, because the vibrations
ascribed to this system occur below 2000 cmÿ1.[34] On the basis
of deuteration experiments, only an absorption at 1260 cmÿ1


in 7 a and at 1221 cmÿ1 in 7 b, which disappears in the IR
spectra of the deuterated derivatives, could be assigned
tentatively to such an O ´´´ H ´´ ´ O system. Both compounds
also exhibit a broad band at about 1650 cmÿ1, which is
weakened upon deuteration, and which could also result from
the OÿH stretch. The (OH) modes of strong hydrogen bonds
are typically broad, intense bands in this region.[31] Although
the presence of alkynyl ligands is only observed in the IR
spectrum of 7 b (2120 cmÿ1), the 1H NMR spectrum of 7 a
exhibits the expected singlet due to C�CtBu at d� 0.8 with
the correct integration ratio. In spite of their poor solubility,
which limits the sensitivity of the solution NMR measure-
ments, both derivatives exhibit a broad downfield signal (d�
16.9 7 a, d� 16.5 7 b) in their low temperature (ÿ50 8C) 1H
spectra, confirming the presence of strong O ´´´ H ´´ ´ O hydro-
gen bonds.[30c,d, 31] Furthermore, at ÿ50 8C they display the
expected ABX pattern with 195Pt satellites in their 31P NMR
spectra. The most deshielded signals [d PA/PX� 81.75/75.56
7 a ; 84.91/75.66 7 b ; 2J(PA,PBtrans)/2J(PA,PXcis) 405.4 Hz/20.4 Hz
7 a ; 405.3 Hz/� 24 Hz 7 b] are assigned (tentatively for PA) to
the inequivalent phosphorus atoms of the PPh2O ´´´ H ´´ ´
OPPh2 system and the highfield resonance [d PB/2J(PB,PX)
70.29/26.3 Hz 7 a ; 70.35/� 24 Hz 7 b] to the hydroxydiphenyl-
phosphine PPh2OH. The magnitudes of the one-bond plati-
num ± phosphorus coupling constants 1J(Pt,PX)> 1J(Pt,PB)>
1J(Pt,PA) provide information about the trans influence of
these groups (C�CR<PPh2Oÿ<PPh2OH). It should be
noted that due to the insolubility of the related
[PtX{(PPh2O)2H}(PPh2OH)] (X�H or halide)[30e, 32b] deriva-
tives no structural data were reported for them. In complexes
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7 a and 7 b the 31P{1H} NMR spectra are temperature depend-
ent (see Figure 4 for complex 7 a). When the temperature is
increased, the mutually trans phosphorus resonances PA and
PB broaden, and disappear into the baseline at �25 8C [no
merging was observed at the high temperature limit of the
experiment (�50 8C)], while the central signal (PX) due to
PPh2Oÿ trans to C�CtBu is seen as a sharp triplet
[J(PX,PA,B)� 23 Hz] through the whole range of temperatures.
These spectra clearly indicate that at high temperature PA and
PB become magnetically equivalent without phosphine dis-
sociation, imputing a fast migration of the acidic protons Ha


and Hb between the forms 7 A and 7 A'' depicted in Scheme 4.
The motion of a proton between donor and acceptor atoms is
one of the simplest chemical reactions, and has been
thoroughly studied.[35] In complexes 7 the transformation of
7 A to 7 A'' may occur intramolecularly through the concerted
motion of the two hydrogens via an intermediate as such as
7 B, or by two successive motions through the trans-alkynyl,
bis(hydroxyphosphine)phosphinite platinum intermediate
7 C. However, although an intramolecular pathway seems
reasonable, isomerization pathways involving intermolecular
interaction through hydrogen bonding cannot be excluded.


Reactivity studies on [Pt(C�CR){(PPh2O)2H}(PPh2OH)]
(7): It has been previously reported that one of the diphenyl-
phosphinous acid molecules in [PtH(PPh2OHOPPh2)-
(PPh2OH)] is easily displaced by other functionalized phos-
phines or phosphinites (alkenyl or alkynyl), yielding related
[PtH(PPh2OHOPPh2)L] compounds.[32b] We have also exam-


ined the reactivity of complexes 7 towards a variety of
different ligands. These complexes remain intact after stirring
with PPh3 or prolonged bubbling with CO. However, they
react immediately in CH2Cl2 with stoichiometric amounts of
PEt3, PPh2H, CNtBu, or (NBu4)CN, affording colorless
solutions from which the related neutral [Pt(C�CR)-
{(PPh2O)2H}L] 8 ± 10 or anionic (NBu4)[Pt(C�CR)-
(CN){(PPh2O)2H}] 11 derivatives are isolated as white micro-
crystalline solids in moderate (8 a, 9, 11 b) or high yield (8 b,
10, 11 a). The characterization of these complexes by micro-
analysis and spectroscopic means (mass spectra, IR and NMR
spectroscopy) is straightforward (see Experimental Section
for data). Particularly clear are the 13C NMR spectra that
show, in addition to the expected aromatic carbon resonances
for two nonequivalent PPh2O moieties of the PPh2OHOPPh2


fragment and signals due to the ligand L, resonances attrib-
uted to the acetylenic fragment (Ca and Cb) with the expected
splitting pattern. Thus, whereas the Ca and Cb resonances are
seen as a doublet of doublets in complexes 10 (L�CNtBu)
and 11 (L�CNÿ) [for complexes 10 the Cb appears only as a
doublet], compounds 8 (L�PEt3) and 9 a (only Ca ; Cb not
observed) exhibit a ddd coupling pattern due to the three
inequivalent phosphorus nuclei. Complex 9 b shows a dm at
d� 105.4 [2J(Ca ,Ptrans) � 120 Hz] and a doublet at d� 117.07
[3J(Cb,Ptrans)� 32 Hz] for Ca and Cb in the expected region.
The 31P NMR data provide additional information about the
trans influence of these groups in these very similar species.
Complexes 8 (L�PEt3) and 9 (L�PPh2H) display in their 31P
NMR the three expected mutually coupled (AMX system) set


Figure 4. 31P{1H} NMR spectra (CDCl3) of complex [Pt(C�CtBu){(PPh2O)2H}(PPh2OH)] 7a at different temperatures. At �50 8C the spectrum observed is
identical to that at 25 8C. ABX system: * X; !^ AB (for assignment see Experimental Section).
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of resonances. The most deshielded PX resonance (d� 75.68 ±
79.41), due to the phosphorus atom trans to the C�CR group,
occurs as a triplet due to similar cis-PXÿPM,A (21.5 ± 27.4 Hz)
coupling, and the remaining PM (d� 69.19 ± 72.49 PPh2O ´´´ H)
and PA [d� (ÿ3.61) ± 5.14, L] signals due to mutually trans
phosphorus atoms exhibit the expected dd splitting pattern
with a large two-bond trans PA,PM coupling (380.1 ± 404.7 Hz).
Comparison of the value of the 1J(Pt,P) coupling constants
(see Experimental Section) suggests the trans influence order
of PEt3�C�CR>PPh2H


As was expected, compounds 10 and 11 display only two
sets of coupled signals [J(P,Pcis) 24.4 ± 25.4 Hz] in the phos-
phinite region. Consistent with what is observed for 8 and 9, in
10 and 11, the downfield resonance (d� 69.85 ± 70.93) is
tentatively assigned to the PPh2Oÿ unit trans to C�CR, and
the low-frequency signal (d� 60.95 ± 66.11) is then assigned to
the phosphorus atom trans to CNtBu in 10 or CNÿ in 11. The
larger coupling to platinum observed for this latter signal
(2816 ± 3071 Hz) suggests, that the trans influence of alkynyl
ligands is slightly stronger than that of the isoelectronic
CNtBu or CNÿ groups.


On the other hand, the similarity between these alkynyl-
phosphinite/bis(hydroxyphosphine) di(acidic) species 7 a and
7 b and the observed deprotonated skeleton in each of the
alkynyltris(phosphinite)platinum ate units of the dimeric
Pt2Li4 complex 3 a led us to investigate their reactivity
towards lithium hydroxide. As was expected, treatment of
complex 7 a with a slight excess of LiOH (1:2.2) in tetrahy-
drofuran at room temperature induces the self-assembly of
the resulting tert-butylalkynyltris(diphenylphosphinite)plati-


nate fragments with the lithium counter ions, yielding the
sandwiched Pt2Li4 complex 3''a in very high yield. Using this
alternative strategy, we can also prepare the corresponding
phenylacetylide derivative 3 b in a similar reaction of 7 b with
2.2 equivalents of LiOH. The similarity of the spectroscopic
data for 3''a and 3 b suggest the same geometry for both
species. Thus, complex 3 b displays in its 31P NMR spectrum
two sets of signals whose multiplicities, chemical shifts (a
doublet at d� 73.20 and a triplet at d� 58.8), and 1J(Pt,P)
coupling constants are analogous to those observed for 3''a. Its
7Li NMR spectrum exhibits a broad signal at room temper-
ature (d�ÿ0.89, w1/2� 86 Hz) which splits at 0 8C into two
signals (d�ÿ0.1, ÿ1.8; coalescence ca. 3 ± 4 8C), confirming
the presence of inequivalent lithium environments. Finally,
further support of this formulation for 3 b comes from its mass
spectrum in which a peak with m/z� 1826, corresponding to
the central hexanuclear [Pt2(C�CPh)2(PPh2O)6Li4] fragment,
is also observed.


Conclusion


It is well known that the development of a selective chemistry
in many circumstances is strongly conditioned by the possi-
bility of access to adequate precursors. With this in mind we
have concentrated on the reactivity of the homoleptic
tetraalkynyl platinate species Li2[Pt(C�CR)4] (R� tBu, Ph)
and cis-[Pt(C�CR)2COD] towards PPh2H and PPh2(O)H and
the identification of the products obtained. This study has
enabled us to prepare five different new types of alkynyl


Scheme 4. Migration of protons in 7.
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platinum compounds, which may will be inaccessible by other
synthetic routes: i) the mononuclear bis(alkynyl) complexes
stabilized by PPh2H ligands [PtC�CR)2(PPh2H)2] (trans-1 or
cis-2); ii) the unexpected mononuclear diphosphine derivative
[Pt(C�CR)2(PPh2CHPhCH2PPh2)] (4 b); iii) the phosphide-
bridged diplatinum complexes [{Pt(C�CR)(m-PPh2)-
(PPh2H)}2] (6), also containing alkynyl and PPh2H as co-
ligands; iv) the novel mononuclear alkynyl derivatives
[Pt(C�CR){(PPh2O)2H}(PPh2OH)] (7), stabilized by one
diphenylphosphinito anion and two diphenylphosphonious
acid molecules; v) and finally the very unusual tetralithium
diplatinum species formed by a linear chain of four lithium
ions sandwiched by two square-planar dianionic platinate
units: [{Pt(C�CR)2(PPh2O)2Li2(m-H2O)(Me2CO)2}2] (2) and
[{Pt(C�CR)(PPh2O)3Li2(thf)(H2O)}2] (3).


Complexes 1 and 5, which are the first reported alkynyl
derivatives incorporating only secondary phosphines, are
notably stable, remaining unaltered after several hours of
refluxing in acetone. The absence of halide coligands avoids
the very common dehydrohalogenation reaction[27b, 36] leading
to phosphido bridging; moreover they seem not to be reactive
enough to add the PÿH bond either oxidatively to the metal[12]


or through the C�C triple bond of the alkynyl fragments.[7a]


However, the formation of the diplatinum complexes 6 under
the reaction conditions used for the synthesis of the mono-
nuclear complexes 5 a or 1 b, respectively, is surprising and the
mechanism of their formation remains obscure. Alternatively,
both complexes 6 a and 6 b can be obtained, although in very
low yield, by treating 5 with an excess of acetic acid (see
Experimental Section) suggesting that these diplatinum com-
plexes are formed by formal elimination of acetylene from 5
(probably initiated by protonation of the alkynyl function)
followed by a subsequent dimerization through a double-
diphenylphosphido-bridging system. On this basis, their for-
mation in the synthesis of 5 a or 1 b could be tentatively
attributed to the presence of an excess of PPh2H. However,
we have also observed that the treatment of complexes 5 with
one equivalent of PPh2H slowly produces their isomerization
to the corresponding trans-isomers 1 (see Experimental
Section), but in the case of 5 a the dimer 6 a is also generated
(final ratio 1 a/6 a 3.7:1). The structure of 6 a demonstrates that
the PPhÿ2 groups have a stronger preference to act as bridges
than do the alkynyl ligands. The m-phosphido ligand is very
common in coordination chemistry, and has been found to
stabilize both early and late transition metal dinuclear
systems.[28, 37] However, although there are many examples
of homo- and heterodinuclear di-m-phosphido-bridged com-
plexes of the type [LmM(m-PPh2)2M'L'n], to our knowledge
complex 6 a is only the second example reported that also
possesses terminal alkynyl ligands.[38] In contrast, it should be
noted that there are many homo- and heterodinuclear
compounds stabilized by mixed (m-PR2)(m-C�CR)-bridging
systems.[9, 28, 39]


The availability of all these alkynyl platinum complexes
offers us an excellent opportunity for further investigation.
We have conducted a preliminary exploration of the potential
of one of the new complexes. Thus, treatment of
[Pt(C�CR){(PPh2O)2H}(PPh2OH)] (7), which formally con-
tains two PPh2(O)H ligands, with Lewis bases such as PEt3,


PPh2H, CNR, or CNÿ, produces simple displacement of one of
the molecules of diphenylphosphinous acid, leading to the
mononuclear complexes (8 ± 11). However, the promising
deprotonation-induced chemistry of these new complexes is
partially demonstrated by the aggregation of 7 into 3
following treatment with the deprotonation agent LiOH
(see Scheme 3).


In light of the fact that all these new mononuclear
complexes contain alkynyl groups and acidic molecules
(PPh2H 1, 5, 6, 9 or PPh2OH 7) in mutually cis positions, we
are currently studying their reactivity towards a variety of
deprotonating metal complexes with the aim to obtain homo-
and heterometallic, heterobridged (m-C2R)/(m-PPh2) or (m-
C2R)/m-PPh2Oÿ) species.


Experimental Section


General considerations : Unless noted otherwise, all reactions and manip-
ulations were carried out under nitrogen atmosphere with Schlenk
techniques, and with distilled solvents purified by known procedures. IR
spectra were recorded on Perkin ± Elmer 883 and Perkin ± Elmer FT-
IR 1000 spectrometers from Nujol mulls between polyethylene sheets
unless otherwise noted. NMR spectra were recorded on a Bruker ARX 300
spectrometer, and chemical shifts are reported relative to external stand-
ards (SiMe4, CFCl3, 85% H3PO4, and LiCl in H2O). Elemental analyses
were carried out with a Perkin ± Elmer 2400 CHNS/O microanalyzer; the
electrospray mass spectra on a HP5989B with interphase API-ES
HP 59987A (in the negative ion mode with methanol as mobile phase),
and the mass spectra (FAB� ) on a VG Autospec spectrometer. The
starting complexes [PtCl2(tht)2][40] and cis-[Pt(C�CR)2COD] (R�Ph,[24]


tBu[10a]) were prepared by published methods. PPh2H and PPh2(O)H were
purchased from commercial suppliers.


Reaction of Li2[Pt(C�CtBu)4] with PPh2H. Preparation of trans-
[Pt(C�CtBu)2(PPh2H)2] (1a), [{Pt(C�CtBu)2(PPh2O)2Li2(m-H2O)(Me2-
CO)2}2] (2a) and [{Pt(C�CtBu)(PPh2O)3Li2(thf)(H2O)}2] (3 a):
[PtCl2(tht)2] (0.400 g, 0.904 mmol) was added to a fresh solution of
LiC�CtBu (4.972 mmol) in diethyl ether/hexane (�25 mL) at low temper-
ature (ÿ20 8C). The mixture was allowed to warm to room temperature and
the solvent was then removed in vacuum. The solid residue containing
Li2Pt(C�CtBu)4 was treated with 25 mL of an acetone/EtOH mixture (1:4;
not deoxygenated). The resulting colourless solution was treated with
PPh2H (0.5 mL, 2.745 mmol), and the mixture stirred. After 2 h of stirring a
white solid began to precipitate. The mixture was stirred for another 5 h
and then the resulting solid (0.122 g) was filtered and washed with cold
EtOH. This solid was identified as trans-[Pt(C�CtBu)2(PPh2H)2] (1a).
Concentration of the mother liquor (to ca. 15 mL) yielded an additional
fraction of complex 1a (0.043 g; total yield 25%). The ethanolic filtrate was
again stirred in air for 7 hours, causing the precipitation of 2''a, which was
filtered and washed with ether. The analysis of 2''a gives
[Pt(C�CtBu)2(PPh2O)2Li2(H2O)n] (n� 3). C36H44Li2O5P2Pt (827.7): calcd
C 52.24, H 5.36; found C 52.12, H 4.85. However, recrystallization of this
solid from hot acetone yields [{Pt(C�CtBu)2(PPh2O)2Li2(m-H2O)(Me2-
CO)2}2] (2 a) as a microcrystalline solid (40 % yield). This solid has a
tendency to exchange acetone molecules for H2O. In fact, all samples
analysed give analyses in agreement either with 2''a or with a composition
between 2 a and 2''a. This notwithstanding, the IR of 2 a and 2''a are
essentially identical and the NMR spectra (1H and 31P) are identical.
Finally, prolonged stirring of the last ethanolic filtrate for 1 day slowly
produced a new white solid (3''a), which was filtered and washed
with ethanol. The analysis of compound 3''a gives [Pt(C�CtBu)-
(PPh2O)3Li2(H2O)n] (n� 2). C42H43Li2O5P3Pt (929.7): calcd: C 54.26, H
4.66; found: C 54.28, H 4.71. Recrystallization of 3''a from a mixture of
THF/diethyl-ether gives [{Pt(C�CtBu)(PPh2O)3Li2(H2O)(thf)}2] 3a as
colorless microcrystalline prisms (4 % yield). Different samples of 3a give
analyses corresponding to 3''a or between 3''a and 3a. If the reaction is
carried out under anaerobic conditions 1 a and 2 a are obtained in yields of
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40% and 11 %, respectively. 3 a is not detected under these conditions.
Longer periods of stirring (6 days) under the same conditions improved the
yield of 1a (88 %).


Data for 1a : 1H NMR (CDCl3): d� 7.96 (br, 8H), 7.37 (br, 8 H; Ph), 6.46
(AA' part of an AA'XX' system (X�P); N� 1J(P,H)� 3J(P',H)� 400 Hz,
2J(Pt,H)� 26.2 Hz, PH), 1.05 (s, 18 H; tBu); 31P{1H} NMR (CDCl3): d�
ÿ1.99 (1J(Pt,P)� 2616 Hz); 31P NMR (CDCl3): d�ÿ1.97, (XX' part of an
AA'XX' system (A�H); 1J(P,H)� 399.9 Hz, 2J(P,P')� 484 Hz, 3J(P,H')�
3.6 Hz, J(H,H')� 0); 13C{1H} NMR (CDCl3): d� 134.2 (t, J(C,P)� 6.2 Hz,
3J(Pt,C)� 24.5 Hz; o-C, PPh2H), 130.1 (s; p-C, PPh2H), 128.7 (t, J(C,P)�
28.3 Hz; i-C, PPh2H), 128.0 (t, J(C,P)� 5.4 Hz; m-C, PPh2H), 120.6 (t,
3J(Cb,P)� 2.6 Hz, 2J(Pt,Cb)� 249 Hz; Cb,ÿCa�CbÿtBu), 85.2 (t, 2J(Ca ,P)�
15.9 Hz, 1J(Pt,Ca)� 913 Hz; Ca , Ca�CbÿtBu), 32.0 (s; C(CH3)3), 29.0 (s,
3J(Pt,C)� 17.9 Hz;ÿCMe3]; IR: nÄ � 2369 (vs; PÿH), 2106 cmÿ1 (m; C�C);
MS: m/z (%): 1294 (9) [{Pt(PPh2H)(C�CtBu)(m-PPh2)}2]�� [A]� , 1212 (9)
[AÿC�CtBuÿH]� , 1027 (6) [AÿC�CtBuÿPPh2H]� , 729 (31) [M�], 647
(33) [MÿC�CtBuÿH]� , 565 (68) [Pt(PPh2)2]� , 379 (70) [PtPPh2ÿH]� ;
C36H40P2Pt (729.7): calcd C 59.25, H 5.52; found: C 59.12, H 5.54.


Data for 2a : 1H NMR (CD3COCD3): d� 7.18 (m), 7.82 (m) Ph, 0.46 (s;
tBu); 31P{1H}NMR (CD3COCD3): d� 67.37 (J(Pt,P)� 2510 Hz); 7Li{1H}
NMR (CD3COCD3): d� 0.88 (s); IR: nÄ � 3646 (w), 3402 (m; OÿH)s, 1611
(w; OÿH)b, 2092 (w; C�C), 1030 (m), 1006 (m), 996 cmÿ1 (m; PÿO); MS:
m/z (%): 1294 (53) [{Pt(PPh2H)(C�CtBu)(m-PPh2H)}2]�� [A]� , 1213 (59)
[AÿC�CtBu]� , 1108 (27) [AÿPPh2H]� , 1026 (32) [AÿC�CtBuÿ
PPh2H]� , 767 (30) [Pt(C�CtBu)2(PPh2O)2Li�H]� , 679 (46) [Pt(C�CtBu)-
(PPh2O)2�H]� , 604 (100) [Pt(PPh2O)2Li]� , 402 (87) [Pt(PPh2O)Li]� .


Data for 3a : 1H NMR (CDCl3): d� 7.94 (m), 7.51 (t), 7.30 (m), 7.13 (t), 6.69
(t), 6.40 (t) (Ph), 1.59 (br; H2O), 0.49 (s; tBu); 31P{1H} NMR (CDCl3): d�
73.14 (d, 1J(Pt,PA)� 2723 Hz, 2 P), 58.70 (t, 1J(Pt,PX)� 2673 Hz, 1P),
2J(PA,PX)� 29.3 Hz; 7Li{1H} NMR (CDCl3): at 20 8C, d�ÿ1.03 (br s); at
3 8C, d�ÿ1.3 (br); at 0 8C, d�ÿ0.22 (br),ÿ1.75 (br); atÿ20 8C, d�ÿ0.23
(s),ÿ1.97 (s); IR: nÄ � 3623 (br), 3374 (br; OH), 1036 (s), 1024 (m), 998 cmÿ1


(w; PÿO); MS: m/z (%): 1705 (10) [Pt2(C�CtBu)(PPh2O)6Li4]� ; 882 (100)
[Pt(C�CtBu)(PPh2O)3�3H]� , 806 (27) [Pt(PPh2O)3Li]� , 604 (80)
[Pt(PPh2O)2Li]� , 396 (54) [Pt(PPh2O)]� .


Reaction of Li2[Pt(C�CtBu)4] with PPh2(O)H : A fresh solution of
Li2Pt(C�CtBu)4 (0.452 mmol) in an acetone/EtOH mixture (25 mL)
prepared as described above was treated with PPh2(O)H (0.283 g,
1.356 mmol) and the mixture stirred for 3 days. The resulting white
precipitate was filtered, washed with EtOH, and identified by 31P NMR as a
mixture of 2''a and 3''a. Upon stirring of this solid with CHCl3 (ca. 10 mL),
complex 3''a dissolved and 2''a, which is insoluble in CHCl3, was separated
by filtration (0.083 g, 20% yield based on Pt in [PtCl2(tht)2]). Removal of
the solvent from the filtrate and addition of diethyl ether (5 mL) gave 3''a
(0.168 g, 37% yield).


Reaction of [{Pt(C�CtBu)2(PPh2O)2Li2(m-H2O)(Me2CO)2}2] (2a) with
PPh2(O)H : A white suspension of 2 a (0.050 g, 0.027 mmol) in CHCl3


(30 mL), was treated with PPh2(O)H (0.011 g, 0.054 mmol), and the
mixture stirred for 2 d at room temperature. The remaining white solid
was filtered off and identified (31P{1H} NMR in CD3COCD3) as 2 a (40 %
yield with respect to the initial quantity). Evaporation of the filtrate to
dryness and treatment with diethyl ether (10 mL) gave a white solid, which
was a mixture (31P NMR) of 3 a and free PPh2(O)H. When the reaction was
monitored by 31P{1H} NMR spectroscopy at 20 8C for longer periods
(5 days), it was observed that complex 2 a was always present in the
reaction mixture, since the formation of 3a was not complete.


Reaction of trans-[Pt(C�CtBu)2(PPh2H)2] (1 a) with LiOH and H2O2 :
H2O2 (27.7 ml, 0.274 mmol) and LiOH (0.011 g, 0.274 mmol) were added to
a solution of 1a (0.100 g, 0.137 mmol; 2:2:1 molar ratio) in acetone
(20 mL), and the mixture was stirred for 15 h at room temperature. The
31P{1H} NMR of this solution shows only the presence of starting material.
When an excess of LiOH and H2O2 (4:4:1 molar ratio) and longer periods
of stirring (6 d) are employed, a complex mixture of unidentified platinum
complexes is observed by 31P{1H} NMR.


Preparation of trans-[Pt(C�CPh)2(PPh2H)2] (1b), [{Pt(C�CPh)2-
(PPh2O)2Li2(m-H2O)S2}2] (S�H2O 2''b), [Pt(C�CPh)2-
(PPh2CHPhCH2PPh2)] (4b), and [{Pt(C�CPh)(m-PPh2)(PPh2H)}2] (6b)


a) Reaction of Li2[Pt(C�CPh)4] with PPh2H : A white suspension of
Li2[Pt(C�CPh)4], prepared from [PtCl2(tht)2] (0.300 g, 0.678 mmol) and
LiC�CPh, (3.73 mmol; 1:5. molar ratio) in diethyl ether/hexane was


concentrated in vacuo, dissolved in a deoxygenated acetone/EtOH mixture
(20 mL), and finally treated with PPh2H (0.352 mL, 2.035 mmol). After
stirring the mixture for 12 hours, the solution was concentrated giving a
beige solid (mixture of 1b and 4 b �1:1 as shown by 31P NMR). Slow
crystallization of this solid from CHCl3/hexane in air afforded 1 b as pale-
yellow crystals (0.06 g, 11 % yield). Concentration of the mother liquor (ca.
5 mL) caused the precipitation of a second beige solid (mixture of 2b and
4b), which was recrystallized from THF/hexane, yielding 2''b as a micro-
crystalline solid (0.06 g, 11% yield). If the reaction is carried out under
aerobic conditions and for longer periods of stirring (24 h), only 2''b was
obtained in the first fraction (0.57 g, 31% yield). Upon stirring the
ethanolic filtrate for 3 days a white solid separates, which is a complex
mixture of products (31P{1H} NMR) containing mainly 2''b. However, when
a solution of Li2[Pt(C�CPh)4] (2.261 mmol) dissolved in an acetone/
ethanol mixture (5 mL/15 mL) was treated directly with PPh2H (1.17 mL,
6.78 mmol) and stirred for 6 days under aerobic conditions, a new white
solid precipitated (1.8 g, 91% yield). This solid was identified as 4b.


b) Preparation of 1b and 6b : Treatment of [PtCl2(tht)2] (0.600 g,
1.356 mmol) at low temperature (ÿ20 8C) with a lesser excess of LiC�CPh
(4.069 mmol, 1:3 molar ratio) slowly (�45 min) yields a suspension
[probably mixtures of species of the type Pt(C�CPh)4ÿx(tht)xLi2ÿx , (x�
0 ± 2)]. Addition of PPh2H (0.7 mL, 4.069 mmol, 1:3 molar ratio) to this
mixture at room temperature, immediately produces a yellow suspension.
After 10 minutes of stirring, the mixture was evaporated to dryness, treated
with CH2Cl2 (50 mL), filtered through celite, and the resulting filtrate
evaporated to small volume (�5 mL). Addition of n-hexane (15 mL) gave
a beige solid, which was recrystallized from CHCl3/hexane, yielding 1b
(0.7 g, 67%) as a yellow microcrystalline solid. The mother liquor (CH2Cl2/
hexane) was evaporated to dryness, treated with ethanol (20 mL), and
stirred for three days. The resulting white solid, which was filtered off and
washed with diethyl ether, was identified as 6b (0.10 g, 11 % yield). If the
reaction is carried out in a 1:2 molar ratio (Pt:PPh2H), identical products
are observed in yields of 48% (for 1b) and 3% (for 6b). Complex 6b is also
obtained by treatment of 5b with CH3COOH: Acetic acid (0.5 mL) was
added to a solution of 5 b (0.100 g, 0.1299 mmol) in CH2Cl2 (10 mL), and
the mixture was stirred for 6 days. The brown solution was evaporated to
dryness, and the residue was treated with a mixture of diethyl ether/hexane
(1:2). The resulting beige solid containing 6b with other unidentified
products (9b is also observed) was recrystallized twice from CHCl3/hexane
yielding 6 b in very low yield (�15%).


Data for 1b : 1H NMR (CDCl3): d� 7.96, 7.41, 7.11 (m, Ph),�6.72 (AA' part
of an AA'XX' system (X�P), due to overlapping with Ph resonances only
2J(Pt,H)� 26.8 Hz can be calculated; PH); 31P{1H} NMR (CDCl3): d�
ÿ4.26 (1J(Pt,P)� 2547 Hz); 31P NMR (CDCl3): d�ÿ4.25, (XX' part of
an AA'XX' system (A�H); N� 402.7 Hz, 1J(P,H)� 397.5 Hz, 2J(P,P')�
459.5 Hz, 3J(P,H')� 5.2 Hz, J(H,H')� 0); 13C{1H} NMR (CDCl3): at 20 8C,
d� 134.4 (o-C, PPh2H), 131.2 (4J(Pt,C)� 8.7 Hz; o-C, C�CPh), 130.5 (p-C,
PPh2H), 128.63 (m-C, PPh2H), 127.9 (i-C, C�CPh), 127.7 (m-C, C�CPh),
125.8 (p-C, C�CPh), 112.4 (2J(Pt,Cb)� 259 Hz; Cb, ÿCa


�Cb
ÿPh), 102.9


(1J(Pt,Ca)� 834 Hz; Ca , Ca�CbÿPh; at ÿ50 8C, 2J(P,Ca)� 27 Hz is ob-
served); IR: nÄ � 2376 (m; PÿH), 2110 cmÿ1 (vs; C�C); MS: m/z (%): 770
(100) [M�H]� , 666 (97) [Pt(C�CPh)(PPh2)2]� , 565 (62) [Pt(PPh2)2]� , 378
(47) [PtPPh2ÿ 2 H]� ; C40H32P2Pt (769.7): calcd C 62.42, H 4.19; found C
62.45, H 4.12.


Data for 2''b : 1H NMR (CDCl3): d� 7.78, 7.14, 6.76, 6.19 (Ph, PPh2,
C�CPh), 3.53 (br s, H2O), signals due to THF are also observed 3.73 (m),
1.84 (m); 31P{1H}NMR (CDCl3): d� 68.07 (s, 1J(Pt,P)� 2395 Hz); 7Li{1H}
NMR (CDCl3): at 20 8C, d�ÿ0.62 (s), at ÿ20 8C, d�ÿ0.32 (br s); IR: nÄ �
3565 (vs), 3398 (vs; OÿH)s, 2095 (s; C�C), 1038 (vs), 1024 (vs), 997 cmÿ1 (w;
PÿO); ES-MS (ÿ): m/z (%): 800.6 (100) [Pt(C�CPh)2(PPh2O)2�H]ÿ ,
498.4 (14) [Pt(C�CPh)(PPh2OH)]ÿ ; [Pt(C�CPh)2(PPh2O)2Li2(H2O)3],
C40H36Li2O5P2Pt (867.6): calcd C 55.37, H 4.18; [Pt(C�CPh)2-
(PPh2O)2Li2(H2O)2(thf)], C44H42Li2O5P2Pt (921.7): calcd C 57.34, H 4.59;
found: C 48.67, H 3.98, poor analyses with low C content are found
systematically.


Data for 4b : 1H NMR (CDCl3): d� 8.19 (m, 2 H), 7.99 (m, 2H), 7.70 ± 6.90
(m, 29H), 6.66 (d, 2 H) (Ph), 3.83 (m, 1H; CH2), 3.19 (dm, 2J(H,P)� 47 Hz,
3J(Pt,H) � 25 Hz; CH), 2.53 (m, 1 H, CH2); 1H{31P} NMR (CDCl3):
Decoupling the d� 21.4 phosphorus resonance: 8.19 (d, J(H,H)� 6 Hz),
7.99 (d, J(H,H)� 6.3 Hz), 7.59 ± 6.90 (m), 6.66 (d, J(H,H)� 7.5 Hz)
(Ph), 3.83 (tm, 2J(Ha,Hb) � 3J(P,Ha)� 9.3 Hz; Ha, CHaHb), 3.21 (ddd,
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2J(P,Hc)� 47 Hz, 3J(Hc,Hb)� 14.4 Hz, 3J(Hc,Ha)� 3.3 Hz, 3J(Pt,Hc)�
25 Hz), 2.53 (td, 2J(Hb,Ha)� 9.3 Hz, 3J(Hb,Hc) � 3J(Hb,P)� 14.4 Hz; Hb,
CHaHb). By decoupling the signal at d� 49.24 under similar conditions the
modification of the proton spectrum was negligible. 31P{1H} NMR (CDCl3):
d� 49.24 (d, 1J(Pt,P)� 2260 Hz), 21.53 (d, 1J(Pt,P)� 2250 Hz, 3J(P,P)�
13.8 Hz); the 13C NMR spectrum could not be recorded due to the low
solubility of the complex; IR: nÄ � 2114 cmÿ1 (s; C�C); ES-MS(�): m/z (%):
871 (44) [M]� , 771 (47) [MÿC2Ph�H]� , 668 (58) [Mÿ 2C2PhÿH]� , 565
(100) [Pt(PPh2)2]� , 487 (90) [PtPPh2PPhÿH]� , 379 (95) [PtPPh2ÿH]� ;
C48H38P2Pt (871.9): calcd C 66.12, H 4.39; found C 65.87, H 3.97.


Data for 6b : 1H NMR (CDCl3): d� 7.63, 7.28, 7.06, 6.71 (m, Ph), 5.35 (dm,
J(P,H)� 372 Hz, 2 H; PH); 31P{1H} NMR (CDCl3): AA'XX'�AA'XX'M
(M�Pt) spin systems dPAA'� 1.58 (PPh2H), dPXX'�ÿ138.7 (m-PPhÿ2 ),
[N� 2J(PA,PX)� 2J(PA,PX')� 321.4 Hz, K� 4J(PA,PA')� 2J(PX,PX')�
132.6 Hz, L� 2J(PA,PX)ÿ 2J(PA,PX')� 351.9 Hz, j 2J(PA,PX) j� 336.7 Hz,
j 2J(PA,PX') j� 15.3 Hz, 1J(Pt,PX)� 1688 Hz, 1J(Pt,PX')� 1766 Hz,
1J(Pt,PA)� 2051 Hz]; IR: nÄ � 2357 (w; PÿH), 2104 cmÿ1 (s; C�C); ES-MS


(apci � ): m/z (%): 666.5 (98)
[Pt(C�CPh)(PPh2)2]� , 667.5 (100)
[Pt(C�CPh)(PPh2)(PPh2H)]� , 566
(15) [Pt(PPh2)(PPh2H)]� ; C64H52P4Pt2


(1335.2): calcd C 57.57, H 3.92; found
C 57.73, H 4.42.


Preparation of cis-[Pt(C�CtBu)2(PPh2H)2] (5a) and [{Pt(C�CtBu)(m-
PPh2)(PPh2H)}2] (6a): A solution of cis-[Pt(C�CtBu)2(COD)] (1.114 g,
2.393 mmol) in CH2Cl2 (10 mL) was treated at ÿ30 8C with PPh2H
(0.87 mL, 4.770 mmol), and the resulting mixture was stirred for 15 min
at low temperature. Then the solvent was removed in vacuum and the
addition of diethyl ether (5 mL) caused the precipitation of cis-
[Pt(C�CtBu)2(PPh2H)2] 5a as a white solid (1.383 g, 79% yield). On
cooling the filtrate to ÿ30 8C for a week, a beige solid separated, which was
recrystallised from CH2Cl2/hexane and identified as 6a 0.031 g, 2% yield).
The complex 6 a is also obtained by treatment of 5a with CH3COOH: 5a
(0.100 g, 0.1379 mmol) in CH2Cl2 (10 mL) was treated with glacial acetic
acid (1 mL). After 7 d of stirring, the solution was evaporated to dryness
and the residue treated with n-hexane, affording a beige solid identified by
31P NMR spectroscopy as impure 6 a. Recrystallization from CHCl3/hexane
gives pure 6 a, but in very low yield (�25%).


Data for 5a : 1H NMR (CDCl3): d� 7.65 (m, 8H), 7.33 (m, 12H) (Ph), 5.88
(dm, N� 1J(P,H)� 3J(P',H)� 378 Hz; 2H, PH), 1.02 (s, 18H, tBu); 31P{1H}
NMR (CDCl3): d�ÿ5.49 (s, 1J(Pt,P)� 2156 Hz); 31P NMR (CDCl3): d�
ÿ5.49 (d, J(P,H)� 377 Hz); 13C{1H} NMR (CDCl3): at 20 8C, d� 134.0 (t,
J(C,P)� 5.3 Hz, J(Pt,C)� 20.2 Hz; o-C, PPh2H), 130.3 (s, p-C, PPh2H),
128.1 (t, J(C,P)� 5.4 Hz; m-C, PPh2H), 127.4 (AXX', 1J(C,P)� 3J(C,P')�
57.5 Hz; i-C), 118.8 (AXX', 3J(Cb,Ptrans)� 3J(Cb,Pcis) � 36.3 Hz,
2J(Pt,Cb)� 306.4 Hz; Cb, ÿCa�CbtBu), 84.3 (dd, 2J(Ca ,Ptrans)� 153.0 Hz,
2J(Ca ,Pcis)� 21.2 Hz, 1J(Pt,Ca)� 1122.4 Hz; Ca, ÿCa�CbtBu) 31.6 (s,
4J(Pt,C)� 8.0 Hz; C(CH3)3), 28.7 (s, 3J(Pt,C)� 20.9 Hz; ÿCMe3); IR: nÄ �
2354 (m; PÿH), 2118 cmÿ1 (w; C�C); MS: m/z (%): 1214 (8)
[Pt2(C�CtBu)(m-PPh2)2(PPh2H)2]� , 730 (76) [M�H]� , 647 (33) [Mÿ
C�CtBuÿH]� , 566 (100) [Pt(PPh2H)(PPh2)]� , 379 (42) ([PtPPh2ÿH]� ;
C36H40P2Pt (729.8): calcd C 59.25, H 5.52; found C 58.99, H 5.65.


Data for 6a : 1H NMR (CDCl3): d� 7.61 (m,16 H), 7.27 (m), 7.07 (m) (24 H)
(Ph), 5.25 (dm, J� 368 Hz; 2H, PH), 0.86 (s, 18H, tBu); 31P{1H} NMR
(CDCl3): AA'XX' spin system dPAA'� 1.36 (PPh2H), dPXX'�ÿ145.4
(m-PPhÿ2 ), [N� 2J(PA,PX)� 2J(PA,PX')� 328.4 Hz, K� 4J(PA,PA')�
2J(PX,PX')� 136.4 Hz, L� 2J(PA,PX)ÿ 2J(PA,PX')� 362 Hz, j 2J(PA,PX) j�
345.2 Hz, j 2J(PA,PX') j� 16.8 Hz, 1J(Pt,PX)� 1689 Hz, 1J(Pt,PX')� 1792 Hz,
1J(Pt,PA)� 2035 Hz]; IR: nÄ � 2352 cmÿ1 (s; PÿH); MS: m/z (%): 1294 (60)
[A]� , 1213 (100) [AÿC�CtBu]� , 1108 (31) [AÿPPh2HÿH]� , 1027 (53)
[AÿC�CtBuÿPPh2H]� ; C60H60P4Pt2 (1295.2): calcd C 55.64, H 4.67; found
C 55.49, H 4.76.


Preparation of cis-[Pt(C�CPh)2(PPh2H)2] (5b): A yellow solution of cis-
[Pt(C�CPh)2(COD)] (1.004 g, 1.986 mmol) in CH2Cl2 (10 mL) was treated
at low temperature (ÿ30 8C) with PPh2H (0.72 mL, 3.973 mmol) and the
mixture stirred for 5 min. The solvent was removed in vacuum, and the
residue was treated with diethyl ether (5 mL) to give 5b as a yellow solid,
which was washed with diethylether and dried under vacuum (1.169 g, 76%
yield). 1H NMR (CDCl3): d� 7.67 (m), 7.38 (m), 7.08 (m), (30 H; Ph), 6.08
(dm, N� 1J(P,H)� 3J(P',H)� 390 Hz, 2H; PH); 31P{1H} NMR (CDCl3):


d�ÿ7.07 (s, 1J(Pt,P)� 2169 Hz); 31P NMR (CDCl3): d�ÿ7.07 (d,
J(P,H)� 383 Hz); 13C{1H} NMR (CDCl3): at ÿ50 8C, d� 134.2 (t,
J(C,P)� 5.2 Hz; o-C, PPh2H), 131.4 (in this signal, the o-C of theÿC�CPh
groups and p-C of the ligands PPh2H probably overlap), 131.1 (s; Ph), 128.6
(t, J(C,P)� 5.0 Hz; m-C, PPh2H), 127.5 (s; m-C, Ph,ÿC�CPh), 127.3 (s; i-C,
Ph, ÿC�CPh), 126.2 (AXX', 1J(C,P)� 3J(C,P')� 59.4 Hz, i-C, PPh2H),
125.5 (s; p-C, Ph, ÿC�CPh), 110.6 (AXX', 3J(Cb,Ptrans)� 3J(Cb,Pcis)�
36.4 Hz, 2J(Pt,Cb)� 308.4 Hz; Cb, ÿCa


�CbPh), 99.9 (dd, 2J(Ca ,Ptrans)�
148.8 Hz, 2J(Ca ,Pcis)� 21.4 Hz, 1J(Pt,Ca)� 1114.6 Hz; Ca , ÿCa�CbPh);
IR: nÄ � 2342 (m; PÿH), 2119 cmÿ1 (m; C�C); MS: m/z (%): 1334 (10)
[{Pt(C�CPh)(m-PPh2)(PPh2H)}2]�� [B]� , 1233 (14) [BÿC�CPh]� , 1133
(11) [Bÿ 2C�CPh�H]� , 1047 (6) [BÿC�CPhÿPPh2H]� , 769 (51) [M]� ,
667 (35) [MÿC�CPhÿH]� , 566 (100) [Pt(PPh2H)(PPh2)]� , 379 (39)
[PtPPh2ÿH]� ; C40H32P2Pt (769.7): calcd C 62.42, H 4.19; found C 62.05, H
4.06.


Reactions of cis-[Pt(C�CR)2(PPh2H)2] with PPh2H : For R� tBu; PPh2H
(28.9 mL, 0.167 mmol) was added to a stirred solution of 5 a (0.122 g,
0.167 mmol) in deoxygenated CH2Cl2 (5 mL). After 24 h stirring, the
solution was evaporated to dryness and the residue treated with deoxy-
genated diethyl ether (5 mL) to give a solid (0.09 g), identified as a mixture
of trans-[Pt(C�CtBu)2(PPh2H)2] 1 a and [{Pt(C�CtBu)(m-PPh2)(PPh2H)}2]
6a (3.7:1 ratio). If the initial mixture is stirred for 3 days under aerobic
conditions, oxidation of PPh2H takes place and PPh2(O)H is generated. The
31P NMR spectrum of the final mixture shows the complete transformation
of 6a to [Pt(C�CtBu){(PPh2O)2H}(PPh2H)] (9a). Similar results were
obtained starting from 5b (0.120 g, 0.156 mmol) and 1 equiv of PPh2H
(26.98 mL, 0.156 mmol). In this case after 48 hours under anaerobic
conditions, the solid obtained (0.08 g) is identified as trans-
[Pt(C�CPh)2(PPh2H)2] 1 b with a small amount of PPh2(O)H as impurity.


Preparation of [Pt(C�CR){(PPh2O)2H}(PPh2OH)] (R� tBu 7 a; R�Ph
7b): A suspension of cis-[Pt(C�CtBu)2(COD)] (0.150 g, 0.322 mmol) in
CH2Cl2 (20 mL) was treated at ÿ40 8C with PPh2(O)H (97 %; 0.201 g,
0.996 mmol) and the mixture stirred for 15 min at low temperature. The
solution was evaporated to dryness and the residue treated with acetone
(5 mL) to give 7 a as a white solid (0.213 g, 75 % yield). Complex 7b was
prepared similarly starting from cis-[Pt(C�CPh)2(COD)] (0.200 g,
0.396 mmol) and PPh2(O)H (0.247 g, 1.188 mmol), but in this case the
reaction time was 4 h and the final solid was recrystallized from CHCl3/
hexane yielding 7b as a white solid (0.215g, 60%). Similar results were
obtained using a Pt/PPh2(O)H ratio of 1:2 at ÿ20 8C (yield: 45% 7a, 43%
7b). If cis-[Pt(C�CtBu)2(COD)] (0.250 g, 0.537 mmol) is treated with two
molar equiv of PPh2(O)H (0.224 g, 1.074 mmol) in CHCl3 (20 mL) at room
temperature, and the resulting solution evaporated to dryness after 15 min.
of stirring, a white solid is obtained (0.192 g, 36% yield based on Pt) by
treating with diethyl ether (10 mL), and is identified as
[Pt{(PPh2O)2H}2]:[30e] 31P{1H} NMR (CDCl3): d� 72.33 (J(PtÿP)�
2454 Hz).


Data for 7a : 1H NMR (CDCl3): at 20 8C, d� 7.55 ± 7.03 (m; Ph), 0.80 (s;
tBu); at ÿ50 8C, a broad signal is seen at 16.92, which can tentatively be
assigned to O ´´´ H ´ ´ ´ O; 31P{1H} NMR (CDCl3): at ÿ50 8C, ABX pattern
dPA� 81.75 (PPh2Oÿ), dPB� 70.29 (PPh2OH), dPX� 75.56 (P trans to
C�CtBu), 2J(PA,PBtrans)� 405.4 Hz, 2J(PA,PXcis)� 20.4 Hz, 2J(PB,PXcis)�
26.3 Hz, 1J(Pt,PA)� 2223 Hz, 1J(Pt,PB)� 2537 Hz, 1J(Pt,PX)� 2713 Hz; at
25 8C, 75.45 (t, 2J(PX,Pcis)� 23.2 Hz, 1J(Pt,PX)� 2696 Hz). Coalescence of
dA and dB is observed at about 50 8C (DG=� 53.8 kJmolÿ1); IR (KBr)nÄ �
960 (s), 932 (vs), 900 (sh), bands at 1027 (w) and 1000 cmÿ1 (w) are also
observed (PÿO); MS: m/z (%): 881 (100) [M]� , 800 (16) [MÿC�CtBu]� ,
598 (50) [Pt(PPh2O)2H]� , 395 (47) [PtPPh2OÿH]� ; C42H41O3P3Pt (881.8):
calcd C 57.21, H 4.69; found C 57.27, H 4.05.


Data for 7b : 1H NMR (CDCl3): atÿ50 8C, d� 16.53 (br; O ´´´ H ´ ´ ´ O), 7.76,
7.25, 6.62 (m; Ph); at 25 8C, 7.60, 7.32, 7.08, 6.65 (m, Ph); 31P{1H} NMR
(CDCl3): at ÿ50 8C, ABX pattern, dPA� 84.91 (PPh2Oÿ), dPB� 70.35
(PPh2OH), dPX� 75.66 (P trans to C�CPh), 2J(PA,PBtrans)� 405.3 Hz,
1J(Pt,PA)� 2246 Hz, 1J(Pt,PB)� 2512 Hz, 1J(Pt,PX)� 2670 Hz); at 25 8C,
d� 74.81 (t, 2J(PX,Pcis)� 23.7 Hz, 1J(Pt,PX)� 2737 Hz). A similar pattern
was seen at 45 8C; IR: nÄ � 2120 (w; C�C) , 964 (vs), 919 (vs), 900 (sh), bands
at 1028 (w) and 1000 cmÿ1 (w) are also observed (PÿO); MS: m/z (%): 901
(100) [M]� , 797 (20) [Pt(PPh2O)3ÿH]� , 699 (22) [MÿPPh2OH]� , 599 (37)
[Pt(PPh2O)2H�H]� , 395 (52) [PtPPh2OÿH]� ; C44H37O3P3Pt (901.8): calcd
C 58.61, H 4.14; found C 58.31, H 3.86.
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Preparation of [Pt(C�CR){(PPh2O)2H}L] 8 ± 10 : These complexes were
prepared using a common procedure. A typical preparation (R� tBu, L�
PEt3 8 a) was as follows: A suspension of 7a (0.15 g, 0.17 mmol) in CH2Cl2


(�10 mL) was treated with a stoichiometric amount of PEt3 (23 mL,
0.17 mmol). The initial white suspension dissolved almost instantaneously.
After stirring for about 5 min the solvent was removed in vacuum and the
residue treated with several portions of diethyl ether, yielding 8a as a white
microcrystalline solid (0.06 g, 45% yield). Complexes 8 b and 10 were
obtained in a similar way starting from the corresponding complex 7 and
the appropiate donor ligand. The following amounts were used: For 8b
(R�Ph, PEt3) 7b (0.200 g, 0.222 mmol) and PEt3 (3.01 mL, 0.222 mmol),
yield 78%; 10a (R� tBu, L�CNtBu) 7a (0.200 g, 0.227 mmol) and CNtBu
(25.6 mL, 0.222 mmol), yield 88 %; 10b (R�Ph, L�CNtBu) 7 b (0.200 g,
0.222 mmol) and (CNtBu 25.1 mL, 0.222 mmol), yield 76%. For complex 9a
the final residue was treated with isopropanol and for complex 9b (L�
PPh2H) the reaction was carried out at � ÿ 30 to ÿ40 8C and the reaction
mixture was stirred at low temperature for 45 min. The starting precursors
used were: 7 a (0.200 g, 0.227 mmol) with PPh2H (39.5 mL, 0.227 mmol) for
complex 9a (yield 56 %) and 7b (0.128 g, 0.142 mmol) with PPh2H
(24.7 mL, 0.142 mmol) for 9 b (yield 64 %), respectively.


Data for 8a : 1H NMR (CDCl3): d� 7.89, 7.68, 7.33 (Ph), 1.55 (m; CH2,
PEt3), 0.85 (dt, 3J(P,H)� 16 Hz, 2J(H,H)� 7.5 Hz; CH3, PEt3), 0.85 (s; tBu,
C�CtBu); 31P{1H} NMR (CDCl3): AMX spin system, d� 79.41 (t,
2J(PX,PMcis)� 27.4 � 2J(PX,PAcis)� 21.5 Hz, 1J(Pt,PX)� 2699 Hz; PX, Ptrans


to C�CtBu), 72.49 (dd, 2J(PA,PMtrans)� 389.9 Hz, 1J(Pt,PM)� 2639.3 Hz; PM,
Ptrans to PEt3), 5.14 (dd, 1J(Pt,PA)� 1968.2 Hz; PA, PEt3); 13C{1H} NMR
(CDCl3): d� 140.0 (d, 1J(C,P)� 62.5 Hz, 2J(Pt,C) � 47 Hz), 139.99 (dd,
1J(C,P)� 69.5 Hz, 3J(C,P)� 6.9 Hz, 2J(Pt,C) � 31 Hz; i-C, PPh2Oÿ), 132.5
(m; o-C, PPh2Oÿ), 130.39 (d, 4J(C,P)� 1.7 Hz), 129.29 (d, 4J(C,P)� 2.3 Hz;
p-C, PPh2Oÿ), 127.86 (d, 3J(C,P)� 10.5 Hz), 127.12 (d, 3J(C,P)� 11.3 Hz; m-
C, PPh2Oÿ), 121.04 (dd, 3J(Cb,Ptrans)� 30.5 Hz, 3J(Cb,Pcis)� 1.9 Hz,
2J(Pt,Cb) � 235 Hz; Cb, Ca


�CbtBu), 90.92 (ddd, 2J(Ca ,Ptrans)� 129.1 Hz,
2J(Ca ,Pcis)� 20.6, 16.8 Hz, 1J(Pt,Ca) � 980 Hz; Ca , Ca�CbtBu), 31.01 (s;
C(CH3)3, tBu), 29.04 (CMe3, tBu), 15.43 (d, 1J(C,P)� 31.2 Hz, 2J(Pt,C)�
27 Hz; CH2, PEt3), 8.18 (br, 3J(Pt,C)� 19 Hz; CH3, PEt3); IR: nÄ � 1031 (s),
1008 (vs), 997 cmÿ1 (sh; PÿO); MS: m/z (%): 798 (70) [M�H]� , 717 (30)
[MÿC�CtBu�H]� , 598 (25) [Pt(PPh2O)2H]� ; C36H45O2P3Pt (797.8): calcd
C 54.20, H 5.68; found C 53.83, H 5.64.


Data for 8b : 1H NMR (CDCl3): d �15.0 (br; H ´´´ O ´´´ H), 7.92, 7.73, 7.35,
7.10, 6.80 (m; Ph), 1.63 (m; CH2, PEt3), 0.91 (dt, 3J(H,P)� 16.6 Hz,
2J(H,H)� 7.2 Hz; CH3, PEt3); 31P{1H} NMR (CDCl3): AMX spin system,
d� 78.36 (t, 2J(PX,PAcis)� 21.5 � 2J(PX,PMcis)� 27.1 Hz, 1J(Pt,PX)�
2717 Hz; PX, Ptrans to C�CPh), 71.52 (dd, 2J(PM,PAtrans)� 380.1 Hz,
1J(Pt,PM)� 2591 Hz; PM, Ptrans to PEt3), 5.61 (dd, 1J(Pt,PA)� 1950 Hz; PA,
PEt3); 13C{1H} NMR (CDCl3): d� 139.78 (dd, 1J(C,P)� 70.0 Hz, 3J(C,P)�
7.1 Hz, 2J(Pt,C)� 61.6 Hz; i-C, PPh2Oÿ trans to C�CtBu), 139.61 (dd,
1J(C,P)� 63.2 Hz, 3J(C,P)� 1.3 Hz, 2J(Pt,C)� 48.5 Hz; i-C, PPh2Oÿ trans
to PEt3), 132.4 (d, 2J(C,P)� 13 Hz, 3J(Pt,C)� 13.1 Hz), 132.1 (dd,
2J(C,P)� 10.7 Hz, 4J(C,P)� 0.6 Hz; o-C, PPh2Oÿ), 130.50 (d, J(C,P)�
2 Hz), 130.47 (d, J� 1.2 Hz), 129.47 (d, J(C,P)� 2.5 Hz; p-C, PPh2Oÿ and
o-C, Ph, C�CPh), 127.96 (d, 3J(C,P)� 10.7 Hz), 127.39 (d, 3J(C,P)�
11.2 Hz; m-C, PPh2Oÿ), 127.46 (s; m-C, Ph, C�CPh), 125.66 (s; p-C, Ph,
C�CPh), 112.66 (ddd, 3J(Cb,Ptrans)� 30.8 Hz, 3J(Cb,Pcis)� 2.9, 1.1 Hz,
2J(Pt,Cb)� 320.7 Hz; Cb, Ca�CbPh), 108.4 (ddd, 2J(Ca ,Ptrans)� 129.7 Hz,
2J(Ca ,Pcis)� 20.5, 17.0 Hz, 1J(Pt,Ca) � 1010 Hz; Ca , Ca


�CbPh), 15.57 (dt,
1J(C,P)� 31.1 Hz, 2J(Pt,C)� 26 Hz; CH2, PEt3), 8.2 (t, 2�4J(C,P)� 3.8 Hz;
CH3, PEt3); IR: nÄ � 2121 (m; C�C), 1027 (s), 1007 cmÿ1 (vs; PÿO); ES-
MS(�): m/z (%): 819 (60) [M�2]� , 716 (95) [MÿC�CPh]� , 598 (100)
[Pt(PPh2O)2H]� ; C38H41O2P3Pt (817.8): calcd C 55.81, H 5.05; found C
55.88, H 4.84.


Data for 9a : 1H NMR (CDCl3): d� 7.99, 7.52, 7.29, (Ph), 5.38 (ddd,
1J(H,P)� 364.9 Hz, 3J(H,Ptrans)� 14.4 Hz, 3J(H,Pcis)� 7.3 Hz; PPh2H), 0.73
(s; tBu); 31P{1H} NMR (CDCl3): AMX spin system, d� 76.86 (t, 2J(PX,PMcis)
� 25.5 Hz, 2J(PX,PAcis)� 21.9 Hz, 1J(Pt,PX)� 2521 Hz; PX, Ptrans to
C�CtBu), 69.39 (dd, 2J(PM,PAtrans)� 404.7 Hz, 1J(Pt,PM)� 2887 Hz; PM,
Ptrans to PPh2H),ÿ3.67 (dd, 1J(Pt,PA)� 1982 Hz; PA, PPh2H); 13C{1H} NMR
(CDCl3): d� 138.82 (dd, 1J(C,P)� 70.5 Hz, 3J(C,P)� 7.4 Hz, 2J(Pt,C) �
65 Hz; i-C, PPh2Oÿ trans to C�CtBu), 137.81 (dd, 1J(C,P)� 66.2 Hz,
3J(C,P)� 1.8 Hz, 2J(Pt,C)� 42 Hz; i-C, PPh2Oÿ trans to PPh2H), 134.00
(d, 2J(C,P)� 9.2 Hz), 132.24 (d, 2J(C,P)� 11.5 Hz), 132.02 (d, 2J(C,P)�
12.5 Hz; o-C), 130.62, 130.54, 129.8 (p-C), 128.12 (d, 3J(C,P)� 10.6 Hz),


127.31 (d, 3J(C,P)� 11.3 Hz; m-C), Cb not observed, 87.27 (ddd,
2J(Ca ,Ptrans)� 124.3 Hz, 2J(Ca ,Pcis)� 21.16 Hz; Ca , Ca�CbtBu), 30.81 (s;
C(CH3)3), 28.96 (s; CMe3); IR: nÄ � 2357 (m; PÿH), 1029 (s), 1011(vs),
997 cmÿ1 (sh; PÿO); ES-MS (�): m/z (%): 866 (100) [M�H]� ;
C42H41O2P3Pt (865.8): calcd C 58.27, H 4.77; found C 58.17, H 4.85.


Data for 9b : 1H NMR (CDCl3): d� 7.96, 7.56, 7.47, 7.28, 7.03, 6.62 (Ph), 5.44
(ddd, 1J(H,P)� 368.2 Hz, 3J(H,Ptrans)� 13.8 Hz, 3J(H,Pcis)� 6.5 Hz,
2J(Pt,H) � 50 Hz; PPh2H); 31P{1H} NMR (CDCl3): AMX spin system,
d� 75.68 (t, 2J(PX,PMcis)� 24.7 Hz � 2J(PX,PAcis)� 21.9 Hz, 1J(Pt,PX)�
2536 Hz; PX, Ptrans to C�CPh), 69.19 (dd, 2J(PM,PAtrans)� 394.5 Hz,
1J(Pt,PM)� 2843 Hz; PM, Ptrans to PPh2H), ÿ2.92 (dd, 1J(Pt,PA)� 1960 Hz;
PA, PPh2H); 13C{1H} NMR (CDCl3): d� 138.8 (m; overlapping of i-C,
PPh2Oÿ, PPh2H), 134.18 (d, 2J(C,P)� 10.1 Hz), 132.23 (d, 2J(C,P)� 8.2 Hz),
132.07 (d, 2J(C,P)� 8.8 Hz; o-C, PPh2Oÿ, PPh2H), 130.84, 129.94 (p-C,
PPh2Oÿ), 130.57 (s; o-C, Ph, C�CPh), 128.47 (d, 3J(C,P)� 11.8 Hz), 128.09
(d, 3J(C,P)� 10.8 Hz), 127.59 (d, 3J(C,P)� 11.3 Hz; m-C, PPh2Oÿ, PPh2H),
127.57 (s; m-C, Ph, C�CPh), 126.42 (i-C, Ph, C�CPh), 125.68 (s; Ph,
C�CPh), 117.07 (d, 3J(Cb,Ptrans)� 32 Hz; Cb, Ca�CbPh), �105.4 (poorly
resolved signal as dm, 2J(Ca ,Ptrans) � 120 Hz; Ca); IR: nÄ � 2351 (w; PÿH),
2118 (m; C�C), 1030 (s), 1014 (vs), 997 cmÿ1 (m; PÿO); ES-MS (�): m/z
(%): 887 (100) [M�H]� ; C44H37O2P3Pt (885.8): calcd C 59.66, H 4.21; found
C 59.38, H 4.14.


Data for 10a : 1H NMR (CDCl3): d� 7.91, 7.60, 7.35, (m; Ph), 1.24 (s; tBu,
CNtBu), 1.01 (s; tBu, C�CtBu); 31P{1H} NMR (CDCl3): d� 70.93 (d,
2J(P,Pcis)� 25.4 Hz, 1J(Pt,P)� 2474 Hz; Ptrans to C�CtBu), 60.95 (d,
1J(Pt,P)� 3071 Hz; Ptrans to CNtBu); 13C{1H} NMR (CDCl3): signal due to
CNÿ not observed, d� 140.44 (d, 1J(C,P)� 66.1 Hz, 2J(Pt,C)� 41.8 Hz; i-C,
PPh2Oÿ trans to C�CtBu), 138.5 (d, 1J(C,P)� 75.2 Hz, 2J(Pt,C)� 64.4 Hz;
i-C, PPh2Oÿ trans to CNtBu), 132.31 (d, 2J(C,P)� 11.5 Hz, 3J(Pt,C)�
16.4 Hz), 131.64 (d, 2J(C,P)� 12.5 Hz, 3J(Pt,C)� 13.9 Hz) (o-C, PPh2Oÿ),
130.32 (d, 4J(C,P)� 2.04 Hz), 129.00 (d, 4J(C,P)� 2.49 Hz; p-C, PPh2Oÿ),
127.90 (d, 3J(C,P)� 10.9 Hz), 127.54 (d, 3J(C,P)� 11.6 Hz; m-C, PPh2Oÿ),
121.83 (d, 3J(Cb,Ptrans)� 29.7 Hz; Cb, Ca


�CbtBu), 85.38 (dd, 2J(Ca ,Ptrans)�
127.9 Hz, 2J(Ca ,Pcis)� 16.7 Hz; Ca , Ca


�CbtBu), 58.04 (s; CMe3, CNtBu),
31.7 (s; C(CH3)3, C�CtBu), 29.29 (s; C(CH3)3, CNtBu), 28.99 (s; CMe3,
C�CtBu); IR: nÄ � 2216 (s) (C�N), ((C�C) not observed), 1019 (s), 998 (sh),
978 cmÿ1 (sh; PÿO); ES-MS (�): m/z (%): 764 (100) [M�H]� ;
C35H39NO2P2Pt (762.7): calcd N 1.84, C 55.12, H 5.15; found N 1.87, C
54.85, H 5.35.


Data for 10b : 1H NMR (CDCl3): d� 7.92, 7.66, 7.37, 7.12, 6.98 (m; Ph), 1.23
(s; tBu, CNtBu); 31P{1H} NMR (CDCl3): d� 69.85 (d, 2J(P,Pcis)� 24.8 Hz,
1J(Pt,P)� 2491.5 Hz; Ptrans to C�CPh), 61.1 (d, 1J(Pt,P)� 3045 Hz; Ptrans to
CNtBu); 13C{1H} NMR (CDCl3): CNÿ not observed, d� 139.97 (d,
1J(C,P)� 67 Hz, 2J(Pt,C)� 42 Hz; i-C, PPh2Oÿ trans to C�CPh), 138.26
(d, 1J(C,P)� 75.9 Hz, 2J(Pt,C)� 62.6 Hz; i-C, PPh2Oÿ trans to CNtBu),
132.19 (d, 2J(C,P)� 11.7 Hz, 3J(Pt,C)� 16.3 Hz), 131.35 (d, 2J(C,P)�
12.5 Hz, 3J(Pt,C)� 13.0 Hz; o-C, Ph, PPh2), 131.07 (s; o-C, PPh2Oÿ,
C�CPh), 130.49 (d, 4J(C,P)� 1.9 Hz), 130.18 (d, 4J(C,P)� 2.26 Hz; p-C,
Ph, PPh2Oÿ), 128.01 (d, 3J(C,P)� 11 Hz), 127.70 (d, 3J(C,P)� 11.6 Hz; m-C,
Ph, PPh2Oÿ), 127.67 (s; m-C, C�CPh), 126.72 (d, 4J(C,P) � 2.34, 3J(Pt,C) �
23 Hz; i-C, Ph, C�CPh), 125.97 (s; p-C, Ph, C�CPh), 112.43 (d,
3J(Cb,Ptrans)� 30.6 Hz, 2J(Pt,Cb)� 260 Hz; Cb, Ca


�CbPh), 102.6 (dd,
2J(Ca ,Ptrans)� 128.5 Hz, 2J(Ca ,Pcis)� 16.6 Hz; Ca , Ca�CbPh), 58.34 (s;
CMe3, CNtBu), 29.27 (s; C(CH3)3, CNtBu); IR: nÄ � 2215 (vs) (C�N),
2122 (w) (C�C) , 1029 (s), 1015 (vs), 997 cmÿ1 (s; PÿO); MS : m/z (%): 783
(40) [M�H]� , 681 (38) [MÿC�CPh]� , 598 (100) [Pt(PPh2O)2H]� , 396 (65)
[Pt(PPh2O)]� ; C37H35NO2P2Pt (782.7): calcd N 1.79, C 56.78, H 4.51; found
N 1.82, C 56.18, H 4.54.


Preparation of (NBu4)[Pt(C�CR)(CN){(PPh2O)2H}] (R� tBu 11a, R�
Ph, 11b): (NBu4)CN (0.063 g, 0.227 mmol) was added to a suspension of 7a
(0.200 g, 0.227 mmol) in CH2Cl2 (10 mL), immediately giving a colourless
solution. The mixture was stirred for 2 min and then the solvent was
removed under vacuum, yielding an oily residue, which was treated with
diethyl ether. The resulting white solid (11 a) was filtered and washed with
several portions of diethyl ether (86.5 % yield). Complex 11b was prepared
in a similar way, starting from 7b (0.25 g, 0.277 mmol) and (NBu4)CN
(0.078 g, 0.277 mmol), yield 76 %.


Data for 11a : 1H NMR (CDCl3): d� 17.2 (br; O ´´´ H ´´´ O), 7.97, 7.88, 7.26,
(m; Ph), 2.92 (m; NÿCH2, NBu4), 1.26 (m; CH2, NBu4), 1.44 (m; CH2), 0.90
(s; tBu), 0.80 (t; ÿCH3, NBu4); 31P{1H} NMR (CDCl3): d� 70.88 (d,
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2J(P,Pcis)� 24.7 Hz, 1J(Pt,P)� 2506 Hz; Ptrans to C�CtBu), 66.11 (d,
1J(Pt,P)� 2844.2 Hz; Ptrans to CN); 13C{1H} NMR (CDCl3): d� 141.7 (d,
1J(C,P)� 62.5 Hz, 2J(Pt,C)� 45 Hz), 140.7 (d, 1J(C,P)� 68.2 Hz, 2J(Pt,C)
� 57 Hz; i-C, PPh2Oÿ), 132.36 (d, 2J(C,P)� 11.5 Hz), 131.78 [d, 2J(C,P)�
12 Hz; o-C, PPh2Oÿ), 128.95 (s; p-C, PPh2Oÿ), 127.07 (d, 3J(C,P)� 10.6 Hz),
126.76 (d, 3J(C,P)� 10.9 Hz; m-C, PPh2Oÿ), 118.67 (dd, 3J(Cb,Ptrans)�
32.3 Hz, 3J(Cb,Pcis)� 1.7 Hz, 2J(Pt,Cb)� 269 Hz; Cb, Ca�CbtBu), 89.5 (dd,
2J(Ca ,Ptrans)� 139.6 Hz, 2J(Ca ,Pcis)� 16.9 Hz, 1J(Pt,Ca) � 1000 Hz; Ca ,
Ca�CbtBu), 57.72 (NÿCH2, nBu), 31.6 (C(CH3)3, tBu), 23.39 (ÿCH2,
nBu), 19.15 (CH2, nBu), 28.6 (m; CMe3, tBu), 13.39 (CH3, nBu); IR (KBr):
nÄ � 2127 (s; C�C or C�N), 1029.5 (s), 1006 (s), 993 cmÿ1 (s; PÿO); ES-MS
(ÿ): m/z (%): 705 (100) [Pt(C�CtBu)(CN){PPh2O)2H}]ÿ� [M]ÿ , 623 (13)
[Mÿ (C�CtBu)]ÿ ; C47H66N2O2P2Pt (948.1): calcd N 2.95, C 59.54, H 7.02;
found N 3.10, C 59.16, H 7.18.


Data for 11b : 1H NMR (CDCl3): d� 17.28 (br; O ´´´ H ´´´ O), 7.91, 7.27, 7.06,
6.94 (m; Ph), 2.94 (m; NÿCH2, NBu4), 1.23 (m; CH2, NBu4), 1.12 (m; CH2),
0.78 (m; ÿCH3, NBu4); 31P{1H} NMR (CDCl3): d� 70.20 (d, 2J(P,Pcis)�
24.43 Hz, 1J(Pt,P)� 2540 Hz; Ptrans to C�CPh), 64.81 (d, 1J(Pt,P)� 2816 Hz;
Ptrans to CN); 13C{1H} NMR (CDCl3): d� 141.36 (d, 1J(C,P)� 64.08 Hz),
140.86 (d, 1J(C,P)� 68.6 Hz; i-C, PPh2Oÿ), 132.2 (d, 2J(C,P)� 11.5 Hz),
131.9 (d, 2J(C,P)� 12 Hz; o-C, PPh2Oÿ), 130.6 (s; o-C, Ph, C�CPh), 129.31
(d), 129.2 (d, 4J(C,P)� 1.9 Hz, p-C, PPh2Oÿ), 127.5 (d, 3J(C,P)� 17 Hz),
127.15 (d, 3J(C,P)� 16.6 Hz; m-C, PPh2Oÿ), 127.16 (s; m-C, Ph, C�CPh),
125.08 (s; p-C, Ph, C�CPh), 110.6 (dd, 3J(Cb,Ptrans)� 33 Hz, 3J(Cb,Pcis)�
1.4 Hz; Cb, Ca�CbPh), 109.28 (dd, 2J(Ca ,Ptrans)� 139.6 Hz, 2J(Ca ,Pcis)�
16.7 Hz; Ca , Ca�CbPh), 57.9 (NÿCH2, nBu), 23.4 (ÿCH2, nBu), 19.3
(CH2, nBu), 13.50 (CH3, nBu); IR (KBr): nÄ � 2127 (m), 2109 (s; C�C,
C�N), 1028.5 (s), 1006 (vs), 993 cmÿ1 (vs; PÿO); ES-MS (ÿ): m/z (%): 725
(100) [M]ÿ ; C49H62N2O2P2Pt (968.1): calcd N 2.89, C 60.80, H 6.45; found N
2.90, C 60.76, H 6.45.


Reactions of 7a and 7 b with LiOH: preparation of [{Pt(C�CR)-
(PPh2O)3Li2(thf)(H2O)}2] (R� tBu 3a; R�Ph 3 b): LiOH ´ H2O (0.013 g,


0.305 mmol) was added to a white suspension of complex 7b (0.125 g,
0.139 mmol) in THF (20 mL). The initial suspension dissolved slowly and
after 90 min the resulting yellow solution was filtered over Celite and
evaporated to small volume. After addition of n-hexane (10 mL), the
complex 3b precipitated as a yellow solid (0.105 g, 75% yield). Compound
3a was obtained similarly by this second method, using the complex 7a
and with four hours of stirring (70 % yield).


[{Pt(C�CPh)(PPh2O)3Li2(thf)(H2O)}2] (3b): 1H NMR (CDCl3): d� 7.96,
7.52, 7.21, 6.88, 6.69, 6.41 (m; Ph); 31P{1H} NMR (CDCl3): d� 73.20 (d,
1J(Pt,P)� 2679 Hz, 2P), 58.8 (t, 1J(Pt,P)� 2704 Hz, 2J(P,Pcis)� 29.02 Hz,
1P); 7Li{1H} NMR (CDCl3): at 20 8C, d�ÿ0.89 (s); at 0 8C, d�ÿ0.1 (br s),
ÿ1.8 (br s); at ÿ20 8C, d�ÿ0.23 (br s), ÿ1.96 (s); IR: nÄ � 3615 (br), 3362
(br; OH), 2109 (m; C�C), 1037 (s), 1025 (m), 998 cmÿ1 (w; PÿO); MS: m/z
(%): 1826 (10) [Pt2(C�CPh)2(PPh2O)6Li4]� , 1726 (5) [Pt2(C�CPh)-
(PPh2O)6Li4]� , 907 (40) [Pt(C�CPh)(PPh2O)3Li]� , 806 (10)
[Pt(PPh2O)3Li]� , 604 (58) [Pt(PPh2O)2Li]� , 401 (35) [Pt(PPh2O)Liÿ
2H]� ; C96H90Li4O10P6Pt2 (2007.6): calcd C 57.44, H 4.52; found C 57.22, H
4.62.


X-ray crystal structure determinations : Details of the crystal structure
determinations are collected in Table 4. Suitable crystals of 3 a ´ 1.75 Et2O
were grown by slow diffusion of diethyl ether into a THF solution of 3a.
Suitable crystals of 4b were grown by slow diffusion of n-hexane into a
tetrahydrofuran solution of 4b. Suitable crystals of 6 a were grown by slow
diffusion of n-hexane into a chloroform solution of 6 a. All diffraction
measurements were made on an Enraf-Nonius CAD4 diffractometer.
Lorentz and polarization corrections were applied. The structures were
solved by Patterson and Fourier methods. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms
were constrained to idealised geometries and assigned isotropic displace-
ment parameters of 1.2 times the Uiso values of their respective parent
atoms. For the structure of 3 a ´ 1.75Et2O, the methyl groups of one of the
tert-butyl acetylide ligands [C(4), C(5), and C(6)] were disordered over two


Table 4. Details of the crystal structure determinations of the complexes [{Pt(C�CtBu)(PPh2O)3Li2(thf)(H2O)}2] ´ 1.75Et2O (3 a ´ 1.75 Et2O),
[Pt(C�CPh)2{Ph2P(CHPh)(CH2)PPh2}] (4 b), and [Pt2(m-PPh2)2(C�CtBu)2(PPh2H)2] (6a).


3a ´ 1.75 Et2O 4b 6a


formula C92H98Li4O10P6Pt2 ´ 1.75 Et2O C48H38P2Pt C60H60P4Pt2


crystal size [mm] 0.27� 0.20� 0.10 0.30� 0.20� 0.20 0.35� 0.32� 0.12
crystal system triclinic trigonal triclinic
space group P1Å R3Å P1Å


a [�] 16.1646(13) 40.727(6) 9.122(2)
b [�] 17.1032(10) 40.727(6) 12.419(3)
c [�] 19.0177(12) 12.6234(15) 13.059(3)
a [8] 90.441(9) 90 108.13(2)
b [8] 102.621(9) 90 95.30(3)
g [8] 98.044(9) 120 111.16(2)
V [�3] 5076.2(6) 18133(4) 1275.7(5)
Z 2 18 1
MR 2097.17 871.81 1295.14
1calcd [g cmÿ3] 1.372 1.437 1.686
m (MoKa) [mmÿ1] 2.902 3.593 5.641
l [�] MoKa , graphite monochromated, 0.71073
T [K] 150(1) 293(2) 150(1)
2qmax [8] 50 50 50
scan method w/q w w


hkl range 0/19, ÿ20/20, ÿ22/22 0/41, 0/41, ÿ14/14 ÿ 10/10, ÿ14/14, ÿ15/15
measured reflections 18596 7479 9583
unique reflections 17815 [R(int)� 0.0565] 7082 [R(int)� 0.0516] 4484 [R(int)� 0.0225]
observed reflections [I> 2s(I)] 11753 3939 4153
absorption correction Y scans Y scans Y scans
transmission factors 1.000, 0.547 0.594, 0.527 0.988, 0.445
parameters refined 1120 418 301
GoF 1.045 1.044 1.054
R (observed reflections only) 0.0576 0.0608 0.0203
wR2 (all reflections) 0.1704 0.1745 0.0509
residual density max/hole (e �3) 1.43/ÿ 0.91 1.24/ÿ 0.54 1.12/ÿ 0.55
(w� [s2(F 2


o )� (AP)2�BP]ÿ1)
A, B 0.0723, 7.43 0.0655, 48.61 0.0317, 0
P [max{F 2


o,0}� 2 F 2
c ]/3
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sets of positions and refined with partial occupancy of 0.50 each. The
thermal parameters of the opposite methyl groups of each set were
constrained to be the same. In the final phases of the refinement the
presence of several diethyl ether molecules, one of the solvents used in the
obtention of the crystals, was discovered. One of these [O(11) to C(96)] was
refined with full occupancy and no constraints. However, the other two
sites were very disordered and, of the several models tested, the one that
gave the best results was as follows: One molecule [O(12) to C(100)] was
refined with occupancy 0.50, the distances and angles were restrained to
sensible geometries, and the thermal parameters of all the carbon atoms
were constrained to be the same. The final molecule [O(13) to C(103)] was
found to lie near an inversion center, and thus only partial occupancy was
appropiate. These atoms were refined with a partial occupancy of 0.25, the
distances and angles were restrained to sensible geometries, and the
thermal parameters of all of the carbon atoms were constrained to be the
same. No hydrogen atoms were included for this molecule, nor for the
water molecules present in the complex. For the structure of 4b, the
geometry of the phenyl ring C(3) to C(8) was constrained to be a hexagon,
and all its carbon atoms were refined with a common set of anistropic
thermal parameters. The hydrogen atoms of this phenyl group were not
included in the final model. Full-matrix least-squares refinement of these
models against F 2 converged to the final residual indices given in Table 4.
All calculations were carried out using the program SHELXL-93.[41]


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-102057 (3a),
102058 (4b), and 102059 (6 a). 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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Nuclear Scalar Spin ± Spin Coupling Reveals Novel Properties of Low-Barrier
Hydrogen Bonds in a Polar Environment
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Gleb S. Denisov,[b] and Hans-Heinrich Limbach*[a]


Abstract: The structure of the hydrogen
bridge 19F ´´´ 1H ´´ ´ 15N in the acid ± base
complex A ´´´ H ´´´ B formed by HF and
[15N]2,4,6-trimethylpyridine in CDF3/
CDF2Cl has been studied between
112 K and 200 K by low-temperature,
multinuclear NMR spectroscopy. For
the first time scalar spin ± spin coupling
between all three nuclei of a hydrogen
bridge is observed. This bridge exhibits a
two-bond coupling constant 2J19F15N of
about 96 Hz, which is larger than the


one-bond coupling constants 1J1H15N and
1J19F1H. The latter are strongly dependent
on temperature. The function 1J1H15N�
f(1J19F1H) cannot be described in terms
of a conventional equilibrium between
the molecular and the zwitterionic form,
but only with the intermediate forma-


tion of very strongly hydrogen-bonded
complexes of the type Adÿ ´ ´ ´ H ´´ ´ Bd�


that exhibit a vanishing or very small
barrier for the proton motion. Here, the
difference between the covalent bond
and the hydrogen bond disappears even
in the case of a polar solvents, as
indicated by the large value of 2J19F15N.
Implications for the mechanism of pro-
ton transfer and of acid ± base catalyzed
enzyme reactions in a locally aprotic but
polar environment are discussed.


Keywords: acidity ´ basicity ´ hy-
drogen bonds ´ NMR spectroscopy
´ scalar coupling ´ solvent effects


Introduction


Very short and strong hydrogen bonds found in complexes
of the type Adÿ� � �H� � �Bd�, Adÿ� � �H� � �Adÿ, or Bd� ´ ´ ´ H ´´´ Bd�,
also called low-barrier hydrogen bonds, have been studied for
a long time.[1±17] Their possible role in acid ± base catalysis of
organic and enzymic reactions has been postulated by
Kreevoy et al.,[3] Schowen et al.,[4] Frey,[5] Mildvan[6] and
us.[7] Recently, the concept of transition state stabilization
through strong hydrogen bonding has been questioned.[8, 9] In
particular, it was argued on theoretical grounds[8] that a low-
barrier hydrogen bond that is stable in the gas phase or in the
solid state may be unstable in a polar solvent. In this case
specific solvation could lead to charge localization and a fast
equilibrium between two asymmetric tautomers,[7] that is,
AÿH ´´´ B>Aÿ ´ ´ ´ HÿB�, and thus exhibit weaker hydrogen
bond energies. Other theoretical studies[1c, 15±17] are consistent


with the presence of low-barrier hydrogen bonds in polar
media. New experiments that can help to solve this problem
are, therefore, desirable.


In the past years some of us have shown that liquid state
NMR below 150 K is a fruitful method in order to study
experimentally low-barrier hydrogen bonds in polar me-
dia.[10±13] This is because under these conditions hydrogen-
bond exchange may be slow within the NMR time scale so
that individual properties of low-barrier hydrogen bonds can
be studied. As a suitable solvent we have used mixtures of the
freons CDF3 and CDF2Cl, which are liquids down to
90 K.[10, 11] These mixtures are very polar especially at low
temperature, as the dielectric constant increases drastically
from about six at room temperature to forty at 90 K.[12] In
recent studies of complexes of [15N]pyridine with various
acids[13] evidence for the formation of a continuous distribu-
tion of stable complexes A-H ´´´ B>Adÿ ´ ´ ´ H ´´ ´ Bd�>
Aÿ ´ ´ ´ HÿB� was obtained, in which Adÿ ´ ´ ´ H ´´´ Bd� exhibits
the shortest distance between A and B, and in which the
zwitterionic complexes were favored at low temperatures.


In this paper, we provide further NMR evidence for this
interpretation in a novel way, by observation for the first time
all scalar spin ± spin couplings of the three nuclei of a
hydrogen bridge. The system studied is the 1:1 complex
between [15N]2,4,6-trimethylpyridine ([15N]collidine) and HF
in CDF3/CDF2Cl (Figure 1). A pyridine derivative was chosen
because of similar proton ± acceptor properties to the imida-
zole ring of histidine, but avoiding complications arising from
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the donor properties of the latter. The collidine derivative was
chosen because it is much easier to label with 15N than
pyridine itself. The formation of a low-barrier hydrogen bond
in pyridine acid complexes was expected from our previous
work[10±13] and a crystallographic study on the pyridine/HF
complex that indicated a very short N ´´´ F bond length of
2.47 �.[2b] From the NMR standpoint, the system studied has
the advantage that all three nuclei of the hydrogen bridge
19F ´´´ 1H ´´´ 15N exhibit a spin of one half; this avoids compli-
cations from quadrupole relaxation of other nuclei such as 14N
and 17O. Unexpectedly, we were able to observe not only


Figure 1. a) 1H NMR signals of the hydrogen-bond proton of the 1:1
complex between [15N]collidine and HF in the CDF3/CDF2Cl. Sample a :
10-fold excess of collidine. b) Normal and {1H} decoupled 15N spectrum at
130 K of sample b, containing a 7-fold excess of collidine. In this sample
additional hydrogen-bonded complexes are observed by 1H NMR. c) 19F
spectra of sample a. The margin of error of the coupling constants (only
absolute values are given) is �3 Hz for the 1H NMR measurements below
200 K,�5 Hz for the 19F and 15N measurements, because of short transverse
relaxation, and �10 Hz for the 1H spectrum at 200 K, because of line
broadening due to hydrogen-bond exchange.


couplings between 1H and 19F and 1H and 15N, but also a large
coupling between 15N and 19F, which indicated the covalent
character of the hydrogen bridge. In the following, after a
short experimental section, the results are presented and their
implications for the nature of hydrogen bonding and enzymic
catalysis in polar media discussed.


Experimental Section


Collidine enriched with the 15N isotope (96 %) was synthesized from
trimethylpyrylium tetrafluoroborate and [15N]ammonium chloride.[18] The
solvent mixture CDF3/CDF2Cl, whose composition varied between 1:2 and
1:3, was prepared as described previously.[10±13] In order to prepare the
NMR samples a small amount of 40 % HF in water was added to an excess
of the base (between 1:5 and 1:15) dissolved in acetone in a teflon flask.
Water and acetone were removed by repeated azeotropic destillation in the
presence of increasing amounts of dichloromethane. The latter was then
removed in vacuo leaving an oily product that was placed in an NMR
sample tube equipped with a teflon needle valve (Wilmad, Buena, N.Y.)
and cooled to 77 K in order to prevent reaction with the glass. The tube was
connected to a high vacuum line and the solventÐdried over aluminaÐwas
added by vacuum transfer. The NMR spectra were then recorded on a
Bruker AMX 500 spectrometer (Berlin). All coupling constants reported
are absolute values as no attempt was made to determine their signs.


Results


Several samples were prepared with different HF/collidine
ratios. As the NMR measurements were made at low temper-
atures in the slow hydrogen-bond exchange regime, variation
of the concentrations did not substantially affect the chemical
shifts and coupling constants, although the samples exhibited
differences in line broadening at higher temperatures due to


Abstract in German: Die Struktur der 19F ´´ ´ 1H ´´´ 15N Wasser-
stoffbrücke im Säure-Base-Komplex A ´´´ H ´´ ´ B aus HF und
[15N]2,4,6-Trimethylpyridin in CDF3/CDF2Cl wurde zwischen
112 und 200 K durch Mehrkern-Tieftemperatur-NMR-Spek-
troskopie untersucht. Zum ersten Mal wurden skalare Spin-
Spin-Kopplungen zwischen allen drei Kernen einer Wasser-
stoffbrückenbindung beobachtet. Die Brücke ist durch eine
Kopplungskonstante 2J19F15N von ca. 96 Hz gekennzeichnet, die
gröûer ist als die stark temperaturabhängigen Kopplungskon-
stanten 1J1H15N und 1J19F1H Die Funktion 1J1H15N� f(1J19F1H) läût
sich jedoch nicht mit einen konventionellen Gleichgewicht
zwischen der molekularen und der zwitterionischen Form
beschreiben, sondern nur mit der intermediären Bildung von
sehr starken Wasserstoffbrücken-Komplexen des Typs Adÿ ´ ´ ´
H ´´ ´ Bd� mit verschwindender oder sehr kleiner Barriere für
die Protonenbewegung. In diesen Komplexen verschwindet der
Unterschied zwischen der kovalenten Bindung und der Wasser-
stoffbrückenbindung, selbst im Fall von polaren Lösungsmit-
teln, wie der groûe Wert von 2J19F15N zeigt. Folgerungen für den
Mechanismus von Protonenübertragungen und Säure-Base-
katalysierten Enzymreaktionen in lokaler aprotischer polarer
Umgebung werden diskutiert.


Abstract in Russian:
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the onset of hydrogen-bond exchange. In Figure 1 some
multinuclear NMR spectra of the 1:1 complex between HF
and [15N]collidine in CDF3/CDF2Cl are depicted, in the
presence of a large excess of the base. At 112 K the
hydrogen-bond proton of sample a (10-fold excess of colli-
dine) exhibits a signal at about d� 20.2, which shifts to higher
field when temperature is increased. This finding indicates the
formation of a strong hydrogen bond that weakens somewhat
with increasing temperature. The signal at 112 K is split into a
doublet by coupling with 15N and exhibits a one-bond coupling
constant of 1J1H15N� 1JHN� 54 Hz. This constant slightly de-
creases at higher temperatures, at which an additional
coupling 1J19F1H� 1JFH gradually appears. These assignments
are confirmed by 15N NMR (Figure 1b) and 19F NMR
(Figure 1c). For the former sample b was used, containing a
higher total concentration of the complex and a smaller excess
(7-fold) of the base. The higher concentration was necessary
because of a better signal-to-noise ratio; in order to control
15N-signal line-broadening due to hydrogen-bond exchange
the excess of the base was reduced. Even after 1H decoupling
a doublet survived in the 15N spectrum of this sample
(Figure 1b, right side), which can then only be assigned to a
scalar coupling across the bridge to 2J19F15N� 2JFN. This
coupling was found again in the 19F NMR spectra, which is
most easily seen in the 112 K spectrum, in which 1JFH is small.
We note that the coupling constant 1JFH increases and 1JHN


decreases monotonously when temperature is increased,
whereas 2JFN remains constant within the margin of error.
At higher temperatures 1JHN is no longer resolved and only
1JFH survives; however, the line broadens rapidly and the
doublet structure disappears because of various hydrogen-
bond-exchange processes.


In Figure 2 we have plotted the coupling constant 1JHN as a
function of 1JFH. We obtain a relation that is linear within the
margin of error. It is tempting to interpret this dependence in


Figure 2. Experimental absolute values 1JHN versus 1JFH of the 1:1 complex
between [15N]collidine and HF in the CDF3/CDF2Cl for different temper-
atures.


terms of a simple proton-transfer equilibrium between two
forms 19Fÿ1H ´´ ´ 15N (�a)> 19Fÿ ´ ´ ´ 1Hÿ15N� (�b) present in
the mole fractions xa and xb, with each exhibiting a usual
covalent bond and a hydrogen bond. In this case, the coupling
constants observed represent averages for which the usual
relations hold [Eqs. (1) and (2)], in which the term Jr


HX


represents the intrinsic coupling constant between H and X
(X�F, N) in form r (r� a, b). This equilibrium assumption


leads to the following linear relationship between the two
constants [Eq. (3)] by the use of the relations K� xb/xa and
xa� xb� 1. As the coupling constant associated to a usual
covalent bond is substantially larger than for a usual hydrogen
bond, Equation (3) approximates to Equation (4).
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1Ja


HN� xb
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�
1JFH� 1Jb
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From the slope of ÿ0.17 of the calculated line in Figure 2
and the intercept, we obtain the intrinsic values 1Jb


HN� 54 Hz
and 1Ja


FH� 318 Hz. We note that 1Jb
HN is significantly smaller


than the typical value of 1JHN� 90 Hz for the protonated
pyridine hydrogen bonded to Clÿ[13c] and that 1Ja


FH is smaller
than the value of 480 Hz reported for free hydrogen
fluoride.[19] Therefore, the one-bond coupling constants do
not corroborate a simple proton-transfer equilibrium between
two tautomeric forms.


In the case of other samples with different HF/collidine
(Col) concentrations ColHFHCol�, Col(HF)2, Col(HF)3, and
FHFÿ complexes were also observed. In these complexes the
two-bond coupling constants 2JFN varied strongly between
almost zero and the value for the 1:1 complex. The details of
these results will be presented elsewhere.


Discussion


The reaction coordinate of proton transfer in a polar environ-
ment : In order to interpret the new findings we firstly consider
in Figure 3 typical hydrogen-bond properties as discussed in
two recent papers.[13c, 14b] The configurations shown in
Figure 3a represent various snapshots of the proton transfer
from an acid AH to a base B in a hydrogen-bonded complex
exhibiting different average nuclear positions. For simplicity
we only consider a linear hydrogen bond. The potential curves
for the proton motion (schematically) refer to fixed distances
between heavy atoms q2� r1� r2 and a fixed environment, in
which r1 and r2 represent the A ´´´ H and the H ´´´ B bond
lengths. In the molecular complex AÿH ´´´ B the proton is
located on average closer to A, that is, the deviation q1�
1/2(r1ÿ r2) of the proton from the center of the hydrogen
bridge is negative. When the acidity of AH or the basicity of B
is increased the proton shifts towards the center of hydrogen
bond. At the same time the distance between A and B (q2)
goes through a minimum, leading to the strongly hydrogen-
bonded complex Adÿ ´ ´ ´ H ´´ ´ Bd�. This complex exhibits a
quasi-symmetric potential for the proton motion, and in the
case of the collidine/HF complex a large scalar two-bond
coupling constant between fluorine and nitrogen. After the
proton has crossed the center of hydrogen bond q2 increases
again in the zwitterionic complex Aÿ ´ ´ ´ HÿB�. The correla-
tion between the q2 and q1 as indicated in Figure 3c was
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Figure 3. a) Average nuclear positions and proton potentials (schemati-
cally) of a 1:1 acid ± base complex as a function of the proton-donating
power of the acid AH, or the electric field created as a function of
temperature at the complex site. b) Solvent-ordering-assisted proton
transfer in a 1:1 acid ± base complex. c) Correlation (schematically)
proposed in ref. [14b] between the sum q2� r1� r2 (distance between the
heavy atoms in the case of a linear hydrogen bond), 1H and heavy atom
chemical shifts as a function of the deviation q2� 1=2 (r1ÿ r2) of the proton
position from the center of the hydrogen bond.


reported recently[14b] and is based on NMR spectroscopic and
theoretical results, as well as on a number of published
neutron structures.[2c, 2d] Figure 3b also indicates schematically
the behavior of the calculated 1H chemical shifts. A maximum
low-field shift occurs approximately when the distance
between A and B is at a minimum. At this point, the
changes in chemical shift of the heavy atom nuclei are at a
maximum.


The driving force for proton transfer is the electric field
created by the electric dipoles of the individual solvent
molecules at the solute site. This field is large if the dipoles are
ordered and small if they are disordered. Because of the
polarizability, the electric field induces a dipole moment in the
acid ± base complex that consists of two contributions. The
electronic contribution is associated with charge transfer from
the base to the acid and dominates in the molecular complex.
The energy of the induced dipole is minimized by the
contraction of the distance between A and B and the shift
of the proton towards the center of the hydrogen-bond. The
nuclear part, which is also called nuclear or vibrational
polarizability, is particularly large and associated with changes
of the nuclear geometry, leading to extremely broad IR
absorption bands.[1] The nuclear polarizability dominates once
the proton has crossed the center of the hydrogen-bond. Now,
in the zwitterionic complex Aÿ ´ ´ ´ HÿB�, in which charge
separation has already occurred, the dipole moment is easily
increased under the action of the solvent electric field, by an
increase of the distance between the heavy atoms (A ´´´ B) and


a decrease of the H ´´´ B bond length, as indicated schemati-
cally in Figure 3b. These findings have recently been modeled
by means of ab initio calculations of acid ± base complexes in
strong electric fields.[17]


Chemical shifts of hydrogen-bonded acid ± base complexes : In
Figure 4 we have plotted the temperature dependent 1H
chemical shift changes of the collidine/HF complex reported
in Figure 1, together with those of some other complexes
studied previously.[13c] Qualitatively, the observed changes in


Figure 4. Temperature dependent 1H chemical shifts of hydrogen bonded
protons in various 1:1 acid ± pyridine (adapted from ref. [13c]) and HF/
collidine complexes (this study).


1H chemical shift indicate that the distance between O and N
in the molecular acetic acid/pyridine 1:1 complex contracts
and the proton is displaced towards the center of the hydrogen
bridge. The changes are further advanced in the collidine/HF
complex. In the latter and in the chloroacetic/pyridine
complex, maximum contraction and decreased proton shield-
ing are observed. In the zwitterionic HCl/pyridine[13c] the
distance between A and B increases again when the temper-
ature is lowered.


Scalar coupling constants of hydrogen-bonded acid ± base
complexes : The finding of scalar spin ± spin coupling between
all three atoms of the hydrogen bridge between [15N]collidine
and HF embedded in a polar environment qualitatively
corroborates the scenario shown in Figure 3. In this paper,
no attempt was made to determine the signs of the coupling
constants, and all values reported correspond to the absolute
values. The dependence of the one-bond coupling constant
1JHN on 1JFH (Figure 2) could not be explained in terms of a
simple tautomeric equilibrium. The values indicate a decrease
of the F ´´´ H bond order and the increase of the H ´´´ N bond
order at a constant F ´´´ N bond order. The maximum value of
1JHN� 54 Hz at 112 K is substantially smaller than the value
around 90 Hz for the pyridine/HCl complex.[13c] As a conse-
quence, if it were possible to shift the proton further towards
nitrogen leading to a further increase of 1JHN we probably
would find nonzero values of 1JFH with an opposite sign, as
found in the case of F ´´ ´ H ´´´ Fÿ hydrogen bonds.[20] Thus, in
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the future the sign of the coupling will have to be considered
as well as the absolute values. In conclusion, the one-bond
coupling constants again indicate the formation of a quasi-
symmetric complex Adÿ ´ ´ ´ H ´´ ´ Bd� in collidine/HF and of a
zwitterionic complex Aÿ ´ ´ ´ HÿB� in the pyridine/HCl; in-
creasing the temperature leads to a gradual transformation of
Adÿ ´ ´ ´ H ´´ ´ Bd� towards AÿH ´´´ B.[21]


The value of the two-bond coupling constant 2JFN� 96 Hz is
larger than the largest known value of 52.6 Hz reported for
2-fluoropyridine,[22] and almost constant in the temperature
range covered. This result indicates a through-space inter-
action of the lone pairs of fluorine and nitrogen leading to
molecular orbitals delocalized over the whole complex, which
exhibit s character both at fluorine and nitrogen. In the HF/
collidine complex this interaction is apparently not affected
by the small changes of the hydrogen-bridge structure with
temperature. However, we note that preliminary observations
in the case of the more asymmetric complexes ColHFHCol�,
Col(HF)2, Col(HF)3 show that 2JFN becomes smaller and
eventually zero with increasing asymmetry of the F ´´ ´ H ´´´ N
hydrogen bond. Therefore, the observation of substantial
values of 2JFN constitutes a novel criterion for the formation of
strong, or low-barrier, or covalent hydrogen bonds. Through-
space interactions between nitrogen and fluorine in ordinary
organic compounds are well-known and can lead, for exam-
ple, to coupling constants of about 23 Hz even if the two
nuclei are separated over four covalent bonds, but are close in
space.[23] In other words, the hydrogen bridge observed here is
better regarded as a covalent three-center bond rather than as
a purely electrostatic complex between two independent acid
and base molecules. We note that the coupling of nitrogen to
the distant fluorine is larger than to the close proton. This can
perhaps be interpreted in the sense that the molecular orbitals
exhibiting a large s character at fluorine and nitrogen exhibit a
weaker s character at the proton. As large two-bond couplings
between fluorine and nitrogen in the other complexes
involving multiples of HF and collidine are smaller or absent,
this through-space interaction of electron lone pairs across the
hydrogen bond is possible only in the case of the formation of
a very short hydrogen bond (Adÿ ´ ´ ´ H ´´´ Bd�) in the region of
the minimum distance between A and B. This electronic
aspect of low-barrier hydrogen bonds should be corroborated
in the future by calculations of scalar cupling constants by
means of novel computational methods.[24]


Thermodynamics of proton transfer in acid ± base complexes :
The solvent reorientation around the solutes leads to a gain in
energy, but also requires a decrease of the entropy. Therefore,
the zwitterionic forms will be more stable at low temperature
as depicted in the free energy diagrams of Figure 5. The
conventional picture of proton transfer assumes that
Adÿ ´ ´ ´ H ´´ ´ Bd� is a transition state as illustrated in Figure 5a.
By contrast, Figure 5b represents the case of a continuous
temperature dependent distribution of stationary states
exhibiting various geometries. Here, the quasi-symmetric
complex dominates at an intermediate transition temperature
that is high for the zwitterionic pyridine/HCl complex and
very low for the molecular complexes. This transition temper-


Figure 5. Temperature-dependent free-energy reaction profiles of a con-
ventional proton transfer in a 1:1 acid ± base complex. a) The case in which
Adÿ ´ ´ ´ H ´´´ Bd� corresponds to a transition state. b) The case in which
Adÿ ´ ´ ´ H ´´´ Bd� corresponds to a stationary state.


ature is only achieved experimentally in the case of the
collidine/HF and the pyridine/chloroacetic acid complexes.


Implications for acid ± base catalysis in aprotic, but polar,
environments : During acid ± base catalysis in aprotic, but not
necessarily apolar, environments the problem arises that the
pKa value of the protonated base measured for water as
solvent may not match the value of the interacting weak acid.
Conventionally, the situation would have been charac-
terized by the high temperature case of Figure 5a in which
Adÿ ´ ´ ´ H ´´ ´ Bd� corresponds to a transition state that does not
particularly contribute to the catalytic activity. If we accept,
however, that due to a local electric field Adÿ ´ ´ ´ H ´´´ Bd� is a
stationary state as indicated in Figure 5b and is also the active
nucleophile of the reaction instead of free Aÿ or the ion pair,
it becomes clear that the base B may have catalytic activity by
a low-barrier hydrogen-bond formation to AH in spite of a
pKa mismatch. Thus, a full proton transfer to B is avoided,
which would require much more free energy. This idea might
also apply to enzyme reactions whenever the catalytic site is
not completely surrounded by bulk water.


Naturally, the above model systems refer to a single
hydrogen bond between an acid and a base. The situation
will be more complicated in cooperative hydrogen bonds
requiring the study of larger model systems. This can be done
in the future also by low-temperature NMR spectroscopy by
use of the technique of secondary isotope effects on chemical
shifts.[13b] Preliminary experiments showed that a linear
neutral complex AÿH ´´´ AÿH ´´´ B gradually turned into the
complex AÿH ´´´ Aÿ ´ ´ ´ HÿB� when the acidity of AH was
increased. By contrast, in the case of a negatively charged
complex AÿH ´´´ BÿH ´´´ Xÿ, which constitutes a true charge
relay chain, evidence for the formation of Adÿ ´ ´ ´ H ´´´ Bdÿ ´ ´ ´
H ´´ ´ Xdÿ was obtained.[5]
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Conclusions


By observing all nuclear scalar coupling constants of a
hydrogen bridge we have obtained evidence that a molecular
acid ± base complex AÿH ´´´ B, stable at high temperature or
at low dielectric constants of the solvent, gradually transforms
into the stable species Adÿ ´ ´ ´ H ´´´ Bd� and eventually into the
zwitterionic form Aÿ ´ ´ ´ HÿB� when the temperature is
decreased and the dielectric constant of the solvent increased.
Thus, an increasing polarity of the environment does not
destabilize neutral low-barrier hydrogen bonds, but produces
them. Enzymic acid ± base catalysis is then possible because
the formation of the low-barrier hydrogen bonds means that
energetically unfavored complete transfers are avoided.
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Abstract: A series of 6- and 6,6''- aryl-
substituted 2,2':6',2''-terpyridine ligands
and their iron(ii) complexes have been
prepared. The introduction of phenyl
substituents at both the 6- and 6''-
positions leads exclusively to the forma-
tion of orange high-spin iron(ii) com-
plexes whilst the presence of a single
6-phenyl substituent results in spin-
crossover systems. The complexes
[Fe(2)2]X2 (2� 4,6-diphenyl-2,2':6',2''-


terpyridine; X�ClO4 or PF6) have been
studied in detail, and the solid-state
X-ray structures of both the low- and
high-spin forms are reported. Mössba-
uer spectroscopic and magnetic suscept-
ibility measurements are reported, and


the temperature and pressure depend-
ence of the high-spin/low-spin transition
have been studied. An X-ray structural
study of the complex [Fe(2)2](ClO4)2 is
also reported; this complex is highly
distorted with two very long Fe ´´´ N
contacts of over 2.4 � and is best
regarded as a four-coordinate iron com-
plex.


Keywords: iron ´ N ligands ´ mag-
netism ´ structure elucidation ´
supramolecular chemistry


Introduction


Transition metal ions with d4, d5, d6, and d7 electronic
configurations are capable of forming complexes in either
low-spin or high-spin electronic configurations depending
primarily on the relative magnitudes of the ligand field and
the mean spin-pairing energy. Although there are many
examples of complexes that exist in one of the two ground
states, there are still relatively few cases in which both high-
and low-spin states are populated and coexist in thermal
equilibrium. This latter is termed spin crossover, magnetic


crossover, spin transition or spin equilibrium and has been
extensively reviewed with particular attention focused on
iron(ii) complexes.[1±4] Interest in high-spin iron(ii) complexes
intensified when a number of metalloproteins, such as
isopenicillin N-synthase,[5] deoxyhemerythrin[6] and ribonu-
cleotide reductase,[7] were identified as having iron(ii) centres
at their active sites.


Two principal strategies have been adopted in designing
ligands capable of forming spin-crossover complexes upon
coordination to a six-coordinate iron(ii) centre: 1) introduc-
tion of steric strain and 2) introduction of steric bulk. By far
the most successful of these two methods is by the incorpo-
ration of sterically demanding substituents close to the donor
atoms such that the metal-donor atom distances are longer
than with the unsubstituted parent ligand. This, in turn,
reduces the ligand field and will make the high-spin config-
uration more favourable. Many examples exist of didentate
ligands in which the introduction of substituents adjacent to
the donor atom(s) results in a spin crossover or high-spin
complex on reaction with iron(ii) salts. For example, whereas
the complexes [Fe(phen)3]X2 (phen� 1,10-phenanthroline)
are low-spin,[8] the introduction of a methyl substituent into
the 2-position is sufficient to give spin crossover systems.[9]


More recently, examples have been reported of spin crossover
in supramolecular systems in which two iron(ii) centres are
coordinated to three didentate domains of a ligand array
consisting of three symmetrical N4 ligands[10] or one iron(ii)
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centre is coordinated to three didentate domains of three
segmental N5 ligands with a lanthanide ion coordinating to the
three remaining tridentate domains.[11] In the latter system,
the position of the spin equilibrium is controlled by the
lanthanide ion.


2,2':6',2''-Terpyridine (tpy) forms low spin [Fe(tpy)2]X2


complexes irrespective of the counterion X,[12] and introduc-
tion of substituents at the 4'-position has no effect on the spin
state.[13] We have recently shown that iron(II) complexes
of disubstituted 2,2':6',2'':6'',2''':6''',2'''':6'''',6'''''-sexipyridines,
which may be considered as two tpy linked through the
6-position adjacent to a donor atom, are high spin in
solution.[14] In this paper we describe the synthesis of a
number of substituted 2,2':6',2''-terpyridines and their iron(II)
complexes and discuss the effect of the substituents on the
spin state of the iron(ii) centre.


Results and Discussion


Preparation of the 2,2'':6'',2''''-ter-
pyridine ligands : Three classes
of ligands were investigated:
type 1 possess a single phenyl
group in the 6-position and are
exemplified by ligands 1 and 2 ;
type 2 incorporate phenyl sub-
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pounds are replaced with
methyl groups (ligands 5 and
6). The ligands were all pre-
pared by using Kröhnke meth-
odology.[15] The asymmetric
type 1 ligands 1 and 2 were
obtained by the reaction of the
Ortoleva ± King product from
6-acetyl-2,2'-bipyridine 7[16] with
Mannich salt 8 or enone 9,
respectively, in the presence of
ammonium acetate (Scheme 1).


The symmetrical ligand 3 was
formed from the reaction of the


Mannich salt 10, derived from 2,6-diacetylpyridine,[15] with N-
phenacylpyridinium bromide 11 in the presence of ammoni-
um acetate. This method afforded a significantly higher yield
of 3 than that previously reported from the reaction of
phenyllithium with tpy. [17] The reaction of 11 with the
bischalcone of 2,6-diacetylpyridine 12[16] in the presence of
ammonium acetate afforded the 4,6,4'',6''-tetraphenyl ligand
4. The pyridinium salt 13 is conveniently prepared from the
reaction of chloroacetone with pyridine, and substitution for
the N-phenacylpyridinium bromide in the above reactions
resulted in the formation of the 6,6''-dimethyl-substituted
ligands 5 and 6. These transformations are presented in
Scheme 2.


All of the ligands were isolated as colourless solids in 50 ±
70 % yield and fully characterised by standard spectroscopic
and analytical techniques.
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Preparation of the iron(iiii) complexes : The iron(ii) complexes
of the asymmetric type 1 ligands were obtained by the
reaction of [NH4]2Fe(SO4)2 ´ 6 H2O with two equivalents of the
ligand in methanolic solution. In all cases, the complexes were
isolated as purple solids after the addition of a methanolic
solution of ammonium hexafluorophosphate. In the case of
type 2 and type 3 ligands, the complexation reactions in
methanol were very slow and even after heating at reflux for
several hours, solid unconverted ligand remained. For these
ligands coordination was achieved by performing the reaction
in ethane-1,2-diol at reflux; this produced orange solutions
from which the complexes were isolated as orange solids by
the addition of methanolic [NH4](PF6) and water. The crude
solids obtained from the type 1 ligands were purple, whereas
those from the type 2 and type 3 ligands were orange.
Recrsytallisation of the orange solids gave good quality
orange crystals shown to be of stoichiometry [FeL2](PF6)2.
The behaviour of the solids obtained from the type 1 ligands
was, however, unusual.


Recrystallisation of crude purple [Fe(1)2](PF6)2 or
[Fe(2)2](PF6)2 by the diffusion of diethyl ether vapour into a
purple solution of the respective compound in acetone
afforded orange crystals. We originally thought that these
were an iron(iii) species obtained by aerial oxidation,
although analysis later confirmed an [FeL2](PF6)2 stoichiom-
etry. Dissolving the orange crystals of [Fe(1)2](PF6)2 or
[Fe(2)2](PF6)2 in acetone or acetonitrile afforded a purple
solution from which orange crystals were again obtained upon
concentration. Ion exchange of the (PF6)ÿ ion for perchlorate
followed by vapour diffusion of diethyl ether into a solution of
the respective compound in acetonitrile afforded purple
crystals of [Fe(1)2](ClO4)2 or [Fe(2)2](ClO4)2. As will be
established later, the orange species are high-spin complexes,
whilst the purple compounds are low-spin. The phenomenon
of changing spin state upon changing the counterion is a
poorly understood consequence of crystal packing but has
occasionally been observed previously.[2, 3] X-Ray quality
crystals of orange [Fe(2)2](PF6)2 (see Figure 6 (bottom)),
purple [Fe(2)2](ClO4)2 (see Figure 6 (top)) and orange
[Fe(3)2](ClO4)2 (see Figure 5) were obtained.


Solution studies


1H NMR studies : The spin state of the iron(ii) complexes was
initially determined from the 1H NMR spectra. The reference
compound [Fe(tpy)2](PF6)2 is purple and low spin. The high-
and low-spin states are derived from the 5D term, which splits
in an octahedral field to 5T2 and 1A1 terms. A similar splitting
occurs in the local D2d symmetry of a bis(tpy) complex. A low-
spin d6 configuration with a 1A1 ground term will be
diamagnetic, whereas the high-spin configuration with the
5T2 term will be paramagnetic. The diamagnetic complexes
are expected to show resonances within the normal 1H NMR
spectroscopic region (d� 0 to 15), whilst the paramagnetic
species are expected to exhibit paramagnetically shifted
spectra with resonances extending over a large chemical shift
range (d�ÿ500 to �500).[18] We have demonstrated previ-
ously that the 1H NMR spectra of paramagnetic cobalt(ii)
complexes with substituted 2,2':6',2''-terpyridine ligands may


be used to assess the nature of solution species[19] and we have
now extended this methodology to the related iron(ii) com-
plexes.


The iron(ii) complexes of the type 2 (3, 4) and type 3 (5, 6)
symmetric ligands with substituents in both the 6- and 6''-
positions gave orange solutions in CD3CN or CD3COCD3


with only one species present (Table 1). This species corre-


sponds to a high-spin iron (ii) complex as is evident from the
1H NMR spectra which exhibit paramagnetically shifted
resonances between d�ÿ20 and �100. The 1H NMR spectra
could be assigned by comparison with each other and with the
spectra of the type 1 ligand complexes. In all of the spectra,
the H4' signal was identified from integration values as lying
between d�ÿ13 and ÿ20. The 6-methyl and 6-phenyl
resonances are broadened; the methyl resonances appear as
broadened singlets at d�ÿ2 and the phenyl protons are
located between d��5 and ÿ10, although excessive broad-
ening and overlap with solvent resonances means that it is not
possible to see all five phenyl environments. In the case of the
complex of 4 the signals from the phenyl rings are broadened
such that they cannot all be discerned. In general, the H4'


proton (in 3 and 5) or the protons of the phenyl group in the
4'-position are least affected by the paramagnetic metal centre
and are found between d� 7 and 15. The 1H NMR spectrum
of [Fe(6)2](PF6)2 is shown in Figure 1a as a representative
example of the high-spin iron(ii) complexes. The orange solid
complexes of the type 1 asymmetric ligands formed purple
solutions in CD3COCD3 or CD3CN. We expected the 1H NMR
spectra of these solutions to be characteristic of diamagnetic
low-spin iron(ii) species. However, the spectra were typical of
paramagnetic species ([Fe(1)2](PF6)2: d� 107 very broad,
54.6, 46.6, 43.1, 39.7, 37.6, 35.3, 16.1, 11.1, 7.65 (2 H), 7.44 (2 H),
7.23, ÿ4.8; [Fe(1)2](PF6)2: d� 97 very broad, 49.9, 42.8, 38.8,
36.6, 34.7, 32.4, 15.5, 10.2 (4 H), 8.9 (2H), 8.7, 6.0 (2 H), 2.5,
ÿ3.0). Figure 1 b presents the 1H NMR spectrum of
[Fe(z)2](PF6)2 in CD3CN solution. In each case a reproducible
subspectrum of a diamagnetic species was present, which we
tentatively assign to the low-spin complex that is in slow
exchange with the high-spin compound on the 1H NMR time
scale. The same subspectrum was also observed in
CD3COCD3 solution, eliminating the possibility that the
solution species contains a hypodentate didentate tpy ligand
and a coordinated solvent molecule.


Table 1. 1H NMR spectroscopic chemical shift data (250 MHz, 298 K) for
CD3COCD3 solutions of paramagnetic [FeL2](PF6)2 complexes.


L H3 H4 or subst H5 H6 or subst H3' H4'


3 58.6/79.3 14.4 58.6/79.3 ÿ 10.3 67.7 ÿ 20.4
0.6
1.3
4.1


4 59.7/80.9 9.6 p 9.7/80.9 1.2 69.6 ÿ 17.3
10.0 o/m 5.0
13.4 o/m [a]


5 53.7/57.8 9.7 53.7/57.8 ÿ 2.1 Me 69.1 ÿ 17.6
6 51.9/56.9 7.3 o/m


8.1 p 51.9/56.9 ÿ 2.4 Me 69.5 ÿ 13.9
9.0 o/m


[a] Some resonances are broadened and not observed above the baseline.
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Figure 1. 1H NMR spectra (250 MHz, CD3CN solutions, 298 K) of
a) [Fe(6)2](PF6)2 and b) [Fe(1)2](PF6)2. The inset in Figure 1 b shows the
downfield region.


Electronic spectra : The electronic spectra of CH3CN solutions
also provided support for the existence of both high- and low-
spin species in the complexes with the type 1 ligands. The low-
spin, purple, parent complex [Fe(tpy)2](PF6)2 shows a charac-
teristic metal-to-ligand charge transfer (MLCT) band centred
at 548 nm. In contrast, the electronic spectra of the iron(ii)
complexes with the type 2 ligands were essentially transparent
at 548 nm with the orange colour arising from a tailing into the
visible of a ligand p ± p* absorption at 330 nm. The iron
complexes of 1 and 2 both give purple solutions in acetonitrile
with absorption maxima for an MLCT band close to 550 nm
and their electronic spectra appear intermediate between low-
spin [Fe(tpy)2](PF6)2 and the high-spin complexes with type 2
or type 3 ligands (Figure 2). The extinction coefficient of the
MLCT band of the low-spin purple form in the visible region
of the spectrum is very much larger than any absorptions of
the orange form, and the visible region of the electronic
spectrum is dominated by the low-spin form; the ligand p ± p*
transitions are expected to be similar in both high- and low-
spin forms.


Temperature dependence : The equilibrium between the high-
spin, orange and the low-spin, purple forms of the iron(ii)
complex of the type 2 ligands is expected to be temperature
dependent, and we have studied the behaviour of
[Fe(2)2](PF6)2 in detail. Generally, the low-spin form is
expected to be favoured at low temperatures, whilst the
high-spin form is the high-temperature species. The changes in
the electronic spectrum of a solution of [Fe(2)2](PF6)2 in
acetonitrile were shown to be fully reversible over the
temperature range 300.0 to 323.0 K; the intensity of the
554 nm MLCT band decreases with increase in temperature
(Figure 2 b). In order to make more extensive studies we
changed from acetonitrile (liquid range 229.3 to 354.7 K) to
propionitrile (liquid range 180.0 to 370.4 K) as solvent.
Monitoring the changes in absorbance intensity over the


Figure 2. a) Electronic spectra of 5� 10ÿ5m solutions of [Fe(tpy)2](PF6)2,
[Fe(2)2](PF6)2 and [Fe(4)2](PF6)2 and b) the temperature dependence of the
electronic spectrum of an acetonitrile solution of [Fe(2)2](PF6)2 at 300, 303,
313 and 323 K.


temperature range 180 to 320 K for a solution in propionitrile
allowed the enthalpy and entropy terms associated with the
spin state change to be estimated as DH�ÿ18.7�
0.1 kJ molÿ1 and DS�ÿ61.8� 0.4 JKÿ1molÿ1 using the meth-
od of second-order globalisation.[20] Very reasonable fits with
s(absorbance)< 0.01 over the complete set of data were
obtained, although the model of temperature independent
spectra cannot be strictly correct. These results are in general
agreement with those previously reported for another iron(ii)
spin-crossover system.[21] The thermodynamic data led to
DG�ÿ0.3� 0.2 kJ molÿ1 and K(298.15 K)� 1.13� 0.09 con-
firming that the system is in a genuine spin-crossover
equilibrium.


Pressure dependence : The presence of electrons within the
metal ± ligand antibonding eg* orbitals which lie along the
metal ligand donor atom vector in the high-spin complex
result in longer Fe ± N distances than in the low-spin form, in
which the eg* orbitals are unoccupied. As a consequence, the
molecular volume of the high-spin cation is expected to be
greater than the low-spin form, and the equilibrium between
the two spin states is expected to be pressure dependent. An
acetonitrile solution of [Fe(2)2](PF6)2 was placed in a pillbox
of diameter 15 mm at ambient temperature and subjected to a
series of six pressures, 60, 360, 660, 960, 1260 and 1560 bar and
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the electronic spectra recorded at wavelengths of 336 and
554 nm, corresponding to maxima in the ligand p ± p*
transitions and the MLCT transition in the low-spin form,
respectively. The absorption at 336 nm increased by 10.4 %
over the pressure range 60 to 1560 bar; the intensity increases
linearly by an average of 0.021 absorbance units per 300 bar at
336 nm. This presumably represents slight changes in the
absorption maximum and band width of the ligand p ± p*
transitions in the two forms. The MLCT absorption at 554 nm
was found to increase by an average of 0.0094 absorbance
units per 300 bar representing an overall absorbance increase
of 37.6 % over the pressure range 60 ± 1560 bar (Figure 3). The
increase in absorbance with pressure indicates the expected
preference for the low-spin form with the smaller molecular
volume. The changes were not fully reversible over the
pressure cycle 60 to 1560 to 60 bar, with a very small amount
of decomposition occurring; at both 60 and 1300 bar the
absorption at 554 nm was found to decrease slightly with time.


Figure 3. The pressure dependence of the electronic spectrum of an
acetonitrile solution of [Fe(2)2](PF6)2 at 60, 360 660, 960, 1260 and 1560 bar.


The spectral changes recorded as a function of pressure in
Figure 3 can be used to estimate the volume change associated
with the high-spin to low-spin conversion. In these calcula-
tions we assumed, as in the case of the temperature-depend-
ence data, that the absorbance at 554 nm mainly originates
from the low-spin state. On the basis of an equilibrium
constant of 1.13 at ambient pressure for the high spin/low spin
equilibrium, the increase in absorbance of 37 % on increasing
the pressure by 1500 atm corresponds to an increase in the
equilibrium constant to 2.65. This in turn results in an overall
reaction volume of ÿ14 cm3 molÿ1, which indicates that the
low-spin state has a partial molar volume 14 cm3 molÿ1 smaller
than the high-spin state. This number is in very good
agreement with data reported in the literature, where typical
high-spin to low-spin changes for iron(ii) complexes are
accompanied by volume decreases of between 4 and
16 cm3 molÿ1.[22±24]


Electrochemistry : All of the iron complexes discussed above
are electrochemically active and exhibit a reversible iron(ii)/


iron(iii) process together with a series of reversible or quasi-
reversible ligand reductions. Data for the iron(ii)/iron(iii)
potentials obtained from cyclic voltammetric studies of
acetonitrile solutions are presented in Table 2. The iron(ii)/


iron(iii) redox couples for the high-spin orange complexes
with the type 2 and type 3 ligands lie to more positive
potential than those with the type 1 ligands and are found in
the range �0.89 to �0.98 V (all potentials quoted against the
internal ferrocene/ferrocenium couple). This contrasts with a
typical low-spin complex such as [Fe(tpy)2](PF6)2 which
exhibits an iron(ii)/iron(iii) couple at �0.74 V. The destabili-
sation of the iron(iii) state correlates well with the longer Fe ±
N bonds and hence the weaker ligand field associated with the
high-spin complexes. In the case of the complexes with type 1
ligands, although both high- and low-spin species are present
in solution, only a single redox process corresponding to the
low-spin species is observed in the region of �0.74 V. A
comparison of the complexes with 1 and 2 indicates that the
phenyl group in the 4-position is, as expected, slightly electron
releasing and shifts the iron(ii)/iron(iii) process 20 mV to
lower potential. The 6-phenyl group is expected to have a
similar effect, but the redox processes for [Fe(tpy)2](PF6)2 and
[Fe(1)2](PF6)2 occur at identical potentials. This presumably
represents two competing effects which balance one another:
a shifting to lower potential as a result of the electron-
releasing phenyl substituent, and a destabilisation arising
from the lengthening of Fe ± N bonds with respect to tpy
complexes as a result of steric interactions involving the
6-substituent (see below). Similar substituent effects are also
observed in the purely high-spin species. A comparison of the
complexes with 4 or 6 with those with 3 or 5 reveals that the
presence of two phenyl substituents in the 4- and 4''-positions
results in a lowering of the iron(ii)/iron(iii) process by 50 to
90 mV.


Solid-state species


Mössbauer spectrum and magnetic susceptibility measure-
ments : The proof that the orange complexes were indeed
high-spin iron(ii) species came from studies of the solid-state
materials. We will confine the discussion to the orange solid
complex [Fe(2)2](PF6)2, which dissolves in acetone or aceto-
nitrile to give solutions containing both the purple and orange
species. In contrast, the solid-state species only contains the
orange form, which we have studied by Mössbauer spectro-
scopy and magnetic susceptibility measurements. The Möss-
bauer spectrum obtained at 80 K (Figure 4 a) of [Fe(2)2](PF6)2


showed a single quadrupole doublet with d� 1.07 mmsÿ1 and
DEQ�1.7 mmsÿ1, values typical for a high-spin iron(ii) centre.
No other iron(ii) species can be detected, confirming the
existence of a single solid-state species.


Table 2. Electrochemical potentials for the iron(ii)/iron(iii) process in
[FeL2](PF6)2 complexes (MeCN solvent, 0.1m [nBu4N](BF4) supporting
electrolyte, internal ferrocene/ferrocenium reference).


L tpy 1 2 3 4 5 6
Fe2�/Fe3� [V] 0.74 0.74 0.72 0.98 0.89 0.94 0.89
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Figure 4. a) The Mössbauer spectrum of powdered orange [Fe(2)2](PF6)2


at 80 K and b) the temperature dependence of the effective magnetic
moment of a finely powdered mull of [Fe(2)2](PF6)2 in hexane over the
temperature range 4 to 290 K.


The magnetic susceptibility of the orange crystals of
[Fe(2)2](PF6)2 was determined over the temperature range 4
to 290 K using a SQUID magnetometer. Initial measurements
indicated anomalous behaviour with a pronounced suscept-
ibility maximum at 20 K, behaviour that was repeatable with
crystalline samples from different batches of the complex.
This proved to be an artefact arising from the combined
effects of medium-range intermolecular interactions within
the lattice and orientation of the crystals in the magnetic field.
This effect has been observed previously[21] and was elimi-
nated by grinding the solid and mixing it with a drop of hexane
before freezing. Finely powdering the sample reduced but did
not eliminate the effect at 20 K. Figure 4b presents the
susceptibility data over the temperature range 4 to 290 K for
the fine powder in hexane, after a diamagnetic correction for
complex in the hexane matrix has been applied, and shows
typical Curie ± Weiss behaviour with a magnetic moment of
5.3 mB over the temperature range 290 to 40 K. This value is
typical for a high-spin iron(ii) (S� 2) ion in a complex showing
distortion from ideal octahedral geometry. Below 40 K there
is a reduction in magnetic moment down to a value of 3.1 mB at
4 K. This behaviour is associated with zero-field splitting of
the spin quintet state. A spin-Hamiltonian simulation of the
experimental data (solid line) yielded a zero-field parameter
jD j� 7.9 cmÿ1 and a g value of 2.16, which is in the usual range
for octahedral iron(ii) complexes. To conclude, in the solid
state, all of the orange complexes are high spin iron(ii) species.


Heating crystals of the purple, low-spin complex [Fe(2)2]-
(ClO4)2 ´ Me2CO resulted in loss of solvent in the range 80 ±


100 8C and the formation of a dark coloured powder. On the
one occasion that the experiment was attempted, the complex
underwent explosive decomposition in the region of 120 8C.


X-Ray crystallographic studies


Finally, we have determined the solid-state X-ray structures of
the representative complexes, orange high-spin
[Fe(2)2](PF6)2 ´ 2 Me2CO, purple low-spin [Fe(2)2](ClO4)2 ´
Me2CO and orange high spin [Fe(3)2](ClO4)2 ´ MeCN ´ H2O.
Crystal data for the three structural determinations are
presented in Table 3. We commence the discussion by
considering the parent, low-spin [Fe(tpy)2]2� cation; two
structural studies of this cation together with one of a related
complex with propyloxy substituents in the 5 and 5''-positions
have been reported.[25±27] In all cases comparable Fe ± N
distances are the same (within esds) and show an average Fe ±
Nterminal distance of 1.981 � and an average Fe ± Ncentral distance
of 1.885 �, with an average Nterminal-Fe-Ncentral bite angle of
80.978.


The [Fe(tpy)2]2� ion may now be compared with the cation
present in orange, high-spin [Fe(3)2](ClO4)2 ´ MeCN ´ H2O, the
structure of which is presented in Figures 5 (top) and 5 (bottom)
and selected geometrical data are presented in Table 4. There
are a number of features of note; there is extensive intra-
molecular p stacking and as a result there is a relatively great
deviation of the 2,2':6',2''-terpyridine system from planarity
although the individual aromatic rings are planar. The two
ligands embrace each other tightly in a tennis-ball structure.
The terminal pyridine rings form two sets. One set of two rings
is twisted with dihedral angles of 7 to 88, whilst the other has
dihedral angles of 25 to 268 with respect to the central rings;
the phenyl substituents are similarly twisted with dihedral
angles to the terminal pyridine rings of 38 to 528. The
consequence is a highly distorted and compressed structure.
All of the Fe ± N distances are larger than in the low-spin
complexes. However, the two terminal pyridine rings behave
very differently to one another. The rings with the smaller
dihedral angle show Fe ± N distances of 2.205(3) and
2.208(3) �, whilst the central rings show the expected shorter
distances of 2.089(3) and 2.092(3) �. In contrast, the terminal
pyridine rings with the large dihedral angle show very long
Fe ´´ ´ N distances of 2.436 and 2.456 � which cannot be
regarded as fully bonding. Additional support for this claim
comes from the angle of the Fe ´´´ N vector with the plane of
the pyridine ring, which is found to be 143 to 1448 for these
two terminal rings instead of the expected 1808. The precise
description of the coordination geometry in this complex is
semantic. It seems to lie somewhere between a highly
distorted six-coordinate complex and a four-coordinate com-
pound with two additional weak interactions. The phenyl rings
are p-stacked (approximately coplanar, interplanar distances
3.2 to 3.6 �) with one central and one terminal ring of the
other ligand. The terminal pyridine rings with the 25 to 268
dihedral angles are mutually p-stacked. All of the data are
consistent with the adoption of the high-spin configuration,
the various steric interactions within the ligand array force the
long Fe ± N distances and a correspondingly weak ligand field.
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One of the two enantiomeric cations present in low-spin,
purple [Fe(2)2](ClO4)2 ´ Me2CO is presented in Figure 6 (top)
and relevant geometrical data are listed in Table 4. The
structure is that of a distorted octahedron. As we have
previously noted, the introduction of a single substituent into
the 6-position of a tpy ligand results in the formation of chiral
{M(L)2} complexes,[19] and the lattice contains equal numbers
of cations with D and L configurations. The two Fe ± Nterminal


bonds to the unsubstituted terminal rings exhibit normal short
distances of 1.997(5) and 1.996(5) � as do the Fe ± Ncentral


bonds of 1.891(5) and 1.878(4) �, all of which are slightly
longer than, but comparable with, those in low-spin
[Fe(tpy)2]2� salts. The Fe ± N distances to the rings bearing
the phenyl substituents are slightly lengthened at 2.054(5) and
2.048(4) � but still typical of the low-spin complex and show
none of the gross distortions observed in [Fe(3)2](ClO4)2 ´
MeCN ´ H2O. The bite angles are all of the order of 808. Each
of the tpy units is essentially planar, with the 6-phenyl and
4-phenyl rings twisted at 97 and 248 with respect to the bonded
pyridine, respectively. Once again, there is p stacking within
the cation and the 6-phenyl group lies approximately coplanar
(interplanar angle 7 ± 88) with, and 3.2 to 3.5 � above, the
central pyridine ring of the other ligand. In conclusion, the
structure of the [Fe(2)2]2� ion in the purple salts is typical of a
low-spin species. Although not octahedral, the degree of
distortion from the ideal geometry is small, as assessed by the


N-Fe-N angles between opposite vertices, which all lie in the
range 160 to 1698.


One of the two enantiomeric cations present in high-spin,
orange [Fe(2)2](PF6)2 ´ 2 Me2CO is presented in Figure 6
(bottom) and relevant geometrical data are listed in Table 4.
The structure is once again that of a distorted octahedron. The
two Fe ± Nterminal bonds to the unsubstituted terminal rings
exhibit long distances of 2.275(7) and 2.266(7) � reminiscent
of those in high-spin [Fe(3)2](ClO4)2 ´ MeCN ´ H2O as are the
Fe ± Ncentral distances of 2.093(8) and 2.107(8) �. The Fe ± N
distances to the ring bearing the phenyl substituents are
lengthened with respect to the low-spin form, but closely
resemble those to the unsubstituted pyridine at 2.255(7) and
2.232(7) � and apparently typical of the high-spin cation. The
pattern of Fe ± N bonds is inverted with respect to the low-spin
complex [Fe(2)2](ClO4)2 ´ Me2CO; in the low-spin compound
the Fe ± N bonds to the substituted ring are longer than those
to the unsubstituted pyridine rings, whereas in the high-spin
compound the Fe ± N bonds to the substituted rings are
shorter. The bite angles are smaller than in the low-spin
cation, lying in the range 73 to 758, as expected for the longer
Fe ± N distances. None of the massive distortion of the
complex with ligand 3 is observed. Each of the tpy units is
bowed, with the 6-phenyl and 4-phenyl rings twisted at 46 and
358 with respect to the bonded pyridine rings, respectively.
There is no significant p-stacking within the cation on this


Table 3. Crystal data and parameters for [Fe(2)2](PF6)2 ´ 2 Me2CO, [Fe(2)2](ClO4)2 ´ Me2CO and [Fe(3)2](PF6)2 ´ MeCN ´ H2O.


[Fe(2)2](PF6)2 ´ 2Me2CO [Fe(2)2](ClO4)2 ´ Me2CO [Fe(3)2](ClO4)2 ´ MeCN ´ H2O


formula C60H50FeN6P2F12O2 C57H44FeN6Cl2O9 C56H43FeN7Cl2O9


mass 1232.87 1083.77 1084.76
colour orange purple orange
crystal system triclinic monoclinic monoclinic
space group P1Å P21/c P21/c
a [�] 14.029(2) 20.886(4) 10.544(1)
b [�] 14.542(5) 13.374(3) 24.656(3)
c [�] 14.721(4) 17.810(4) 19.114(3)
a [8] 73.037(24) 90 90
b [8] 79.507(20) 97.82(3) 103.709(8)
g [8] 79.181(19) 90 90
Z 2 4 4
F(000) 1264 2240 2240
1 [g cmÿ3] 1.46 1.46 1.49
m [mmÿ1] 3.50 0.48 4.11
diffractometer Enraf-Nonius CAD4 IPDS Image Plate, Stoe Enraf-Nonius CAD4
crystal size [mm] 0.18� 0.52� 0.60 0.1� 0.1� 0.05 0.18� 0.32� 0.38
temperature [K] 293 193 223
radiation [l ([�]) CuKa (1.54178) MoKa (0.71073) CuKa (1.54180)
scan type w-2q w-2q


qmax [8] 58.53 25.97 77.50
absorption correction empirical none empirical
no. measured reflns. 8291 16664 8781
no. independent reflns. 7923 8014 8444
no. reflns in refinement 3 056, I> 3s(I) 4 583, I> 2s(I) 6 280, I> 3s(I)
no. of variables 748 694 677
final R 0.0735 0.0604 (I> 2s(I)) 0.0562
final Rw 0.0780 0.1317 (wR2, I> 2s(I) 0.0685
weighting Chebychev polynomial[a] [d] Chebychev polynomial[a]


Last max/min [e �ÿ3] 0.58/ÿ 0.41 0.463/ÿ 0.722 0.56/ÿ 0.64
programs used SIR92,[b] CRYSTALS[c] SHELXS-86,[e] SHELXL-93[f] SIR92,[b] CRYSTALS[c]


[a] J. R. Carruthers, D. J. Watkin, Acta Crystallogr. Sect. A, 1979, 35, 698. [b] SIR92, C. Giacovazzo, University of Bari, 1992. [c] CRYSTALS, Issue 9, D.
Watkin, Chemical Crystallography Laboratory, Oxford, 1990. [d] w� 1/[s2 (F 2


o )� (0.0739 P)2� 0.0000 P] where P� (F 2
o � 2F 2


c )/3. [e] G. M. Sheldrick,
SHELXS-86, Universität Göttingen, 1986. [f] G. M. Sheldrick, SHELXS-93, Universität Göttingen, 1997.
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Figure 5. The crystal and molecular structure of the cation [Fe(3)2]2�


present in [Fe(3)2](ClO4)2 ´ MeCN ´ H2O showing the numbering scheme
adopted (top), hydrogen atoms omitted for clarity and (bottom) space-
filling representation showing how the two ligands are intimately inter-
twined.


occasion, with the 6-phenyl group making an interplanar
angle of 258 with the central pyridine ring of the other ligand.
The structure of the [Fe(2)2]2� ion in the orange salts is typical
of a high-spin species. The degree of distortion from the ideal
geometry is greater than in the low-spin form, as assessed by
the N-Fe-N angles between opposite vertices, which lie in the
range 147 to 1548.


The detailed structural studies beg the question as to
whether the factors leading to high- or low-spin species may
be quantified. The structural data for the high- and low-spin
forms of the [Fe(2)2]2� ion confirm that the high-spin form is
larger than the low-spin form, as predicted on the basis of
ligand field effects and as found experimentally from the
studies of the pressure dependence of the electronic spectra
and speciation. Figure 7 presents the best overlay of the high-
spin (grey) and low-spin (white) forms of the [Fe(2)2]2� ion.
Although the generally larger dimensions of the high-spin
form may be discerned by a careful analysis, the most striking
feature is the high degree of overlap of the central rings and
the unsubstituted terminal rings, but the high conformational
differences associated with the substituted terminal pyridine
ring.


In the case of [Fe(2)2](ClO4)2 ´ Me2CO there are a number
of close contacts within the lattice and a large number of C ±
H ´´´ O hydrogen bonds between aromatic C ± H bonds and
perchlorate oxygen atoms with H ´´´ O contacts of 2.4 ± 2.6 �
may be characterised. In addition, there are hydrogen-
bonding interactions involving the oxygen of the acetone
molecule in the lattice. The most significant of these are
between C(15) ± H(15) and C(18) ± H(18) and the acetone in
the symmetry-related x, ÿ1� y, z position, which exhibit
C ´´ ´ O contacts of 3.428(9) and 3.351(8) � and H ´´´ O
contacts of 2.496(9) and 2.405(8) �, respectively. The
H(18) ´´´ O contact is the closest non-bonded contact other
than those within the cation itself. A similar pattern exists
within the lattice of [Fe(2)2](PF6)2 ´ 2 Me2CO, the shortest


Table 4. A comparison of bond lengths [�] and bond angles [8] within the coordination spheres of the cations in [Fe(2)2](ClO4)2 ´ Me2CO, [Fe(2)2](PF6)2 ´
2Me2CO and [Fe(3)2](ClO4)2 ´ MeCN ´ H2O.


[Fe(2)2](ClO4)2 ´ Me2CO [Fe(2)2](PF6)2 ´ 2Me2CO [Fe(3)2](ClO4)2 ´ MeCN ´ H2O


Fe1 ± N(1) 1.997(5) Fe(1) ± N(1) 2.275(8) Fe(1) ± N(1) 2.205(3)
Fe1 ± N(2) 1.891(5) Fe(1) ± N(2) 2.093(8) Fe(1) ± N(2) 2.089(3)
Fe1 ± N(3) 2.054(5) Fe(1) ± N(3) 2.255(7) Fe(1) ± N(4) 2.208(3)
Fe1 ± N(4) 1.996(5) Fe(1) ± N(4) 2.266(7) Fe(1) ± N(5) 2.092(3)
Fe1 ± N(5) 1.878(4) Fe(1) ± N(5) 2.107(8) Fe(1) ´´ ´ N(3) 2.436
Fe1 ± N(6) 2.048(4) Fe(1) ± N(6) 2.232(7) Fe(1) ´´ ´ N(6) 2.456
N(1)-Fe1-N(2) 80.3(2) N(1)-Fe(1)-N(2) 73.1(3) N(1)-Fe(1)-N(2) 75.9(1)
N(1)-Fe1-N(3) 160.90(17) N(1)-Fe(1)-N(3) 147.4(3) N(1)-Fe(1)-N(4) 89.3(1)
N(1)-Fe1-N(4) 90.44(19) N(1)-Fe(1)-N(4) 87.8(3) N(2)-Fe(1)-N(4) 125.4(1)
N(1)-Fe1-N(5) 89.8(2) N(1)-Fe(1)-N(5) 88.0(3) N(1)-Fe(1)-N(5) 125.3(1)
N(1)-Fe1-N(6) 92.23(19) N(1)-Fe(1)-N(6) 98.8(3) N(2)-Fe(1)-N(5) 152.8(1)
N(2)-Fe1-N(3) 80.7(2) N(2)-Fe(1)-N(3) 75.6(3) N(4)-Fe(1)-N(5) 75.9(1)
N(2)-Fe1-N(4) 93.90(18) N(2)-Fe(1)-N(4) 88.6(3)
N(2)-Fe1-N(5) 168.4(2) N(2)-Fe(1)-N(5) 154.8(3)
N(2)-Fe1-N(6) 105.73(17) N(2)-Fe(1)-N(6) 122.9(3)
N(3)-Fe1-N(4) 91.67(19) N(3)-Fe(1)-N(4) 100.5(3)
N(3)-Fe1-N(5) 109.3(2) N(3)-Fe(1)-N(5) 124.6(3)
N(3)-Fe1-N(6) 92.12(19) N(3)-Fe(1)-N(6) 90.5(3)
N(4)-Fe1-N(5) 80.12(18) N(4)-Fe(1)-N(5) 73.8(3)
N(4)-Fe1-N(6) 160.36(18) N(4)-Fe(1)-N(6) 148.4(3)
N(5)-Fe1-N(6) 80.43(17) N(5)-Fe(1)-N(6) 75.6(3)
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Figure 6. The crystal and molecular structure of one of the enantiomeric
the cations showing the numbering scheme adopted, hydrogen atoms
omitted for clarity, present in (top) low-spin, purple [Fe(2)2](ClO4)2 ´ Me2-
CO and (bottom) high-spin, orange [Fe(2)2](PF6)2 ´ 2 Me2CO.


Figure 7. Minimised overlay of low-spin [Fe(2)2]2� (white) and high-spin
[Fe(2)2]2� (grey) ions.


contact of which is between C(8) ± H(81) and one of the
acetone molecules in the ÿx, ÿy, 2ÿ z symmetry. In this case
the C ´´´ O contact is 3.366(14) � and the H ´´´ O contact is
2.4085 �, respectively. The significance of these interactions
in determining the final spin state is at present unclear.


Conclusion


We have shown that the introduction of two substituents into
the 6- and 6''-positions of a 2,2':6',2''-terpyridine results in the
formation of high-spin [FeL2]2� species. In the case of the
complex with ligand 3 the coordination geometry is highly
distorted and lies between a coordination number of 4 and 6.
When a single substituent is introduced into the 6-position,
complexes are obtained in which the high- and low-spin forms
are in thermal equilibrium at room temperature. We are
currently trying to fine tune these effects.


Experimental Section


Infrared spectra were recorded on Mattson Genesis Fourier-transform
spectrophotometers with samples in compressed KBr discs. 1H NMR
spectra were recorded on a Bruker AM 250 MHz spectrometer. UV/Vis
measurements were performed by using a Perkin Elmer Lambda 19
spectrophotometer and were recorded in acetonitrile at a concentration of
5� 10ÿ5m. Time of flight (MALDI) spectra were recorded by using a
PerSeptive Biosystems Voyager-RP Biospectrometry Workstation. Elec-
trochemical measurements were performed with an Amel model 553
potentiostat connected to an Amel model 567 function generator and an
Amel model 560/A interface or an Eco Chemie Autolab PGSTAT 20
system using platinum bead working and auxiliary electrodes with an Ag/
AgCl electrode as reference. The experiments were conducted by using
purified acetonitrile as solvent and 0.1m [Bun4N]BF4 as supporting
electrolyte; ferrocene was added at the end of each experiment as an
internal reference.


Magnetic susceptibilities of the polycrystalline samples were recorded on a
SQUID magnetometer (MPMS, Quantum Design) in the temperature
range 2 ± 300 K with an applied field of 1 T. Experimental data were
corrected for underlying diamagnetism with Pascal�s constants (cDia�
295� 10ÿ6 cm3 molÿ1). Mössbauer spectra were recorded on an alternating
constant ± acceleration spectrometer. The minimum experimental line
width was 0.24 mm sÿ1 full width at half maximum. The sample temperature
was kept constant in a Variox cryostat (Oxford Instruments). The
Mössbauer source was about 1 GBq 57Co in Rh matrix. Isomer shifts are
given relative to a-Fe at room temperature.


For the temperature-dependence experiments, UV/Vis spectra were
obtained in propionitrile with a SFL-21 variable temperature stopped flow
unit (Hi-Tech) connected to a Tidas 16 diode array spectrometer (J and M,
507 diodes). Two series of 14 spectra were taken between 182.6 and 312.2 K.
The concentration of complex (2.04� 10ÿ4m at 298 K) was adjusted to take
thermal expansion of the solvent into account using 1(g cmÿ3)� 1.069 ±
(9.8� 10ÿ4T(K)). Each series was subjected to second-order global analysis
assuming the high-spin form of the complex to be nonabsorbing relative to
the low-spin form above 450 nm (325 diodes), allowing a direct calculation
of reaction enthalpy and reaction entropy as the adjustable parameters.
Final results are weighted means of these two independent series.


Pressure effects on the spectra were monitored by using a Shimadzu UV
2101 instrument equipped with a home-made high-pressure cell. A pillbox
type cuvette was used and the temperature was held constant to �0.1 K
during all the measurements of the pressure cycle.[28, 29]


6-Acetyl-2,2'-bipyridne 7,[16] the bis-chalcone 12[30] and the bis-Mannich salt
10[15] were prepared by the literature methods. The Mannich salt of
acetophenone 8 was prepared by standard methods. Chalcone 9 was used as
supplied by Aldrich. The salt 13 was prepared as a white solid from the
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reaction of chloroacetone with pyridine in diethyl ether; 11 was purchased
from Aldrich.


6-Phenyl-2,2'':6'',2''''-terpyridine (1): A mixture of 7 (150 mg, 0.38 mmol), 8
(81 mg, 0.38 mmol) and anhydrous ammonium acetate (1.5 g, excess) in
MeOH (10 mL) was heated to reflux for 18 h. After cooling the mixture,
the resulting precipitate was filtered off and recrystallised from EtOH to
give 1 as an off-white solid (78 mg, 66 %); m.p. 206 ± 207 8C; 1H NMR
(CDCl3, 250 MHz): d� 7.33 (m, 1H, H5''), 7.51 (m, 3H, Hm,p), 7.80 (dd, J�
7.8, 1,0 Hz, 1H, H5), 7.87 (td, J� 6.8, 1.5 Hz, 1H, H4''), 7.93 (t, J� 7.8 Hz, 1H,
H4'), 7.98 (t, J� 7.8 Hz, 1H, H4), 8.18 (m, 2H, H0), 8.47 (dd, J� 7.8, 1.4 Hz,
1H, H5'), 8.59 (dd, J� 7.8, 1 Hz, 1H, H3''), 8.67 (m, 3 H, H3, 6, 3'); 13C NMR
(CDCl3, 61 MHz): d� 119.4, 120.3, 121.0, 121.2, 121.3, 123.7, 127.0 (2C),
128.7 (2C), 129.0, 136.9, 137.6, 137.8, 139.4, 149.1, 155.3, 155.6, 155.8, 156.3,
156.5; IR (KBr): nÄ � 3053w, 1565s, 1473m, 1442m, 1424s, 1375m, 1265m,
1107w, 1086m, 1073m, 1042w, 1026m, 987m, 815m, 783m, 758s, 686m, 654m,
633m, 619m, 586m cmÿ1; TOF-MS: m/z : 309 [M]� , 332 [M�Na]� , 348
[M�K]� .


4,6-Diphenyl-2,2'':6'',2''''-terpyridine (2): A mixture of 7 (150 mg, 0.38 mmol),
9 (80 mg, 0.38 mmol) and anhydrous ammonium acetate (1.5 g, excess) in
MeOH (10 mL) was heated at reflux for 18 h. After cooling the mixture, the
beige precipitate was filtered off and recrystallised from EtOH to give 2 as
an off white solid (100 mg, 71%); m.p. 108 ± 110 8C; 1H NMR (CDCl3,
250 MHz): d� 7.34 (ddd, J� 1.1, 4.8, 7.5 Hz, 1H, H5''), 7.42 ± 7.60 (m, 6H,
Hm,Hm',Hp,Hp'), 7.84 (m, 2 H, Ho'), 7.87 (m, 1H, H4''), 7.98 (d, J� 1.5 Hz, 1H;
H5), 8.00 (t, J� 7.8 Hz, 1 H, H4'), 8.24 (m, 2 H; Ho), 8.49 (dd, J� 0.8, 7.8 Hz,
1H, H5'), 8.65 (d, J� 8.0 Hz, 1H, H3''), 8.72 (m, 1 H, H6''), 8.73 (m, 1 H, H3'),
8.80 (d, J� 1.5 Hz, 1H, H3); 13C NMR (CDCl3, 61 MHz): d� 117.7, 118.7,
121.1, 121.2, 121.5, 123.7, 127.1 (2C), 127.3 (2C), 128.8, 129.0, 129.1 (4C),
136.9, 137.8, 139.2, 139.5, 149.1, 150.3, 155.3, 155.6, 156.3, 156.4, 157.1; IR
(KBr): nÄ � 3056w, 3033w, 1597m, 1578s, 1561s, 1548s, 1496m, 1475m, 1456w,
1447w, 1434w, 1424m, 1400s, 1266w, 1077w, 785s, 764s, 757s, 693s, 645m,
631w, 620m 586m cmÿ1; EI-MS: m/z : 385 [M�]; C27H19N3 ´ 0.5H2O (345);
elemental analysis calcd (%): C 82.2, H 5.1, N 10.65; found: C 82.0, H 5.0, N
10.7.


6,6''''-Diphenyl-2,2'':6'',2''''-terpyridine (3): A mixture of 10 (100 mg,
0.29 mmol), 11 (190 mg, 0.60 mmol) and anhydrous ammonium acetate
(1.5 g, excess) in MeOH (10 mL) was heated at reflux for 18 h. After
cooling the mixture, the precipitate was filtered off and recrystallised from
EtOH to give 3 as an off-white solid (56 mg, 56%); m.p. 205 ± 206 8C;
1H NMR (CDCl3, 250 MHz): d� 7.50 (m, 6H, Hm,p), 7.80 (d, J� 7.8 Hz, 2H,
H5), 7.94 (t, J� 7.8 Hz, 2 H, H4), 8.01 (t, J� 7.8 Hz, 1H, H4'), 8.18 (m, 4H,
Ho), 8.62 (d, J� 7.8 Hz, 2H, H3'), 8.70 (d, J� 7.8 Hz, 2H, H3); 13C NMR
(CDCl3, 61 MHz) d� 119.4 (2C), 120.3 (2C), 121.3 (2C), 127.0 (2C), 128.8
(2C), 129.0 (1C), 137.6 (2C), 137.8 (1C), 139.4 (2C), 155.5 (2C), 156.0 (2C),
156.5 (2C); IR (KBr): nÄ � 3053w, 3035w, 1567s, 1431s, 1365w, 1267w, 1110w,
1089w, 1075m, 1023w, 989w, 804m, 762s, 695m, 636m cmÿ1; TOF-MS: m/z :
345 [M]� , 408 [M�Na]� , 424 [M�K]� ; C27H19N3 (345); elemental analysis
calcd: C 84.1, H 5.0, N 10.9; found: C 83.9, H 5.3, N 10.8.


4,6,4'''',6''''-Tetraphenyl-2,2'':6'',2''''-terpyridine (4): A mixture of 12 (230 mg,
0.66 mmol), 11 (370 mg, 1.34 mmol), and anhydrous ammonium acetate
(3.1 g, excess) was heated at reflux in MeOH (20 mL) for 16 h. After
leaving the mixture to stand at 0 8C for 24 h, the cream precipitate was
filtered off, recrystallised from EtOH and dried over P4O10 to give 4 as an
off-white solid (250 mg, 71%); m.p. 261 ± 263 8C; 1H NMR (CDCl3,
250 MHz): d� 7.42 ± 7.60 (m, 12 H, Hm,Hm',Hp,Hp'), 7.86 (m, 4H, Ho'), 8.01
(d, J� 1.5 Hz, 2H, H5), 8.04 (t, J 7.8 Hz, 1 H, H4'), 8.25 (m, 4H, Ho), 8.73 (d,
J� 7.8 Hz, 2H, H3'), 8.88 (d, J �1.5 Hz, 2H, H3); 13C NMR (CDCl3,
61 MHz): d� 117.8 (2C), 118.5 (2C), 121.6 (2C), 127.1 (4C), 127.3 (4C),
128.8 (4C), 129.0 (1C), 129.05 (1C) 129.1 (4C), 137.8 (1C), 139.1 (2C), 139.5
(2C), 150.1 (2C), 155.5 (2C), 156.5 (2C), 157.2 (2C); IR (KBr): nÄ � 3061m,
3034m, 1605m, 1577s, 1547s, 1497m, 1445w, 1391m, 820w, 759m, 689m,
642w, 616w cmÿ1; EI-MS: m/z : 537 [M�]; C39H27N3 (537): elemental analysis
calcd (%): C 87.1, H 5.1, N, 7.8; found: C 86.6, H 5.1, N 8.1.


6,6''''-Dimethyl-2,2'':6'',2''''-terpyridine (5): A mixture of 10 (200 mg,
0.57 mmol), 13 (320 mg, 1.2 mmol) and anhydrous ammonium acetate
(3 g, excess) was heated at reflux in EtOH (10 mL) for 19 h. The reaction
mixture was cooled, the solid filtered off and recrystallised from EtOH to
give 5 as an off-white solid (94 mg, 63%); m.p. >250 8C; 1H NMR (CDCl3,
250 MHz): d� 2.64 (s, 6 H, Me), 7.18 (d, J �7.3 Hz, 2H, H5), 7.73 (t, J�
7.8 Hz, 2 H, H4), 7.89 (t, J� 7.8 Hz, 1 H, H4'), 8.40 (d, J� 7.8 Hz, 2 H, H3),


8.44 (d, J� 7.8 Hz, 2 H, H3'); 13C NMR (CDCl3, 61 MHz): d� 24.7 (2C),
118.2 (2C), 120.9 (2C), 123.3 (2C), 137.0 (2C), 137.8 (1C), 155.8 (4C), 157.9
(2C); IR (KBr): nÄ � 1570m, 1437m, 1401s, 1077w, 995w, 779m, 635w cmÿ1;
TOF-MS: m/z : 261 [M]� , 284 [M�Na]� , 300 [M�K]� .


6,6''''Dimethyl-4,4''-diphenyl-2,2'':6'',2''''-terpyridine (6): A mixture of 12
(0.18 g, 0.53 mmol), 13 (180 mg, 1.07 mmol) and anhydrous ammonium
acetate (3 g, excess) was heated at reflux in ethanol (10 mL) for 19 h. The
reaction mixture was cooled at 0 8C for 24 h before collecting the cream
precipitate by filtration. Recrystallisation from ethanol gave 6 as an off-
white solid (140 mg, 61%); m.p. 239 ± 240 8C; 1H NMR (CDCl3, 250 MHz):
d� 2.73 (s, 6H, Me), 7.42 ± 7.57 (m, 6 H, Hm,Hp), 7.44 (d, J� 1.4 Hz, 2 H, H5),
7.78 (m, 4H, Ho), 7.98 (t, J� 7.8 Hz, 1H, H4'), 8.51 (d, J� 7.8 Hz, 2H, H3'),
8.69 (d, J� 1.4 Hz, 2 H, H3); 13C NMR (CDCl3, 61 MHz): d� 24.8 (2C),
116.6 (2C), 121.2 (4C), 127.2 (4C), 128.9 (2C), 129.0 (4C), 137.8 (2C), 138.9
(1C), 149.4 (2C), 155.7 (2C), 156.4 (2C), 158.4 (2C); IR (KBr): nÄ � 3032m,
29119m, 1607m, 1576s, 1551s, 1497m, 1445m, 1391m, 1267w, 1077m, 1025w,
900w, 866w, 824m, 804w, 770s, 736w, 702m, 626m cmÿ1; EI-MS: m/z : 413
[M�]; C29H23N3 (413); elemental analysis calcd: C 84.2, H, 5.6, N 10.2;
found: C 83.7, H 5.6, N 10.2.


Iron complexes: general procedure : The ligand (20 mg) and [NH4]2Fe-
(SO4)2 ´ 6H2O (0.5 molar equivalents) were heated to reflux in MeOH
(20 mL) for the type 1 ligands or ethane-1,2-diol (10 mL) for the type 2 and
type 3 ligands for 1 h. After cooling the mixture, an excess of a methanolic
solution of [NH4](PF6) was added, followed by water (10 mL), and the
resulting solid filtered off and purified by column chromatography using
silica gel as the matrix and MeCN/saturated aqueous KNO3 solution/H2O
(14:2:1) as eluent. Further methanolic [NH4](PF6) was added to the eluted
purple or orange fraction, the MeCN removed in vacuo and the product
isolated by filtration.


[Fe(1)2](PF6)2 : (purple solid) (0.028 g, 89 %). 1H NMR (250 MHz, C3D6O):
d�ÿ4.8 (s, 1H, H4'), 1.3 (s, 4H), 4.9 (s, 1H), 11.1 (s, 1H), 16.1 (s, 1H) 35.3
(s, 1H), 37.6 (s, 1 H), 39.7 (s, 1 H), 43.1 (s, 1H), 46.6 (s, 1H), 54.6 (s, 1H),
108.0 (s, 1 H); nÄ � 1606m, 1563m, 1461m, 1447m, 1242w, 842s, 766m, 700w,
556m cmÿ1; UV/vis (CH3CN): lmax [nm] (e [dm3 molÿ1cmÿ1])� 230 (47 000),
276 (36 400), 324 (22 000), 497 (sh), 549 (1400); TOFMS: m/z : 675 [FeL2]� ,
384 [FeLF]� , 365 [FeL]� ; elemental analysis calcd for C42H30N6FeP2F12 ´
4H2O (%): C 47.7, H 3.6, N 8.0; found: C 47.7, H 3.8, N 8.4.


[Fe(2)2](PF6)2 : purple solid (0.030 g, 92 %). 1H NMR (250 MHz, C3D6O):
d�ÿ2.8, 8.4 (t ,J� 7.4 Hz, 2H, Hp'), 8.5 (t, J� 7.4 Hz, 4H, Hm'), 9.9 (d, J�
7.4 Hz, 4 H, Hm'), 15.1, 32.4, 34.7, 36.5, 38.8, 42.8, 49.9; nÄ � 1612m, 1578w,
1544w, 1492w, 1462w, 1397w, 1242w, 1074w, 842s, 768m, 703m, 558m cmÿ1;
UV/vis (CH3CN): lmax [nm] (e [dm3 molÿ1cmÿ1]): 248 (54 200), 282 (44 000),
335 (34 500), 556 (4200); FABMS: m/z : 972 [Fe(L2)(PF6)]� , 845
[Fe(L2)(F)]� , 826 [Fe(L2)]� , 460 [Fe(L)F]� , 441 [Fe(L)]� ; elemental
analysis calcd for C54H38N6FeP2F12 ´ H2O (%): C 57.2, H 3.6, N 7.4; found:
C 57.1, H 4.0, N 6.8.


[Fe(3)2](PF6)2 : (orange solid) (0.029 g, 88 %). 1H NMR (250 MHz, C3D6O):
d�ÿ20.4 (s, 1H, H4'), ÿ .3 (br. s 2 H, Ho/m/p), 0.6 (br. s 2H, Ho/m/p), 1.3 (4 H,
br. s, Ho/m/p), 4.1 (s, 2 H, Ho/m/p), 14.4 (s, 2 H, H4), 58.6 (s, 2 H, H3/5), 67.7 (s,
2H, H3'), 79.3 (s, 2 H, H3/5); nÄ � 1602m, 1565m, 1484w, 1470m, 1449m,
1429m, 1243m, 1187w, 842s, 803m, 765m, 701m, 647w, 558m cmÿ1; UV/vis
(CH3CN): lmax [nm] (e [dm3 molÿ1cmÿ1])� 229 (56 000), 304 (23 000), 348
(16 000); TOFMS: m/z : 605 [FeL(PF6)F]� , 460 [FeLF]� , 441 [FeL]� ;
elemental analysis calcd for C54H38N6FeP2F12 ´ 3H2O (%): C 55.4, H 3.8, N
7.2; found: C 55.3, H 3.5, N 7.6.


[Fe(4)2](PF6)2 : (orange solid) (0.020 g, 76%). 1H NMR (250 MHz, C3D6O)
d -17.3 (s, 1 H; H4'), 1.2 (brs, 2 H; Ho/m/p ), 5.0 (s, 2 H; Ho/m/p), 9.6 (s, 2H; Hp'),
10.0 (s, 4H; Ho'/m') 13.4 (s, 4H; Ho'/m'), 59.7 (s, 2H; H3/5), 69.6 (s, 2H; H3'),
80.9 (s, 2H; H3/5). nÄ � 1610m, 1576m, 1544m, 1482m, 1387m, 1242w,
1973w, 840s, 763m, 670m, 558m cmÿ1; UV/vis (CH3CN): lmax [nm]
(e [dm3 molÿ1cmÿ1])� 248 (84 000), 287 (47 000), 343 (36 000), 498 (sh);
TOFMS: m/z : 1130 [FeL2]� , 593 [FeL]� ; elemental analysis calcd for
C78H54N6FeP2F12 ´ H2O (%): C 65.1, H 3.9, N 5.8; found: C 65.0, H 4.0, N 5.8.


[Fe(5)2](PF6)2 : (orange solid) (0.030g, 90%). 1H NMR (250 MHz, C3D6O):
d�ÿ17.6 (s, 1H, H4'), ÿ2.1 (s, 6 H, Me), 9.7 (s, 2 H, H4), 53.7 (s, 2H, H3/5),
57.8 (s, 2H, H3/5), 69.1 (s, 2H, H3'); nÄ � 1603m, 1578w, 1479w, 1455m,
1383w, 1254w, 844s, 788m, 558m cmÿ1; UV/vis (CH3CN): lmax [nm]
(e [dm3 molÿ1cmÿ1])� 231 (47 000), 273 (30 000), 337 (27 000); TOFMS:
m/z : 577 [FeL2]� , 355 [FeL(F)]� , 336 [FeL]� .
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[Fe(6)2](PF6)2 : (orange solid) (0.025 g, 88 %). 1H NMR (250 MHz, C3D6O):
d�ÿ13.9 (s, 1 H, H4'), ÿ2.4 (s, 6H, Me), 7.3 (t, 4H, Ho'/m'), 8.1 (t, 2 H, Hp'),
9.0 (t, 4 H, Ho'/m'), 51.9 (s, 2H, H3/5), 56.9 (s, 2 H, H3/5), 69.5 (s, 2 H, H3'); nÄ �
1614m, 1575m, 1546m, 1453m, 842s, 766m, 696w, 631w, 558m cmÿ1; UV/vis
(CH3CN): lmax [nm] (e [dm3 molÿ1cmÿ1])� 248 (83 500), 287 (46 500), 343
(35 500); TOFMS: m/z : 882 [FeL2]� , 488 [FeL(PF6)]� , 469 [FeL]� .


Crystal structure analyses: The structures were solved by standard direct
methods using standard techniques as indicated in Table 3. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-101409. 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 : depos-
it@ccdc.cam.ac.uk).
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Are Pi-Ligand Exchange Reactions of Thiirenium and Thiiranium Ions
Feasible? An Ab Initio Investigation


Theis I. Sùlling, S. Bruce Wild, and Leo Radom*[a]


Abstract: Ab initio calculations at the
G2 level have been employed to inves-
tigate the hitherto unobserved p-ligand
exchange reactions of thiirenium and
thiiranium ions. Two pathways for ex-
change and one pathway for insertion
are presented. The lower energy
exchange pathway has barriers of
19.8 ± 46.6 kJ molÿ1. The barriers for the
second exchange pathway and for the


insertion reaction are considerably larg-
er. The calculations predict that p-ligand
exchange is indeed feasible for thiireni-
um and thiiranium ions, that the ex-
change reaction is stereospecific with


respect to the configuration at sulfur,
and that insertion will not compete with
exchange despite a high thermodynamic
driving force for the former. These
conclusions closely parallel those
reached in a recent theoretical investi-
gation of the corresponding phosphorus
systems for which p-ligand exchange
was observed experimentally.


Keywords: ab initio calculations ´
exchange reactions ´ insertions ´ pi
interactions ´ sulfur heterocycles


Introduction


Salts consisting of a nonnucleophilic anion and a thiirenium
ion bearing tert-butyl or phenyl substituents on the ring
carbon atoms (e.g., 1) have been isolated as well-defined
solids at room temperature.[1, 2] The identities of the salts have


been verified by NMR spectroscopy[2] and in one case also by
X-ray diffraction.[3] Thiirenium salts with less bulky substitu-
ents have not been isolated, but have been observed in cold
sulfur dioxide by NMR spectroscopy.[2a, 4] Interestingly, salts of
2,3-di- and 2,2,3,3-tetra-alkylthiiranium ions bearing both
small and bulky substituents in the ring have been isolated at
room temperature, for example 2, which is stable for several
weeks at ÿ10 8C.[5, 6] NMR spectroscopy[5] and X-ray diffrac-
tion[6, 7] measurements have again provided unambiguous
proof of the identities of such salts. Salts of thiiranium ions


that are unsubstituted at carbon or with 2,3-di- or 2,2,3-tri-
methyl substitution have yet to be isolated, although the
existence of the latter two compounds in cold sulfur dioxide
has been confirmed by NMR spectroscopy.[5]


Thiirenium and thiiranium ions are involved in a number of
important reactions[1, 8] and theoretical investigations of their
chemistry have been reported previously.[9, 10] Much of this
work has been focussed on the electrophilic character of the
ring carbon atoms, for example SN2 and AdN-E ring-opening
reactions by nucleophiles.[10]


A novel reaction of the analogous three-membered phos-
phorus heterocyclic ions was recently reported, wherein the
reaction of the phosphiranium salt 3 with dimethylacetylene
cleanly gave the phosphirenium salt 4 by displacement of
ethylene.[11] It was subsequently found that 4 reacted with a


variety of alkynes to give thermodynamic mixtures of
phosphirenium salts.[12] The behavior of 3 and 4 towards
alkynes is reminiscent of p-ligand exchange in organometallic
chemistry, and it is tempting to consider these salts as p-
complexes of the six-electron methylphenylphosphenium ion
and to refer to the novel reaction as p-ligand exchange. A
high-level ab initio investigation indicated that the observed
exchange reaction is indeed a very low-energy process.[13]
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To our knowledge, p-ligand exchange in salts of thiirenium
and thiiranium ions has yet to be observed experimentally. In
the present work, we have employed ab initio molecular
orbital calculations on prototypical systems in order to
investigate the feasibility of the p-ligand exchange in thiire-
nium and thiiranium salts. In addition, we present results for a
competing insertion reaction that leads to thermodynamically
favorable five-membered heterocyclic cations of sulfur.


Computational Methods


Ab initio molecular orbital calculations[14] were carried out by means of a
modified form of G2 theory[15] with the GAUSSIAN 94[16] and MOL-
PRO 96[17] systems of programs. G2 theory corresponds effectively to
energy calculations at the QCISD(T)/6-311�G(3df,2p) level on MP2(full)/
6-31G(d) optimized geometries, incorporating scaled HF/6-31G(d) zero-
point vibrational energies (ZPVEs) and a so-called higher level correction.
It has been shown to perform well for the calculation of atomization
energies, ionization energies, electron affinities, bond energies, proton
affinities, acidities, and reaction barriers.[15, 18] In the present work, we have
used a slightly modified version of G2 theory in which the ZPVEs were
calculated with MP2(full)/6-31G(d) harmonic vibrational frequencies
scaled by 0.9646.[19] This makes possible direct comparison with our
previous results for the analogous phosphorus systems.[13] The modified
version of G2 theory is formally called G2(ZPE�MP2),[20] but we use the
G2 label here for the sake of brevity. The transition structures for the
reactions reported in the present work have been confirmed in each case by
the calculation of vibrational frequencies (one imaginary frequency) and an
intrinsic reaction-coordinate analysis. Calculated G2 total energies are
presented in Table S1 of the Supporting Information. Relative energies
within the text correspond to G2 values at 0 K. GAUSSIAN archive entries
for the MP2(full)/6-31G(d) optimized geometries are given in the
Supporting Information (Table S2).


Results and Discussion


A schematic representation of the model exchange (Ex1 ±
Ex3) and insertion (In1) reactions investigated in the present
work is displayed in Scheme 1. Two pathways were charac-


Scheme 1. Model exchange (Ex1 ± Ex3) and insertion (In1) reactions.


terized for the exchange reaction and one pathway was
characterized for the insertion reaction. The results for the
two exchange pathways, the pathway for insertion, compar-
isons between them, and comparisons with the corresponding
results for the analogous phosphorus systems are discussed
separately in the sections that follow.


Figures 1, 2, 4 and 6 depict MP2(full)/6-31G(d) optimized
structures, including optimized values of selected geometric
parameters, for all species investigated. Complete geometries


Figure 1. Selected MP2(full)/6-31G(d) geometrical parameters of reactant
molecules involved in the Ex1 ± Ex3 exchange and In1 insertion reactions.
Bond lengths in �.


in the form of GAUSSIAN archive entries are presented in
Table S2 of the Supporting Information. Barriers and reaction
energies for the reactions in Scheme 1, calculated at the G2
level at 0 K, are given in Table 1. Schematic energy profiles
are displayed in Figures 3, 5 and 7.


Exchange reactionsÐpathway A: In the identity reaction
Ex1, the thiiranium ion 7 reacts with ethylene. Pathway A of
the Ex1 reaction (Figures 2 and 3) involves the initial
formation of a Cs complex (9), with a binding energy of
25.6 kJ molÿ1 relative to the reactants. Product and reactant
complexes are connected by the C2v transition structure TS-
Ex1A at 46.6 kJ molÿ1.


The Ex2 reaction proceeds in a manner similar to reaction
Ex1. Ethylene and the thiirenium ion (8) initially form the Cs


complex 14, with a binding energy of 28.7 kJ molÿ1 relative to
the separate species (Figures 4 and 5). In the reverse reaction,
acetylene and thiiranium ion give the Cs complex 17, with a
binding energy of 35.8 kJ molÿ1 relative to acetylene and
thiiranium ion. The Cs transition structure TS-Ex2A at
19.8 kJ molÿ1 directly connects the reactant and product
complexes 14 and 17, and is very similar to TS-Ex1A.
Reaction Ex2 is predicted to be exothermic by 53.0 kJ molÿ1


and, in accordance with Hammond�s postulate, TS-Ex2A
resembles more closely the higher energy complex 14.


Table 1. Calculated barriers and reaction energies for exchange (Ex) and
insertion (In) reactions.[a]


Pathway Barrier Reaction energy


Ex1[b] A 46.6 0.0
B 240.8 0.0


Ex2[b] A 19.8 ÿ 53.0
B1 193.7 ÿ 53.0
B2 205.5 ÿ 53.0


Ex3[b] A 42.0 0.0
B 222.2 0.0


In1[b] 393.0 ÿ 196.6


[a] G2 values in kJ molÿ1 at 0 K. [b] See Scheme 1.
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Figure 2. Selected MP2(full)/6-31G(d) geometrical parameters of species
involved in the Ex1 and In1 reactions. Bond lengths in �.


Figure 3. Schematic energy profiles for the Ex1 and In1 reactions.


Figure 4. Selected MP2(full)/6-31G(d) geometrical parameters of species
involved in the Ex2 exchange reaction. Bond lengths in �.


Figure 5. Schematic energy profile for the Ex2 reaction.


The results for the Ex3 reaction (Figures 6 and 7) are very
similar to those found for the Ex1 reaction. The initial Cs


complex 19 has a binding energy of 26.4 kJ molÿ1 relative to
the reactants. The C2v transition structure TS-Ex3A at
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Figure 6. Selected MP2(full)/6-31G(d) geometrical parameters of species
involved in the Ex3 reaction. Bond lengths in �.


Figure 7. Schematic energy profile for the Ex3 reaction.


42.0 kJ molÿ1 connects 19 with the product complex 19''. TS-
Ex3A is again very similar to the transition structures found in
both the Ex1 and the Ex2 reactions.


A characteristic feature of the transition structures for
pathway A for all of the exchange reactions is the orientation
of the SH� moiety, which becomes perpendicular to the plane
defined by the four carbon atoms. This occurs in concert with
the approach of the reactant hydrocarbon and elimination of a
hydrocarbon moiety from the original ring.


The Ex1 and Ex3 exchange reactions by pathway A are
predicted to proceed with the almost identical barriers of
46.6 kJ molÿ1 and 42.0 kJ molÿ1, respectively, whereas Ex2 is


predicted to have a significantly lower barrier, namely,
19.8 kJ molÿ1. The lower barrier may be attributed to the
significant exothermicity for reaction Ex2.


Exchange reactionsÐpathway B: In pathway B of the Ex1
reaction, the reactant thiiranium ion (7) and ethylene initially
form the Cs complex 10, with a binding energy of 28.4 kJ molÿ1


relative to the reactants (Figures 2 and 3). The Cs product
complex 11 has a binding energy of 37.3 kJ molÿ1 relative to
the reactants and is connected with the reactant complex by
the C1 transition structure TS-Ex1B at 240.8 kJ molÿ1. There is
a symmetry-related pathway that proceeds from reactants to
complex 11'', to TS-Ex1B'', and then to 10'' and products. This is
omitted from Figure 3 for simplicity.


Because the Ex2 reaction is not an identity reaction, there
are two distinct exchange transition structures (Figures 4 and
5) geometrically similar to the one found for the Ex1 reaction.
The first transition structure (TS-Ex2B1) has Cs symmetry
and lies at 193.7 kJ molÿ1. It connects the C1 reactant complex
13 with the Cs product complex 17. The reactant complex has a
binding energy of 23.6 kJ molÿ1 relative to the reactants, while
the product complex has a binding energy of 35.8 kJ molÿ1


relative to the products. The second transition structure (TS-
Ex2B2) lies at 205.5 kJ molÿ1 and is slightly distorted to C1


symmetry. It connects the Cs reactant complex 15, which has a
binding energy of 34.3 kJ molÿ1 relative to the reactants, and
the Cs product complex 16, which has a binding energy of
27.2 kJ molÿ1 relative to the products.


In pathway B of reaction Ex3, the thiirenium ion and
acetylene initially combine to give the C1 complex 18, which
has a binding energy of 23.5 kJ molÿ1 relative to the reactants
(Figures 6 and 7). The Cs product complex 20 has a binding
energy of 31.4 kJ molÿ1 relative to the reactants. The reactant
and product complexes are connected by the Cs transition
structure TS-Ex3B at 222.2 kJ molÿ1, which is geometrically
similar to the analogous structures found for reactions Ex2
and Ex1. As was the case for the Ex1 reaction, there is a
symmetry-related pathway that is omitted from Figure 7.


Pathway B becomes energetically less expensive in the
order Ex1B>Ex3B>Ex2B2>Ex2B1. The higher barrier for
Ex1 compared with Ex3 may be a reflection of a greater
release of strain in the latter, when the CÿS bonds of the
unsaturated three-membered ring are stretched. The barriers
for the Ex2 reaction are the lowest, possibly because of the
thermodynamic driving force for this reaction.


Insertion reactions: In our investigation of the reactions of the
phosphirenium and phosphiranium ions, we found the for-
mation of the five-membered phosphorus heterocycles by
insertion of acetylene or ethylene into the three-membered
heterocycles to be highly thermodynamically favorable.[13]


However, we also found that the insertion reactions have
very high barriers.[13] It is therefore of interest to investigate
the barriers for insertion for the analogous sulfur compounds.


Reaction In1 models insertion of ethylene into the thiira-
nium ion 7, yielding the C1 saturated five-membered hetero-
cycle 12 (Figures 2 and 3). The reaction involves the same
initial complex as the corresponding exchange reaction that
proceeds by pathway A. The C1 transition structure (TS-In1)
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connecting complex 9 with 12 represents insertion into the
CÿS bond of the thiiranium ion. It is intriguing that the
breaking CÿS bond of 7 is shorter in TS-In1 than in either the
reactant 7 or the product 12. Attempts to find a transition
structure for the insertion of ethylene into the stronger CÿC
bond of the thiiranium ion were unsuccessful.


The barrier for the In1 reaction is found to be
393.0 kJ molÿ1, while the reaction exothermicity for the
process is large (196.6 kJ molÿ1). The differences between
the barrier for the insertion reaction In1 and the barriers for
the exchange reaction Ex1 by either pathway A or B are
substantial (346.4 kJ molÿ1 and 152.2 kJ molÿ1, respectively).
Hence we predict that insertion of alkenes into thiiranium
salts will not compete with exchange, despite the higher
exothermicity of the former process. This was also found to be
the case for the phosphorus insertion reaction analogous to
In1, and for the other possible phosphorus insertion reactions
involving the phosphirenium and phosphiranium ions reacting
with acetylene or ethylene. These two sets of results strongly
suggest that the insertion reactions that might potentially
compete with Ex2 and Ex3 will have very large barriers and
hence they were not investigated further.


The exchange reaction: pathway A versus pathway B: The
exchange reaction is predicted to be stereospecific[21] with
respect to the configuration at sulfur when proceeding by both
pathways A and B. However, the stereochemical outcome of
exchange by pathway A is the opposite of that from path-
way B. This is exemplified by the reactions given in Equa-
tion (1), in which methyl substituents are introduced purely as
stereochemical markers.


The difference between the energy barriers for the two
pathways is significant, that is, 194.2 kJ molÿ1 for Ex1,
173.9 kJ molÿ1 for Ex2 (by B1), 185.7 kJ molÿ1 for Ex2 (by
B2) and 180.2 kJ molÿ1 for Ex3, with pathway A being favored
in each case. We therefore predict that exchange will proceed
only by pathway A. Hence, only the pathway A type tran-
sition structure need be taken into account when predicting
the major stereoisomer formed in exchange reactions of
thiirenium and thiiranium ions.


Of course, it would require the construction of constrained
systems to probe the stereospecificity experimentally. In the
unconstrained systems of the reaction given in Equation (1),
the possibility of syn or anti approaches (quite apart from the
possibility of inversion at sulfur[22]) would result in reduced
stereoselectivity.


Phosphorus versus sulfur: The lower energy exchange path-
ways (that is, pathway A) of thiirenium and thiiranium ions
and of their phosphorus analogues show several similar
features: the exchange reactions are predicted in both cases
to proceed with only moderate barriers (no higher than
46.6 kJ molÿ1), the reactions are predicted in both cases to be
stereospecific with respect to the configuration at the
heteroatom, and the exchange reactions are predicted in both
cases to be highly favored compared with the corresponding
insertion reactions. The electronic characteristics of the
transition structures are also similar, as depicted in Scheme 2,
resembling in both cases the triple-ion configurations
(Xÿ ´ ´ ´ CH3


� ´ ´ ´ Xÿ) found in the SN2 transition structure.


Scheme 2. Electronic interactions in exchange transition structures.


Conclusion


The present calculations indicate that the barriers for p-ligand
exchange reactions of thiiranium and thiirenium ions with
acetylene or ethylene are of similar magnitude to those found
for the analogous phosphorus systems. This suggests that p-
ligand exchange, already observed in salts of the phosphorus
systems, should also be experimentally feasible for thiirenium
and thiiranium salts. The exchange reactions, which are
predicted to be stereospecific with respect to the configura-
tion at sulfur, are strongly favored over the competing
insertion reactions, despite the high thermodynamic prefer-
ence for insertion.
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Electronic Structure and Bonding in Cerium (Nitride) Compounds:
Trivalent versus Tetravalent Cerium
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Abstract: The assignment of the cerium
oxidation state in the recently prepared
and structurally characterized Ce2MnN3


phase is problematic. Based upon E0


values from aqueous solution, one
would suggest the crystal composition
to be (Ce3�)2Mn3�(N3ÿ)3. The experi-
mental data, however, indicate that
Ce2MnN3 is nonmagnetic; this alludes
to (but does not prove) a cerium
oxidation state of �4, giving
(Ce4�)2Mn�(N3ÿ)3. Previous theoretical
work supports the latter oxidation state
assignment. Here we carry out a system-
atic theoretical examination (using the
TB-LMTO-ASA method) of the elec-
tronic structures of a number of Ce
compounds, in which the oxidation state


on Ce is more easily assigned. The Ce3�


compounds examined are CeF3, CeCl3,
CeBr3, and CeN. Our Ce4� data set
includes CeC, CeO2, Li2CeN2, and Li2-
CeP2. CeN, which is nonmagnetic de-
spite the fact that it contains Ce3�,
makes it clear that the absence of a
magnetic moment in a compound does
not necessarily preclude the presence of
Ce3�. Our calculations indicate that the
remaining Ce-centered electron in CeN
has substantial d character and is delo-
calized to form a partial CeÿCe bond


instead of being highly localized in Ce-
centered f states, like the unpaired
electron in CeBr3. Careful inspection
of the band structures of these com-
pounds shows some qualitative trends
that may be useful in assigning oxidation
states: in Ce3� compounds there is at
least one occupied band that is clearly
made up mostly of Ce states, while in
systems with Ce4�, the small Ce contri-
butions are delocalized across many
occupied bands. Using this criterion,
we conclude that (Ce4�)2Mn�(N3ÿ)3 is
the correct oxidation state assignment
for Ce2MnN3. We suspect that the high
oxidation state on Ce is stabilized by the
large number of N3ÿ ions surrounding it
in the crystal.


Keywords: cerium ´ density func-
tional calculations ´ nitrides ´ oxi-
dation state ´ solid-state chemistry


Introduction


The assignment of oxidation states is a formal (classical)
approach used to roughly characterize chemical bonding in
new compounds. Thus, some specific training is a prerequisite
and needs to be based upon the competent knowledge of a
particular class of materials. When this experimental database
is too small, the question arises whether electronic-structure
calculations may help in the assignment. The question is far
from being trivial, since the oxidation states (or formal
charges) are typically far larger than those observed from
quantum mechanical calculations, particularly for higher


oxidation states. In addition, any quantum mechanical pre-
scription for calculating atomic charges unavoidably contains
some degree of arbitrariness.


The synthesis and structure of Ce2MnN3 was recently
reported by one of us.[1] Accompanying the structure was an
analysis of the bonding in the MnN3 sublattice of Ce2MnN3


based upon extended Hückel theory. The Ce oxidation state
was assumed to be �4 based upon calculated charges from a
first-principles calculation. The presence of Ce4� in the
structure gives rise to (Ce4�)2Mn�(N3ÿ)3 as the chemical
formulation in the crystal. Here Mn has an oxidation state of
�1, which seems counter-intuitive, at best. Since E0 values in
aqueous solution indicate that Mn2� is capable of reducing
Ce4� to Ce3�, we would certainly not expect to find Ce4� in the
presence of Mn�. A more likely formulation is:
(Ce3�)2Mn3�(N3ÿ)3. Since CeN, which also contains Ce3�, is
nonmagnetic,[2] magnetic measurements do not allow us to
distinguish between the two formulations.


In this contribution, we present an analysis of density
functional calculations on a number of compounds containing
Ce3� or Ce4�. Our goal in this analysis is twofold. Primarily we
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would like to determine the oxidation states in Ce2MnN3. We
also hope, through a systematic examination of a number of
compounds, to develop a feeling for the signposts in the
electronic structure pointing to Ce3� or Ce4�.


Computational Methodology


Electronic structure calculations were performed by means of ab initio all-
electron techniques with scalar-relativistic corrections to account for
heavy-atom properties. The specific method used was Linear Muffin-Tin
Orbital (LMTO) theory[3±6] which, in a nutshell, represents a fast, linearized
form of the KKR method.[7, 8] It accounts for the potential from all the
electrons and is applicable to materials composed of atoms from any part of
the periodic table. The almost minimal, unfixed LMTO basis sets adjust
dynamically to the respective potentials.
The electronic energy was calculated by density-functional theory, replac-
ing the many-particle problem by the self-consistent solution of the Kohn ±
Sham equations,[9, 10] parametrized according to von Barth and Hedin.[11]


Diagonalization and integration of the scalar-relativistic Hamiltonian in
reciprocal space was performed with the help of an improved tetrahedron
method.[12] All calculations were checked for convergence of energies and
orbital moments with respect to the number of k points. The basis set of
short-ranged[13] atom-centered TB-LMTOs contained s-f valence functions
for Ce and s-d valence functions for all other atoms (higher energy valence
functions were included with a downfolding technique). When necessary,
empty spheres (atomic wave functions without nuclei) were incorporated in
order to increase variational freedom and improve packing. Starting from
atomic Hartree potentials, the structure was then iterated by use of the
atomic-spheres approximation (ASA), by employing muffin-tin spheres
blown up to overlapping and volume-filling spheres. The locations of the
empty spheres, as well as the ASA radii, were determined by means of an
automated procedure based upon the Hartree sizes of the atoms. In all
cases, the structures used for the calculations were those determined
experimentally. After having reached self-consistency, charge-density plots


were generated by dropping any shape approximations for the potential
inside the crystal. The program used was TB-LMTO 4.7,[14] run under
AIX 4.2 on an IBM RS/6000 43P.
The bonding in the crystal structures under study was examined within the
framework of crystal orbital Hamilton population (COHP) analysis.[15] This
technique provides information analogous to the familiar crystal orbital
overlap population (COOP) analysis[16] used in extended Hückel calcu-
lations. [17] While COOP curves are energy-resolved plots of the Mulliken
overlap population between two atoms or orbitals, a COHP curve is an
energy-resolved plot of the contribution of a given bond to the bonding
energy of a system. There is one very important difference between COHP
and COOP curves: while COOPs are usually presented as an average of
several bonds, COHPs typically include the sum of those bonds. While this
does not affect the shape of COHP curves, it does change their size. All
COHP curves are presented here in a format similar to COOP curves:
positive values are bonding, and negative antibonding (i.e., we have plotted
ÿCOHP instead of COHP).


Results and Discussion


Trivalent cerium : We begin our discussion by examining some
systems which clearly contain Ce3� : CeF3, CeCl3, and CeBr3.
We will look at CeBr3 in some detail, then briefly summarize
the results for CeCl3 and CeF3.


The structure of CeBr3, shown in Figure 1 contains chains
of Ce-centered face-sharing trigonal prisms running along the
c axis.[18] Neighboring chains are shifted by one half of the c
lattice constant in such a way that the rectangular faces of
each trigonal prism are capped by Br atoms from neighboring
chains. The CeÿBr distances within each chain (3.11 �) and


Figure 1. Left: A view of the structure of CeBr3 down the c axis. Right:
One chain of trigonal prisms emphasizing the Ce coordination environ-
ment.


those between chains (3.16 �) are quite similar to each other;
the Ce3� ion is nine-coordinate. The closest CeÿCe contacts,
along the chains of trigonal prisms, are quite long: 4.44 �.
Since this is significantly longer than twice the Ce3� effective
ionic radius for ninefold coordination (2.39 �),[19, 20] we do not
expect significant CeÿCe interactions here.


The Ce3� valence electron configuration in CeBr3 formally
should be (4f)1(5d)0(6s)0(6p)0. With one electron in the 4f
shell, we would predict that CeBr3 should be magnetic. A
spin-polarized calculation (in which the numbers of a, or spin-
up, and b, or spin-down, electrons are allowed to be different)
of the electronic structure of CeBr3 fits our expectations
neatly, predicting one unpaired electron per Ce3� ion in
CeBr3. The spin-polarized density of states (DOS) of CeBr3 is
shown in Figure 2. While the a and b DOS curves differ very
little in the region of occupied (bromine 4p-centered) states
between 2 and 6 eV below the Fermi level (eF), there are large
differences in the immediate vicinity of eF. The Fermi level lies
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Figure 2. The spin-polarized density of states (DOS) calculated for CeBr3.
The right and left sides show the DOS for the a and b spins, respectively.
The DOS curve has been shifted so that eF (indicated with a horizontal
dotted line) lies at 0 eV.


close to the bottom of a sharp peak in the a states, while the
corresponding b states lie about 1 eV higher in energy. The
broader set of unoccupied states lying between 2 and 4 eV
above eF are similar in shape for the a and b spins, but the b


states are slightly (about 0.1 eV) higher in energy.
Figure 3 shows two fatband plots for the a spins of CeBr3.


These fatband plots are the band structure equivalents of
projected DOS plots: not only are the band structures shown,
but the widths of the lines are proportional to the contribution
of a given set of atomic orbitals to the crystal orbitals. From


Figure 3. Fatband plots for the a spins of CeBr3. The widths of the lines are
proportional to the contribution of the Ce 4f (left plot) or Ce 5d (right plot)
atomic orbitals to the crystal orbitals. The bands are shifted so that eF


(indicated with a horizontal dotted line) lies at 0 eV.


these plots it is clear that the major contributors to the a states
directly in the vicinity of eF are the Ce 4f orbitals. These
orbitals are very localized in energy, appearing almost entirely
in one small group of bands. On the other hand, while the Ce
5d orbitals show their largest contributions to the unoccupied
bands between 2 and 4 eV, they are also mixed to a small
amount into the occupied bands below ÿ2 eV. This is perhaps
difficult to see in the fatband plot at the right of Figure 3, but
can be seen more clearly in a projected DOS plot for the Ce
5d orbitals (shown below in Figure 4).


The narrowness of the Ce 4f bands in Figure 3, as well as the
narrow peaks in the spin-polarized DOS curve of Figure 2, tell
us that these states are quite localized on the Ce atoms. If
these levels were involved in significant interactions either
between the Ce atoms or with bromines, we would expect to


see considerably more band width. This fits in well with our
general expectation that the 4f orbitals on the lanthanides
tend to be very contracted: they have little spatial extent.


Figure 4 shows projected DOS and COHP curves for
CeBr3. For both the DOS and COHP curves the sums of the
contributions from a and b spins are shown, as can be seen
from the double peak in the region between 0 and 2 eV. As we


Figure 4. Total DOS, Ce 4f and 5d projected DOSs, and COHP curves for
the CeÿBr and CeÿCe interactions in CeBr3. The dashed line in each DOS
curve shows the integration of the projected states. To make the projected
DOS curves more visible, the DOS is magnified. The CeÿBr COHP
includes the sum of all nine close CeÿBr contacts, while the CeÿCe curve is
the sum of the two CeÿCe contacts along the chains. All curves are shifted
so that eF (the horizontal dotted line) lies at 0 eV.


saw in the band structure, the peaks in the DOS at eF (from the
a spins) and about 1 eV (from the b spins) are made up almost
entirely of Ce 4f states. The contribution of the Ce 4f orbitals
to the other occupied states is almost zero. In contrast with
this, the Ce 5d orbitalsÐthough appearing mostly in the
unoccupied set of states between 2 and 4 eVÐare mixed more
strongly into occupied states. Still, the largest contributors by
far to the occupied states below ÿ2 eV are the Br 4p orbitals
(this projection is not shown in Figure 4). The COHP curves
of Figure 4 reveal that the occupied, primarily Br 4p, states
below ÿ2 eV are CeÿBr bonding and practically CeÿCe
nonbonding, as expected. The occupied, primarily Ce 4f,
states in the vicinity of eF contribute little to either the CeÿBr
or CeÿCe COHPs. The integrated CeÿBr COHP is ÿ4.72 eV,
which breaks down to ±0.55 eV per bond for each of the six
bonds within the chain (3.11 �) and ÿ0.48 eV per bond for
each of the three face-capping bonds (3.16 �). The integrated
CeÿCe COHP is ÿ0.01 eV (ÿ0.005 eV per bond); this is
essentially nonbonding.


Finally in Figure 5 we present a contour plot of the electron
density of CeBr3, evaluated in a plane perpendicular to the c
axis containing the Ce atoms. On the left side of Figure 5, the
electron density associated with the bonds between Ce and
the face-capping Br atoms is clearly visible. The energy slice
on the right side of Figure 5 further demonstrates the spatial
localization of the Ce 4f levels mentioned above. Even though
we are plotting very low electron-density levels, the contours
in this plot are still quite close to the Ce nuclei.


Calculations were also carried out on the Ce3� compounds
CeF3 and CeCl3. CeCl3 crystallizes in the same structure type
as CeBr3,[21] while CeF3 is found in a different structure[22] (not
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Figure 5. Contour plots of the total electron density (left) of CeBr3 and an
energy slice containing only the levels between eF and 1 eV below eF (right).
Ce atoms in shaded circles are not in the same plane, but are included to
make the connection to the full structure (shown in Figure 1) clearer.
20 contours equally spaced between 0 and 0.05 electrons aÿ3


0 (where a0 , the
Bohr radius, is about 0.529 �) are shown.


discussed here). The qualitative trends within this series of
similar compounds are what we would expect: as the electro-
negativity of X in CeX3 increases, the contributions of Ce to
occupied orbitals decreases. In all three compounds the Ce 5d
AOs play an important role in the bonding, an unexpected
result for Ce3�. While CeN also formally contains Ce3�,
because it is somewhat special it will be examined in detail in
its own section below, after a treatment of some Ce4�


compounds.


Tetravalent cerium : The Ce4� compound we choose to focus
detailed attention upon is CeO2. CeO2 crystallizes in the
fluorite (CaF2) structure type, shown in Figure 6. Each Ce
atom is surrounded by eight oxygens at a distance of 2.34 �.[23]


Figure 6. A view of the crystal structure of CeO2.


The shortest distance between Ce4� ions, within their face-
centered cubic (fcc) arrangement is 3.83 � of which there are
twelve. This is quite a bit longer than the sum of the ionic radii
(1.94 � for 8-coordinate Ce4�)[19, 20] . As we would expect for a
Ce4� compound, CeO2 shows no tendency to enter a spin-
polarized state. Calculations started in a spin-polarized
configuration always return to a nonpolarized (all spins
paired) state.


Following the same development as for CeBr3, the band
structure of CeO2, along with fatband projections for the Ce
4f and 5d orbitals, is shown in Figure 7. Here the primarily Ce
4f states are clearly unoccupied, lying between 2 and 4 eV
above eF at the top of the gap. They make only small
contributions to the occupied bands within the one eV range
immediately below eF. Once again the Ce 5d orbitals are


Figure 7. Fatband plots for CeO2. The widths of the lines are proportional
to the contribution of the Ce 4f (left plot) or Ce 5d (right plot) atomic
orbitals to the crystal orbitals. The bands are shifted so that eF (indicated
with a horizontal dotted line) lies at 0 eV.


mixed into occupied bands, making small contributions to the
bands around ÿ4 eV.


The projected DOS curves for the Ce orbitals, along with
CeÿO and CeÿCe COHP curves, are shown in Figure 8. The
projected DOS curves here support our earlier statement that
the states above the gap (the peak in the DOS between 2 and
4 eV) are primarily Ce 4f in character. The peak between 0
and ÿ4 eV is primarily composed of O 2p states (projection
not shown here) with a small admixture of the Ce 4f orbitals
towards the top and contributions from the Ce 5d orbitals
throughout.


Figure 8. Total DOS, Ce 4f and 5d projected DOSs, and COHP curves for
the CeÿO and CeÿCe interactions in CeO2. The dashed line in each DOS
curve shows the integration of the projected states. To make the projected
DOS curves more visible, the DOS is magnified. The CeÿO COHP includes
the sum of all eight close CeÿO contacts, while the CeÿCe curve is the sum
of the twelve 3.83 � CeÿCe contacts. All curves are shifted so that eF (the
horizontal dotted line) lies at 0 eV.


The COHP curves of Figure 8 reveal, unsurprisingly, that
the peak in the DOS between 0 and ÿ4 eV is CeÿO bonding.
The integrated CeÿO COHP is ÿ12.18 eV, giving ÿ1.52 eV
per CeÿO bond. The CeÿCe interactions are stronger than
those in CeBr3 (the CeÿCe COHP plots of Figures 4 and 8 are
on the same horizontal scale), but are still very weak. The
integrated CeÿCe COHP is only ÿ0.12 eV, or ÿ0.01 eV per
CeÿCe contact. The partially occupied Ce orbitals are more
strongly involved in CeÿO bonds than in interactions between
Ce atoms, as we would expect.


A contour plot of the total electron density is presented in
Figure 9. The electron density in the regions corresponding to







Cerium Compounds 515 ± 522


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0519 $ 17.50+.50/0 519


Figure 9. Contour plot of the total electron density of CeO2. The plane
selected, defined by the [110] and [001] axes, contains all of the labeled
atoms. 20 contours equally spaced between 0 and 0.05 electrons aÿ3


0 are
shown.


CeÿO bonds is easily visible, as is the lack of any significant
accumulation of electron density between the Ce4� ions.


We also studied the electronic structures of CeC, Li2CeN2,
and Li2CeP2. CeC crystallizes in the NaCl structure type,[24]


while Li2CeN2 and Li2CeP2 are found in the La2O3 structure
type.[25, 26] It is more difficult to say anything about expected
qualitative trends within this series of compounds because
there is little which relates them to each other. Once again,
however, the Ce 5d orbitals play an important role in the
bonding.


Cerium Nitride : Cerium nitride (CeN) is a fascinating
compound. Since CeN is found in the NaCl structure type, it
is likely to contain Ce3� and N3ÿ ions (i.e. , there are no NÿN
bonds that would lower the oxidation state on the N). It is,
however, a conductor. This leads to the possibility of a crystal
composition of the form Ce4�N3ÿ ´ eÿ, with one electron left in
the conduction band (this is an argument which has been used
to understand the high-pressure iso-structural phase transi-
tion of SmS[27]).


The magnetic properties of CeN are those one would expect
of a conductor: Pauli paramagnetism is observed, which is
definitely out of the ordinary for a Ce3� compound. The other
Ce pnictides (CeP, CeAs, CeSb, and CeBi), which also appear
in the NaCl structure, show more conventional behavior, that
is, antiferromagnetic ordering of the 4f electron remaining on
each Ce.[28] The reasons for the peculiar electronic and
magnetic properties of CeN have been extensively debated
in the literature. The most prevalent explanations are mixed
valency of Ce,[2, 29] in which Ce can behave as either Ce3� or
Ce4�, and itinerant 4f electrons,[30] in which the Ce 4f orbitals
are involved in CeÿCe bonding.


We will not spend time here on a detailed examination of
the differences between CeN and the other Ce pnictides. We
wish merely to understand the bonding in a compound which,
though probably containing Ce3�, does not have a magnetic
moment (unpaired electrons) on Ce. Spin-polarized calcula-
tions on CeN show the same behavior as those for the Ce4�


compounds discussed earlier; the electrons in CeN do not
want to be unpaired.


Beginning our analysis as before, Figure 10 shows a fatband
plot for CeN. The Ce 4f levels are clearly highly localized in
energy (indicating spatial localization, as discussed before),


Figure 10. Fatband plots for CeN. The widths of the lines are proportional
to the contribution of the Ce 4f (left plot) or Ce 5d (right plot) atomic
orbitals to the crystal orbitals. The bands are shifted so that eF (indicated
with a horizontal dotted line) lies at 0 eV.


just as they were in CeBr3 (Figure 3). The largest difference
between CeN and CeBr3 is that in CeN the primarily 4f states
lie above eF; they are not occupied. Again the admixture of Ce
4f orbitals into states below eF is quite small. The behavior of
the Ce 5d orbitals in CeN is, however, completely different
from that in CeBr3. The occupied band immediately below eF


(clearly visible along the symmetry lines G!X!W), which
carries the remaining Ce-centered electron, has quite a large
contribution from the Ce 5d orbitals.


The COHP curves for CeN, Figure 11, show that the states
just below eF (between 0 and ÿ2 eV) contain strong CeÿCe
interactions, while contributing almost nothing to the CeÿN
bonding. Indeed, the integrated CeÿCe COHP is ÿ1.14 eV, or
ÿ0.10 eV for each of the twelve 3.57 � CeÿCe contacts. This
is one sixth of the value in fcc Ce, in which each of the twelve
3.64 � CeÿCe bonds contribute ÿ0.59 eV to the integrated
CeÿCe COHP.


Figure 11. Total DOS, Ce 4f and 5d projected DOSs, and COHP curves for
the CeÿN and CeÿCe interactions in CeN. The dashed line in each DOS
curve shows the integration of the projected states. To make the projected
DOS curves more visible, the DOS is magnified. The CeÿN COHP includes
the sum of all six close CeÿN contacts, while the CeÿCe curve is the sum of
the twelve CeÿCe contacts. All curves are shifted so that eF (the horizontal
dotted line) lies at 0 eV.


CeN is a compound in which reliance upon ionic radii can
get us into trouble. The CeÿCe bond length, 3.57 �, is
definitely larger than twice the effective Ce3� ionic radius for
twelve coordinate cerium (2.68 �),[19, 20] leading us to expect
no significant Ce3�ÿCe3� interactions. It is important to keep
in mind that, while the distances between ceriums are long for
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Ce3�ÿCe3� interactions, they are still about the same length as
those in metallic Ce. Ionic radii clearly cannot be used to a
priori rule out covalent interactions.


The COHP and band structure results point us towards the
reason for CeN�s unusual magnetic behavior (or lack thereof).
The remaining electron on the Ce3� is found in a spatially
diffuse 5d ± 4f hybrid orbital instead of a highly localized 4f
orbital. The spatial extent of the electrons in the band just
below eF can be quite clearly seen in a plot of a energy slice
through the electron density of CeN, Figure 12. In contrast to


Figure 12. Contour plots of the total electron density (left) of CeN and an
energy slice containing only the levels between eF and approximately 1.5 eV
below eF (right). 20 contours equally spaced between 0 and 0.05 elec-
trons aÿ3


0 are shown.


the energy slice for CeBr3 in Figure 9, the states just under eF


in CeN are delocalized along the directions of the CeÿCe
interactions. Another way of saying the same thing is that the
remaining electron on the Ce3� is localized in a CeÿCe bond
instead of being localized on the ion itself. We note that this
electron is certainly associated with the Ce centers, not
delocalized in some free-electron-like band. This rules out the
crystal composition Ce4�N3ÿ ´ eÿ mentioned above.


All of the results for CeN point in the same direction: the
lack of spin polarization is due to interactions between the
Ce3� centers, which causes occupation of Ce 5d orbitals
instead of the 4f orbitals we would expect to be occupied in
Ce3�. The valence electron configuration of Ce in CeN is
perhaps best described as somewhere in between
(4f)0(5d)1(6s)0(6p)0 and (4f)1(5d)0(6s)0(6p)0.


Our conclusions about the importance of CeÿCe interac-
tions in CeN are in line with recently reported analyses of the
electronic structures of both CeN[30] and metallic Ce it-
self.[31, 32] These studies, based upon the full-potential LMTO
method, all indicate that CeÿCe interactions are very
important in these systems. Recent experimental studies of
another Ce3� compound, CeRh3B2,[33, 34] show that Ce 5d
orbitals can play a major role in both bonding and magnetic
properties.


Preliminary results of a theoretical experiment in which the
CeÿCe interactions in CeN are weakened by increasing the
lattice constant (a situation which is, unfortunately, not easily
experimentally realizable) indicate that, after a point, the
remaining electron on Ce3� moves from the 5d to the 4f
orbital, and the expected spin-polarization is favored. These
results, along with further analysis of the interactions in CeN
and the other Ce pnictides, will be presented elsewhere.


Ce2MnN3 : The preparation, crystal structure, and magnetic
and transport properties of Ce2MnN3 were reported in ref. [1].
A possible crystal composition would be (Ce3�)2Mn3�(N3ÿ)3,
but the alternative (Ce4�)2Mn�(N3ÿ)3 is also possible. Both
notions would be in harmony with the experimental finding of
a practically nonmagnetic material with only a very small
(probably impurity-induced) residual effective moment of
about 0.53 mB, since both low-spin Mn3� and low-spin Mn� do
not exhibit any spin magnetism. The preceding discussion also
makes it clear that the lack of magnetic properties does not
offer a clue in distinguishing trivalent and tetravalent Ce,
especially when they appear in a metallic compounds such as
Ce2MnN3. Can theory help in this particularly case?


One view of the structure of Ce2MnN3 is shown in
Figure 13. In ref. [1] the MnÿN bonding in the one dimen-
sional MnN3 chains of Ce2MnN3 was analyzed in detail. Here
we focus on the bonding around the Ce atoms. The


Figure 13. A view of the structure of Ce2MnN3 down the a axis.


coordination environment of Ce in Ce2MnN3 is shown in 1.
There are seven close CeÿCe contacts (recall that the CeÿCe
distance in fcc Ce is 3.64 �), as well as CeÿN and CeÿMn
contacts, that are potentially important.


A spin-polarized calculation on Ce2MnN3 yields results that
are in agreement with the experimental data: Ce2MnN3 is
metallic and there is no tendency whatsoever for a residual
magnetic moment at either Ce or Mn. While this points
towards assignment of an oxidation state of Ce4�, it is not
conclusive, as the discussion of CeN made it clear that it is
possible for a Ce3� compound with close CeÿCe contacts to
favor a spin-unpolarized state through formation of CeÿCe
bonds.


Once again we start our analysis of the bonding with
fatband plots in the vicinity of eF for Ce2MnN3 (Figure 14).
This plot contains far more bands than we have seen thus far
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Figure 14. Fatband plots for Ce2MnN3. The widths of the lines are
proportional to the contribution of the Ce 4f (left plot) or Ce 5d (right
plot) atomic orbitals to the crystal orbitals. The bands are shifted so that eF


(indicated with a horizontal dotted line) lies at 0 eV.


(it is truly a spaghetti diagram). The presence of Mn 3d levels
in the immediate vicinity of eF (this was discussed in the
earlier work) complicates the picture somewhat, but if we try
to only focus on the bands which have significant Ce
contributions, we see a picture which is closer to CeO2


(Figure 7 without the large gap of course) than CeN
(Figure 10). While there are small admixtures of both Ce 4f
and 5d orbitals into the occupied states around eF, we do not
observe a band with large Ce 5d contribution, like that present
in CeN. The lack of a set of occupied states that are largely Ce
5d in character leads us towards an assignment of Ce4�.
Trivalent Ce without significant CeÿCe interactions (which
are mediated through 5d ± 5d interactions) is just too likely to
be magnetic.


The CeÿCe COHP curve, shown in Figure 15, supports our
idea that the CeÿCe interactions in Ce2MnN3 are weak. While
there are certainly visible interactions between the Ce atoms,
the scale of the CeÿCe COHP curve is only one sixth (!) of


Figure 15. Total DOS, Ce 4f and 5d projected DOSs, and COHP curves for
the CeÿN and CeÿCe interactiosn in Ce2MnN3. The dashed line in each
DOS curve shows the integration of the projected states. To make the
projected DOS curves more visible, the DOS is magnified. The CeÿN
COHP includes the closest CeÿN contacts and the CeÿCe curve is the sum
of all seven close CeÿCe contacts. All curves are shifted so that eF (the
horizontal dotted line) lies at 0 eV.


that in Figure 11. The states immediately below eF that contain
reasonably sized contributions from Ce 4f and 5d orbitals,
contributing very little to the CeÿN interactions, are involved
in the weak CeÿMn bonding (the CeÿMn COHP curve, not
shown in Figure 15, integrates to only ÿ0.06 eV per bond).


The electron density of Ce2MnN3 is shown in Figure 16. The
regions corresponding to the MnÿN1 bonds (discussed in
ref. [1]) in Figure 16 are devoid of contours because of the
high electron density associated with those bonds. The
contours chosen (the same as in all other electron density
plots in this paper) have small values so as to bring out the
detail in the regions around the cerium ions. We can clearly
see the electron density corresponding to the bonding
interactions between Ce and N1 and N2.


Figure 16. Contour plot of the total electron density of Ce2MnN3. 20
contours equally spaced between 0 and 0.05 electrons aÿ3


0 are shown.


Conclusions


While there are significant differences in electronic structure
between the members of each class of model compounds
(those containing Ce3� and those containing Ce4�), it is still
possible to identify the oxidation state of Ce by the use of
fatband plots, projected densities of states, and theoretical
charge densities. In all of the Ce3� compounds, the Fermi level
falls in a region that is primarily made up of Ce orbitals. These
may be either very contracted Ce 4f states (e.g., CeBr3,
Figure 3), in which case the compound is likely to be
paramagnetic, or a mixture of more delocalized Ce 4f and
5d orbitals (e.g., CeN, Figure 10), in which CeÿCe bonding
interactions preclude formation of a magnetic moment. In the
Ce4� compounds, the primarily Ce-centered states lie above
eF, with the only occupation of Ce orbitals arising through
covalent interactions. Based upon this criterion, as well as
inspection of electron density plots and COHP analysis, we
feel comfortable assigning an oxidation state of �4 to the Ce
in Ce2MnN3.


This high Ce oxidation state, which seems unusual in
combination with Mn� based upon a comparison of E0 values
in aqueous solution, is likely stabilized in the crystal by the
coordination environment of the Ce. The strong electrostatic
interactions arising from the seven close Ce4�ÿN3ÿ contacts
are even further enhanced by the covalent interactions
between cerium and nitrogen.
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Site of Protonation of Carboxylic and Non-Carboxylic Amides
in the Gas Phase and in Water


Alessandro Bagno,*[a] Bogdan Bujnicki,[b] Sylvie Bertrand,[c] Clara Comuzzi,[a] Fabrizio
Dorigo,[a] Pierre Janvier,[d] and Gianfranco Scorrano[a]


Abstract: The site of protonation of
several types of amide bases (carboxylic
amides and thioamides, sulfenamides,
sulfinamides, sulfonamides, nitros-
amides, nitramides, cyanamides, and
phosphorous and phosphoric acid tri-
amides) has been investigated through a
combination of quantum chemical cal-
culations and heteronuclear NMR
measurements. Relative energies of tau-
tomeric ions deriving from protonation
at the various sites were determined


both in the gas phase (by MP2 calcu-
lations) and in water (by the IPCM
continuum solvation method). Relevant
NMR properties of the involved hetero-
nuclei (nuclear shielding and electric
field gradient) were calculated at the
GIAO-HF level, and compared with


chemical shifts and relaxation rates ex-
perimentally measured in 14N, 17O, and
31P spectra. It is shown that such a
combination of theoretical and experi-
mental tools allows a dependable pre-
diction of spectral parameters and ulti-
mately of the protonation site of amides.
The reliability of common assumptions,
like the comparison of spectral param-
eters of polyfunctional bases and mono-
functional models, is also scrutinized
and tested.


Keywords: ab initio calculations ´
amides ´ basicity ´ NMR spectro-
scopy ´ protonation site


Introduction


Amides are made of an acid residue and an amino group; the
acid residue (e.g. RCO for carboxylic acids, RSO2 for sulfonic
acids, NO2 for nitric acid, etc.) most often contains an oxygen
atom. All amides are (generally weak) bases,[1, 2] and may
undergo protonation at nitrogen or the acid residue
(Scheme 1).


A classic problem is the site of protonation of carboxylic
amides, which have been conclusively shown to be oxygen,
rather than nitrogen, bases.[1±3] Problems of this kind are quite
common (e.g., little is known concerning the protonation site
of many non-carboxylic amides[1]) and have been attacked by
both theoretical and experimental methods. In principle, the
site of protonation can be calculated, because quantum


Scheme 1. Possible protonation sites for some amide bases.


chemical methods can provide the relative energies and
proton affinities of neutral species associated with protona-
tion at all sites. This approach, however, does not normally
include solvent effects, which will affect the relative stability
of ions with different solvation characteristics, and in turn may
have an impact on the comparison with experimental data in
solution.


Several experimental approaches have been adopted to
infer the structure of the protonated form of polyfunctional
bases and acids. Protonation sites have been inferred from
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trends in substituent effects for compounds under study and
known monofunctional bases.[1] Another frequently used
approach is to study the pattern of change of the chemical
shift of various nuclei in the molecule upon going from neutral
to ionizing conditions. Thus, for example, it is commonly
thought that the ionization site is the one for which the largest
chemical shift change is observed, or for which the changes
most closely match those of a compound whose ionization site
is unambiguous because one of the sites has been made
unavailable to ionization (e.g. by alkylation).[4, 5] The pattern
of change of NMR coupling constants has also been advo-
cated in this respect.[5, 6] However, the interpretation of such
results is hampered by their empirical nature. In fact,
protonation or deprotonation at any site will cause chemical
shift and coupling constant changes of variable extent at all
nuclei reasonably close to the ionization site (this is used to
advantage in quantitative studies, where one monitors the
chemical shift of protons belonging to the hydrocarbon
backbone, although they are not ionization sites themselves).
Since the shielding of each nucleus has a different sensitivity
to the electronic changes brought about by the ionization
process, the magnitude of the observed variation is not
informative if the possible sites are different types of atoms, or
the same type of atom in different functional groups. There is
also no guarantee that the spectroscopic behavior of alkylated
models is exactly the same as that of the compound under
study, especially when we are dealing with small changes.[7]


We have recently shown that a powerful means to solve this
problem is the analysis of the changes in the NMR relaxation
time (T1) of all the nuclei which may be ionization sites.[8±10]


This is because the NMR relaxation rate of quadrupolar
nuclei (e.g. 14N, 17O) in the extreme narrowing limit depends
on the electric field gradient (efg) existing at the nucleus
according to Equation (1), where c� eQqzz/h is the nuclear
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T1


� 3p2
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I2�2l ÿ 1� c


�
1� e2
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�
tc (1)


quadrupolar coupling constant, qzz is the largest principal
component of the efg tensor q, e�j qxxÿ qyy j /qzz is its
asymmetry parameter, and tc is the rotational correlation
time. If protonation causes an efg change (i.e., of qzz and e),
this may be detected as a change in T1 or linewidth; however,
the direction of change (if any) is not easy to predict. We
previously calculated the efg by ab initio quantum chemical
methods for a series of mono- and polyfunctional bases and
acids.[11, 12] An important point is that q depends only on the
ground-state wave function, and its calculation is fast (al-
though not necessarily accurate).[12] Therefore, this is an
independent means to estimate the changes occurring upon
ionization at any site. However, in order to translate the efg
into relaxation times the correlation time must either be
unaffected or change in a known way. Moreover, the efg at
some nuclei (notably oxygen) is not overly sensitive to
ionization,[12] and 17O T1�s are difficult to determine at natural
abundance (0.037%).


On the other hand, the experimental determination of
chemical shifts is much simpler and faster than the determi-
nation of T1�s. The difficulties in the accurate calculation of
the nuclear shielding tensor s have now been largely over-
come (although this type of calculation is still much more
expensive than that of the efg), and routines which accomplish
this task (by means of the IGLO[13] and GIAO[14] methods)
have been incorporated into commercial quantum chemical
packages.[15] Its accuracy in comparison with experimental
values has been benchmarked.[16] Thus, nuclear shielding
calculations complement efg calculations.


We also note that the above calculated quantities pertain to
isolated molecules. The adequacy of such energies and
spectroscopic properties in modeling processes taking place
in solution, where differential solvation of the various ionic
species comes into play, can rightly be questioned. Although
one could run the calculations on a cluster formed by the
solute and a small number of solvent molecules, this approach
is made difficult by the fact that a meaningful solvation shell
must comprise a substantial number of solvent molecules. The
calculation thus becomes quite time-consuming, because of
the large number of atoms and the floppiness of these systems,
which generally have a large number of accessible conforma-
tions with similar energy. A much faster alternative for
modeling solvent effects is provided by continuum methods.
These treat the solvent as a continuous medium with a given
dielectric permittivity e, and containing a variously shaped
cavity in which the solute is placed.[17] Major advances have
been recently made in this field, and these computationally
inexpensive methods have proved effective in several cases.[17]


Such calculations have been carried out to predict the solvent
effect on proton transfer equilibria of ammonium ions,[18, 19]


alcohols,[20, 21] and tautomeric ions from the ionization of
polyfunctional bases[22] and acids.[23] Lately, the isodensity
polarizable continuum method (IPCM), which employs a
solute-shaped (rather than spherical) cavity, has been pro-
posed as a general-purpose way of calculating the solvent
effect on chemical equilibria and reactions.[15, 24] Kawata et al.
successfully applied the RISM-SCF method (a combination of
ab initio and statistical mechanics) to the basicity order of
methylamines in water.[25] However, no large-scale database is


Abstract in Italian: Il sito di protonazione di diversi tipi di basi
ammidiche (ammidi e tioammidi carbossiliche, solfenammidi,
solfinammidi, solfonammidi, nitrosammidi, nitrammidi, cia-
nammidi, triammidi degli acidi fosforoso e fosforico) � stato
studiato attraverso una combinazione di calcoli di chimica
quantistica e misure di NMR eteronucleare. Le energie relative
degli ioni tautomerici derivanti dalla protonazione ai vari siti
sono state determinate sia in fase gas (da calcoli MP2) sia in
acqua (con il metodo continuo di solvatazione IPCM). Le
proprietà NMR rilevanti degli eteronuclei coinvolti (scherma-
tura nucleare e gradiente di campo elettrico) sono state
calcolate al livello GIAO-HF, e paragonate con i chemical
shift e le velocità di rilassamento misurate sperimentalmente
negli spettri 14N, 17O e 31P. Si mostra che tale combinazione di
metodi teorici e sperimentali permette di prevedere i parametri
spettrali, ed in ultima analisi il sito di protonazione delle
ammidi, in maniera affidabile. Viene inoltre discussa e
controllata l�affidabilità di assunzioni comuni, come il para-
gone dei parametri spettrali di basi polifunzionali e modelli
monofunzionali.
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yet available to assess the performance of these methods,
especially with regard to the modeling of proton transfers in
water (which involve strong local interactions like hydrogen
bonding).


Finally, we remind the reader that we assume protonation
to yield a single static protonated species, whereas in solution
both tautomeric ions may coexist in variable amounts and
may also undergo proton exchange on the NMR time scale.
Therefore, caution must be exercised when comparing
experimental and calculated results, particularly when the
ions have a similar stability.


To summarize, we have undertaken an experimental and
computational study intended to: a) assess the performance of
the IPCM method in determining proton-transfer energetics
in water; b) assess whether calculated shielding changes
match chemical shift changes upon protonation in solution;
c) compare the performance of the two methods (changes in
efg and T1 vs. nuclear shielding and chemical shift); d) finally,
investigate the site of protonation (acid residue or nitrogen) in
non-carboxylic amides.


Results


Theoretical methods and calculations : Structures and ener-
gies of the various ionic species (calculated at the MP2/6-31�
�G(d,p)//HF/6-31��G(d,p) or MP2/6-311��G(d,p)//HF/
6-311��G(d,p) levels), as well as the efg�s (calculated at the
HF/TZP level), for many species were available from a
previous study.[11, 12] For some amide types (carboxamides and
sulfinamides) we extended the scope of the above work to
include the species actually investigated experimentally.
Furthermore, for all the neutral and ionized species, chemical
shielding calculations were carried out with the GIAO-HF
method, and energies in water were calculated with the HF-
IPCM method (e� 78.5), with the 6-311��G(2d,2p) or
6-31G(d,p) basis sets (Gaussian 94 implementation).[15]


The species dealt with theoretically are representatives of
carboxylic amides, thioamides, sulfenamides, sulfinamides,
sulfonamides, nitrosamides, nitramides (often called nitros-
amines and nitramines), cyanamides, and phosphorous and
phosphoric acid triamides. They were chosen to be as similar
as possible to the species that can be studied experimentally,
while keeping computational demands reasonable. Some
simple amines were also considered as models.


Although the efficiency of quadrupolar relaxation is gen-
erally expressed by the value of c, the T1 in solution is
effectively determined by ceff� c2(1� e2/3) (sometimes called
quadrupolar splitting constant), whose dimensions are sÿ2 (or
MHz2). In fact, ceff is directly linked to T1 or the linewidth W1/2


because W1/2/ 1/T1/ c2(1� e2/3) [Eq. (1)]. Hence, if the
correlation time is kept constant in the solutions used for
measurements on the neutral (B) and protonated (BH�) base,
the equalities ceff(BH�)/ceff(B)�W1/2(BH�)/W1/2(B)�T1(B)/
T1(BH�) hold. For this reason, throughout this paper we will
report calculated efg�s as effective nuclear quadrupolar
coupling constant (ceff) and its change cR


eff � ceff(BH�)/ceff(B).
The following values of Q (in fm2) were used in the calculation
of ceff : 14N, 2.02; 17O, ÿ2.558; 33S, ÿ6.78.[26, 27]


Calculated shieldings (s) are reported as the isotropic
component of the shielding tensor, and its change from
neutral to protonated form Dd� s(B)ÿ s(BH�), which is
comparable to the experimental Dd value.


Calculation of solvent effects : In the IPCM method, the cavity
shape is iteratively computed from the solute electron
density.[15, 24] The difference between the energy obtained for
the isolated species and for the same species in the continuum
medium gives an estimate of its solvation energy. If we
consider a base B capable of forming two conjugate acids (A1


and A2) by protonation at different sites, our goal is to
estimate the energy involved in the proton transfer equili-
brium between the two tautomeric ions A1 and A2, both in the
gas phase and in water. If we denote the latter quantities with
DE(g) and DE(aq), respectively, a Born ± Haber cycle shows that
the latter can be expressed as in Equation (2), where Es


i is the


DE(aq)�DE(g)� (Es
2ÿEs


1) (2)


solvation energy of species i. Indeed, by comparing solvation
energies for the two ions one could obtain their energy
difference in water, a quantity which should model the
expected stability difference in that solvent. But, of course,
electron correlation must be taken into account for a mean-
ingful estimation of relative energies, even of the isolated
species. To this effect, although one could run an MP2-IPCM
calculation, previous experience with Onsager�s SCRF meth-
od showed that the two effects (electron correlation and
solvent effect) are roughly additive.[28] Hence, we calculated
the gas-phase energy by MP2 calculations, as seen before, and
solvation energies at the Hartree ± Fock level. Thus, if we
consider DE(aq) an unknown, DE(g)�EMP2


2 ÿEMP2
1 is the


relative energy in the gas phase, and Es
i �EIPCM


i ÿEHF
i is the


solvation energy of species i, in turn given by the difference in
energy in solution (from an IPCM calculation) and in the gas
phase (from a Hartree ± Fock calculation with the same basis
set). Hence Equation (3) holds, and DE(aq) can be determined
from a combination of MP2 and HF-IPCM data, the latter
being obtained in the same calculation.


DE(aq)� (E2ÿE1)MP2� (E2ÿE1)IPCMÿ (E2ÿE1)HF (3)


General considerations on NMR measurements : The nuclei
experimentally studied by NMR are 14N (I� 1), 17O (I� 5/2),
and 31P (I� 1/2); spectral assignment was made by compar-
ison with reference data.[29] Although 33S (I� 3/2) NMR data
would be valuable, signals of thiocarbonyl compounds have
not yet been detected satisfactorily, and those of thiol-type
sulfur are so broad that they have only been obtained in few
cases and under unsuitable conditions (e.g., neat liquids).[30] In
the course of this work, we detected only the 33S signal of
MeSO2NH2 in aqueous medium (see below).


Although the linewidth is visually appealing, the T1 is more
accurate (if more time-consuming), and is independent of
distortions from Lorentzian lineshape due to spurious factors,
like the rolling baselines which are often obtained for
quadrupolar nuclei.[29] For this reason, whenever possible we
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have determined T1 in addition to W1/2 . For 17O at natural
abundance (0.037 %) this is usually infeasible, and conse-
quently only linewidths were measured except where 17O-
enriched materials could be used.


Amines as models of N-protonated amides : Amines have
been considered as model bases for testing the IPCM method
and the changes in the efg and shielding at nitrogen. It is well
known that the anomalous ordering of the basicity of alkyl-
amines in water (Me2NH>MeNH2>Me3N>NH3) stems
from a competition between the inductive effect of the methyl
groups and the solvation of the ammonium ion.[31, 32] Quantum
chemical calculations on the isolated species yield a basicity
order increasing with alkyl substitution, like in the gas phase;
therefore it is of interest to ascertain whether a relatively
simple solvation model like IPCM can reproduce the ob-
served basicity ordering.


Protonation or alkylation at nitrogen (whether in an
aliphatic or aromatic amine, or pyridine) is known to cause
a large decrease of efg, which is reflected in small 14N
linewidths for ammonium salts.[29] This is in fact the best
known example of the effect of protonation on the efg.
Ammonia, the methylamines, pyridine and aniline were
chosen as models; for reasons which will be discussed later,
pyrrolidine was also included.


Absolute and relative energies, calculated with the above
methods in the gas phase and in water, are reported in Table 1


and compared with experimental DG(g) and DG(aq) values.
Relevant quantities are compared in Figure 1. In Table 2, the
NMR parameters of the 14N nucleus are collected (shielding,
efg, and their experimental counterparts d and T1) together
with their changes between neutral and protonated form
(Dd� d(BH�)ÿ d(B) and (TR


1 �T1(B)/T1(BH�)). The latter is
proportional to the change in ceff (cR


eff) if the correlation time is


Figure 1. Calculated and experimental basicity of amines (relative to
NH3). Calculated DE(g) (&); calculated DE(aq) (*); experimental DG(g) (&);
experimental DG(aq) (*).


constant [see Eq. (1)], but also depends on the solution
viscosity,[29] which remains essentially constant in the dilute
aqueous acid media required to protonate these strong bases.
Hence no special correction is necessary (however, see
below).


Table 1. Calculated and experimental basicity of amines in the gas phase and in water.[a]


Species DE (HF)[b] DE (IPCM)[c] DE (MP2)[b] DE(aq)
[d] DDE(aq)


[e] DDG(g)
[f] DDG(aq)


[f]


NH3 216.0 297.1 211.5 292.6 0.0 0.0 0.0
MeNH2 228.0 298.8 227.3 298.1 ÿ 5.6 ÿ 9.8 ÿ 1.9
Me2NH 236.0 298.9 234.0 297.0 ÿ 4.4 ÿ 17.1 ÿ 2.1
Me3N 241.2 298.5 238.1 295.4 ÿ 2.8 ÿ 22.0 ÿ 0.8
py 235.1 288.5 230.9 284.3 8.2 ÿ 17.7 5.5
PhNH2 222.9 284.4 223.7 285.2 7.3 ÿ 6.9 6.3


[a] In kcal molÿ1; DE�ÿ [E(ammonium ion)ÿE(amine)]. [b] Data from ref. [11], except MeNH2 and Me3N (HF or MP2/6-311��G(2d,2p)//6-311G(d,p)).
[c] HF-IPCM/6-311��G(2d,2p)//HF/6-311��G(d,p). [d] Calculated basicity in water [see Eq. (3)]. [e] Values of DE(aq) relative to NH�


4 . [f] Experimental
gas-phase and aqueous basicities relative to NH3.[32]


Table 2. Calculated and experimental NMR properties of 14N in neutral (water) and protonated (aq. HCl) amines.


Species Calculated Experimental
s[a] Dd[b] ceff


[c] cR
eff


[d] d[e] Dd[f] T1
[g] TR


1
[h]


NH3 266.1 ± 21.9 ± ± ± ± ±
NH�


4 243.6 � 22.5 0 ± ± ± ± ±
MeNH2 254.3 ± 29.0 ± ÿ 373 ± 0.75 ±
MeNH�


3 238.2 � 16.1 2� 10ÿ5 7� 10ÿ7 ÿ 360 � 13 21.7 0.03
Me2NH 247.8 ± 34.5 ± ± ± ± ±
Me2NH�


2 231.3 � 16.5 5.0� 10ÿ3 1� 10ÿ4 ± ± ± ±
Me3N 249.8 ± ± ± ± ± ± ±
Me3NH� 225.3 � 24.5 ± ± ± ± ± ±
pyrNH[i] 234.8[j] ± 27.0 ± ÿ 340 ± ± ±
pyrNH�


2 237.3[j] ÿ 2.5 0.022 8� 10ÿ4 ÿ 335 � 4 ± ±
PhNH2 209.4 ± 35.1 ± ÿ 326 ± 0.48 ±
PhNH�


3 216.6 ÿ 7.2 1.6� 10ÿ2 5� 10ÿ4 ÿ 332 ÿ 6 2.60 0.18
py[k] ÿ 87.0 ± 35.5 ± ÿ 87 ± 0.29 ±
pyH� 69.9 ÿ 156.9 1.2 0.03 ÿ 180 ÿ 93 28.0 0.01


[a] Isotropic component of the chemical shielding tensor [s� (s11� s22� s33)/3, ppm], calculated at the GIAO-HF/6-311��G(2d,2p)//HF/6-311G(d,p)
level, except where noted. [b] Dd�s(B)ÿs(BH�). [c] Effective nuclear quadrupolar coupling constant (MHz2); data from ref. [12], except for pyrrolidine
(this work). [d] ceff


R� ceff(BH�)/ceff(B). [e] 14N chemical shifts. [f] Dd� d(BH�)ÿ d(B). [g] Longitudinal relaxation time in ms. [h] T1
R�T1(B)/T1(BH�).


[i] Pyrrolidine. [j] GIAO-HF/6-31�G(d,p)//6-31�G(d,p). [k] Pyridine.
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Amides (all types): All amides investigated herein are weak
bases, that is, require strong acid media to be converted to the
protonated form.[1, 2] Common acid systems, like H2SO4 or
CF3SO3H (trifluoromethanesulfonic acid; hereafter triflic
acid), have moderate or large viscosities both as neat liquids
(h� 24.2 and 3.3 mPas, respectively) and when mixed with
water.[26, 33] Hence, in order to compare relaxation data among
different media, the viscosity should be known or kept
constant. It was previously found that use of aqueous
solutions of tBuOH makes it possible to vary the viscosity in
a suitable range while keeping the environment largely
aqueous.[8±10] Thus, for example, the viscosity of triflic acid is
compensated for by running the measurements on the neutral
species in a 22 % w/w aqueous solution of tBuOH (see
Table 5). This approach was used throughout this work,
except for carboxylic amides. In this case the spectra of the
neutrals were obtained in water, and dipolar relaxation times
of 13C determined, to better assess the effect of the solvent
change on the correlation time.


Tables 3 and 4 list the energies calculated in the gas phase or
water and NMR properties (shieldings, electric field gradients,
and their changes as seen for amines), respectively. Table 5
reports experimental NMR results (chemical shifts, T1 or
T �2 � 1/pW1/2 , and their changes).


Carboxylic amides and thioamides: MeCONHMe, Me-
CONMe2, HCSNH2, and MeCSNMe2 : These bases are
protonated at the acyl group (O or S),[1±3, 34, 35] so they were
investigated to provide a bona fide case of amides which are
not N-protonated. Owing to their importance, two typical
carboxamides (MeCONHMe and MeCONMe2) have been
investigated in more detail. Although the efg at N and O has
already been calculated for HCONH2 and its ionized forms,[12]


we repeated this calculation for MeCONHMe, which was
studied experimentally. MeCONMe2 and MeCSNMe2 were
previously studied by 14N NMR.[8] In this work, the protonated
form was obtained in triflic acid to ensure quantitative
protonation, and we also chose to employ water as the
solvent for obtaining the spectra of the neutral amide, keeping
in mind the viscosity ratio between triflic acid and water (3:1).
Thus we determined the 13C T1 and NOE values of the
carbonyl carbon of MeCONHMe and MeCONMe2 in water
and triflic acid (Table 6), to check whether protonation entails
changes in the molecular dynamics that are not accounted for
from viscosities.


The values of TDD
1 �T1(NOEmax/NOE) decrease by a factor


of 3 upon protonation, which is just the ratio of the viscosities
of the two solvents. Therefore, triflic acid has no effect on the
correlation time other than that due to the larger friction in
the liquid, and it is legitimate simply to compensate for its
viscosity with appropriate water/tBuOH mixtures.


Sulfenamides: NH2SH and PhSNHPh :[36] Calculated ener-
gies[11] and efg�s,[12] and 14N experimental data,[9] were
available.


Sulfinamides: MeSONH2, MeSONHPh, and N-pyrrolidinyl-
benzenesulfinamide : Calculated energies[11] and efg�s[12] for
MeSONH2, and 14N experimental data for MeSONHPh and


PhSONHPh[9] were available. From such results O-protona-
tion was indicated as favored, but this conclusion was later
challenged by Mikolajczyk et al.[37] on the basis of IR, 15N, and
13C NMR measurements on some aryl (ArSONR2) and O-
methylated [ArS(OMe)NR2


�] sulfinamides in nonaqueous
solvents (e.g. HCl/CH2Cl2). As the discrepancy might actually
arise from differences in base structure and solvent,[37] in
order to provide a consistent basis for comparing the two sets
of results, we calculated the same parameters for pyrrolidine,


Table 3. Basicity of amides in the gas phase and in water (HF-IPCM and
MP2 calculations).[a]


Species DE
(HF)


DE
(IPCM)


DE
(MP2)


DE
(aq)[b]


Protonation
site in gas
phase/water


MeCONHMe O
MeCONH2Me� 18.7 11.3 14.5 7.2
MeC(OH)NHMe� 0.0 0.0 0.0 0.0
HCSNH2 S
HCSNH�


3 22.7 15.8 14.4 7.4
HC(SH)NH�


2 0.0 0.0 0.0 0.0


NH2SH N
NH3SH� ÿ 18.4 ÿ 23.5 ÿ 22.3 ÿ 27.4
NH2SH�


2 0.0 0.0 0.0 0.0


MeSONH2 O/N
MeSONH�


3 18.6 5.6 9.6 ÿ 3.4
MeS(OH)NH�


2 0.0 0.0 0.0 0.0
MeSONHPh O
MeSONH2Ph� 17.5 15.2 8.7 6.5
MeS(OH)NHPh� 0.0 0.0 0.0 0.0
PhSONpyr O/N
PhSONHpyr� 7.0 0.7 0.7 ÿ 7.2
PhS(OH)Npyr� 0.0 0.0 0.0 0.0


MeSO2NH2 N
MeSO2NH�


3 5.2 ÿ 4.5 ÿ 2.8 ÿ 12.4
MeSO2(H)NH�


2 0.0 0.0 0.0 0.0


Me2NNO O
Me2NHNO� 17.9 17.3 10.3 9.7
Me2NNOH� 0.0 0.0 0.0 0.0


Me2NNO2 O/N
Me2NHNO�


2 6.4 1.9 2.6 ÿ 1.9
Me2NNO2H� 0.0 0.0 0.0 0.0


NH2CN CN/NH2


NH3CN� 26.9 2.6 22.4 ÿ 1.9
NH2CNH� 0.0 0.0 0.0 0.0
Me2NCN[c]


Me2NHCN� 15.1 0.3 ÿ 11.7 ÿ 26.5 NMe2


Me2NCNH� 0.0 0.0 0.0 0.0


P(NH2)3 P
P(NH2)2NH�


3 12.2 12.2 3.7 3.7
HP(NH2)�3 0.0 0.0 0.0 0.0


PO(NH2)3 O/N
PO(NH2)2NH�


3 17.4 2.0 11.0 ÿ 4.4
P(OH)(NH2)�3 0.0 0.0 0.0 0.0


PO(NMe2)3
[d] O


PO(NMe2)2NHMe�2 10.7 7.2 3.7 0.2
P(OH)(NMe2)�3 0.0 0.0 0.0 0.0


[a] Data for each entry is reported as 1) neutral; 2) form protonated at the
amino nitrogen; 3) form protonated at the acid residue. MP2 energies for
HCSNH2, NH2CN, Me2NNO, Me2NNO2, NH2SH, MeSO2NH2, P(NH2)3,
PO(NH2)3, and related ions from ref. [11]; MeCONHMe, MeSONHPh,
PhSONpyr, and Me2NCN from this work (same level, except where noted).
DE�s are relative to the form protonated at the acid residue. [b] See
Equations (2) and 3. [c] MP2 and IPCM/6-311��G(d,p)//HF/6-311��
G(d,p). [d] MP2 and IPCM/6-31G(d,p)//6-31G(d,p).
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N-pyrrolidinylbenzenesulfinamide (PhSONpyr), and its pro-
tonated and O-methylated forms, as well as IPCM energies
and chemical shieldings also for the other sulfinamides.
Calculated 13C shieldings for pyrrolidine, PhSONpyr, and
their protonated forms are given in Table 7.


In order to cross-check 14N results, we also recorded 17O
spectra of MeSONH2 and MeSONHPh. The latter is stable in
CH2Cl2 saturated with HCl gas (0.3 ± 0.4m) and in concd. aq.
HCl. However, water solubility is too low for 17O NMR, and
the spectrum of the neutral was obtained in H2O/MeCN.
MeSONH2 is also stable in HCl/CH2Cl2, where the 1H methyl


signal is deshielded by 0.04 ppm. The 1H spectrum in concd.
aq. HCl shows an intense NH�


4 peak clearly indicating
hydrolysis. The 17O spectrum shows a signal (d� 133) whose
assignment is uncertain, as the probable products also fall in a
similar region (e.g. MeSOOMe, d� 142).[38]


Sulfonamides: MeSO2NH2 : Calculated energies and efg�s
were available.[11, 12] MeSO2NH2 was reported to be proto-
nated only in superacids;[39] accordingly, we obtained the
protonated form in triflic acid. Although 14N, 17O, and 33S
spectra might be obtained, we could only detect the 33S signal


Table 4. Calculated NMR properties of neutral and protonated amides.[a]


Species s Dd ceff cR
eff


MeCONHMe N 171.1 ± 24.4 ±
O ÿ 49.6 ± 105.8 ±


MeCONH2Me� N 186.3 ÿ 15.1 0.04 2� 10ÿ3


O ÿ 248.3 � 198.7 164.1 1.6
MeC(OH)NHMe� N 123.0 � 48.1 6.0 0.2


O 166.0 ÿ 215.7 102.9 1.0
HCSNH2 N 136.8 ± 14.7 ±


S 256.5 ± 1340 ±
HCSNH�


3 N 182.8 ÿ 46.0 0.17 0.01
S ÿ 642.5 � 899.0 2920 2.2


HC(SH)NH�
2 N 107.2 � 29.6 4.5 0.3


S 433.8 ÿ 177.3 1470 1.1


NH2SH N 275.3 ± 34.7 ±
S 464.1 ± 2890 ±


HSNH�
3 N 254.2 � 21.1 0.65 0.02


S 201.0 � 263.1 5750 2.0
NH2SH�


2 N 271.0 � 4.3 44.0 1.3
S 461.3 � 2.8 1400 0.5


MeSONH2
[b] N 175.8 ± 27.0 ±


O 221.1 ± 112.1 ±
MeSONH�


3 N 186.9 ÿ 11.1 0.21 0.01
O 95.7 � 125.3 101.6 0.9


MeS(OH)NH�
2 N 193.8 ÿ 18.0 30.3 1.1


O 232.8 ÿ 11.7 154.6 1.4
MeS(OMe)NH�


2 N 201.0 ÿ 25.2 30.5 1.1
O 250.4 � 29.3 176.0 1.6


MeSONHPh[c] N 163.3 ± 28.5 ±
O 248.4 ± 106.3 ±


MeSONH2Ph� N 172.7 ÿ 9.3 0.14 0.005
O 163.1 � 85.3 104.9 1.0


MeS(OH)NHPh� N 187.0 ÿ 23.6 30.9 1.1
O 253.5 ÿ 5.1 136.2 1.3


PhSONpyr[c] N 193.4 ± 34.0 ±
O 300.8 ± 107.5 ±


PhSONHpyr� N 175.6 � 17.8 0.036 0.001
O 249.8 � 50.9 103.4 1.0


PhS(OH)Npyr� N 195.8 ÿ 2.4 30.8 0.9
O 274.3 � 26.5 135.3 1.3


PhS(OMe)Npyr� N 199.7 ÿ 6.2 31.8 0.9
O 292.5 � 8.3 153.1 1.4


MeSO2NH2 N 173.8 ± 29.3 ±
O 146.3 ± 76.4 ±
S 210.7 ± 161 ±


MeSO2NH�
3 N 174.4 ÿ 0.6 0.055 0.002


O 92.5 � 53.8 65.2 0.8
S 166.4 � 44.3 1040 6.5


MeSO2(H)NH�
2 N 184.5 ÿ 10.7 35.0 1.2


O 181.7 ÿ 35.4 115 1.5
S 189.1 � 21.6 376 2.3


[a] See footnotes to Table 2. Values of ceff recalculated from ref. [12], except MeSONHPh, PhSONpyr, Me2NCN (including ions), and P(OH)(NH2)2(NH3)2�


(this work). [b] HF/6-311��G(2d,2p)//HF/6-31�G(d,p). [c] HF/6-31�G(d,p)//6-31�G(d,p). [d] efg for neutral and ions also calculated at the HF/6-311�
�G(2d,2p) level. [e] Relative values with respect to neutral form.


Species s Dd ceff cR
eff


Me2NNO NO ÿ 429.3 ± 70.5 ±
NMe2 42.7 ± 26.0 ±
O ÿ 524.8 ± 246 ±


Me2NHNO� NO ÿ 324.0 ÿ 105.3 54.9 0.8
NMe2 100.9 ÿ 58.2 0.85 0.03
O ÿ 850.2 � 325.4 303.5 1.2


Me2NNOH� NO ÿ 288.3 ÿ 141.0 66.7 0.9
NMe2 ÿ 30.3 � 73.0 1.69 0.06
O 29.2 ÿ 554.0 185.2 0.8


Me2NNO2 NO2 ÿ 155.4 ± 8.9 ±
NMe2 110.0 ± 50.2 ±
O ÿ 148.7 ± 240 ±


Me2NHNO�
2 NO2 ÿ 103.2 � 52.2 5.7 0.6


NMe2 106.6 ÿ 3.4 10.0 0.2
O ÿ 219.4 ÿ 70.7 225 1.0


Me2NNO2H� NO2 ÿ 112.0 ÿ 43.4 4.8 0.5
NMe2 72.4 � 37.6 24.0 0.5
O ÿ 72.3 ÿ 76.4 260 1.1


NH2CN NH2 255.8 ± 31.6 ±
CN 33.4 ± 21.1 ±


NH3CN� NH2 237.4 � 18.4 2.7 0.1
CN ÿ 34.6 � 68.0 32.8 1.6


NH2CNH� NH2 246.6 � 9.2 27.5 0.9
CN 147.4 ÿ 114.0 6.3 0.3


Me2NCN[d] NMe2 251.4 ± 41.2 ±
CN 34.8 ± 21.2 ±


Me2NHCN� NMe2 224.9 � 26.5 3.4 0.1
CN ÿ 20.3 � 55.1 32.0 1.5


Me2NCNH� NMe2 243.1 � 8.3 25.0 0.6
CN 157.6 ÿ 122.8 7.9 0.4


P(NH2)3 N 213.6 ± 20.6 ±
P 280.5 ± ± ±


P(NH2)2NH�
3 N 207.3 � 6.3 16.0 0.8


P 215.4 � 65.1 ± ±
HP(NH2)�3 N 228.3 ÿ 14.7 21.1 1.0


P 346.1 ÿ 65.6 ± ±


PO(NH2)3 N 217.7 ± 24.3 ±
P 348.4 ± ± ±
O 231.5 ± 107.5 ±


PO(NH2)2NH�
3 N 215.3 � 2.4 14.9 0.6


P 342.6 � 5.8 ± ±
O 197.2 � 34.2 19.4 0.2


P(OH)(NH2)�3 N 223.9 ÿ 6.2 21.7 0.9
P 333.1 � 15.3 ± ±
O 261.2 ÿ 29.7 100.8 0.9


P(OH)(NH2)2(NH3)2� [e] N 218.7 ÿ 1.0 14.3 0.6
P 331.6 � 16.8 ± ±
O 256.3 ÿ 24.8 121.8 1.1
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of the neutral (d�ÿ13; cf. ÿ9 for MeSO2NMe2
[40]), but 33S


and 17O spectra cannot be obtained in triflic acid, owing to
strong interference from the solvent.


Nitrosamides: Me2NNO and Et2NNO : The parent compound
NH2NO has been much studied theoretically, and it is now
well known that the amino-protonated form (NH3NO�) is


essentially dissociated into H3N ´´´ NO� (see[11] and references
therein). This behavior led us to the conclusion that this is too
simple a model to allow for a meaningful comparison with
stable, N-alkyl nitrosamides, and we took Me2NNO as our
model.[11, 12] Previous calculations[11] were in favor of O-
protonation, and showed that NO-protonation is very unfav-
orable and need not be further considered. 14N and 17O NMR


Table 5. Experimental NMR properties of neutral and protonated amides.[a]


Base/Solvent atom d[b] Dd[c] T1
[d] TR


1
[e]


MeCONHMe
H2O N ÿ 269 ± 1.44 ±


O 260 ± 2.21 ±
CF3SO3H N ÿ 245 � 24 0.76 1.9[f]


O 15 ÿ 245 1.18 1.9[f]


MeCONMe2


H2O N ÿ 270 ± 0.92 ±
O 260 ± 2.11 ±


CF3SO3H N ÿ 242 � 28 0.66 1.4[f]


O 15 ÿ 245 1.13 1.9[f]


MeCSNMe2
[g]


31% tBuOH N ÿ 226 ± 0.88 ±
54% H2SO4 N ÿ 167 � 59 1.13 0.8


PhSNHPh[h]


MeOH N ÿ 331 ± 0.18 ±
MeOH/HCl N ÿ 333 ÿ 2 1.17 0.2


MeSONH2


CH2Cl2 O 114 ± ± ±
HCl/CH2Cl2 O 114 0 ± ±


MeSONiPr2
[h]


MeOH N ÿ 311 ± 2.95 ±
concd. HCl N ÿ 307 � 4 3.56 0.8


MeSONHPh[h]


1) MeOH N ÿ 334 ± 1.16 ±
2) 1:1 concd. HCl/MeOH N ÿ 329 ÿ 5 0.77 1.5
1) 2:1 H2


16O/CH3CN O 150 ± ± ±
2) concd. aq. HCl O 134 ÿ 16 ± ±
1) 22 % tBuOH N ÿ 333 ± 1.16 ±
2) CF3SO3H N ÿ 335 ÿ 2 0.74 1.6
1) CH2Cl2 O 102 ± ± ±
2) HCl/CH2Cl2 O 101 ÿ 1 ± ±


PhSONHPh
MeOH N ÿ 327 ± 0.67 ±
1:1 concd. HCl/MeOH N ÿ 327 0 0.51 1.3


MeSO2NH2


22% tBuOH N ÿ 290 0.55 ±
CF3SO3H N ÿ 284 � 6 1.07 0.5


[a] Data from this work, except where noted. When more than one neutral/acid system was studied, relative values are reported with respect to entry 1.
[b] Chemical shifts d relative to the appropriate reference (see Experimental Section). [c] Dd� d(BH�)ÿ d(B). [d] T1�s in ms, except for 31P (in s). Entries
marked with an asterisk report T2*� 1/pW1/2 rather than T1. [e] TR


1 �T1(B)/T1(BH�). [f] Does not include correction for higher viscosity (see text). [g] 14N
data from ref. [8]. [h] 14N data from ref. [9]. [i] Vigorous reaction; spectrum not reproducible and assignment uncertain. [j] An additional unassigned peak at
d�ÿ305, growing with time. [k] Doublet, JPH� 600 Hz. [l] 14N signal is not detectable.


Base/Solvent atom d[b] Dd[c] T1
[d] TR


1
[e]


Et2NNO
22% tBuOH NO 152 ± 0.29 ±


NEt2 ÿ 118 ± 0.99 ±
NO 618 ± 0.5* ±


CF3SO3H NO 94 ÿ 58 0.1* 2.9
NEt2 ÿ 91 � 27 1.08 0.9
NO 307 ÿ 311 0.3* 1.7


Me2NNO2


22% tBuOH NO2 ÿ 27 ± 170 ±
NMe2 ÿ 214 ± 0.34 ±


CF3SO3H NO2 ÿ 59 ÿ 32 1.7* 100
NMe2 ÿ 282 ÿ 68 0.82 0.4


Me2NCN
1) 22 % tBuOH CN ÿ 196 ± 0.99 ±


NMe2 ÿ 372 ± 0.54 ±
2) CF3SO3H[i] CN ÿ 72 � 123
1) H2O CN ÿ 199 ±


NMe2 ÿ 369 ± 0.8* ±
2) 23 % H2SO4


[f, j] CN ÿ 199 0 1.6* 1.4
NMe2 ÿ 369 0 0.7* 1.1


P(NMe2)3


MeOH N ÿ 370 ± 0.57 ±
P 142.1 ± 6.0, h� 0.0 ±


MeOH/HCl N ÿ 362 � 7.7 0.55 1.0
P 15.0[k] ÿ 127.1 4.7, h� 1.2 ±


PO(NMe2)3


1) 49 % tBuOH N ÿ 357 ± 0.32 ±
O 79 ± 0.58 ±
P 28.9 ± ± ±


2) 72 % H2SO4
[l] O 82 � 3 0.32 1.8


P 27.5 ÿ 1.4 ± ±
1) 22 % tBuOH N ÿ 361 ± 0.22 ±
2) CF3SO3H N ÿ 357 � 4 0.14* 1.6
1) 24 % tBuOH N ÿ 361 ± 0.29 ±
2) 64 % HClO4 N ÿ 344 � 17 0.15 1.9
1) H2O O 87 ± 1.31 ±
2) 70 % HClO4 O 82 ÿ 5 1.75 0.7[f]


Table 6. 13C chemical shifts, T1�s, and NOE�s of the carbonyl carbon in
neutral and protonated MeCONHMe and MeCONMe2.[a]


Base/Solvent d T1 NOE TDD
1


MeCONHMe
water 177.6 38.0 1.15 66.7
CF3SO3H 177.2 13.0 1.17 22.2
MeCONMe2


water 174.3 53.4 1.09 98.0
CF3SO3H 174.3 16.7 1.08 30.9


[a] Chemical shifts d with respect to TMS; T1�s and TDD
1 �s in s.


Table 7. Calculated 13C shieldings.[a]


Species s (C-a) Dd (C-a) s (C-b) Dd (C-b)


pyrNH 159.0 ± 179.0 ±
pyrNH�


2 155.9 � 3.1 179.5 ÿ 0.5
PhSONpyr 162.8 ± 178.6 ±
PhSONHpyr� 157.3 � 5.5 179.6 ÿ 1.0
PhS(OH)Npyr� 157.5 � 5.3 179.2 ÿ 0.7
PhS(OMe)Npyr� 157.3 � 5.5 179.1 ÿ 0.6


[a] HF/6-31�G(d,p)//6-31�G(d,p). Each entry is the average of values for
nonequivalent carbons.
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experiments were run on the less volatile Et2NNO. In both
neutral and acidic medium the ethyl groups are not equiv-
alent, which was suggested as evidence for O-protonation,[41]


but kinetic data have been interpreted as indicative of
significant N-protonation.[41, 42] The NO signal in triflic acid
could only be detected with a 600 MHz instrument, owing to
its huge width (W1/2� 2.4 kHz).


Nitramides: Me2NNO2 :[11, 43, 44] 14N Experiments were compli-
cated by the fast decomposition in triflic acid, which
prevented us from obtaining a T1 for the slowly relaxing
(sharp) NO2 signal; we did not attempt any 17O measurement.


Cyanamides: NH2CN and Me2NCN :[11, 45±48] Early 14N meas-
urements on NH2CN were interpreted as CN-protonation;[47]


the opposite conclusion (amino N-protonation) was reached
from potentiometric measurements, which also afforded a pK
value of ca. 1.[48] Very recently Kallies and Mitzner[19]


challenged this value, and suggested CN-protonation both in
gas phase and in water. Accordingly, we ran 14N measure-
ments both in triflic acid and in 23 % H2SO4 (sufficient for
protonating a base with pK� 1). We could not obtain
satisfactory 14N spectra of either cyanamide in triflic acid,
since its addition (even at low temperature) caused a vigorous
reaction, particularly with NH2CN. The 1H spectrum showed
the formation of NH�


4 or Me2NH�
2 , and the 14N spectrum was


not reproducible and its assignment uncertain. Me2NCN
dissolved in 23 % H2SO4 with no apparent reaction, but the
14N spectrum showed both signals at the same frequency as in
water, and a new peak (d�ÿ305) increasing over 10 ±
20 minutes, and eventually becoming the only remaining
signal.


Phosphorous acid triamides: P(NH2)3 and P(NMe2)3 :[49, 50]


Comparing experimental and theoretical results is somewhat
complicated by the nitrogen atoms, which lie in different
environments in the rigid calculated structure but become
equivalent if free rotation is allowed. N-Protonation leads (as
usual) to a large efg decrease at the quaternized nitrogen;
when this is averaged with the others (unaffected), a cR


eff of 0.8
results. If the values are averaged there is no ceff change at
nitrogen upon P-protonation. The experimental study was
carried out on P(NMe2)3 in MeOH and at pH 1 (apparent
value in water/MeOH). In the acid solution the 31P signal
appears as a doublet, J� 600 Hz (a typical value for 1JPH).[51]


Phosphoric acid triamides: PO(NH2)3 and PO(NMe2)3 : This
computational study too is complicated by the presence of
three equivalent nitrogens. NMR measurements were carried
out for PO(NMe2)3 (HMPA). A major experimental compli-
cation results from the possibility of having substantial
amounts of diprotonated form in strongly acidic media.[52] In
fact, the protonation parameters of the first equilibrium
(m*� 0.46, pK�ÿ0.97) are such that the first protonation is
complete in 72 % H2SO4 (h� 12 mPa s). The second equili-
brium (m*� 0.5, pK�ÿ5.5)[52] is essentially complete in
100 % H2SO4. However, in 72 % H2SO4 hydrolysis of HMPA
takes place, and the sharp 14N signal of Me2NH�


2 thus formed
renders the much broader one of HMPA undetectable


because of their close chemical shifts. Moreover, we could
not obtain a satisfactory 17O spectrum at natural abundance,
because in 49 % tBuOH the HMPA signal (d� 80)[53] is partly
superimposed on that of tBuOH, whereas the viscosity of
72 % H2SO4 is too high, and only the broad sulfonyl signal
could be detected. Alternatively, we used 65 % or 70 % HClO4


(H0�ÿ6.39 and ÿ7.75[54] , h� 3.3 and 4.4 mPa s, respective-
ly[55]) and CF3SO3H (H0�ÿ14.1[56]). Diprotonation should
take place in the latter, but only to a small extent in HClO4. In
65 % HClO4, the 14N signal is again superimposed to the sharp
Me2NH�


2 signal, and the spectrum was processed by a
Gaussian deconvolution. Given these complications, we
synthesized (by oxidation of HMPT with 17O-enriched
H2O2) and made 17O measurements on 17O-enriched HMPA.
The spectrum in 49 % tBuOH showed peaks at d� 79, 119 and
417; these were assigned to HMPA, residual H2O2, and
(tentatively) an unidentified amine N-oxide, respectively. The
latter two peaks in fact disappear in the acid solution.


Discussion


General considerations : A first evaluation of the general
reliability of calculated shieldings is provided by their
comparison with experimental d values. Figure 2 reports


Figure 2. Comparison of experimental (d) and calculated chemical shifts
(ÿs) for nitrogen and oxygen. Line fitting to the data yields slope� 0.80,
intercept�ÿ156.4 (N); slope� 0.67, intercept� 256.3 (O).


experimental d values vs. ÿs for N and O in neutral species
(see also ref. [30]). A well-defined linear relationship is found,
although nitrogen shifts are crowded in the amine ± amide
region (d�ÿ 300) and some scatter is evident. However,
considering the substantial solvent difference, and the large
solvent dependence of such shifts, the accuracy of calculated
protonation shifts is probably enough. The comparison of
proton affinities has been presented elsewhere.[11]


Even a quick perusal of Tables 2, 4 and 5 shows immedi-
ately that large shielding and efg changes often take place at
all heteronuclei upon protonation. Interpretation of such
changes at a molecular level (MO energies, symmetry, charge
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density),[29, 57] is outside the scope of this work, which is rather
aimed at establishing the accuracy of calculated properties,
and especially their changes upon protonation, in predicting
the site of protonation of amide bases. Therefore we will just
accept the values as guidelines for this purpose. We also
remark that some nuclear sites become nonequivalent upon
protonation (e.g. nitro oxygens in Me2NN(O)(OH)�), and
have different NMR parameters. We present these data as
averages for consistency with data in solution, where fast
proton exchange occurs.


We should firstly address the issue whether changes in
chemical shift provide a reliable guideline for predicting
protonation sites. We will only discuss N and O data, as those
for S and P are too limited; patterns of efg�s have been
presented elsewhere.[12] Protonation at the amide nitrogen
may shield or deshield N itself. The change is <50 ppm and
generally ca. 10 ppm; the change is smallest for MeSO2NH2.
Hence, although the expected changes are well outside
experimental error, they fall in a range where solvent effects
may substantially alter the picture. There is no relationship
between the type of N-substitution (alkyl or aryl) and the sign
of Dd as compared to amines. The Dd for protonation at the
acid residue may have the same or the opposite sign.


Dd values for oxygen often exceed 100 ppm; for nitro-
samides the change is much larger (300 ± 500 ppm). O-
Protonation shields the oxygen itself (except in the case of
PhSONpyr), but most variations are expected for N-proto-
nation; these changes often (but not always) have an opposite
sign.


These remarks should suffice to point out that no general
pattern can be drawn from the behavior of N and O chemical
shifts, and that parallelism between amides and amines is not
well defined. Hence, although shielding changes are generally
large and informative (as will be detailed below), they do not
by themselves answer the question sought, as theoretical data
for species belonging to the same functional group are
necessary.


Amines : The comparison of experimental and calculated gas-
phase basicities Table 1, Figure 1) qualitatively reproduces
structural effects on the basicity of amines of different types.
Considering that no attempt at reaching thermochemical
accuracy[58] was made (i.e., no vibrational and thermal
contributions were calculated, so that we are in fact compar-
ing calculated DE�s with experimental DG�s), this result
highlights the good predictive power of such calculations,
although (not surprisingly) the two data sets yield different
numerical values. Similar considerations apply to solution
basicities, as detailed below.


With regard to the basicity order in water, an important
point is related to the performance of IPCM calculations. Silla
et al.[18] successfully reproduced the irregular basicity order of
methylamines in water by means of a polarizable continuum
method, and so did Kawata et al.[25] with a RISM-SCF
method. The importance of electron correlation in estimating
the inductive effect exerted by methyl groups was empha-
sized.[18]


The IPCM method affords the following basicity order
in water: pyridine<PhNH2<NH3<Me3N<Me2NH<


MeNH2. The general features of amine basicity are repro-
duced: thus, the large gas-phase basicity of aniline and
pyridine, which is due mainly to the polarizability of the
hydrocarbon backbone,[31] is correctly brought down to size
(albeit reversed in order). Likewise, Me3N is correctly
predicted to be the weakest among methylamines, together
with ammonia. However, MeNH2 is incorrectly predicted to
be stronger than Me2NH, whereas experimental values are
opposite and differ very little. It seems therefore that the
IPCM method as applied herein overestimates the stabilizing
effect of hydrogen bonding, presumably through the solvent
polarization exerted by the positively charged N� ± H hydro-
gens (see also the larger basicity of PhNH2 than pyridine).
Hence, although the approach is only partly successful, it
correctly predicts the major features of the effect of solvation
on nitrogen bases. However, caution is called for when
comparing bases with very different degrees of alkylation but
similar base strength.


Calculated and experimental NMR properties generally
agree well. The magnitude of the protonation shift at nitro-
gen[59] is reproduced by the GIAO-HF method to within 1 ±
3 ppm for MeNH2 and PhNH2, and not very well for pyridine
(a difference of 64 ppm), but the characteristic inversion in
sign[59] (deshielding for aliphatic amines and shielding for
anilines and pyridine) is clearly borne out. Pyrrolidine too has
a negative calculated Dd (ÿ2.5 ppm), which compares
favorably with the experimental value of �4, much smaller
than for acyclic amines.[59]


The electric field gradient at nitrogen is not much affected
by alkylation, but there is a definite trend towards its increase
with substitution,[12] matching experimental 14N T1�s (although
the longer correlation time undoubtedly plays a role). The
effect of protonation on the efg and associated T1 is very
large.[8, 9, 12, 29] Calculated ceff�s decrease by 4 ± 7 orders of
magnitude; the corresponding TR


1 values decrease only by
factor of 10 ± 100, which is due to the intervention of other
effects (notably intermolecular efg�s) in causing quadrupolar
relaxation.


In any event, nitrogen protonation is clearly revealed by the
large and predictable change of efg or T1, whereas the change
in chemical shift (except for pyridine) is rather small, and lies
in a range where spurious factors (like solvent effects) may
contribute to the observed quantity. Shielding calculations
including solvent effect have appeared (see e.g. ref. [60]), but
the scope and accuracy of such calculations for our purpose is
presently unknown.


Carboxylic amides and thioamides : O-Protonation is favored
over N-protonation both in the gas phase (by ca.
10 kcal molÿ1) and in water. Our IPCM calculation reduces
the preference to 7 kcal molÿ1. Nitrogen is slightly shielded
(Dd�ÿ15) by N-protonation, whereas O-protonation causes
a larger and opposite shift (Dd��50). Shielding changes at
oxygen are very large and opposite. Thus, N-protonation
causes a 200-ppm deshielding, whereas O-protonation entails
a 200-ppm shielding. Hence, 17O chemical shifts should be a
sensitive probe of the site of protonation. Protonation at
either site causes only small efg changes at 17O; however, the
largest change (ceff increasing by 50 %) is actually found for N-
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rather than O-protonation. N-Protonation causes, as usual, a
large 14N efg decrease; however, it also decreases, albeit by a
much smaller amount, upon protonation at oxygen.


Experimentally, MeCONHMe and MeCONMe2 show the
same behavior. The variations in the chemical shift are very
similar, that is, Dd� 24 ± 28 ppm (14N), and Dd�ÿ245 ppm
(17O). These values fully agree with the above calculations and
clearly indicate O-protonation. Experimental TR


1 values of
Table 5 must be divided by 3 to account for the higher
viscosity of triflic acid, which yields TR


1 � 0.5 ± 0.6 for both N
and O. Hence, failure to observe any large 14N T1 increase is
also clearly indicative of O-protonation.


The energetics of protonation of HCSNH2 favor S- over N-
protonation by 14 kcal molÿ1. Again, IPCM data reduce this
figure by a half, which is probably due to an overemphasis of
the solvation of HCSNH�


3 as seen before. Trends in chemical
shielding are similar to those found for amides: thus, the
nitrogen nucleus is shielded (ÿ46 ppm) in HCSNH�


3 and
deshielded (�30 ppm) in HC(SH)NH�


2 . The sulfur nucleus is
deshielded by no less than 900 ppm if N-protonation takes
place, whereas a 177-ppm shielding is expected for S-proto-
nation. Hence, the protonation site could be very easily
decided upon if 33S chemical shifts were available. Again, the
efg at N decreases very much upon N-protonation. The efg at
S is affected by N- rather than S-protonation.


Experimentally, the 14N signal is deshielded by 59 ppm and,
again, there is no substantial change of T1; both observations
confirm S-protonation.


Sulfenamides : Although sulfenamides (RSNR2) are formally
the amides of sulfenic acids, they may also be viewed as thio-
substituted amines. In a previous study,[9] we indicated N-
protonation of PhSNHPh from the energetics and the large
increase in the 14N T1, which is reproduced theoretically (S-
protonation would induce an increase in ceff at N). In other
words, the efg at the nitrogen of NH2SH behaves like that of a
typical amine. IPCM data correctly highlight the weak
hydration of sulfonium ions,[2, 31, 32, 34, 35] and indicate an even
larger preference (27 vs. 22 kcal molÿ1) for N-protonation in
water. Trends in nuclear shielding are peculiar, in that
protonation at either site causes a moderate (Dd� 4 ±
20 ppm) deshielding of nitrogen, whereas the sulfur is
deshielded by 260 ppm only if N-protonation takes place.
This would be a very useful complement to efg changes, but
33S signals for sulfenamides are likely to be excessively broad
even for the neutral species, and much more so for HSNH�


3 .
Nitrogen shifts are not a suitable probe of the protonation site
(experimental 14N chemical shifts remain constant).


Sulfinamides : Although they possess three protonation sites
(O, S, N), previous calculations[9, 11] showed that S-protonation
is quite unfavorable energetically, and will not be further
considered. Contrasting results were reported concerning
their site of protonation. 14N Spectra of MeSONiPr2, MeS-
ONHPh, and PhSONHPh showed no change in T1 upon going
from neutral to protonated form, with Dd� 2 ± 3.[9] Calcula-
tions indicated MeS(OH)NH�


2 to be more stable than
MeSONH�


3 by 11 kcal molÿ1.[9, 11] On the other hand, Miko-
lajczyk et al.[37] obtained 15N and 13C spectra of aryl sulfin-


amides (ArSONR2) in nonpolar solvents (CH2Cl2, MeNO2),
and compared such protonation shifts with those of parent
amines and of O-methylated derivatives [methoxyaminosul-
fonium salts, ArS(OMe)NR�


2 ] assumed to model
ArSONHR�


2 and ArS(OH)NR�2 . However, the assumption
that the difference in chemical shift between amine and
ammonium ion, or sulfinamide and methoxyaminosulfonium
ion, exactly model the sought quantities must be tested. The
theoretical estimation of the energetics of proton transfer in
water, and of the shielding changes for all species, offers an
independent source of information.


The preferred protonation site in the gas phase is oxygen
for MeSONH2 and MeSONHPh, with DE (MP2)� 9 ±
10 kcal molÿ1, but for PhSONpyr the energy gap is very small
(0.7 kcal molÿ1). Solvent water shifts the protonation site to
nitrogen for MeSONH2 and PhSONpyr, but not for MeS-
ONHPh; in any event DE remains rather small, at 3 ±
7 kcal molÿ1. Thus, the base strengths of N and O in
sulfinamides are rather similar and solvent-sensitive. A first
generalization that can be drawn from these limited data is
that S-aryl and S-alkyl sulfinamides are nitrogen and oxygen
bases, respectively (albeit with a blurred preference). The
apparent exception of MeSONH2 can be again traced to the
overemphasis of the IPCM method in modeling the hydration
of non-alkylated ammonium ions.


Nitrogen shielding is not diagnostic, because a change with
the same sign and similar magnitude (Dd�ÿ10 to ÿ24) is
predicted to take place upon protonation at either site (for
MeSONH2 and MeSONHPh); the sign of Dd is also opposite
to that of simple amines. For PhSONpyr, Dd for N- and O-
protonation or methylation have opposite signs, and that
predicted for N-protonation is deshielding (Dd� 18). Hence,
there is no general trend whereby experimental nitrogen shifts
can be used to infer the protonation site, which calls for great
caution when assuming similarity of behavior with amines.


On the contrary, 17O chemical shifts are quite sensitive to
protonation, albeit in a peculiar way. A substantial deshield-
ing (Dd� 50 ± 120) is predicted if protonation takes place at
nitrogen, whereas a smaller and erratic change (Dd�ÿ12 to
�26) is predicted for O-protonation. The chemical shift
change induced by O-methylation is similar to that induced by
protonation in the case of PhSONpyr, but opposite for
MeSONH2, which suggests that methoxysulfonium salts are
poor models of O-protonated species, at least with regard to
17O chemical shifts.


The picture provided by ceff�s is quite simple. The efg at O is
not much affected by protonation, with cR


eff between 0.9 and
1.6 (it is difficult to relate such small changes to experimental
data). Conversely, ceff at N undergoes the typical large
decrease (100-fold) upon N-protonation, but remains almost
constant otherwise. Hence, 14N T1�s should be a powerful tool
for this problem.


Another tool employed[37] was the analysis of 13C shifts. It
was found that, upon protonation, the chemical shift of the
pyrrolidine C-a in PhSONpyr follows the same trend as
pyrrolidine, and opposite to that of PhS(OMe)Npyr�. How-
ever, the magnitude of such shifts is small (Dd< 4.5 ppm).
Table 7 shows that N- or O-protonation or O-methylation of
PhSONpyr causes a 5-ppm deshielding of C-a, and a 1-ppm
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shielding of C-b. Protonation of pyrrolidine (obviously at
nitrogen) also results in changes similar in sign and magnitude
(�3 ppm at C-a and ÿ0.5 ppm at C-b). Hence, no confidence
can be given to this test because the expected shifts are small,
and spurious effects (like different solvents and counter-
ions[37]) may take over.


Available 14N results[9] for MeSONiPr2, MeSONHPh, and
PhSONHPh in aqueous medium agree with O-protonation;
the constancy of T1 values is especially indicative. In CH2Cl2,
17O chemical shifts remain constant. This could imply that
protonation is either not occurring, or is occurring at oxygen.
However, the 1H protonation shift of MeSONH2 in CH2Cl2/
HCl is only 0.04 ppm (typical values are 0.5 ± 1 ppm).[52, 61]


Although the absolute figure is not diagnostic in itself, it
indicates that the extent of protonation in CH2Cl2/HCl is
probably low. However, the observed shift of the S�O band to
higher wave numbers in the IR spectra of N,N-diethyl p-
toluenesulfinamide in CH2Cl2/HCl[37] is indeed consistent with
a shortening of the SÿO bond, and hence with N-protonation.


Hence, calculations show that sulfinamides have a small
preference for either site of protonation, which may switch
from O to N in response to slight structural or solvent changes.
Although a comparison of experimental and calculated
chemical shifts shows that NMR evidence assumed to indicate
N-protonation is circumstantial, the different conclusions can
be ascribed to the very similar basicity of both sites, as
discussed above.


Sulfonamides : These bases may undergo O- or N-protona-
tion; the latter process was found to be slightly more favored
(by 2.8 kcal molÿ1). IPCM results enhance this difference to
12.4 kcal molÿ1. Hence, MeSO2NH2 should be a nitrogen base
also in water, but the extent of preference might be over-
estimated, as seen before.


N-Protonation leaves nitrogen shielding essentially con-
stant, while O is deshielded by dD� 50 ppm; O-protonation
shields both N and O, while S is shielded in both cases. efg
calculations indicate a substantial increase of ceff(S) in both
protonated forms, which would severely hinder the detection
of the 33S signal even without practical difficulties. N-Proto-
nation entails the usual large decrease (cR


eff � 0.002); O-
protonation would cause a much smaller and opposite effect.


Experimentally, the 14N signal is deshielded by 6 ppm upon
protonation, and its T1 is doubled. The small Dd is probably
the result of a solvent effect; the T1 increase indicates that
MeSO2NH�


3 is formed, although the increase is much smaller
than expected. Thus, N-protonation is borne out[39] but the
data may be compatible with some intervention of O-
protonation. Kricheldorf[62] interpreted Dd(15N)�ÿ4.6 as N-
protonation, but the acid used (CF3COOH, H0�ÿ2.7[63]) is
far too weak to protonate MeSO2NH2 (H0<ÿ 9 is re-
quired).[39]


Nitrosamides : The most basic site of Me2NNO is predicted to
be the oxygen atom in both gas and aqueous phases, by ca.
10 kcal molÿ1. Theory also predicts large shielding changes
upon protonation, especially at O. The efg at NMe2 decreases
to a similar extent in both protonated forms, and remains


essentially constant for the nitroso N and O. Hence, T1


arguments are not helpful.
Experimentally, the 17O NO signal is shielded (Dd�


ÿ311 ppm), and the 14N NEt2 signal is deshielded (Dd�
�27 ppm) upon protonation. The sign of these changes
reasonably matches the predicted ones for Me2NNOH�


(Dd�ÿ554 and �73 ppm, respectively), and is opposite to
the corresponding ones for Me2NHNO� (Dd��325 and
ÿ58 ppm). The change at NO is not informative. In summary,
O-protonation is strongly suggested.


Nitramides : The basic sites of this amide type (oxygen and
amino nitrogen) are very similar in strength in gas phase and
water. The only potentially useful shielding change is that of
NO2, as opposite shifts are expected for N- and O-protonation
(the others change little or in the same way). N-Protonation
entails a relatively small ceff decrease (only a factor of 5), not
distant from the change caused by O-protonation; other efg�s
change even less, so in this case spectroscopic parameters do
not distinguish the two forms well. The situation is compli-
cated by the instability of Me2NNO2 in triflic acid; thus, no 17O
data, nor a 14N T1 for the NO2 signal, could be obtained. The
observed Dd for NO2 (ÿ32 ppm) agrees best with O-proto-
nation, but in that case one would expect Dd> 0 for NMe2,
whereas Dd�ÿ68 ppm. Although we cannot rule out the
possibility that decomposition products are interfering, the
data seem consistent with protonation occurring at both sites
to a comparable extent. A more detailed analysis is prevented
by experimental problems.


Cyanamides : Two such bases (NH2CN and Me2NCN) have
been investigated (Table 3), and present substantial differ-
ences. While NH2CN is protonated at CN in the gas phase
(DE(MP2)� 22.4 kcal molÿ1),[19] the energy balance for
Me2NCN is overturned, and Me2NHCN� is favored by
11.7 kcal molÿ1. This behavior is unique among the bases
studied herein. IPCM calculations equalize the relative
basicity of the two sites in NH2CN, CN-protonation being
now favored by just 1.9 kcal molÿ1. Conversely, Me2NHCN� is
also the more stable ion in water (by 26.5 kcal molÿ1). NMR
spectral changes are rather similar for both species; amino-
protonation causes a deshielding of both nitrogens and the
typical efg decrease at the amino N, while it increases at CN.
CN-protonation entails a small shielding at NR2 and a large
deshielding at CN (Dd� ca. ÿ120 ppm); efg changes are less
marked. Kallies and Mitzner[19] ran accurate MP2 and SCI-
PCM calculations on NH2CN, and reached the conclusion that
CN-protonation is favored also in water, with a larger energy
difference than ours. It is presently unclear whether this
difference stems from the different theoretical model. These
authors also suggested that the quoted pK value for cyan-
amide (1.2) is grossly incorrect. Although the base strength of
the two amides may differ, in 23 % H2SO4 the 14N spectral
data of Me2NCN are the same as in water, which indicates a
very small protonation extent. Hence we confirm that the
quoted pK is probably incorrect. Given the different calcu-
lated protonation sites of NH2CN and Me2NCN, it would be
very interesting to have an experimental verification. The
protonation site proposed by Peips et al. and Beck et al.,[48]
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that is, the amino nitrogen, is consistent with the reported pK
value of 1.2 (the range of an amine substituted with an
electron-withdrawing group), but, as seen above, this value is
probably wrong. On the other hand, Witanowski et al.
obtained the 14N spectrum of NH2CN and Me2NCN in a
pioneering study.[47] The chemical shifts of the neutrals (d�
ÿ184 (CN) and ÿ386 (NMe2)) agree with our own, if
allowance is made for the different solvents. The spectrum
of NH2CN in 2m aq. HCl was found to consist of a single peak
at d�ÿ270, which was attributed to an exchange-averaged
peak due to both the cyano and amino signals, arising from a
series of protonation ± tautomerization equilibria via the
cyano-protonated form. However, the observed chemical
shift agrees well with the one (d�ÿ305) we observed in
addition to the true Me2NCN peaks (which disappeared in a
few minutes). In other words, the observed spectrum was
simply that of decomposition products. Hence, any exper-
imental conclusion (including a pK determination) is ham-
pered by the reactivity of both cyanamides in acids, and our
best estimate for Me2NCN (from theoretical results) is
protonation at the amino group.


Phosphorous acid triamides : The energy difference between
the N- and P-protonated forms is small (3.7 kcal molÿ1),
HP(NH2)�3 always being more stable. The only significant
chemical shift is at phosphorus, which is shifted in opposite
ways by the two processes. The efg at N decreases only a little
upon N-protonation, because three signals (two of which are
unaffected) are averaged. Experimentally, the 14N T1 remains
constant and the 31P signal is shielded by 127 ppm, as
predicted for P-protonation (but Dd is much larger). For this
strong base[49, 50] slow proton exchange conditions are at-
tained, and the 31P signal appears as a doublet, which
unambiguously indicates P-protonation. As a further proof,
we note that its T1 decreases and the NOE increases from 0.0
to its maximum value of 1.2, as expected. P-Protonation of
P(NEt2)3 and related compounds has in fact been demon-
strated.[49, 50] No evidence for N-protonation is found, which
somewhat contrasts with the small DE(aq) of 3.7 kcal molÿ1;
again, this is probably due to an overestimation of the
solvation of the non-alkylated model.


Phosphoric acid triamides : PO(NH2)3 is an oxygen base in the
gas phase,[11] but for PO(NMe2)3 the preference is much less
marked (DE(MP2)� 11.0 and 3.7 kcal molÿ1, respectively).
IPCM results for PO(NH2)3 still indicate oxygen as the
preferred basic site, but for PO(NH2)3 the two sites are almost
leveled. Once again, this points out the large stabilization
enjoyed by the primary amino groups, which is not present in
PO(NMe2)3. The combination of data yielding DE(aq) points to
a shift of the basic site to nitrogen for PO(NH2)3, whereas no
difference is found for PO(NMe2)3, with a DE(aq) of only
0.2 kcal molÿ1. Calculated changes in NMR properties are
small; for N they are not significant, and for P they change in
the same way upon mono- or diprotonation. 17O shielding
offers a better prospect (Dd�ÿ30 or�34 ppm). efg�s are also
little affected, except at O, which is expected to decrease only
by N-protonation. The parameters for the diprotonated ion
are not very different too.


Activity coefficient behavior in aqueous H2SO4 (as ex-
pressed by the solvation parameter m*� 0.46) suggests O-
protonation by comparison with other bona fide oxygen bases
like ketones, sulfoxides, and carboxamides.[2, 35, 52] On the
other hand, on the basis of pK values from kinetic data, and
substituent effects, Haake[64] proposed predominant N-proto-
nation for phosphonamides of the type PhP(O)-
(NMe2)OÿNMe�4 , whose structures are, however, dissimilar
from triamides. An experimental verification is hindered by
the relatively small spectral changes expected and by the
restrictions in the acid that can be used, since triflic acid is
strong enough to diprotonate PO(NMe2)3, and the viscosity of
H2SO4 with the required concentration is too high; concd. aq.
HClO4 was found to be the best choice. The small 17O shift
(Dd between�3 andÿ5) seems to indicate an average of both
protonated forms (which should cause almost equal and
opposite changes), whereas trends in 31P and 14N shifts are
inconclusive. The value of 14N TR


1 (1.8, determined between
49 % tBuOH and 72 % H2SO4) disagrees with all theoretical
predictions, and is probably due to an incomplete compensa-
tion of viscosity. On the other hand, the 17O T1 in 70 % HClO4


(1.7 ms) is longer than in water (1.3 ms); if one allows for the
larger viscosity of the acid (4.4 vs. 1 mPas) the change is even
larger (TR


1 � 0.2), and definitely points to a decrease of efg in
the protonated form, which is consistent with O-protonation.
In summary, theoretical results point out that the basicity of O
and N in this molecule is quite similar. Trends in 17O T1�s
indicate O-protonation, but the chemical shift change is also
compatible with partial N-protonation.


Summary and Conclusion


Quantum chemical calculations are a powerful tool for
predicting energies and patterns of NMR properties of the
parent bases and ions that can be formed from protonation of
amines and a variety of amides. It has been shown that IPCM
calculations in water alter, and often reverse, the stability
order of structurally related ions in the gas phase, and hence
provide a necessary complement to calculations for isolated
species whenever a comparison with solution data is required.
Shielding calculations predict both the absolute chemical shift
range and, especially, the change to be expected for the
formation of a given species. Even though the discrepancy
with experimental data may amount to tens of ppm, trends
thus established are often sufficient for the purpose. As such,
they can be used as a structural tool, but the patterns of
change are complicated and do not lend themselves to easy
generalizations. In particular, we have shown that assump-
tions regarding similarity of spectroscopic behavior between
amides and monofunctional models must be carefully scruti-
nized and tested. For problems of this type, it seems that 17O
chemical shifts and 14N relaxation times (or linewidths) are
the most useful data, being sensitive to protonation in a
selective and predictable way.


In general, amides are protonated at the acid residue, but
with several exceptions: a) when the parent acid is strong
(sulfonic, nitric) the preference is not marked; b) the proto-
nation site of sulfinamides may easily shift from N to O as a
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result of slight structural changes; c) sulfenamides behave as
substituted amines and are nitrogen bases.


Experimental Section


Materials : Except where stated, all compounds studied are commercial or
their preparation was previously reported. For some 17O experiments 17O-
depleted water (H2


16O) was used as solvent (CIL, 99.99 % 16O).
17O-enriched PO(NMe2)3 was synthesized by oxidation of P(NMe2)3 with
28% w/w H2


17O2 in acetonitrile and a catalytic amount of HClO4. H2
17O2


was prepared from H2
17O vapor (11.16 % 17O, CIL) in an electric


discharge.[65] The mass and 1H NMR spectra were the same as those of
an authentic sample.


MeCONHMe and MeCONMe2 were enriched in 17O by exchange with
H2


17O. The amide (1 mL, ca. 16 mmol) was mixed with enriched water
(250 mL, 4.5 mmol) and concd. HCl (300 mL, 6 mmol); the solution was
heated for 4.5 h at 80 8C and neutralized with 10m NaOH. The amide was
extracted with CHCl3 (3� 20 mL); after evaporating the solvent, 96 ± 98%
of the amide was recovered. The intensity of the M�1 peak in the mass
spectra was not higher than was expected due to 13C; therefore the
enrichment is <3 %, that is, ca. 100 times the natural abundance (0.037 %),
and permits overnight T1 measurements.


N,N-dimethylnitramide was prepared by nitrolysis of DMF with 99%
HNO3 in Ac2O.[66]


NMR measurements : 14N, 17O, 13C, and 31P NMR measurements were run
unlocked at 25 8C on a Bruker AM 400 instrument at 28.92 MHz (14N),
54.24 MHz (17O), 100.57 MHz (13C), 161.98 MHz (31P). Some measure-
ments were carried out on a Bruker DMX 600 instrument (43.38 MHz for
14N, 81.37 MHz for 17O). Generally, 0.5M solutions were employed in 5- or
10-mm tubes. Samples for 13C and 31P spectra were degassed by freeze ±
pump ± thaw cycles. 14N, 17O, 13C, and 31P chemical shifts (d) are externally
referenced to MeNO2, H2O, Me4Si, and 85% H3PO4, respectively; they are
believed to be accurate to within �0.1 ppm for 13C and 31P, and �2 ppm for
14N and 17O. T1 values were obtained by inversion ± recovery with acoustic
ringing suppression[67] (14N, 17O-enriched) or by saturation ± recovery (13C,
31P). T1 and TDD


1 values are given in s for 13C and 31P, in ms for 14N and 17O.
Linewidths were obtained from Lorentzian fitting of the peaks. 13C and 31P
NOE�s were determined by nonselective proton irradiation over 2 ± 4 times
the previously obtained T1.
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Abstract: In order to gain a deeper
understanding of the specific reactivity
of arene ± Cr(CO)3 complexes, the struc-
tures and energies of the reactive inter-
mediates formally generated by abstrac-
tion of a proton (H�), a hydride (Hÿ), or
a hydrogen atom (H .) from the methyl
group of toluene ± Cr(CO)3 (2) were
computationally investigated by using
density functional theory based quan-
tum chemical techniques. The solid-state
structure of the parent complex (2) was


determined by low-temperature X-ray
crystallography and this confirmed the
high accuracy of the computational
methods. Besides calculating the geom-
etry of the lowest energy conformation,


particular emphasis was laid on the
rotational barrier of the Cr(CO)3 group
as well as on that of the exocyclic
carbon ± carbon bond which exhibited a
significant amount of double-bond char-
acter in all of the reactive intermediates
investigated. The results are put into
broader perspective by discussing their
relevance for the rationalization and
prediction of the selectivity of syntheti-
cally relevant reactions of arene chro-
mium tricarbonyl complexes.
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Introduction


Since their discovery 40 years ago,[1] arene ± chromium
tricarbonyl complexes (e.g. 1 and 2) have enjoyed an ever
growing popularity among synthetic chemists.[2] Amid the


most important effects of the complexation with Cr(CO)3 is
the significant transfer of electron density from the aromatic
ring to the metal tricarbonyl moiety resulting in an increased
reactivity towards nucleophiles.[3] Concomitantly, the acidity
of the arene ring[4] as well as of benzylic hydrogen atoms[5] is
enhanced. Furthermore, the Cr(CO)3 group also stabilizes


positive charge in the benzylic position allowing SN1 type
transformations in the side chain.[6] Very recently, reactions
involving Cr(CO)3 complexed benzylic radicals have been
described which also show a promising potential for synthetic
exploitation.[7] Because the Cr(CO)3 tripod effectively shields
one of the two p faces of the aromatic ligand, all these
reactions usually proceed with an excellent degree of stereo-
selectivity, opening a large variety of synthetically important
avenues which are not possible with nonactivated arene
compounds.[8]


In spite of the fact that arene ± chromium complexes are
frequently employed in syntheses, several aspects of the
underlying mechanistic details that govern the course of their
reactions are still not understood to a satisfying degree. For
instance, the regioselectivity of nucleophilic addition or of
deprotonation reactions is sometimes difficult to predict,
especially in cases where no obvious electronic or steric
effects apply. Experimentally it has been established that the
regioselectivity of such reactions correlates with the preferred
orientation (conformation) of the Cr(CO)3 tripod in the
starting complexes.[9, 10] However, as the Cr(CO)3 tripod can
be regarded as a nearly unhindered internal rotor (the barrier
of rotation being generally� 1 kcal molÿ1),[11] the Curtin ±
Hammet principle[12] must apply, and it does not make very
much sense to explain the observed selectivities by simply
regarding the favored ground state conformation of the
substrates. What actually would be needed for a conclusive
interpretation of the experimental facts is a detailed knowl-
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edge about energy, structure, and conformational preferences
of the reactive intermediates. This would also allow the
prediction of the configurational stability of such species
and lead to a deeper understanding of the electronic origins of
the unique stereoelectronic effects guiding their selective
generation.


While many neutral h6-arene ± Cr(CO)3 complexes have
been characterized by X-ray crystallography, no reliable
structural information is available for the corresponding
benzylic anions, cations, or radicals because these reactive
intermediates have never been obtained in crystalline form.
Only a few NMR investigations on Cr(CO)3-complexed
benzylic anions[13] and cations[14] have revealed some struc-
tural details.


Quantum chemical calculations in principle offer a com-
plementary source of information. Unfortunately, theoretical
studies on these systems are scarce due to the size of arene ±
chromium tricarbonyl complexes which render such studies
rather demanding from the computational point of view.[15]


However, in recent years quantum chemical methods and
computer hardware have evolved to a point, where a
promising investigation of such problems is in reach. In
particular the advent of computational strategies based on
approximate density functional theory has given new impetus
to the computational approach, even for species containing
complicated electronic structures such as transition metal
containing compounds.[16]


In this contribution we will employ such modern quantum
chemical techniques in order to shed more light onto the
reactivity of arene ± Cr(CO)3 complexes. We focus our inves-
tigation on reactive intermediates formally derived from the
parent toluene ± chromium tricarbonyl complex (2,
Scheme 1). These include the anionic C6H5CHÿ


2 ± Cr(CO)3


species (3), which results from deprotonation in the benzylic
position, further the corresponding cationic species
C6H5CH�


2 ± Cr(CO)3 (4) which occurs as reactive inter-
mediate in solvolysis reactions, and finally the open-shell
C6H5CH.


2 ± Cr(CO)3 radical (5). The latter species, which is of


Scheme 1. Resonance structures of reactive intermediates formally de-
rived from toluene ± Cr(CO)3.


particular relevance due to the recent interest in transforma-
tions involving Cr(CO)3 complexed benzylic radicals,[7] has
never been investigated before neither experimentally nor
theoretically.


We report the structural and energetic properties of these
species, such as the equilibrium geometries, the barriers for
rotation of the chromium tricarbonyl tripod and of the
exocyclic CH2 group, the charge distribution, andÐin the case
of radicalsÐthe spin density. At this point, we would like to
add a caveat. Our calculations do not account for any effects
brought about by a solvent, counterions in the case of charged
species, or influences of the surrounding of any kind. Rather,
they refer to isolated molecules and model vacuum gas-phase
chemistry, since for the time being the computational
techniques available to us do not allow for a rigorous
treatment of these effects. While certainly of importance for
a quantitative description, we believe that the current
resultsÐwhich neglect the surroundingÐstill offer valuable
insights into the intrinsic properties of our target species.


Computational Strategy


All structures presented in the following sections were fully optimized in
the respective point group symmetry by employing analytical gradient
techniques and the popular hybrid density functional method B3LYP[17] as
implemented in Gaussian94.[18] The one-particle description for the
chromium atom was a (14s11p6d) ! [8s6p4d] all-electron basis set
introduced by Wachters,[19] supplemented with three primitive f-type
polarization functions contracted into two. For carbon, hydrogen, and
oxygen we employed Dunning�s standard split valence D95* basis set,[20]


which includes a set of d-type functions on C and O. Spherical harmonic
polarization functions (i.e., 5d and 7f components) were used throughout.
For the calculations on the anionic complexes, the basis was augmented
with a set of standard diffuse s and p functions on carbon and oxygen
(D95� *) and with diffuse s, p, and d functions on chromium.[21] Harmonic
frequencies were computed analytically in order to estimate the zero-point
vibrational energies (ZPE) and to identify a stationary point as minimum
(only real frequencies) or transition structure (one and only one imaginary
frequency). However, to keep the computational demand at a reasonable
level, in these calculations the polarization functions had to be discarded
and consequently the frequencies are based on geometries optimized by
using this smaller basis set. However, the influence of the polarization
functions on the equilibrium structures was found to be only marginal.
Thus, all relative energies given in the following are based on the B3LYP
results with the larger, polarized basis sets corrected for ZPE contributions
obtained with the smaller set, as described above. The electronic wave
functions[22] were analyzed in terms of partial charges, bond orders, orbital
hybridization, etc., by employing the natural bond orbital (NBO) scheme
as developed by Weinhold and co-workers.[23] All calculations were carried
out on either IBM RS/6000 workstations at the TU Berlin or the CRAY J90
computer at the Konrad-Zuse-Zentrum Berlin.


Results and Discussion


The toluene ± chromium tricarbonyl complex (2): The tol-
uene ± chromium tricarbonyl complex is the smallest arene ±
Cr(CO)3 complex which offers in addition to the aromatic
positions a side chain as site of attack in a chemical trans-
formation. It is therefore ideally suited as a prototype
molecule to study the details of deprotonation and solvolysis
reactions at the benzylic positions, which lead to anionic,
cationic, and radical C6H5CH2 ± Cr(CO)3 species (3, 4, and 5,
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respectively) as reactive intermediates, respectively. Before
we proceed with an indepth discussion of the properties of
these short-lived intermediates, we present our results for the
neutral, closed-shell parent system, that is, the toluene ±
chromium tricarbonyl complex (2).


First of all, of the two possible orientations of the Cr(CO)3


group with respect to the methyl substituent of the benzene
ring, the eclipsed conformation (2 e) is favored. The calcu-
lations, after correction for ZPE, place 2 e 0.6 kcal molÿ1


below the alternative structure, in which the CH3 group is
staggered with respect to the carbonyl groups (2 s) (Figure 1
and Table 1). The latter species was identified as being the
saddlepoint for the Cr(CO)3 rotation by an, albeit very small
imaginary frequency of 18 wavenumbers. The normal mode
connected to this frequency indeed shows the expected
rotation of the tripod with respect to the toluene unit. An
NMR study established a DG0 of 0.5 kcal molÿ1 between 2 e
and 2 s, in full harmony with our computed result.[24] Thus, as
in the case of benzene ± Cr(CO)3 (1) (which prefers a


staggered conformation) the barrier for rotation is almost
negligible.


Table 2 contains the computationally predicted geometric
parameters in comparison with experimental structural in-
formation for this species. When we started our investigation,


only an X-ray structure report-
ed more than 20 years ago by
van Meurs and van Konings-
veld[25] was available. The
agreement between the com-
puted and the experimental
structural data[25] is, however,
significantly less satisfactory
than for the benzene complex
1.[26] For example, the computa-
tionally predicted structure has
a mirror plane (Cs symmetry),
while experimentally only C1


symmetry was identified. Fur-
thermore, atypically large devi-
ations of up to 0.04 � are found
for the C ± C distances in the


aromatic ring. Thus, we decided to carry out a new X-ray
investigation of this complex. The resulting structure[27] is now
indeed in excellent agreement with the computed one
(Table 2) and fully supports the reliability of our computed
data. The deviations for the carbon ± carbon bond lengths
amount to less than 0.007 �, similarly the distances between
the chromium atom and the carbonyl groups differ by less
than a hundredth of an �ngstrom. Hence, our theoretical
predictions led to a revision of the previous experimental
data, providing another beautiful example for the fruitful
interplay between theory and experiment.


Next, we turned to the results of the NBO analysis. The
electron withdrawal from the toluene ligand by the Cr(CO)3


unit amounts to 0.21 j e j . Within the ligand, the variations of
the partial charges are small but show certain systematics in
that those carbon atoms which are directly above a carbonyl
ligand show the higher electron deficit. This applies also to the
comparison between the two rotamers of 2. In 2 s the ipso-
carbon atom C1, which is in between two CO groups, is even
slightly negatively charged (ÿ0.042 j e j ), whereas in 2 e, C1 is
eclipsed to one carbonyl group and carries a small positive
charge of �0.017 j e j . This result is in line with the


Figure 1. Optimized geometries (distances in �, angles in degrees) and natural charges of toluene ± Cr(CO)3 (2).
The charges of the hydrogen atoms are summed into the carbon atoms.


Table 1. Total energies, zero point energy correction (ZPE), and relative
energies for structures 2 ± 5.


Structure Total energies
(Hartree)


ZPE [kcal molÿ1] Rel. energies
[kcal molÿ1]


2e ÿ 1656.18075 97.7 0.0
2s ÿ 1656.17963 97.6 0.6
2ts ÿ 1656.17922 97.5 0.8
3e[a] ÿ 1655.62631 88.8 0.0
3s[a ] ÿ 1655.61656 88.6 5.9
3ts[a] ÿ 1655.56302 86.5 37.4
4s ÿ 1655.29303 90.8 0.0
4e ÿ 1655.27478 90.5 11.2
4ts ÿ 1655.21643 88.1 45.4
5s ÿ 1655.52930 89.3 0.0
5e ÿ 1655.52461 89.1 2.8
5ts ÿ 1655.50685 88.2 12.3


[a] Diffuse functions included.


Table 2. Calculated and experimental geometric parameters for toluene ±
Cr(CO)3(2e). Bond lengths in �, angles in degrees.


Parameters Calculated Experimental[25] Experimental[a, b]


C1 ± C2 1.422 1.390, 1.426 1.42(1)
C2 ± C3 1.419 1.370, 1.375 1.413(1)
C3 ± C4 1.418 1.377, 1.387 1.412(1)
C1 ± C7 1.509 1.501 1.506(1)
Cr ± C1 2.274 2.236 2.248(1)
Cr ± C4 2.262 2.217 2.234(1)
Cr ± C8 1.850 1.823 1.842(1)
Cr ± C9 1.851 1.817, 1.833 1.846(1)
C8 ± O1 1.167 1.156 1.160(1)
C9 ± O2 1.167 1.154, 1.142 1.162(1)
C1-C2-C3 120.34 121.2, 119.6 120.2(1)
C2-C1-C7 120.56 120.9, 121.5 120.5(1)
Cr-C8-O1 178.83 179.3
179.2(1)
Cr-C9-O2 179.03 178.9, 179.3 179.2(1)
C8-Cr-C9 86.82 89.9, 87.7 88.6(1)
C9-Cr-C10 88.76 88.9 88.87(4)


[a] Including libration correction. [b] This work.
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experimental observation that
in systems with more than one
benzylic position, those posi-
tions with an eclipsed CO li-
gand are the favored site of
deprotonation.[10] However,
one should be careful not to
overinterpret this pattern be-
cause the variations of the
charge density are very small.
In addition, the barrier for the
rotation of the exocyclic methyl
group in the toluene complex is
computed to be well below
1 kcal molÿ1. As elaborated fur-
ther below, the height of
both barriers for rotation
will rise significantly in the
C6H5CH2


�/ÿ/ . ± chromium tri-
carbonyl complexes, pointing
to the origin of some of the
peculiar aspects of the chemis-
try of arene ± chromium tricar-
bonyl complexes.


The anionic C6H5CH2
ÿ ± chro-


mium tricarbonyl complex (3):
One of the major effects
brought about by the Cr(CO)3


fragment in toluene is the sig-
nificantly enhanced acidity of
the methyl protons. The absolute gas-phase acidity of toluene
itself, that is, the heat of reaction for the process C6H5CH3


!C6H5CH2
ÿ�H�, is experimentally determined as 382.3�


0.3 kcal molÿ1.[28] Our calculations, which use the diffuse
function augmented basis set and include a finite temperature
correction based on the harmonic frequencies and one RT
(�0.6 kcal molÿ1) for the pressure ± volume term, are in
excellent agreement, resulting in DHacid� 382.0 kcal molÿ1.[29]


The deprotonation of the toluene ± chromium tricarbonyl
complex at the benzylic position leads to the anionic
intermediate 3. Unfortunately, no experimental data for the
gas-phase acidity of this complex are known to us, however,
the computationally predicted DHacid value for the energeti-
cally more stable eclipsed form 3 e is indeed some 33 kcal
molÿ1 smaller than that found for toluene, amounting to
349.4 kcal molÿ1. Thus, the gas-phase acidity of the CH3


protons is now comparable to that of typical weak acids such
as HCN (DHacid� 351.4� 0.5 kcal molÿ1)[30] or H2S (DHacid�
351.1� 2.0 kcal molÿ1).[30]


To a first approximation, the stabilization of the negative
charge can be attributed to a delocalization onto the metal as
indicated by the resonance structure 3'' in Scheme 1. The
structure 3'' represents an anionic h5 complex, which would
still obey the 18-electron rule. Indeed, as the computed
equilibrium structure shown in Figure 2 indicates, the ring
loses its planarity and partially breaks its delocalized aromatic
system. The exocyclic CH2 group is bent by 188 to the exo p


face opposite to the Cr(CO)3 moiety. The Cr ± C1 distance has


increased from 2.274 � in the neutral complex to 2.717 �, and
the Cr ± arene mode of bonding has changed from h6 to h5.
Concomitantly, the bond length between C1 and C7 has
decreased dramatically and amounts to only 1.365 � as
compared to 1.509 � in 2 e indicating the formation of a
double bond (the C ± C distance in ethylene at this level of
theory amounts to 1.341 �), while the bond lengths between
C1 and its neighbor C2 has increased to 1.468 �, resembling
more a carbon ± carbon single bond. The NBO analysis
indicates that the negative excess electron is almost evenly
shared between the Cr(CO)3Ðwhich carries a partial charge
of ÿ0.56 j e jÐand the C6H5CH2 units. Within the ring the
usual pattern with ortho and para positions more negative
than meta and ipso positions is realized. Most of the negative
chargeÐalmost 0.2 j e jÐis still localized on the CH2 group at
C7.


The deprotonation has also a decisive effect on the barrier
for rotation of the chromium tricarbonyl. While in the neutral
toluene complex this barrier was well below 1 kcal molÿ1 (see
above), this barrier amounts to 5.9 kcal molÿ1 in the present,
anionic species. Like in the neutral system the saddlepoint
corresponds to the staggered conformation (3 s) of the CH2


unit with regard to the carbonyls. It is characterized by an
imaginary frequency of 45 cmÿ1 which is connected with the
expected transition mode. This comparably large rotational
barrier of the Cr(CO)3 tripod in the anionic species 3 offers
now a much better explanation for the experimentally
observed regioselectivity of benzylic deprotonation in more


Figure 2. Optimized geometries (distances in �, angles in degrees) and natural charges of the C6H5CH2
ÿ ±


Cr(CO)3 ion (3). The charges of the hydrogen atoms are summed into the carbon atoms.
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complex substrates.[10a] Even if we assume virtually unhin-
dered rotation in 2, the deprotonation reaction indeed clearly
favors the formation of the eclipsed conformation 3 e of the
anionic intermediate and thus, the methyl protons in 2 e are
more acidic than those in 2 s by 6 kcal molÿ1.


Also the rotation of the exocyclic CH2 group of 3 e is
connected with a substantial barrier of 37.4 kcal molÿ1. Thus,
once the anion is formed, the stereochemistry of the exocyclic
CRR' group is frozen, and attack of an electrophile occurs
from the exo p face, that is, opposite to the metal, leading to a
well-defined stereochemistry. The configurational stability of
such anions becomes evident in enantioselective benzylic
deprotonation/alkylation reactions.[31] Let us now take a
closer look at the geometry of the saddlepoint connected
with this rotation, 3 ts, where several aspects deserve further
comments. Most importantly, the rotation breaks the p


overlap between the methylene group and the aromatic
system and thus interrupts the charge transfer onto the ring
and further towards the chromium tricarbonyl moiety. The
negative charge is now mostly located in the CH2 group as
indicated by the large partial charge of ÿ0.64 j e j (as
compared to ÿ0.2 j e j in 3 e). This accumulation of excess
charge is also evident from the significant pyramidalization of
the RCH2 unit which is now very akin to a regular methyl
anion derivative. The loss of planarity of the CH2 unit
evidently leads also to a reduction in point group symmetry
from Cs to C1. In contrast to the systems discussed so far the
Cr(CO)3 tripod assumes a fully staggered conformation in 3 ts
with no carbonyl ligand positioned directly below a carbon
atom of the aromatic ring. In
addition, the decoupling of the
anionic group and the remain-
ing part of the molecule is mir-
rored in the large bond length
between C1 and C7 which is only
0.018 � shorter than in the
parent toluene complex 2 e
and the almost undisturbed
structure of the aromatic ring.


The cationic C6H5CH2
� ± chro-


mium tricarbonyl complex (4):
The chromium tricarbonyl frag-
ment not only enhances the
stability of benzylic anions, it
also exerts a significant stabiliz-
ing effect on a positive charge
at a benzylic position.[6] Thus, it
facilitates SN1-type solvolysis
reactions, for example, of com-
plexed benzylic alcohol deriva-
tives. The central intermediate
in such a reaction is the cationic
C6H5CH2


� ± chromium tricar-
bonyl complex 4. The stabiliz-
ing effect is ascribed to a neigh-
boring group participation of
the chromium center, that is, a
charge donation from occupied


Cr(CO)3 orbitals into the formally empty p-atomic like orbital
at the methylene carbon C7 as shown in the resonance
structure 4'' in Scheme 1. In order to still correspond to a
formal 18-electron species the bonding between the metal and
the arene should become h7. From this bonding picture it is
expected that these cations incorporate a substantial amount
of exocyclic double-bond character which in turn implies a
significant barrier for the rotation around the C1 ± C7 bond.
Similar to the anionic species discussed above, also the
cations, once formed, are configurationally stable. As a
consequence, if the leaving group was expulsed whilst
positioned anti to the chromium center and nucleophilic
attack occurs from the exo face, a double inversion mecha-
nism takes place resulting in an overall retention of config-
uration.[6]


Again, our calculations unravel significant structural differ-
ences between the neutral toluene chromium tricarbonyl
complex 2 and the corresponding cationic complex 4 (Fig-
ure 3). First of all, the lowest energy conformer is now
characterized by a staggered arrangement of the CH2 group
and the CO ligands. The barrier for rotation in 4 was found to
be almost twice as large as in the anionic complex 3
amounting to 11.2 kcal molÿ1.[32] The transition mode con-
nected with the imaginary frequency of 57 cmÿ1 is again
indicative of the Cr(CO)3 tripod rotation, confirming the
assignment.


The structure of the staggered minimum 4 s fully corrobo-
rates the assumption of a h7 binding between the arene ligand
and the transition metal. The methylene unit is with 378


Figure 3. Optimized geometries (distances in �, angles in degrees) and natural charges of the C6H5CH2
� ±


Cr(CO)3 ion (4). The charges of the hydrogen atoms are summed into the carbon atoms.
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significantly bent downwards towards the chromium and
concomitantly the Cr ± C7 distance has decreased to only
2.510 �. On the other hand, the C1 ± C7 bond length (1.403 �)
is not as short as in the anionic complex discussed above
pointing to a somewhat less pronounced double-bond char-
acter of this bond. A further indication for the direct
interaction between occupied metal orbitals and the formally
empty orbital at the cationic site is the onset of a pyramid-
alization on the CH2 group. The charge distribution shows
that the positive charge has been delocalized over the whole
complex. About one third (�0.326 j e j ) has been transferred
onto the chromium tricarbonyl moiety. However, the metal
still carries a substantial negative partial charge of ÿ0.615
j e j (as compared to ÿ0.78 j e j in the parent toluene
complex) and the electron deficiency is mainly located on
the three CO ligands (weaker backbonding). In the arene
ligand it is C7, which bears the most cationic character with a
partial charge of �0.215 j e j .


Not only is the energy difference of 11.2 kcal molÿ1 between
the staggered minimum and the eclipsed saddlepoint structure
significant, the two conformers also differ considerably in
their structures. In the eclipsed form (4 e) the interaction
between the methylene group and the chromium center seems
to be even more pronounced. This is indicated in the larger
bending angle of the methylene group which amounts to 428,
and the shorter C7 ± Cr contact of only 2.379 �, which is in the
similar to the distance between C4 and the metal (2.373 �).
For comparison, in 4 s, these two distances are 2.510 and
2.289 �, respectively. From a different point of view these
structural data show that the chromium center has moved
from its position from beneath the center of the six-membered
ring towards the exocyclic
methylene group when compar-
ing 4 s and 4 e. Also the charge
distribution mirrors the stron-
ger interaction between the
chromium and the formal cati-
onic center in the eclipsed con-
formation, the positive partial
charge on the Cr(CO)3 moiety
has increased by more than
0.05 j e j with respect to 4 s
and amounts to 0.380 j e j . In
particular the metal itself has
lost some 0.1 j e j in 4 e as
compared to 4 s (q[Cr]�
ÿ0.51 j e j ).


Let us finally turn to the
question of the configurational
stability of the cationic com-
plexes with respect to rotation
around the C1 ± CH2 bond. In
agreement with the experimen-
tal experience[6] we find a rather
large barrier for this process. It
amounts to 45.4 kcal molÿ1.
Somewhat counterintuitively,
despite the fact that the C1 ± C7


bond in 4 s is longer than that in


3 e, the barrier is even more pronounced than in the anionic
case. In any case, the barrier is substantial and results in a
strong configurational stability of the exocyclic group fully
confirming the likelihood of a double inversion mechanism
with overall retention of configuration in solvolysis reactions.


The C6H5CH2
. ± chromium tricarbonyl radical (5): The final


reactive intermediate which was investigated results from
toluene ± chromium tricarbonyl by a formal homolytic cleav-
age of a benzylic C ± H bond. It is the radical C6H5CH2


.-
chromium tricarbonyl complex 5 (Figure 4). In contrast to its
anionic and cationic relatives 3 and 4, respectively, radicals of
type 5 have not received much attention in preparative
chemistry.[7] To the best of our knowledge, there are no
experimental or computational data on the structure and
configurative stability of such species.


As a result of our computations, the most stable rotamer of
5 is, like in the cationic complex 4, the staggered conformer,
5 s. However, the eclipsed alternative 5 e is only 2.8 kcal molÿ1


disfavored energetically, resembling more the parent, neutral
complex 2. The geometry of 5 s in many respects is similar to
the structure of 4 s. While the arene ligand is almost planar,
there is nevertheless a slight bending of some 38 towards the
metal akin to that found for the cationic complexes. The other
geometric features of the C7H7 unit are similar as well. For
example, the bond length predicted for the exocyclic C ± C
bond between C7 and C1 is identical (1.403 �) to the one
computed for 4 s and the alternations of distances within the
ring do also hardly differ.


One of the most important aspects of this open shell
intermediate is, however, the spin density. Is the unpaired
electron mainly localized on the exocyclic CH2 group or has a


Figure 4. Optimized geometries (distances in �, angles in degrees) and natural charges of the C6H5CH2
. ±


Cr(CO)3 radical (5). The charges of the hydrogen atoms are summed into the carbon atoms.
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delocalization to the metal tak-
en place, which would formally
result in a 17-electron com-
plex? These two extreme cases
are depicted in the correspond-
ing resonance structures (5 and
5'') in Scheme 1. According to
our calculations the real picture
is in between, about 2/3 of the
excess a spin is on C7 however,
0.31 j e j is now localized on the
Cr atom. The spin density on
the other atoms is negligible.
Interestingly, compared to the
neutral toluene complex, where
the Cr(CO)3 group exerted a
significant electron-withdraw-
ing effect on the aromatic li-
gand, in 5 s the chromium tri-
carbonyl unit has an excess
charge of only ÿ0.09 j e j .


The barrier for rotation of
the exocyclic CH2 is much
smaller than in the charged
reactive intermediates and is
computationally predicted as 12.3 kcal molÿ1. Nevertheless,
this barrier might be large enough to provide configurational
stability also for this (short-lived) intermediate. The most eye-
catching feature of the corresponding saddlepoint 5 ts is the
complete localization of the unpaired electron at C7. In other
words, unlike in 5 s neither the chromium tricarbonyl nor the
aromatic ring participate in a delocalization and thus stabi-
lization of the radical. The structural parameters follow this
conclusion and are very similar to those obtained for the
parent system 2, including even the energetical preference for
the eclipsed conformation (the staggered form is, however,
only 0.5 kcal molÿ1 higher in energy), in contrast to the
minimum structure of the radical which adopts a staggered
conformation.


Summary and Conclusion


Employing modern quantum chemical techniques using the
B3LYP Hartree ± Fock/density functional hybrid approach
combined with adequately sized basis sets we have studied the
prototype toluene ± chromium tricarbonyl complex 2 and the
anionic, cationic, and radical reactive intermediates 3, 4, and
5, respectively. The calculations unraveled important struc-
tural details such as the energy differences and the corre-
sponding barriers between competing conformations con-
cerning both the orientation of the Cr(CO)3 tripod and the
rotation around the exocyclic C ± C bond. This knowledge
paves the way for a deeper understanding of the effects
governing the selectivity of synthetically important reactions
of arene ± Cr(CO)3 complexes. A graphical summary of these
data is given in Scheme 2.


In the charged intermediates 3 and 4 a significant delocal-
ization of the positive or negative charge takes place, resulting


in eminent structural changes and a variation in the hapticity
of the metal ± arene ligand binding: While the parent toluene
complex realizes the expected h6 interaction with the metal, h5


and h7 modes of bonding are computed for 3 and 4,
respectively. Also for the radical (5), a significant part of the
spin density is delocalized to the chromium center. According
to the common picture, which was earlier established based on
indirect arguments, the calculations unequivocally demon-
strate that the resonance structures 3'' and 4'' (see Scheme 1)
better represent the electronic structure of these intermedi-
ates than formulas 3 and 4. In addition, our results suggest that
even the radical species 5 is best represented by the resonance
structure 5''.


An important consequence is the double-bond character of
the exocyclic C ± C bond in 3, 4, and 5 which results in
substantial barriers for the rotation around this bond. This is
the origin for the well-known configurational stability of the
anionic and cationic species. Compared to 4 and 5, the double-
bond character of the exocyclic bond in the radical inter-
mediate 5 is considerably less pronounced. However, the
calculations suggest that the configurational stability of
Cr(CO)3-complexed benzylic radicals should be high enough
to allow transformations of the type shown in Scheme 3.


If the abstraction of an atom X from an optically active
substrate 6 would occur with anchimeric assistance of the


Scheme 3. Schematical description of a radical reaction with retention of
configuration.


Scheme 2. Summary of relative energetics of 2, 3, 4 and 5. E� relative energy in kcal molÿ1.
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metal to form the delocalized radical 7 (which represents a
planar chiral structure) the stereospecific formation of the
chiral product 8 would be achieved with an overall retention
of configuration. This general possibility of achieving stereo-
controlled radical substitution reactions at the benzylic
position of complexed arenes is currently under investigation
in our laboratory.
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Self-assembly of Janus Cyclodextrins at the Air ± Water Interface and in
Organic Solvents
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Abstract: The self-organization of vari-
ous amphiphilic cyclodextrins is report-
ed at the air ± water interface as well as
in organic solvents. These rather rigid
molecules expose different molecular
surfaces to the external medium accord-
ing to the nature of the environment,
and consequently several types of asso-
ciation are observed. At the air ± water
interface, stable mono- and multilayers


are formed whose behavior can be
related to the molecular structure of
the amphiphilic compounds. In apolar
aromatic solvents, such as benzene or
toluene, dimerization occurs as shown


by vapour pressure osmometry (VPO),
1H NMR spectroscopy and 1H13C het-
eronuclear NOE measurements. Such a
feature is absent in organic solvents that
compete for the formation of hydrogen
bonds. The consequences of these results
concerning the use of cyclodextrin de-
rivatives as calibration standards for the
determination of molecular weights are
discussed.


Keywords: cyclodextrins ´ hydrogen
bonds ´ monolayers ´ self-assembly
´ structural elucidation


Introduction


Several natural molecular systems adopt well-defined struc-
tures both in hydrophilic and hydrophobic media i) by
exposition of favorable groups to the surroundings and ii)
by internalization of the poorly interacting structural ele-
ments in the core of their structure.[1] Hence, the conforma-
tional translocations of various water-soluble proteins make
them able to almost freely cross biological membranes or
form channels through lipid bilayers. The structural require-
ment to observe such a behavior lies in a balanced amount and
spatial distribution of the hydrophobic and hydrophilic amino
acid residues along proteic secondary structures; the residues
of a given type have to be more or less located on the same
face. We have been interested in the examination of whether a
similar behavior can be observed for large structural segments
other than those present in proteins, such as a helices. The
basic idea was to prepare cylindrical molecules with a


hydrophobic face and a hydrophilic face (for such molecules,
the term Janus was coined[2]) and to study their aggregation
under different medium conditions. Intuitively, one should
expect such molecules to dimerize in water or in organic
solvents in a way similar to amphiphilic molecules in water,
but with a much better control over the stoichiometry of
associated species (Figure 1). Cyclodextrins form a class of
suitable molecular skeletons for the present purpose. These
naturally occurring large molecules are rigid toroids bearing
numerous hydroxylic groups that can be facially derivatized to
introduce hydrophobic groups.[3] This provides Janus-type
cylinders.


In contrast to the preceding aspect, we have been also
concerned with the use of cyclodextrin derivatives as calibra-
tion species. For polymers of moderate molecular weights or
for self-organized assemblies, many of the methods for
determing average molecular weights depend on hydrody-
namic experiments (GPC, QELS, viscosity, and so on) or on
analysis of colligative properties (osmometry, tonometry, and
so on).[4] Most often, data analysis requires suitable calibra-
tions involving standards whose molecular masses and shapes
are known. The preparation and purification of monodisperse
polymer standards of precise molecular weights are quite
tedious. Consequently, the controlled functionalization of
large organic substrates of given molecular weight offers an
alternative to afford suitable calibrating standards of molec-
ular weights between 103 and 104. Ideally, a good standard
should be chemically stable, easily purified, soluble in many
solvents, and should have a well-defined conformation.
Cyclodextrins can easily satisfy these demands, and are
therefore highly attractive.
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Among cyclodextrin derivatives, the 6-per-(tert-butyldi-
methylsiloxy)cyclodextrins exhibit excellent properties for
the applications that have been evoked in the previous
paragraphs. These derivatives are easily prepared in one step
from the commercially available native cyclodextrins. They
can be purified by repeated recrystallisation. Moreover, due
to the lack of conformational flexibility, they are expected to
exhibit a well-defined mushroom shape. In the present paper,
the supramolecular structures resulting from the interaction
of various b-cyclodextrin derivatives with water or with
several organic solvents are reported and analyzed with
regard to the detailed molecular structures.


Results


Synthesis : Two different series of Janus cylindrical molecules
were investigated. In the first series (Janus I), the primary face
is made hydrophobic by the functionalization of all open sites
with tert-butyldimethylsilyl groups, whereas symmetrically
distributed hydroxyl groups of the secondary face remain
underivatized. Thus, the per-6-tert-butyldimethylsilyl a-, b-
and g-cyclodextrins 1a, 1b, and 1g bearing 12, 14 and 16 OH
groups on the secondary rim, respectively, were obtained
following an established procedure (Scheme 1).[5a] The per-2-
methyl 2b[5b] and per-2-benzyl 4b derivatives of 1b were
prepared additionally by alkylation with the corresponding


halogenated compounds by the
use of barium oxide/barium
hydroxide. The latter molecules
contain seven OH groups
(Scheme 1). To analyze the Ja-
nus behavior, several function-
alized b-cyclodextrins derived
from 1b that lack the capacity
to make hydrogen bonds were
synthesized (Scheme 1). Hence
the per-2,3-methyl 3b[5b] and
per-2,3-benzyl 5b[5a] derivatives


have been prepared by alkylation of 1b by the use of sodium
hydride as a base. The second series of Janus molecules
(Janus II) results from the functionalization of all open sites of
the secondary cyclodextrin face by benzyl groups, while the
primary face now bears hydroxyl groups. Cyclodextrins 6b


and 6g were prepared as previously described.[5a]


Scheme 1. Numbering scheme for compounds 1 ± 6.


Behavior of Janus cyclodextrins towards hydroxylic solvents :
Compounds 1a, 1b and 1g, with a hydrophobic primary face,
and compounds 6b and 6g, with a hydrophobic secondary
face, barely dissolve in hydroxylic solvents. None of these
molecules are soluble in water (vide infra)[6] or in cold
methanol or cold ethanol. However, they are soluble in hot
methanol and ethanol, which can be used for recrystallisation.
In view of these findings, which preclude the study of self-
organization in bulk hydroxylic media, the behavior of the
amphiphilic cylinders in monomolecular films at the air ±
water interface was investigated. Both series 1 and 6 give
stable Langmuir films whose characteristics are summarized
in Table 1. The isotherms are exemplified in Figure 2 at 292 K.
Both amphiphilic cyclodextrin series 1 and 6 exhibit very
similar behavior (with some minor differences): first, a steep
increase of pressure occurs at molecular areas A that are close
to the expected values when the hydrophilic face of the
cylinders is oriented towards water (compare for instance the
1b values; A01(1b)� 340 �2, whereas 320 �2 is the estimate
that is based on a 1b structure generated from Quanta�).[7]


Abstract in French: Cet article prØsente les structures rØsultant
de l�auto-organisation de cyclodextrines amphiphiles à l�inter-
face eau-air ou en solvant organique. Selon la nature de leur
environnement, ces molØcules assimilables à des palets rigides
exposent diffØrentes faces et donnent ainsi lieu à des modes
d�organisation variØs. AÁ l�interface eau-air, on observe la
formation de mono- et de multicouches dont le comportement
s�interpr�te par la structure de l�amphiphile considØrØ. Dans les
solvants aromatiques apolaires tels que le benz�ne ou le
tolu�ne, il se produit parfois une dimØrisation qui peut eÃtre mise
en Øvidence par osmomØtrie, RMN du proton et par des
mesures de NOE hØtØronuclØaire proton-carbone. Lorsque le
solvant organique est un compØtiteur vis-à-vis de la liaison
hydrog�ne, aucune dimØrisation n'est observØe. Les rØsultats
obtenus sont analysØs à la lumi�re de l�utilisation de dØrivØs de
cyclodextrines comme Øtalons de calibration pour la dØtermi-
nation de masse molØculaire.


Figure 1. Expected dimerization behavior of Janus-like molecular cylinders towards hydrophilic or hydrophobic
solvents.
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Figure 2. Surface-pressure isotherms of 1 (a) and 6 (b) at the air ± water
interface at 292 K. Compression rates: 0.5 �2 sÿ1 moleculeÿ1 (1a);
0.9 �2 sÿ1 moleculeÿ1 (1b); 0.7 �2 sÿ1 moleculeÿ1 (1g); 0.6 �2 sÿ1 moleculeÿ1


(6b and 6g).


Plateaus at moderate surface pressures of about 30 mNmÿ1 in
the case of series 6, and at high surface pressures of about
50 mN mÿ1 in the case of series 1 are then observed. Upon
further compression, the surface pressures increase once
more, the rise in surface-pressure being terminated by a
collapse at maximal surface pressures of about 70 mNmÿ1.
Within each series, analogous trends between the a-, b-, and g-
cyclodextrin derivatives are observed. For the compounds 1,
which are silylated on the primary face, both molecular area
A01 and plateau pressure Pc steadily increase when going from
homologues a to g, whereas the monolayer compressibility
(k) decreases. However, the plateau surface pressures Pc for
6b and 6g, which are benzylated on the secondary face, are
identical, but the molecular surface A01 increases when going
from the b to g homologue. As found for the series 1, the
monolayer compressibility k decreases from b to g. Another
difference between the Langmuir films of series 1 and 6
concerns the ratio between the molecular areas at the first
increase and at the second increase of the surface pressure
(A01/A02). A01/A02 is about two for series 1, but is about three
for series 6.


To estimate the relevance of the present experiments for
the derivation of thermodynamical data, compression ± ex-
pansion cycles were performed for 1g and 6g at several
compression rates. A pronounced hysteresis for molecular
area was observed for 1g, suggesting that the isotherms in the
1 series were recorded under kinetic control (Figure 3a). In


Figure 3. Compression ± expansion cycles for 1g (a; 301 K; continuous
line: 1.4 ± 15 ± 1.4, broken line: 0.2 ± 15 ± 0.2) and for 6g (b; continuous line:
292 K, 0.6 ± 15 ± 0.6, broken line: 301 K, 0.1 ± 15 ± 0.1). The black circles
were obtained during the spreading experiment that was done at constant
trough area; see text) at the air ± water interface. In the notation x ± y ± x, x
is the compression and expansion rate expressed in �2 sÿ1 moleculeÿ1 and y
is the delay (in minutes) during which the pressure has been maintained at
63 mN mÿ1.


contrast, 6g displayed only a small hysteresis of molecular
area (Figure 3b) at the compression rate that was typically
applied to measure the surface-pressure isotherms that are
presented on Figures 2 and 4. In a further experiment,
increasing numbers of drops of 6g solution were dispersed
over the Langmuir trough at constant area (black circles on
Figure 3b). At very high molecular areas (A> 5 nm2 molÿ1),
the drop rapidly evaporates. The evaporation process takes
about one second in the regime of pressure increase
(3.5 nm2 molÿ1<A< 4.5 nm2 molÿ1). This delay is increased
to thirty seconds at the plateau (A< 3 nm2 molÿ1), where
visible amounts of solid are left by solvent evaporation, thus
providing a three dimensionnal reservoir of 6g in stable
thermodynamic equilibrium with the monolayer. This experi-
ment provides an extrapolated A01 molecular area and a
plateau value Pc that are very similar to those displayed in
Table 1. Both observations suggested that the isotherms in the
6 series were recorded close to equilibrium conditions. For the
thermodynamic treatment of the monolayer data, the external
work W corresponding to the compression at Pc along the
plateau width DAc was first derived. It corresponds to the
Gibbs free energy DG0 of the transition for a quasistatic
transformation. For both series 1 and 6, this work increases
when going from homologue a to g (Table 1). To evaluate the
enthalpy of the transition, isotherms of series 1 and 6 were
recorded at several temperatures.


The isotherms are only slightly temperature sensitive in
series 1 (Figure 4a). However, they are notably affected in
series 6, the plateau pressure decreasing with increasing
temperature. One also notices the emergence of a second
plateau at temperatures above 301 K (Figure 4b). The ratio of
A01 to the corresponding molecular surface A03 is about 4 ± 5
for both 6b and 6g. The enthalpy DH0 associated with the first


Table 1. Structural and thermodynamic parameters at 292 K as extracted
from Langmuir isotherms of the cyclodextrin derivatives 1a, 1b, 1g, 6b, and
6g (see Experimental Section).


A01
[a] Ac


[b] Pc
[c] DAc


[d] A02
[e] A01/A02 W[f] DH0[g] 103k[h]


1a 285 215 47.1 135 145 2.0 40 (ÿ20) 6.0
1b 340 255 50.5 165 160 2.1 55 (ÿ30) 5.8
1g 380 300 52.4 190 190 2.0 60 (ÿ55) 4.6
6b 320 250 31.2 160 110 2.9 40 ÿ 77 9.5
6g 425 345 31.7 225 145 2.9 54 ÿ 56 8.0


[a] Molecular surface in �2 as extrapolated to � 0 mN mÿ1 from the slope
of the experimental isotherm just before the first collapse. [b] Molecular
surface in �2 at the first collapse. [c] Pressure of the first collapse in
mN mÿ1. [d] Plateau width at Pc in �2. It is obtained by substracting from Ac


the abscissa of the intercept of the slope of the experimental isotherm just
before the second collapse with the plateau at Pc. [e] Molecular surface in
�2 as extrapolated to � 0 mN mÿ1 from the slope of the experimental
isotherm just before the second collapse. [f] Compression work that is
received when the molecular surface is reduced by DAc at the pressure Pc in
kJmolÿ1. [g] Reaction enthalpy for the first collapse process as obtained
from the Clapeyron Equation (1) in kJ molÿ1. The values for 1a ± g are
given in brackets since the compressions were not performed under
quasistatic conditions for this series of cyclodextrin derivatives (see text).
[h] Isothermal compressibility at Pc1/2 in mN mÿ1 [k�ÿ (1/A)(qA/qP)T].
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Figure 4. Surface-pressure isotherms of 1a (a) and 6g (b) at the air ± water
interface as a function of temperature (given on the figure in 8C).
Compression rates: 0.5 �2 sÿ1 moleculeÿ1 (1a); 0.6 �2 sÿ1 moleculeÿ1 (6g).


collapse can be obtained at thermodynamic equilibrium from
the Clapeyron equation [Eq. (1)].[8] The Clapeyron equation
gives the relation between DH0, the collapse pressure Pc, and
the plateau width DAc. Thus DH0(6b) and DH0(6g) can be
derived (Table 1), showing that DH0(6b) is more negative than
DH0(6g).


dPc


dT
� DH0


TDAc


(1)


Behavior of Janus cyclodextrins towards hydrophobic sol-
vents : In view of the purpose to use the present cyclodextrin
derivatives as calibrating species for determination of molec-
ular weights, the attention was focused on typical solvents
used for such analyses. Thus the eventual aggregation of the
cyclodextrin samples was investigated in toluene, chloroform,
and THF.


In a first series of experiments, the determination of
average molecular weights have been performed in toluene
by vapour pressure osmometry (VPO) experiments. These
experiments were made in the concentration range 1 ± 50 mm.
Very good linear signal ± concentration relationships were
observed for the 1 ± 6b b-cyclodextrin derivatives in this range
(Scheme 1). The extrapolated signals at zero concentration
have been converted into molecular weights after calibration
with monodisperse polystyrene samples. Table 2 sums up the
experimental observations.


Whereas the experimentally determined average molecular
weights by number MWVPO are in satisfying agreement with
the theoretical expectations MWtheory for 2 ± 5b, a strong
deviation is observed for 1b. MWVPO(1b) is virtually twice the


value of MWtheory(1b). This observation suggests that 1b


spontaneously dimerizes in toluene solutions at room temper-
ature, even at as low concentrations as 1.5 mm.


To analyze the exceptional behavior of 1b, a series of
1H NMR spectroscopic experiments was conducted in deu-
terated benzene, to evidence any modification of NMR
signals that should occur on changing the 1b concentration.
Under appropriate conditions, the thermodynamic descrip-
tion of an associated species (stoichiometry, stability) can be
derived from a titration experiment (e.g., recording 1H NMR
spectra as a function of 1b concentration in the present
case).[9] Since the VPO experiment suggested that the
apparent composition of the solution remains stable as a
function of concentration in the accessible concentration
range for 1H NMR at room temperature, the behavior of the
1H NMR spectrum of 1b as a function of the temperature was
first examined to determine i) the most sensitive signals; ii)
the most favourable temperature range to perform the
titration experiment. Figure 5 displays the evolution of the
1b chemical shifts as a function of temperature in a 0.21 mm
C6D6 solution together with some representative chemical
shifts of the model compounds 2b and 3b at the same
concentration at 293 K.


Figure 5. Evolution of 1b chemical shifts as a function of temperature
(0.21 mm 1b solution in C6D6). The corresponding chemical shifts for the
model compounds 2b and 3b at the same concentration at 293 K are shown
as large circles and crosses. Chemical shifts on the y axis are given as the
difference between the actual value of the chemical shift and the inferior
(i.e., rounded down) integer which is given in brackets for each attributed
signal.


At room temperature, the chemical shifts of 1b, 2b, and 3b


are essentially identical as expected from the close structures
of the parent compounds. Interestingly, the 2b 3-hydroxyl
group is considerably shifted (ÿ0.5 ppm) with regards to the
corresponding 1b signal. Rotamer populations have been
extracted from the 3Jexp


5;6a and 3Jexp
5;6b vicinal coupling constants at


298 K for 1b, 2b, and 3b (see Experimental Section). Upon
considering only the three staggered conformers gauche,gau-


Table 2. Number average molecular weights of b-cyclodextrin derivatives as
determined by VPO experiments in toluene (see experimental section).


Molecular
formula


Theoretical
molecular


Experimental
molecular


MWVPO/MWTheory


weight MWTheory weight MWVPO(� )


1b (C12H24O5Si)7 1934.87 3970[a] 2.05
2b (C13H26O5Si)7 2033.08 2050 1.01
3b (C14H28O5Si)7 2131.22 2160 1.01
4b (C19H30O5Si)7 2565.78 2520 0.98
5b (C26H36O5Si)7 3196.62 2660 0.83
6b (C20H22O5)7 2396.73 2585 1.08


[a] Based on 4 independent determinations.
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che (GG), gauche,trans (GT), and trans,gauche (TG), simu-
lations indicate a 0.4:0.6 GG:GT average for 1b (3Jexp


5;6a�
3.1 Hz and 3Jexp


5;6b� 7.1 Hz), a 0.4:0.6 GG:GT average for 2b


(3Jexp
5;6a� 3.0 Hz and 3Jexp


5;6b� 7.1 Hz), and a 0.6:0.4 GG:GT
average for 3b (3Jexp


5;6a� 2.3 Hz and 3Jexp
5;6b� 5.2 Hz). The influ-


ence of temperature on 1b chemical shift is rather weak; the
1b hydroxyl signals and the signal of the proton at the
3-glucose position are the most affected by changing temper-
ature. The 1b 3-hydroxyl 1H NMR signal is shifted towards the
corresponding chemical shift of the reference compound 2b


when the temperature is increased.[10] By assuming that the
changes of chemical shifts were governed by the modification
of the position of the monomer ± dimer equilibrium, a titration
experiment was performed at 320 K in the 0.1 ± 10 mm
concentration range. We aimed at forming significant
amounts of monomer at low concentrations, while keeping
enough signal intensity for 1H NMR.


Figure 6a displays the results for the chemical shifts
measured. It shows that they are almost insensitive to the
concentration of 1b in the investigated range. In fact, only the
protons of the tert-butyl group are affected, essentially beyond
2 mm where the evolution is linear. Such a linear behavior
cannot be accounted for if we assume the equilibrium given in
Equation (2) takes place, as in this concentration range the
anticipated curve should show a convex shape. Equation (3)
describes the average chemical shift in the fast exchange
regime.


21b� (1b)2 (2)


dÅ([1b]tot)�d(1b)2
� (d1bÿ d(1b)2


)
�ÿ1� ������������������������


1�K�1b�tot


p
4 K�1b�tot


�
(3)


No satisfactory fit can be found according to the corre-
sponding law given in Equation (3) with d1b� dÅ([1b]tot!0)�
0.378 (experimental value), in which the equilibrium constant
K and the intrinsic chemical shift d(1b)2


of the tert-butyl signal


in (1b)2 are taken as floating parameters. In contrast, the drift
of the signal of the tert-butyl group beyond 2 mm can be
explained by considering that one moves from a diluted to a
concentrated regime of concentration; below such a value, the
solution is diluted and whatever the concentration [1b]tot , the
environment of 1b does not change. However, 1b molecules
start to considerably see each other above 2 mm so as to
modify the average 1b chemical shift.[11] In the course of this
titration experiment, a significant broadening of the hydroxyl
signals around 2 mm has been also noticed (Figure 6b).
Although this observation suggests a change of regime for
chemical exchange between the monomeric and the dimeric
1b states, it cannot be easily analyzed in view of the too large
number of unknown thermodynamic, kinetic, and spectro-
scopic parameters.


To complete the preceding series of 1H NMR experiments,
dynamic 13C NMR experiments were performed to shed light
on the hydrodynamic features of the associated species
derived from 1b. Such NMR experiments provide experimen-
tal data that can be compared with simulated values resulting
from the knowledge of molecular structures and tumbling
motion.[12] Cyclodextrin substrates are suitable substrates for
such analysis. They are known to have a rather rigid skeleton
and can be reasonably considered as rigid bodies for the
hydrodynamic analysis. Moreover, their symmetrical shape
simplifies the description of the tumbling motion. In this
work, the heteronuclear proton ± carbon NOE factors
(NOEF; h) for the six (C,H) couples borne by the glucose
units contained in the cyclodextrin skeleton of 1b and 3b have
been experimentally measured for the present purpose.[13] The
results are displayed on Table 3. Since the NOEF are
decreasing functions of the molecular friction, the lower
values that are observed for 1b confirmed that this compound
aggregates in benzene solution.


In order to analyze the origin of the interaction between 1b


molecular units, complementary experiments were made
either by trying to directly evi-
dence hydrogen bonding or by
analyzing the association be-
havior in different solvents that
were expected to compete for
the hydrogen-bonding interac-
tion. IR absorption spectra
were first recorded. The IR
spectrum of the solid 1b in
KBr exhibits a broad absorp-
tion band corresponding to OH
stretching that is centered at
3395 cmÿ1. In contrast, a con-
centrated solution of 1b in
mesitylene displays two absorp-
tion bands at 3429 and 3294 cmÿ1.
Then size exclusion chromatog-
raphy (SEC) was performed in
different solvents for 1± 3b.[14]


Calibration of molecular weights
has been performed with the
same polystyrene samples as for
VPO experiments.


Figure 6. Evolution of 1b a) chemical shifts and b) widths at half-height of the hydroxyl signals as a function of
the 1b concentration (T� 320 K). On Figure 6a, chemical shifts on the y axis are given as the difference between
the actual value of the chemical shift and the inferior integer which is given in brackets for each attributed signal.
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Table 4 summarizes the results. Unfortunately, 1b irrever-
sibly adsorbs on the styragel column in toluene and SEC
experiments were not pursued in this solvent. In THF the
apparent molecular weight is close to the expected value,
whatever the compound. The analysis of the position and the


shape of SEC chromatograms resulting from dynamic ex-
change between species in equilibrium is rather difficult.[15]


The observation of only one peak suggests either i) the
existence of a predominating species in a slowly exchanging
mixture,[16] or ii) a fast exchange regime with a peak position
related to the positions and the relative proportions of
exchanging species. Whatever the situation, the observation
of a single SEC peak at an apparent molecular weight that
corresponds to the monomeric form suggests that 1b essen-
tially exists as a monomer in THF. The chloroform results are
more surprising. Indeed the experimentally observed molec-
ular weights for 2b and 3b are lower than the theoretical ones.
This is in line with the better solvent character of chloroform
for swelling the polystyrene calibrating samples. In contrast,
the experimental value for 1b is too large. From this sole
experiment, it could be deduced that 1b partially dimerizes in
chloroform in a fast exchange regime. As suggested by
complementary NMR spectroscopic experiments (vide infra),
this result is better explained by considering that the 1b


hydrodynamic volume is reasonably larger than for 2b and 3b


in view of the capability of 1b to form stronger bonds with


chloroform. To complete the SEC observations, 1b 1H NMR
spectra were recorded at 0.1 mm and 1 mm in deuterated
chloroform and deuterated acetone. No significant change of
chemical shifts was observed between both concentrations.
Hence, even at high concentration, no aggregation is observed
in those solvents. Table 5 compares the chemical shifts of all
protons in the deuterated benzene with those in acetone and
chloroform at the same concentration of 1b. It is interesting to
note that the difference in chemical shift in deuterated
benzene and in the other solvents is significantly more
pronounced for the protons borne on the secondary cyclo-
dextrin face.


Discussion


Behavior of Janus cyclodextrins at the air ± water interface :
The Janus cyclodextrins 1a ± g and 6b ± g produce stable
Langmuir films at the air ± water interface.[17] As for other
reported cyclodextrin derivatives,[18±22] their surface pressure
isotherm is close to that of rather rigid amphiphilic discs. At
large molecular areas, solid-analogous islands in an gas-
analogous matrix occur. A sudden increase of surface pressure
takes place when the islands start to touch. At the collapse
pressure, some molecules contained in the monolayer are
pushed up, and a three-dimensional structure is formed
besides the monolayer at the air ± water interface. Such a
picture, supported by the molecular areas A01 that can be
extracted from extrapolation of the isotherms at the collapse,
points to a surface pressure equal to zero. If we assume that
these molecules adopt a compact hexagonal two-dimensional
structure at the collapse (compactness� 91 %), the molecular
radii of 1a, 1b, and 1g are 0.9 nm, 1.0 nm, 1.05 nm, respec-
tively, and those of 6b and 6g are 0.95 nm and 1.1 nm,
respectively. These radii do not directly compare with the
external radii of the native cyclodextrins, which are 0.73 nm,
0.77 nm and 0.87 nm for the a-, b- and g-cyclodextrins,
respectively. The differences suggest that the hydrophobic
parts of the derivatized cyclodextrins determine the area that
is occupied at the air ± water interface. This interpretation is
corroborated by the observation of the Quanta molecular
models that indicate a mushroom shape whose external
diameter increases slightly when going from a-cyclodextrins
to g-cyclodextrins. The compressibility k associated with the
formation of a dense monolayer is thus rationalized in terms
of the packing of the hydrophobic part. In average, the steric
hindrance promotes a larger exposure of the hydrophobic
residues to the exterior of the structure for the smaller
cyclodextrins. As a consequence, the relative variation of the
molecular area from a loose contact to a densely packed state


Table 3. Experimental NOE factors (NOEF) h(i) for the six (C,H) couples
borne by the cyclodextrin backbone of the compounds 1b (2.1� 10ÿ2m in
[D6]benzene) and 3b (1.9� 10ÿ2m in [D6]benzene). The numbering of atom
positions is given on Scheme 1. The h(i) values are given with a precision
equal to 10 %.


h(1) h(2) h(3) h(4) h(5) h(6) hhi(1 ± 5)


1b 0.41 0.39 0.39 0.39 0.40 0.40 0.40
3b 0.96 0.94 0.94 0.94 0.96 1.04 0.95


Table 4. Average molecular weights of 1b, 2b and 3b as determined by
SEC experiments in several solvents.


Experimental
molecular weight


Poly-
dispersity


MWGPC/MWTheory


MWGPC(�10%)


1b (toluene) ± [a] ± ±
1b (chloroform) 2290 1.04 1.18
1b (THF) 1910 1.03 0.99
2b (chloroform) 1450 1.04 0.71
2b (THF) 1840 1.06 0.91
3b (chloroform) 1590 1.04 0.75
3b (THF) 1990 1.02 0.93


[a] Irreversible adsorption on the column.


Table 5. Chemical shifts d of 1b in deuterated benzene, deuterated acetone and deuterated chloroform at 294 K and 0.21 mm. For numbering, see Scheme 1.


OHa OHb H1 H2 H3 H4 H5 H6a H6b tBu MeaSi MebSi


d[C6D6] 7.42 5.95 4.99 3.83 4.45 3.74 3.85 4.07 3.98 0.36 0.15 0.12
d[CDCl3] 6.68 5.21 4.83 3.59 3.98 3.50 3.57 3.84 3.65 0.81 ÿ 0.02 ÿ 0.03
d[(CD3)2CO] 5.58 5.12 4.92 3.404 3.85 3.55 3.71 4.04 3.78 0.87 0.06 0.05
d[CDCl3]-d[C6D6] 0.74 0.73 ÿ 0.16 ÿ 0.25 0.48 ÿ 0.24 ÿ 0.28 ÿ 0.23 ÿ 0.33 0.45 ÿ 0.17 ÿ 0.15
d[(CD3)2CO]-d[C6D6] 1.84 0.83 ÿ 0.08 0.43 0.60 ÿ 0.19 ÿ 0.14 ÿ 0.03 ÿ 0.21 0.51 ÿ 0.08 ÿ 0.07
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(or the compressibility k) is larger for the smaller cyclo-
dextrins. This effect is more pronounced for series 6 because
the hydrophobic residues (benzyl groups in this case) are
more numerous and are individually less rigid than the tert-
butyl groups of series 1.


A remarkable feature of the isotherms of all the studied
Janus cyclodextrins is the presence of two and even three (see
Figure 3b at 28 8C and 41 8C) successive steep increases of
pressure when the molecular area is reduced. Such a behavior
has been already reported in the past for amphiphilic cyclo-
dextrins[17, 21, 23] and for other molecules.[24] It is generally
interpreted as resulting from the formation of multilayer
structures. Assuming that the Langmuir film at the air ± water
interface is homogeneous, the number of molecular layers
at a given surface pressure can be calculated by dividing
the molecular area at the first collapse A01 by the molecular
area at the second A02 or the third A03, when the latter
exists. In the present series of cyclodextrins, numbers that are
close to integer values are obtained (Table 1). In the series 1
A01/A02� 2, whereas A01/A02� 3 and A01/A03� 4 ± 5 for
series 6.


The formation of bilayers in series 1 would be rather
unusual. In fact the hysteresis experiments and some prelimi-
nary AFM observations on transferred films suggest that
beyond the collapse point, films of 1a ± g are rather hetero-
geneous and contain small three-dimensional crystals. The
formation of trilayers in the case of 6b and 6g is consistent
with a previous report on transfered azido cyclodextrins,
which clearly imaged trilayers and other types of layering at
the molecular level[25a] and with the general trend that is
observed for more classical amphiphilic molecules.[25b] AFM
pictures suggest that the films of 6b and 6g, which are
transferred at the plateau pressure Pc, are homogeneous with
large smooth zones separated by discrete steps. These differ-
ences in the behavior of series 1 and 6 are in line with the
respective structures of these molecules. A stronger cohesion
of the hydrophobic contact in the liquid trilayer is expected
for series 6 as opposed to series 1, since interdigitation without
crystallisation are easiest in the former series (weaker stiffness
and smaller steric hindrance). For series 6, the plateau at Pc


appears to correspond to the equilibrium domain between the
monolayer and the trilayer state. It is interesting to notice that
the standard reaction enthalpy for the formation of the
trilayer is negative, whereas the corresponding standard
Gibbs free energy is positive (W in Table 1). Hence, entropy
seems to strongly disfavour the process of building trilayers.


In conclusion, the homo-association between hydrophobic
faces of Janus cylinders is promoted at the air ± water inter-
face, but is revealed in different ways according to the
cohesion of the three-dimensional crystals. In the case of the
soft Janus II cylinders, the air ± water interface exerts a rather
long-range orienting effect that is reflected by the the
formation of homogeneous mono-, tri-, or even multilayers
of higher order at thermodynamic equilibrium. In contrast,
when the lattice energy of the three-dimensional crystals of
Janus cylinders is large enough, so that it can compete
efficiently with the water-organizing effect to determine the
molecular organization at the air ± water interface, heteroge-
neous metastable structures are formed.


Behavior of Janus cyclodextrins in apolar aromatic solvents :
The VPO experiments show that 1b exhibits a particular
aggregation behavior in toluene with regards to the other b-
cyclodextrin derivatives investigated. It spontaneously dimer-
izes at concentrations as low as 1 mm. In view of the strong
similarity between benzene and toluene as well as from the
results extracted from relaxation NMR experiments (vide
infra), the absence of evolution of chemical shift during
1H NMR titrations suggests that the dimerization state
remains stable down to concentrations of 0.1 mm in benzene.
These observations provide an estimate of the equilibrium
constant at 320 K for the dimerization process given by
Equation (2) in aromatic solvents; K exceeds 5� 107. This
corresponds to a standard Gibbs free energy of dimerization
DG320


0(dim) lower than ÿ47 kJ molÿ1. In addition, if one
considers that the most sensitive 1H NMR signal of 1b to the
change of temperature, the 3-hydroxyl proton, tends towards
the behavior of the monomeric model compound 2b at high
temperature, the dimerization process appears to be disfa-
vored by a temperature increase, thus indicating a corre-
sponding negative standard reaction enthalpy.


The structure of the 1b dimer can be first analyzed at a low-
level of description from NMR relaxation experiments. It is
possible to estimate the volume and the shape of the
dimerized species from the treatment of the experimental
NOE factors hexp as follows. In a first step, the hydrodynamic
radius R in deuterated benzene of the monomeric model
compound 3b is evaluated by assuming that its tumbling
motion is isotropic in view of its rather spherical structure
(one correlation time tc). NOE factors hiso


sim (tc) were simulated
from Equations (8) and (9) and tc(R) values were simulated
from Equation (12) [see Experimental Section]. The exper-
imental average value hexp for the five (C,H) couples of the
cyclodextrin skeleton is equal to 0.95 (Table 3). This corre-
sponds to a hydrodynamic radius R� 0.9 nm (hiso


sim(0.5 ns)�
0.95 and tc(0.9 nm)� 0.5 ns). This value is in line with the 3b


structure generated with the MSI molecular modelling pack-
age (Quanta�). This fair agreement supports the validity of
the hydrodynamic approach to analyze the structures of
molecular assemblies based on cyclodextrin skeletons.[12] In
particular, it suggests that the Equation (12) [see Experimen-
tal Section] is valid in aromatic solvents at the relevant
nanosecond timescale of the present NMR relaxation experi-
ment.[26] When the same numerical treatment was applied to
the data of 1b, a hydrodynamic radius equal to 1.2 nm was
obtained. Since the structural difference between 1b and 3b


towards solvation with benzene is small, this result suggests
that 1b aggregated in toluene. Moreover, in view of the 3b


hydrodynamic radius equal to 0.9 nm, the value of 1.2 nm
strongly supports the view that the aggregation of 1b is a
dimerization process as evidenced by VPO. For a dimer, the
assumption of isotropic tumbling is not valid anymore, and
different symmetrically axial geometries (ellipsoid, dumbbell,
cylinder) whose spectral density functions were available in
the literature were considered to account for the structure of
the 1b dimer (diameter: D, length: L). The tumbling motion is
now characterized by two correlation times tk and t? ,
corresponding to the reorientation around the symmetry axis
and around an axis perpendicular to the symmetry axis,
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respectively. For the three envisaged shapes, both the NOE
factors haniso


sim (tk ,t?) and [tk(L/D),t?(L/D)] couples were
simulated from Equations (8), (10), (13), and (14) [see
Experimental Section], in order to establish a relation
between haniso


sim and the L/D ratio. Eventually the mean
standard deviation F between simulated haniso


sim and experi-
mental hexp was systematically calculated as a function of L/D.
The position of the F minimum gives the length L once the
diameter D is known. Upon consideration of the 3b hydro-
dynamic radius and the larger sterical hindrance at the level of
the tert-butyl dimethylsilyl groups, and, in addition, if the
experimental surface extracted from the surface pressure
isotherms at the air ± water interface is taken into account, the
D value was taken equal to 2.0 nm. Among the three shapes
that were investigated, only the cylindrical description
provides a pronounced minimum of the F function with
D� 2 nm (Figure 7).


Figure 7. Mean standard deviation F between simulated haniso
sim (cylinder)


and experimental hexp as a function of the ratio L/D where L and D
respectively designates the length and the diameter of the 1b dimer (see
text and experimental section). D has been taken equal to 2.0 nm.


The F minimum corresponds to a length L equal to 3.9 nm.
If evaluating the height (h) of 1b from the Quanta model (h�
1.3 nm), the distance (d) between both monomeric units in the
1b dimer is about 1.3 nm. In view of the following discussion
that suggests a rather tight adhesion between interacting
secondary faces in the 1b dimerization process, the latter
result appears to be too large. The discrepancy could originate
from the underestimation of the friction on the (1b)2 dimer
with regards to the friction on the 3b monomeric unit. One
could imagine the good agreement between the 3b structure
and its measured hydrodynamic radius to result from the
average over the smooth secondary face and the haired
primary face that introduces a larger friction. In the (1b)2


dimer where the smooth secondary surface is hidden (vide
infra), the friction could be underestimated leading to too
large a value of the length L.[27] As a conclusion from the
dynamic NMR experiments, the 1b dimer can be hydro-
dynamically described as a self-assembled cylinder that results
from the association between lateral discoidal faces.


The set of dynamic NMR experiments does not provide any
clue concerning the relative orientation of both 1b monomeric
units within the dimer. The two different orientations that are
compatible with a dimerization process are shown on
Figure 8. To address the issue of orientation, the reasoning
is based on the fact that external groups i) will give signals that


Figure 8. Possible orientations of monomeric units within the 1b dimer.
a) primary faces facing together; b) secondary faces facing together.


are strongly environment dependent; these signals should not
depend on the monomeric ± dimeric state of 1b, and ii) will
experience the same environment in 1b and in the model
compounds. In striking contrast, the internal groups will be
poorly affected by a change of solvent, but be strongly
affected when going from a monomeric to a dimeric state. It is
noticeable that i) the chemical shifts of the protons borne by
the secondary face of 1b are much more temperature sensitive
(Figure 5) and affected by a change of the aggregation state
(Table 5) than the other signals, ii) the rotameric distribution
in toluene is the same for 1b and 2b ;[28] this suggests that the
primary face of 1b is not affected by dimerization, and iii) only
the tert-butyldimethylsilyl groups experience the change of
concentration regime for chemical shift above 2 mm. All these
observations indicate that the primary face is external and the
secondary face internal in the 1b dimer so as to favor the
picture illustrated in Figure 8b.


The origin of the attractive interaction between 1b units in
aromatic solvents is now discussed. A first clue is provided by
the comparison of the association behavior for the 1 ± 5b


derivatives. Only 1b is able to self-assemble through a
hydrogen-bond network linking the interacting secondary
faces. 2b and 4b contain hydroxyl groups, but since they are
borne at the C3 glucose position, they are supposed to be
engaged in an intramolecular hydrogen bond with the oxygen
atom borne on the C'2 position of the neighbouring glucose
unit. Furthermore, due to the presence of a methyl or a benzyl
substituent at the C2 glucose position, dimerization is
expected to be sterically hindered. The sensitivity of the 1b


hydroxyl 1H NMR signals to the temperature is also in
agreement with the direct involvement of the hydroxyl groups
in the attractive interaction. In the absence of any suitable
reference, the IR absorption spectrum of 1b is only poorly
informative, but does not contradict the preceding claim. The
absence of 1b dimerization in chloroform, tetrahydrofuran, or
acetone seems reasonable, since all these solvents can be
expected to solvate 1b through hydrogen bonding and so to
inhibit dimerization. Quantitatively, the upper limit of the
Gibbs free energy associated with the dimerization of 1b in
benzene or toluene is also in agreement with the formation of
about seven[29] hydrogen bonds between the monomeric units
(10 kJ molÿ1 per hydrogen bond[30]). From this point of view, it
is interesting to notice that although they respectively contain
seven and eight hydroxyl groups, 6b and 6g do not dimerize in
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toluene, even at concentrations as high as 50 mm. This
observation may indicate that the larger mobility of the
primary hydroxyl group borne at the C6 glucose position is
less favorable to the formation of a hydrogen-bond network.
It is also possible that several hydroxyl groups on the primary
face are engaged into intramolecular hydrogen bonds. Such an
assumption has already been made for explaining abnormal
conformational behavior for several a-cyclodextrin deriva-
tives.[31] Moreover, the latter observation also suggests that
the network of hydrogen bonds is directly involved in the
dimerization of 1b. Indeed, as a result of the presence of some
residual water molecules in aromatic solvents, it should be
possible to imagine a tiny water pool to link two 1b molecules,
very much like in inverse micelles.[32]


Conclusion


The present study illustrates the diversity of association
behavior exhibited by rigid Janus molecules under various
conditions of media. Despite the balanced structure of the
herein reported amphiphilic cylinders, it has been impossible
to simultaneously observe a dimerization both in hydroxylic
and in hydrophobic media as depicted in Figure 1. A relative
flexibility is probably a prerequisite to obtain enough internal
mobility to adapt to the different media. Nevertheless, the
significance of the respective associating parts of the Janus
cyclodextrins that are emphasized on Figure 1 is underlined
by the present results. Thus although displaying similar
structures, the Janus I and II series display different ways of
aggregation at the air ± water interface that are thought to be
essentially controled by the hydrophobic core of these
amphiphilic molecules. In contrast, in hydrophobic solvents,
the association behavior seems now to be governed by the
hydrophilic part of the Janus molecules. Hence, in the absence
of solvent competition for hydrogen bonding, a stable self-
assembled dimer of b-cyclodextrins held by noncovalent
interactions was observed in toluene solutions as evidenced by
VPO, 1H, and 13C NMR experiments. The comparison of the
behavior of related compounds in several solvents under
different experimental conditions suggests that there is direct
involvement of the network of hydrogen bonds borne by the
secondary cyclodextrin face in the association process. In view
of the potential use of the tert-butyldimethylsilyl cyclodextrins
as calibration species for determining molecular weights, care
should thus be paid to derivatize the secondary faces
(alkylation or acylation) to avoid self-association or other
aggregation phenomena.


Experimental Section


Synthesis : Microanalysis were performed by the Service de Microanalyses
de l�UniversiteÂ Pierre et Marie Curie (Paris). Melting points were recorded
on a Kofler Heizbank. 1H NMR and 13C NMR spectra were recorded on an
Bruker AM 200 SY spectrometer at room temperature. Chemical shifts are
given in ppm with the protonated or 13C-labelled solvent as an internal
reference (1H NMR: CHCl3 in CDCl3 d� 7.26; 13CDCl3 in CDCl3 d� 76.9);
coupling constants are given in Hz. Column chromatography was
performed on Merck Silica Gel 60 (0.040 ± 0.063 mm). The synthesis of


the 6A,6B,6C,6D,6E,6F,6G-hepta-O-(tert-butyldimethylsiloxy)-b-cyclodex-
trin (1b), 2A,2B,2C,2D,2E,2F,2G,3A,3B,3C,3D,3E,3F,3G-tetradeca-O-benzyl-
6A,6B,6C,6D,6E,6F,6G-hepta-O-(tert-butyldimethylsiloxy)-b-cyclodextrin
(5b), 2A,2B,2C,2D,2E,2F,2G,3A,3B,3C,3D,3E,3F,3G-tetradeca-O-benzyl-b-cyclo-
dextrin (6b), and 2A,2B,2C,2D,2E,2F,2G,3A,3B,3C,3D,3E,3F,3G,6H-octadeca-
O-benzyl-b-cyclodextrin (6g) have been previously reported.[5a]


6A,6B,6C,6D,6E,6F-hexa-O-(tert-butyldimethylsiloxy)-a-cyclodextrin (1a)[33]


and 6A,6B,6C,6D,6E,6F,6G,6H-octa-O-(tert-butyldimethylsiloxy)-g-cyclodex-
trin (1g)[33] were synthesized according to the method used in referen-
ce [5a] . The 2A,2B,2C,2D,2E,2F,2G-hepta-O-methyl-6A,6B,6C,6D,6E,6F,6G-hepta-
O-(tert-butyldimethylsiloxy)-b-cyclodextrin (2b) and 2A,2B,2C,2D,2E,2F,2-
G,3A,3B,3C,3D,3E,3F,3G-tetradeca-O-methyl-6A,6B,6C,6D,6E,6F,6G-hepta-O-(ter-
t-butyldimethylsiloxy)-b-cyclodextrin (3b) were obtained as described in
the literature[5b] by using THF instead of DMF as a solvent. All compounds
displayed satisfactory elemental analysis, melting points and spectroscopic
features.


2A,2B,2C,2D,2E,2F,2G-Hepta-O-benzyl-6A,6B,6C,6D,6E,6F,6G-hepta-O-(tert-
butyldimethylsiloxy)-b-cyclodextrin (4b): A mixture of 1b (1.16 g;
0.6 mmol), BaO (7.5 g; 49 mmol), Ba(OH)2 (7.5 g; 43.9 mmol), benzyl
bromide (6 cm3; 50.8 mmol), H2O (0.1 cm3), and THF (60 cm3) was stirred
over a week at room temperature. Concentrated NH3 (30 cm3) was added
and the mixture extracted with pentane. The organic phase was washed
with HCl 1.2m, then with saturated NaCl, and dried (Na2SO4). Final
purification: column chromatography (silica gel, gradient elution with
MeOH in CH2Cl2). The residue was recrystallized by slow evaporation of a
mixture MeOH/pentane to give white crystals of 4b (0.727 g, 47 %). M.p.
186 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS) d� 7.4 (m, 5H), 5.05 and
4.75 (AB, JAB� 12 Hz, 2 H), 4.95 (s, 1 H), 4.8 (d, 3J(H,H)� 3 Hz, 1H), 4.05
(dd, 3J(H,H)� 9 Hz, 3J(H,H)� 9 Hz, 1H), 3.85 (d, 3J(H,H)� 10 Hz, 1H),
3.7 ± 3.3 (m, 4H), 0.9 (s, 9H), 0.08 (s, 3 H), 0.05 (s, 3H); 13C NMR
(50.3 MHz, CDCl3, 25 8C, TMS) d� 137.7, 128.6, 128.2, 127.8, 101.2, 82.1,
79.1, 77.6, 76.9, 76.3, 73.9, 73.5, 71.7, 61.7, 25.9, 18.2, ÿ5.1, ÿ5.3;
(C19H30O5Si)7 (2565.8): calcd C 62.26, H 8.25; found C 62.49, H 8.23;
TLC (SiO2; CH2Cl2/Et2O 85:15): Rf� 0.25.


Isotherm experiments : Compression isotherms were obtained with Milli-
pore water subphase using a computer-controlled Lauda film balance. 50 ±
100 mL amount of the solutions of cyclodextrin derivatives in chloroform
([1a]� 3.65 mm ; [1b]� 2.89 mm ; [1g]� 3.44 mm) or in a 1:1 chloroform/
hexane mixture ([6b]� 2.65 mm ; [6g]� 1.79 mm) were spread on the aqueous
surface and the solvent allowed to evaporate during 15 min. The
compression was then performed at 0.1 ± 1 �2 sÿ1 moleculeÿ1 according to
the experiments.


VPO experiments : Vapor pressure osmometry was performed with an
Osmomat 070 [Gonotec, Berlin, (Germany)] in toluene at 45 8C. The
apparatus was calibrated with monodisperse polystyrene standards of
Mn� 2630, typically used for size exclusion chromatography (TSK stand-
ards, Tosoh Corp).


SEC experiments : Size exclusion chromatography was performed on a
Waters system (Ultrastyragel columns).


NMR experiments : 5 mm NMR tubes were filled up with 0.5 mL of
solution at the specified concentrations. For relaxation experiments, NMR
tubes were submitted to freeze ± thaw cycles under argon and high vacuum,
and were finally sealed under vacuum. 1H and 13C NMR spectra were
acquired at 400.13 and 100.62 MHz, respectively, on a DRX Bruker
spectrometer with standard pulse sequences at 294� 1 K. Chemical shifts
are given in ppm related to the protonated solvent as internal reference
(CHD5 in C6D6: d� 7.120; CHCl3 in CDCl3: d� 7.210; CHD2COCD3 in
CD3COCD3: d� 2.020). The temperature was classically calibrated by
measuring the separation between the two lines from a sample of glycol in
[D6]DMSO. Rotamer populations have been extracted from experimental
3Jth


5;6i (i� a or b) coupling constants by considering the three staggered
conformers: GG (dihedral angles: O5-C5-C6-O6, 608 ; C4ÿC5ÿC6ÿO6,
608), GT (dihedral angles: O5ÿC5ÿC6ÿO6, 608 ; C4ÿC5ÿC6ÿO6, 1808) and
TG (dihedral angles: O5ÿC5ÿC6ÿO6, 1808 ; C4ÿC5ÿC6ÿO6, 608), whose
corresponding theoretical coupling constants 3Jth


5;6i are available in the
literature.[34] The respective populations pGG, pGT, pTG are obtained by
solving a system of linear equations [Eqs. (5), (6)]. Experimental hetero-
nuclear proton ± carbon NOE factors (NOEF) hexp were determined from
integration of 13C signals obtained from two different NMR experiments
according to Equation (7), in which Isat and I0 respectively designates the
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intensity of the 13C NMR signals in the presence or in the absence of proton
saturation. Simulated NOEF hsim have been obtained from Equation (8), in
which J(w) is the spectral density function describing the motion of the
dipolar coupled nuclei.


3Jexp
5;6i� pGG


3JGG;th
5;6i �pTG


3JTG;th
5;6i �pGT


3JGT;th
5;6i (5)


1� pGG� pTG� pGT (6)


h� Isat ÿ I0


I0


(7)


h� gH�6 J�wH � wC� ÿ J�wH ÿ wC��
gC�J�wH ÿ wC� � 3 J�wC� � 6 J�wH � wC�


(8)


Two cases were considered for describing the molecular dynamics of the
diverse species involved in the present study: i) a rigid body undergoing
isotropic overall tumbling; ii) a rigid body undergoing anisotropic axially
symmetrical overall tumbling. The corresponding spectral densities are
given in Equations (9) and (10), in which qij� 0.1g4


H�h2rÿ6
ij , ta� t? , 1/tb� 5/


(6t?)� 1/(6 tk), 1/tc� 1/(3 t?)� 2/(3 tk) and q is the angle between the
relaxation vector and the symmetry axis.[35]


Jiso� qij


tc


�1 � w2t2
c�


(9)


Janiso� qij


�
0.25
�3 cos2qÿ 1�2ta


�1 � w2t2
a�


�
�
�


3 sin2qcos2qtb


�1 � w2t2
b�


�
�
�


0.75
sin4qtc


�1 � w2t2
c�


�
(10)


In the case ii), the cartesian coordinates of the crystallographic b-
cyclodextrin ± ethanol complex structure[36] were transformed into 1a


structures with the Quanta� 4.0 commercial package (MSI). The two
interacting units were positioned as displayed in Figure 8 with the plane
containing anomeric oxygen atoms and the symmetry axis as reference
plane and axis, respectively, for defining cyclodextrin orientation. For each
carbon atom of the cyclodextrin backbone, the simulated NOEF value
results from averaging over the seven corresponding q values of the seven
glucose units of the b-cyclodextrin.[37] The mean standard deviation F
between simulated hexp and experimental hsim NOEF has been calculated
according to Equation (11).


F�
�����������������������������������������������X


i


hexp�i� ÿ hsim�i�
hexp�i�


 !vuut (11)


Simulation of correlation times : The following viscosity[38] has been used to
simulate hydrodynamic data: h294(benzene)� 0.64 cp� 0.64� 10ÿ3 Pasÿ1.
The correlation times have been calculated for different shapes:
a) Sphere: The correlation time tc around any axis containing the sphere


center as measured by NMR relaxation experiments is given by
Equation (12).


b) Right circular cylinder: Two correlation times describe the cylinder
rotational motion: tk (t?) for the rotation about the symmetry axis
(about an inertial axis normal to the symmetry axis). tk and t? are not
independent and both can be calculated as a function of the aspect ratio
p�L/D. Semiempirical equations [Eq. (13) with dperp�ÿ0.662� 0.917/
pÿ 0.050/p2 and Eq. (14) with A� 3.841 and dparal� 1.119� 10ÿ4�
0.6884/pÿ 0.2019/p2] are obtained for t? and tk in the range 2�p�
30.[39±41]


tc�
4 phR3


3 kT
(12)


1/(6 t?)� 3 kT�lnp � dperp�
phL3 (13)


1/(6tk)�
4 kT


AphLD2�1 � dparal�
(14)


In view of the experimental errors, the agreement between experimental
and semiempirical results,[42] and between data contained in both refs. [40]
and [42] led us to extrapolate Equations (13) and (14) up to p� 1. In fact,
the authors of ref. [39] mention that these equations probably apply fairly
well below p� 2.
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The First Grubbs-Type Metathesis Catalyst with cis Stereochemistry:
Synthesis of [(h2-dtbpm)Cl2Ru�CHÿCH�CMe2] from a Novel,
Coordinatively Unsaturated Dinuclear Ruthenium Dihydride


Sven Michael Hansen, Frank Rominger, Markus Metz, and Peter Hofmann*[a]


Dedicated to Professor Ernst Otto Fischer on the occasion of his 80th birthday


Abstract: The first ruthenium olefin
metathesis catalyst with rigid cis stereo-
chemistry of two phosphane ligands-
in a square-pyramidal structure, [(h2-
dtbpm)Cl2Ru�CHÿCH�CMe2] (2), was
synthesized by using bis(di-tert-butyl-
phosphanyl)methane tBu2PCH2PtBu2


(dtbpm) as a chelating ligand. The
ground state geometries, electronic
structures and relative energies of
trans-[(PH3)2Cl2Ru�CH2] (3), a model
of Grubbs-type catalysts trans-
[(PR3)2Cl2Ru�CR1R2], and of its stereo-
isomer cis-[(PH3)2Cl2Ru�CH2] (4) were
investigated by extended Hückel
(EH) and density functional theory
(DFT) calculations and compared to
the chelate model [(h2-H2PCH2PH2)-


Cl2Ru�CH2] (5) of 2 and its isomer
[(h1-H2PCH2PH2)Cl2Ru�CH2], formed
by dissociation of one RuÿP bond.
The prototype Grubbs complex
[(PPh3)2Cl2Ru�CHPh] reacts with
tBu2PCH2PtBu2 by phosphane attack at
the carbene carbon atom. The dinuclear
complex [{(tBu2PCH2PtBu2CHPh)-
Ru}2(m2-Cl)3]Cl (7) with ylidic, five-
membered RuCPCP rings and agostic
CH3ÿRu interactions is formed, which
was characterized by X-ray diffraction.
The mechanistic implications of this


finding are discussed. An electronically
unsaturated dihydride dimer [{(h2-
dtbpm)Ru(H)}2(m2-Cl)2] (8), accessible
by treating [{RuCl2(cod)}x] (cod� 1,5-
cyclooctadiene) in THF with dtbpm and
H2 in the presence of triethylamine, is a
suitable precursor for 2, which is formed
by treating 8 with HC�CC(CH3)2Cl.
Both 8 and 2 were characterized by
X-ray diffraction. Compound 2 catalyzes
the ring opening metathesis polymer-
ization (ROMP) of norbornene and
cyclopentene. Our results may open
interesting mechanistic perspectives for
olefin metathesis with ruthenium car-
bene complexes.


Keywords: ab initio calculations ´
carbene complexes ´ hydrido com-
plexes ´ metathesis ´ ruthenium


Introduction


Following the discovery by Grubbs et al. in 1992
of the 16-electron carbene complex trans-[(PPh3)2Cl2-
Ru�CHÿCH�CPh2] as a well-defined, mononuclear, single-
component olefin metathesis catalyst,[1] various phosphane
derivatives of this compound have been reported.[2]


The accessibility of Grubbs-type catalysts trans-
[(PR3)2Cl2Ru�CR1R2] has been continuously improved, and
the range of possible carbene ligand precursors extended from
cyclopropenes[1] to diazoalkanes,[3] vinyl and propargyl chlor-
ides,[4] 1,1-dihaloalkanes,[5] and finally to 1-alkynes.[6] Recent-
ly, ruthenium carbene complexes with bidentate Schiff base[7]


and Wanzlick ± Arduengo-type carbene ligands,[8] as well as
Ru vinylidene systems with Cp, hydridotris(pyrazolyl)borate,
Cp*,[9] and h6-arene[10] ligands have extended the range of
ruthenium-based metathesis catalysts. Within a few years,
Grubbs-type trans-[(PR3)2Cl2Ru�CR1R2] complexes have
found wide application in polymer chemistry and organic
synthesis.[11] Their catalytic efficiency in ring opening meta-
thesis polymerization (ROMP), ring-opening metathesis
(ROM), ring-closing metathesis (RCM), acyclic diene meta-
thesis (ADMET), and intermolecular olefin cross metathesis,
combined with an exceptional stability and functional group
tolerance, has made them indispensable and elegant synthetic
tools for CÿC bond formation.


As shown by spectroscopy and X-ray diffraction, all known
and catalytically active Grubbs-type Ru carbene complexes
[(PR3)2Cl2Ru�CR1R2] (1) have square-pyramidal (rather
than trigonal-bipyramidal) ground-state geometries, in which
the carbene ligands occupy the apical position opposite to the
open coordination site of a distorted octahedral fragment, as
expected for closed-shell 16-electron d6 ML5 systems. The
phosphane ligands in the basal plane always occupy trans
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positions, consistent with the steric requirements of, for
example, PPh3, PCy3, or P(iPr)3. The P-Ru-P angles range
from around 160 to 1708,[1, 3, 6a, 12, 16] and the trans-Cl-Ru-Cl
angles lie in the range of 150 ± 1758. Consequently, all
mechanistic scenarios of olefin metathesis with
[(PR3)2Cl2Ru�CR1R2] complexes are based on a trans ar-
rangement of monodentate phosphanes in the active catalyst
or catalyst precursor.


Here we report the synthesis and full characterization of
[(h2-dtbpm)Cl2Ru�CHÿCH�CMe2] (2), the first ruthenium
metathesis catalyst with cis stereochemistry due to a chelating


bis(di-tert-butylphosphanyl)methane (dtbpm) ligand. Our
findings add a new facet to the chemistry of these systems
and may bear relevance to the understanding of reaction
mechanisms and structure ± activity relationships in Ru-cata-
lyzed olefin metathesis.


Results and Discussion


To date, there are only two detailed experimental studies[13]


and one recent theoretical paper[14] on the reaction mecha-
nism and catalyst activity in typical Grubbs systems. Two
competing processes were postulated for Ru-catalyzed olefin
metathesis: an associative pathway with direct olefin attack
and metallacycle formation at the five-coordinate trans-
[(PR3)2Cl2Ru�CR1R2] catalyst, and a parallel, dominant
dissociative path, in which loss of one of the trans-phosphane
ligands is followed by olefin coordination and metallacycle
formation at a four-coordinate 14-electron fragment
[(PR3)Cl2Ru�CR1R2]. The dissociative pathway was derived
experimentally from kinetic data by Grubbs et al.[13a] It is
supported by a recently isolated ruthenium chelate carbene ±
olefin complex,[15] in which an olefin side arm of the carbene
moiety is intramolecularly coordinated to the Ru center and
replaces one monodentate phosphane in the trans position.
The only theoretical study available, a quantum molecular
dynamics calculation by Meier et al.[14] also seems to support
the mechanistic proposals of Grubbs et al.


Our interest in cis stereoisomers of [(PR3)2Cl2Ru�CR1R2]
complexes was initially raised by a striking observation of
Grubbs et al. in 1993.[16] According to NMR evidence,
complexes trans-[(PR3)2Cl2Ru�CHÿCH�CPh2] (R�Cy, iPr)
that were obtained from the corresponding PPh3 complexes
by phosphane exchange contained around 16 ± 20 % of the cis
stereoisomers, both in solution and in the isolated product. It
remained unclear whether the isomers are in equilibrium
(either by intramolecular rearrangement, as expected given
the well-known nonrigidity of ML5 complexes,[17] or by
phosphane dissociation[13c]) or exist as stable, nonintercon-
verting species. Nevertheless, it was surprising that sterically
demanding phosphanes with large cone angles such as PCy3


and PiPr3 would allow formation of cis complexes in
observable quantities.


Apart from the above-mentioned mechanistic quantum
MD study by Meier et al.,[14] there are only two other
quantum chemical studies of Grubbs-type complexes in the
literature. One of them employed restricted Hartree ± Fock
(HF) calculations with imposition of C2v symmetry,[18] and the
other reports a density functional theory (DFT) calculation on
trans-[(PH3)2Cl2Ru�CHCH3] at the B3LYP level.[19a] All
three theoretical studies, however, were restricted to trans
geometries; no theoretical investigations of structures with
cis-phosphane ligands are available.


Electronic structures of ruthenium carbene complexes with
cis- and trans-phosphane ligands: quantum chemistry model
calculations : When we performed Extended Hückel (EH)[20]


calculations on the simplified model complexes
[(PH3)2Cl2Ru�CH2], in which steric preferences should not


Abstract in German: Der erste katalytisch metatheseaktive Ru-
Carbenkomplex, [(h2-dtbpm)Cl2Ru�CHÿCH�CMe2] (2) mit
zwei Phosphanliganden in cis-Anordnung bei insgesamt
quadratisch-pyramidaler Geometrie wurde mit Bis(di-t-butyl-
phosphino)methan, tBu2PCH2PtBu2 (dtbpm), als Chelatligand
synthetisiert. Grundzustandsgeometrien, Elektronenstruk-
turen und relative Energien von trans-[(PH3)2Cl2Ru�CH2]
(3), als Modell für Grubbs-Katalysatoren trans-
[(PR3)2Cl2Ru�CR1R2], und von cis-[(PH3)2Cl2Ru�CH2] (4)
als Modell für analoge cis-Komplexe wurden mittels EH- and
DFT-Berechnungen untersucht und mit dem Chelatkom-
plex [(h2-H2PCH2PH2)Cl2Ru�CH2] (5) sowie mit dessen
Stereoisomer [(h1-H2PCH2PH2)Cl2Ru�CH2] (5a) ver-
glichen, das durch Dissiozation einer Ru-P-Bindung entsteht.
Der von Grubbs beschriebene Metathese-Katalysator
[(PPh3)2Cl2Ru�CHPh reagiert mit tBu2PCH2PtBu2 über ei-
nen Angriff des Phosphins am Carben, wobei der dinukleare
Komplex [{(tBu2PCH2PtBu2CHPh)Ru}2(m2-Cl)3]Cl (7) mit
ylidisch gebundenen, fünfgliedrigen RuCPCP-Ringen und
agostischen CH3ÿRu Wechselwirkungen gebildet wird. Kom-
plex 7 konnte durch Röntgenstrukturanalyse charakterisiert
werden. Die mögliche Bedeutung dieses Befundes für den
Mechanismus der Olefin-Metathese wird diskutiert. Mit dem
elektronisch und koordinativ ungesättigten, dimeren Dihydrid
[{(h2-dtbpm)Ru(H)}2(m2-Cl)2] (8), zugänglich über die Reak-
tion von [{RuCl2(COD)}x] in THF mit dtbpm and H2 in
Gegenwart von Triethylamin, wird ein geeigneter Vorläufer für
2 synthetisiert, welches durch Umsetzung von 8 mit
HC�CÿC(CH3)2Cl einfach zugänglich ist. Die Strukturen
von 8 und 2 wurden durch Einkristall-Röntgenbeugung ge-
sichert. Der Carbenkomplex 2 katalysiert die ringöffnende
Metathese-Polymerisation (ROMP) von Norbornen und Cy-
clopenten. Die Ergebnisse eröffnen interessante, mechanisti-
sche Perspektiven für die Olefin-Metathese mit Carbenkom-
plexen des Rutheniums.
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overshadow electronic effects, the expected distorted square-
pyramidal minimum-energy geometry was found for trans-
[(PH3)2Cl2Ru�CH2], in good agreement with X-ray diffrac-
tion data and HF[18] and B3LYP[19a] calculations. However, we
also found a square-pyramidal structure of similar energy with
cis PH3 and Cl ligands in the basal plane. Both structures have
a significant HOMO ± LUMO gap (ca. 1.7 eV in EHT), in
accord with a stable 16-electron system, which is caused
mainly by the p-donor chlorine ligands.[21] This result was
corroborated by DFT calculations (B3LYP/LANL2DZ).[22]


The DFT-optimized geometries 3 and 4 for trans- and cis-
[(PH3)2Cl2Ru�CH2], which represent true minima on the
energy surface,[23] are shown in Figure 1. Their energy differ-
ence is only 10 kcal molÿ1 in favor of the trans isomer at the
B3LYP/LANL2DZ level, and this decreases to 7 kcal molÿ1


with a larger basis set.[24]


Figure 1. Geometry-optimized structures of 3, 4, 5, and 5a (B3LYP/
LANL2DZ). Selected distances [�] and angles [8]: 3 (C2v): RuÿP 2.436,
RuÿCl 2.423, RuÿC 1.840, P-Ru-P 176.24, Cl-Ru-Cl 146.87, H-C-H 114.64;
4 (C1): RuÿP1 2.436, RuÿP2 2.430, RuÿCl1 2.409, RuÿCl2 2.453, RuÿC
2.839, P-Ru-P 100.90, Cl-Ru-Cl 92.66, P1-Ru-Cl1 157.13, P2-Ru-Cl2 175.03,
H-C-H 116.32; 5 (Cs): RuÿP1 2.443, RuÿP2 2.442, RuÿCl1 2.412, RuÿCl2
1.411, RuÿC 1.842, P1-Ru-P2 73.15, Cl1-Ru-Cl2 92.60, P1-Ru-Cl1 159.07,
P2-Ru-Cl2 158.64, H-C-H 115.79; 5a (C1): RuÿCl1 2.361, RuÿCl2 2.389,
RuÿC1 1.827, RuÿP1 2.433, Cl1-Ru-Cl2 102.15, Cl1-Ru-P1 153.42, Cl2-Ru-
P1 84.93, Cl1-Ru-C1 108.75, Cl2-Ru-C1 95.50, Cl2-Ru-P1-C2 166.33, Ru-
P1-C2 120.26, P1-C2-P2 113.66.


The orientation of the carbene moiety allows for optimal
backbonding from the metal fragment to the carbene acceptor
orbital in both structures,[25] but the Ru�CH2 rotation barriers
are very small (<9 kcal molÿ1).[26] In 4, the P1-Ru-Cl1 unit that
interacts with the p-acceptor orbital of the methylene carbon
atom is more strongly bent (157.138) than P2-Ru-Cl2
(175.038). The LUMOs of both 3 and 4 are predominantly
localized on the methylene ligand both at the EH and DFT
level of theory. In the trans stereoisomer 3 it is practically
degenerate with the LUMOÿ 1, an empty metal orbital (the
equivalent of an empty d2sp3 hybrid) that points towards the


open coordination site opposite to the carbene ligand, while in
the cis structure 4 it lies at distinctly lower energy (DFT:
0.5 eV) than the metal acceptor level. This feature would
predict a frontier orbital controlled attack of nucleophiles to
occur at the carbene carbon atom (vide infra).


Given the fluxionality of d6 ML5 systems, the small
calculated energy difference between 3 and 4 also implies
only a marginal energy barrier for a cis ± trans isomerization of
[(PR3)2Cl2Ru�CR1R2] complexes with monodentate phos-
phanes, with a small preference for the trans geometry.
Therefore, cis complexes of the Grubbs type, although
electronically nearly as stable as their well-known trans
analogues, are expected to be isolable only if a cis to trans
rearrangement is blocked by chelating biphosphane ligands
with small bite angles, such as diphosphanylmethanes. The
DFT (B3LYP/LANL2DZ) minimum-energy structure of the
model system [(h2-H2PCH2PH2)Cl2Ru�CH2] (5) is shown in
Figure 1. Complex 5 is electronically identical to 4, except that
in the geometry optimized structure of lowest energy the
carbene plane now bisects the P-Ru-P and Cl-Ru-Cl angles
both in EH and DFT calculations (overall Cs symmetry). The
orbital structure of 5 closely resembles that of 4, again with a
carbene-centered (60%) p orbital as the LUMO and a
predominantly d-type (70 %) metal acceptor level trans to the
methylene unit; the latter is around 0.7 eV (DFT) higher in
energy than the LUMO. Molecular orbital contour plots
(from EH; the DFT orbitals are analogous) for these two
lowest lying empty levels LUMO and LUMOÿ 1 of structure
5 are displayed in Figure 2.


Figure 2. Three-dimensional MO contour plots (EH MOs, CACAO
plots[20]) of the LUMO (left) and the LUMO-1 (right) of 5.


In chelate diphosphanylmethane complexes [(h2-
R2PCH2PR2)Cl2Ru�CR1R2], a phosphane dissociation equi-
librium with a four-coordinate d6 ML4 14-electron species
should be less favorable than for trans complexes
[(PR3)2Cl2Ru�CR1R2] (1). Geometry optimization (DFT;
B3LYP/LANL2DZ) of [(h1-H2PCH2PH2)Cl2Ru�CH2], the
four-coordinate isomer of our simplified model 5, resulted in
the pseudotetrahedral structure 5 a with one pending phos-
phane arm (Figure 1). This isomer lies 9 kcal molÿ1 higher in
energy than 5. It is a true minimum on the energy surface and
is calculated to have a closed-shell ground-state structure.
Structures 5 a should be increasingly energetically disfavored
with increasing steric demanding (gem-diakyl or Thorpe ±
Ingold effect) and electron-donating character of the sub-
stituents in ligands R2PCH2PR2. Thus, complexes with
appropriate chelating bisphosphane ligands should allow
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experimental investigation of the significance of phosphane
dissociation in olefin metathesis. Moreover, nondissociating
chelating bisphosphanes could in principle lead to chiral
catalysts and enantioselective metathesis reactions, similar to
the recently reported Mo catalysts of the Schrock type.[11f]


Our theoretical results prompted us to determine whether
Grubbs-type ruthenium carbene complexes with cis stereo-
chemistry can be made and whether they exhibit catalytic
activity in olefin metathesis.


Phosphorus ylide formation by phosphane attack at the
carbene carbon: mechanistic implications:


From earlier experience,[27] bis(di-tert-butylphosphanyl)-
methane (tBu2PCH2PtBu2, dtbpm) seemed ideal for the
preparation of a complex like 5 due to its preference for
chelation rather than metal ± metal bridging. Moreover, steric
bulk and high donor strength of the phosphane favor meta-
thesis activity in the trans complexes. A chelating dtbpm
ligand should be electronically equivalent to two strongly
donating PtBu2Me ligands in cis positions with an enforced,
very small P-Ru-P angle.


We attempted to replace the two monodentate phosphane
ligands of trans-[(PPh3)2Cl2Ru�CHPh] by the chelate ligand
dtbpm, in analogy to the phosphane-exchange reactions with
PCy3 or PiPr3 reported by Grubbs et al. However, the reaction
of trans-[(PPh3)2Cl2Ru�CHPh] with dtbpm took a completely
different course, which has implications for the mechanism of
olefin metathesis with trans-[(PR3)2Cl2Ru�CHÿCH�CPh2] as
reported by Grubbs et al.[13a] The triply chloro-bridged, cati-
onic, dimeric ruthenium complex 7 was obtained (Scheme 1),
in which the phenylcarbene units are incorporated into five-
membered RuPCPC rings.


Scheme 1. Synthesis of 7.


As revealed by 1H NMR spectroscopy (doublet at d�
ÿ4.43, JP,H� 11 Hz, 6 H) and by CH and PH COSY experi-
ments, one methyl group of a tBu substituent in each dtbpm
unit binds in an agostic manner to ruthenium and thus
completes the octahedral coordination sphere at both metal
centers. Interestingly, even in solution the agostic CH3 group


does not exchange with the other two CH3 groups, which give
two separate doublets (JP,H� 12.8 and 13.7 Hz). The molecular
structure of 7 was confirmed by single-crystal X-ray diffrac-
tion (Figure 3).[31c]


Figure 3. Molecular structure of the dinuclear cation of 7 in the crystal
(ORTEP, 50% probability; CH hydrogen atoms, except for those of the
agostic CH3 groups, omitted for clarity). Selected distances [�] and
angles [8]: Ru1ÿRu2 3.269(1), Ru1ÿP1 2.2707(9), Ru1ÿC50 2.156(3),
Ru1ÿCl1 2.4912(8), Ru1ÿCl2 2.3789(8), Ru1ÿCl3 2.5251(8), Ru1ÿC22
2.511(4), Ru2ÿP3 2.2611(8), Ru2ÿC60 2.146(3), Ru2ÿCl1 2.5222(8),
Ru2ÿCl2 2.3848(8), Ru1ÿCl3 2.4878(8), Ru2ÿC42 2.565(3), Ru1-Cl1-Ru2
81.41(2), Ru1-Cl2-Ru2 86.68(3), Ru1-Cl3-Ru2 81.41(2), Cl2-Ru1-C22
161.54(9), Cl2-Ru2-C42 161.84(9), P2-C21-C22 105.6(2), P4-C41-C42
105.3(2), Ru1-P1-C10 103.12(10), P1-Ru1-C50 84.69(9), P1-C10-P2
110.2(2), C10-P2-C50 101.1(2), P2-C50-Ru1 101.95(15).


The carbon atoms (C22 and C42) and even the hydrogen
atoms (H22a, H42a) of the two agostic methyl groups were
localized and refined. The sterically enforced proximity of the
respective CÿH bonds to the Ru centers trans to Cl2, as
reflected in RuÿC distances of 2.51 (Ru1ÿC22) and 2.57 �
(Ru2ÿC42), leads to a strong CHÿRu interaction and
represents another example for the importance of substituent
bulk in agostic interactions.[29] The molecular structure of 7
also displays a distinct distortion around P2 and P4, which
bear the agostically bound tBu group. As is evident from the
large bond angles tBu-P2-tBu and tBu-P4-tBu (112.4 and
114.58, as opposed to 107.5 and 106.98 for tBu2P1 and tBu2P3)
and the smaller P2-C21-C22 (105.68) and P4-C41-C42 angles
(105.38), the agostic CH3ÿRu interactions cause the tBuP2
and tBuP4 units to lean over towards the empty coordination
sites of the metal centers. Both five-membered RuPCPC
chelate rings are nonplanar, and the former carbene carbon
atom is the out-of-plane atom in an envelope geometry. There
is also a significant difference between the two RuÿCl
distances trans to the agostic CH3 groups (Ru1ÿCl2, Ru2ÿCl2
2.38 �) and the four other RuÿCl bond lengths (av 2.51 �).
There is no RuÿRu bonding (Ru1ÿRu2 3.269(1) �).


Undoubtedly, 7 is formed by attack of a dtbpm phosphorus
center at the carbene carbon atom, most probably via the
intermediate 6, which then dimerizes to 7. The question
remains whether substitution of PPh3 by one tBu2P group of
dtbpm is followed by attack of the other on the carbene, or if
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carbene attack precedes PPh3 displacement. In any case, the
formation of 7 clearly shows that Grubbs-type complexes
[(PR3)2Cl2Ru�CR1R2] react with electron-rich phosphanes at
the carbene moiety, in accordance with the above-mentioned
characteristics of the lowest unoccupied orbital manifold. In
their kinetic and mechanistic studies of olefin metathesis,
Grubbs et al.[13] apparently did not consider this possiblity.
Their conclusions with respect to the importance of phos-
phane dissociation for olefin metathesis with trans-
[(PCy3)2Cl2Ru�CHÿCH�CPh2], however, rely strongly upon
experiments in which the presence of additional phosphane
(e.g., PCy3) slows down the reaction. If a pathway with
phosphane attack at the carbene carbon atom and formation
of ylidic intermediates also operates in these cases, the
reaction would be slowed down as well.[30] The isolation of 7 at
least points to such an alternative.


Synthesis of a cis-carbene complex precursor: The use of
mononuclear metal hydrido complexes with monodentate
phosphane ligands for the synthesis of transition metal
carbene complexes is well established.[4] Hence, an analogous
route starting from appropriate hydrido complexes with
diphosphanylmethane ligands seemed attractive.


A suitable precursor complex for Ru carbene complexes of
type 5 was prepared by treating [{RuCl2(cod)}x] with dtbpm
and H2 (10 bar) in THF in the presence of triethylamine at
80 8C to give the novel, electronically unsaturated dihydride
dimer 8 in 92 % yield (Scheme 2). The presence of the
base is essential, as in the absence of NEt3 the same reaction


Scheme 2. Synthesis of 8.


conditions lead to the formation of the triply chloro-
bridged dinuclear mixed hydrido ± dihydrogen complex [(h2-
dtbpm)Ru(H)](m2-Cl)3[Ru(h2-H2)(h2-dtbpm)].[28] Complex 8
is a dark red, extremely air-sensitive, highly reactive com-
pound. Its molecular structure was determined by X-ray
diffraction (Figure 4).[31a] As in similar compounds with dtbpm
ligands, the methyl substituents of the tBu groups refine with
large vibrational amplitudes, but this does not affect the
precision of the overall structure determination.


Apart from the two hydrido ligands, the geometry of 8 is
practically identical to those of the isoelectronic Rh[27a] and
Ir[32] dimers [{(h2-dtbpm)M}2(m2-Cl)2] (M�Rh, Ir). The pres-
ence of two hydrido ligands is apparent from the 1H NMR
spectrum of 8, which displays a broad triplet at d�ÿ25.7
(2 H) with a 2JH,P coupling constant of 30.3 Hz.


There is no metal ± metal bond (RuÿRu 3.239(1) �) and a
16 valence electron count is obtained for each ruthenium
center, with two empty coordination sites presumably trans to
the hydrido groups, to which we tentatively assign the
positions indicated in Scheme 2 and Figure 4. The IR spec-


Figure 4. Molecular structure of 8 in the crystal (ORTEP, 30 % proba-
bility; CH hydrogen atoms omitted for clarity; hydrido ligands shown in
calculated positions). Selected distances [�] and angles [8]: Ru1ÿRu2
3.239(1), Ru1ÿP1 2.232(2), Ru1ÿP2 2.231(2), Ru1ÿCl1 2.468(2), Ru1ÿCl2
2.461(2), Ru2ÿP3 2.233(2), Ru2ÿP4 2.221(2), Ru2ÿCl1 2.471(2), Ru2ÿCl2
2.458(2), P1-Ru1-P2 75.38(6), P2-Ru1-Cl2 173.73(6), P1-Ru1-Cl2 99.60(6),
P2-Ru1-Cl1 100.32(6), P1-Ru1-Cl1 174.34(6), Cl2-Ru1-Cl1 84.43(6), Ru1-
Cl1-Ru2 81.96(5), Ru2-Cl2-Ru1 82.37(5).


trum (nÄRu,H� 2099 cmÿ1) clearly shows that the two hydrido
ligands are in terminal positions. Furthermore, the NMR
spectra and the X-ray structure show that 8 is a symmetrical
compound with a noncrystallographic mirror plane, and this
excludes the possibility of two hydrido ligands at one of Ru
centers. The 1H NMR coupling pattern of the CH2 groups of
the four-membered (dtbpm)Ru chelate rings (doublets of
triplets), as well as the temperature-independent appearance
of two different tBu signals, reveals that, unlike the hydride-
free, isoelectronic complexes[27a, 32] [{(h2-dtbpm)M}2(m2-Cl)2]
(M�Rh, Ir; one triplet for CH2, one tBu signal), which
dissociate in solution at the m2-Cl bridges,[32] 8 is not subject to
any chemical exchange processes between the two types of
tBu groups or CH2 protons. We interpret these findings in
terms of a permanent and identical up-down asymmetry of
each (dtbpm)Ru moiety. However, this still leaves more than
one option for locating two terminal hydrido ligands in 8. To
obtain further information on the positions of the hydrido
ligands of 8 without a neutron diffraction structure, we used a
computational procedure for indirectly locating hydrido
ligands in transition metal clusters.[33] This technique starts
from the experimental heavy-atom positions without hydrides
and locates the most probable holes for hydrido ligands by an
energy-minimization procedure. For 8, the program predicts
only terminal locations for the hydrido ligands (H1 ± H4 in
Figure 5).


This rather crude approach does not allow us to safely
discern between cis-exo (H1, H2) or cis-endo (H3, H4)
hydrido ligands in a molecule with a rigid folded Ru2(m-Cl)2


core, or a structure with one exo and one endo hydride (H1,
H4 or H2, H3) and a rapidly inverting heavy-atom framework.
All three options are consistent with the spectroscopic
properties of 8, and their relative energies, as determined by
Orpen�s method[33] are identical within 0.7 kcal. In addition
we cannot rule out at this point fluxional processes that
exchange the hydride positions in solution or a statistical
occupation of all four possible terminal hydride positions in
the solid state. However, we consider a structure with two exo
hydrido ligands (Figure 4) and two empty coordination sites at
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Figure 5. Schakal plot of 8 with experimental heavy-atom positions and
calculated[33] positions H1 ± H4 for hydrido ligands. The hydrogen atoms of
the tBu and CH2 groups have been omitted for clarity.


each metal center on the endo face as the most likely option.
The tBu substituents on the concave side of the 16-electron
dimer probably cause appreciable steric shielding of the two
empty sites and make 8 an isolable compound. For the
chemistry of Ru carbenes discussed in the following section,
the precise locations of the hydrido ligands are not important.


Synthesis of a cis ruthenium carbene complex: Formally, the
unsaturated dihydride 8 is the dimer of an even less saturated,
four-coordinate [(h2-dtbpm)Ru(H)(Cl)] unit with RuII and 14
valence electrons, which can be regarded as requiring the
insertion of a CR moiety into the RuÿH bond and a second Cl
ligand at the metal center to be transformed to the desired
complex [(h2-dtbpm)Cl2Ru�CHR]. We therefore hoped that
propargyl or vinyl chlorides[4] would be appropriate substrates
for 8. At ÿ70 8C in toluene, 8 reacted smoothly with 3-chloro-
3-methyl-1-butyne, and the green vinylcarbene complex [(h2-
dtbpm)Cl2Ru�CHÿCH�CMe2] (2) was isolated in 62 % yield
(Scheme 3). The carbene complex 2 forms air-stable crystals
and is highly soluble in dichloromethane, but less so in THF or
diethyl ether. It exhibits the expected spectroscopic properties
with a singlet for the two P nuclei at d� 25 and a 1H NMR
signal at d� 16.25 (doublet of triplets, appearing as a pseudo-
quartet, 3JH,H� 10.7, 3JH,P� 10.7 Hz, 1 H) for the Ru�CH
proton. The carbene carbon atom gives rise to a triplet at
d� 269 (1JC,P� 13.2 Hz) in the 13C NMR spectrum.


Scheme 3. Synthesis of 2.


The molecular geometry of 2 in the crystal, as determined
by single-crystal X-ray diffraction,[31b] is shown in Figure 6.
Complex 2 has a square-pyramidal structure that corresponds
well with the calculated structures of 4 and 5. The carbene


Figure 6. Molecular structure of 2 in the crystal (ORTEP, 50 % prob-
ability; CH hydrogen atoms, except for H1 and H2 of the vinylidene group,
omitted for clarity). Selected distances [�] and angles [8]: Ru1ÿP1
2.3176(5), Ru1ÿP2 2.3372(5), Ru1ÿCl1 2.3896(6), Ru1ÿCl2 2.4450(5),
Ru1ÿC1 1.858(2), C1ÿC2 1.431(3), C2ÿC3 1.358(3), P1-Ru1-P2 73.78(2),
Cl1-Ru1-Cl2 88.64(2), P1-Ru1-Cl1 154.90(2), P2-Ru1-Cl1 97.70(2), P1-
Ru1-Cl2 94.93(2), P2-Ru1-Cl2 165.26(2), C1-Ru1-P1 96.39(7), C1-Ru1-P2
93.46(7), C1-Ru1-Cl1 107.82(7), C1-Ru1-Cl2 97.27(7).


moiety occupies an apical position, the P-Ru-P angle in
the chelate ring is 73.88, and the RuÿC distance of
1.858(2) � is nearly identical to that of trans-[(PCy3)2Cl2-
Ru�CHÿCH�CPh2] (1.851(21) �). The orientation of the
carbene moiety in the crystal minimizes steric interactions
with the tBu groups of the dtbpm ligand. The carbene plane
does not bisect the P1-Ru-P2 and Cl1-Ru-Cl2 angles, in
contrast to the simplified chelate model 5 (see Figure 1), but is
orthogonal to the P1-Ru-Cl1 axis. As a consequence, the
acceptor orbital of the carbene carbon atom is parallel to P1-
Ru-Cl1, and this lowers the angle P1-Ru-Cl1 to only 154.98,
with one chlorine atom (Cl1) bent out of the basal plane. This
is precisely the structural feature which was calculated for cis-
[(PH3)2Cl2Ru�CH2] (4) (vide supra), in which the minimum
energy orientation of the CH2 plane is identical to that
observed for the solid-state conformation of 2.


Olefin metathesis experiments: Under standardized condi-
tions as described in detail by Grubbs et al.[2] (see Experi-
mental Section), 2 catalyzes the ring opening metathesis
polymerization (ROMP) of norbornene. In contrast to the
results of Grubbs et al., however, the viscous mixture became
gel-like and could not be stirred further after only 30 min at
ambient temperature. Attempts to dilute the mixture after 1 h
with additional CH2Cl2 failed, so that filtration through a
silica gel column was not possible. When the mixture was
poured into methanol, the polymer was obtained as a
yellowish material (42% yield). When we tried to perform
kinetic measurements by 1H NMR spectroscopy in CD2Cl2, in
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analogy to those reported in the literature,[2] the reaction
mixture in the NMR tube became so viscous after a few
minutes that spectroscopic observation was hampered. At this
point, 46 % of the monomer had polymerized, and 7.4 % of 2
had been converted into a propagating species, which gave
rise to a new carbene signal at d� 16.25, adjacent to the signal
at d� 16.42 for complex 2 (Figure 7). The new signal is too


Figure 7. 1H NMR (CD2Cl2) and mass spectra recorded during a ROMP
experiment of norbornene with complex 2 as catalyst. The propagating
species is detected by means of its carbene signal in the1H NMR spectrum
(left), and the composition of carbene complex 9, which is formed in the
first metathesis step (2 : m/z� 544; 9 : m/z� 638), can be assigned by mass
spectrometry (FD�, right).


weak to obtain information about its exact coupling constants,
but it can be assigned confidently to a propagating species on
the basis of its general features. From integrated peak
intensities in the course of the polymerization process, we
also note that chain propagation is apparently much faster
than chain initiation. This also is reflected in the large Mw/Mn


value of the polymer (vide infra). We were also able to detect
the product of the first metathesis step 9 (Scheme 4) by mass
spectrometry. The calculated isotopic pattern matches the
observed intensities well (Figure 7).


Scheme 4. Synthesis of 9.


In view of these results, polymerization of norbornene was
conducted in a sixfold excess of solvent. The polymer yield
increased to 55 % and the trans/cis ratio (by 1H NMR
spectroscopy) was 71/29, which is comparable to the ratio of
80/20 found by Grubbs et al. The value of 2.75 for Mw/Mn


(determined by GPC) is much larger than that of the trans
complexes and reflects slower initiation than propagation.
Carbene complex 2 also catalyzes the polymerization of
cyclopentene, but with very low activity. With a large excess of
cyclopentene at 35 8C and a reaction time of 92 h the polymer
was obtained in 1.42 % yield and was characterized by 1H and
13C NMR spectroscopy. The trans/cis ratio was 86/14, and Mw/
Mn was 7.14. As expected from the ROMP reactivity profile of
2, no ring-closing metathesis of 1,7-octadiene to cyclohexene
was observed. Thus complex 2 is clearly a less active meta-
thesis catalyst than other ruthenium(ii) complexes, but is more
active than the recently reported Cp, Cp*, and hydridotris-
(pyrazolyl)borate ROMP systems of Ozawa et al.[9] However,
under the conditions used so far, only a small portion of the
catalyst is active, while the larger part of 2 remains unaffected
(see also Figure 7). We did not try to optimize our reaction
conditions.


Conclusions


Complex 2 is the first Grubbs-type metathesis catalyst with a
fixed cis stereochemistry of two phosphane ligands whose
steric demand and electronic properties resemble those of the
well-known catalytically active trans complexes. The catalytic
metathesis activity of 2, although not as high as that of other
complexes, is of particular interest because the utilization of
dtbpm as a chelating, electron-rich, bulky, strong donor ligand
makes phosphane dissociation improbable, although an
intermediate ring opening to a four-coordinate species
analogous to 5 a cannot be rigorously excluded at this point.
Further synthetic, mechanistic, and quantum chemical studies
are underway to gain deeper insight into the details of
metathesis reactions with 2 and its congeners. Of particular
interest are mechanistic questions regarding olefin coordina-
tion in the initiation step of olefin metathesis (e.g., with other,
non-vinyl-substituted carbene ligands), the dissociation of
phosphane or chloro ligands, and similarities and differences
between cis and trans complexes in catalytic metathesis
reactions.


With respect to the crucial question of phosphane dissoci-
ation, our observation of attack on the carbene group by the
electron-rich phosphane dtbpm in [trans-(PPh3)2Cl2-
Ru�CHPh] to give the ylide complex 7 has revealed a
mechanistic facet of Ru-catalyzed olefin metathesis which
certainly deserves further consideration.


The readily accessible unsaturated dihydride dimer 8
should not only allow other derivatives of this new class of
Ru carbenes to be prepared from various organic carbene
precursors, but will also be a valuable starting material for
organometallic (dtbpm)Ru chemistry in general.


Experimental Section


All reactions were carried out under dry argon by standard Schlenk
techniques. [{RuCl2(cod)x}][34] and trans-[RuCl2(PPh3)2�CHPh][2] were
prepared as described in the literature. Norbornene and cyclopentene
were dried and degassed prior to use. 1H, 13C, and 31P NMR spectra were
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recorded at room temperature on Bruker AMX 300 or AMX 500 instru-
ments. 1H NMR chemical shifts are relative to residual undeuterated
solvent in [D8]THF (d� 1.74 and 3.58), CDCl3 (d� 7.24), and CD2Cl2 (d�
5.32), the 13C NMR shifts relate to the solvents [D8]THF (d� 25.5 and
67.7), CDCl3 (d� 77.0) and CD2Cl2 (d� 53.5), and the 31P NMR shifts are
relative 85% H3PO4 (d� 0). Mass spectra were recorded on a JEOL
JMS 700, IR spectra on a Bruker Equinox 55 FT-IR spectrometer and UV
spectra on a Hewlett Packard 8453. The number- and weight-average
molecular weights (Mn and Mw) of polymers were determined by gel
permeation chromatography with linear polyethylene as standard.


Synthesis of 2 : Compound 8 (170 mg, 0.19 mmol) was dissolved in dry,
oxygen-free toluene (6.5 mL). After cooling to ÿ70 8C, a solution of
3-chloro-3-methyl-1-butyne (39.5 mg, 0.39 mmol) in toluene (1.5 mL) was
added with stirring. After 10 min at ÿ70 8C, the reaction mixture was
allowed to warm to room temperature. After 1 h, 2 had precipitated as
green microcrystals, which were isolated by filtering off the brown
supernatant solution. The green solid was washed several times with small
portions of cold toluene until the washings remained colorless. The
compound was dried at 10ÿ5 bar for 10 h. Yield of 2 : 130 mg (62 %).
Elemental analysis: calcd: C 48.53, H 8.51, P 11.38; found: C 48.32, H 8.34,
P 11.20. 1H NMR (500 MHz, [D8]THF): d� 1.32 (pseudo-d, 18 H, tBu-H),
1.46 (s, 3 H, CCH3(CH3)), 1.55 (s, 3H, CCH3(CH3)), 1.57 (pseudo-d, 18H,
tBu-H), 4.12 (pseudo-quintet, ABX2 system, 2J(H,H)� 16.8, 2J(H,P)�
9.2 Hz, 1 H, PCHHP), 4.28 (pseudo-quintet, ABX2 system, 2J(H,H)�
16.8, 2J(H,P)� 8.4 Hz, 1 H, PCHHP), 8.68 (d, 3J(H,H)� 10.7 Hz, 1H,
C�CH), 16.25 (pseudo-q: doublet of triplets, appearing as a pseudoquartet,
3J(H,H)� 10.7, 3J(H,P)� 10.7 Hz, 1H, Ru�CH); 13C NMR (126 MHz,
CD2Cl2): d� 20.9 (s, CCH3(CH3)), 28.2 (s, CCH3(CH3)), 30.7 (s, C(CH3)3),
31.1 (s, C(CH3)3), 37.3 (pseudo-t, J� 23.4 Hz, C(CH3)3), 37.8 (pseudo-t, J�
8.8 Hz, C(CH3)3), 38.9 (t, 1J(C,P)� 7.9 Hz, PCH2P), 138.8 (s, C�CMe2),
148.7 (s, C�CMe2), 296.2 (t, 1J(C,P)� 13.2 Hz, Ru�C); 31P NMR (202 MHz,
[D8]THF): d� 25.6 (s, PCH2P); IR (KBr): nÄ � 3008 (m), 2957 (m), 2921
(m), 2902 (m), 2877 (m), 1572 (s), 1470 (m), 1457 (m), 1446 (m), 1435 (m),
1396 (m), 1370 (m), 1259 (w), 1179 (m), 1157 (m), 1092 (m), 1037 (m), 1024
(m) 937 (w), 797 (m), 726 (m), 686 (m), 674 (m), 586 (w), 520 (w), 488 cmÿ1


(w); UV/Vis (THF): lmax (e)� 358 (4047), 281 nm (4197).


Synthesis of 8 : A 75 mL steel autoclave was charged with [{RuCl2(cod)}x]
(450 mg, 1.61 mmol Ru), dtbpm (580 mg, 1.91 mmol) and NEt3 (230 mL) in
dry, oxygen-free THF (15 mL). The vessel was pressurized with H2 (10 bar)
and the reaction mixture was stirred at 80 8C for 70 h, after which the
hydrogen pressure had dropped to about 7 bar. After cooling to ambient
temperature and depressurising, precipitated NEt3H�Clÿ was removed by
filtration and the dark red solution is taken to dryness in vacuo. The
resulting dark red solid was washed several times with small portions of
cold methanol and finally dried at 10ÿ5 bar for 10 h. Yield of 8 : 656 mg
(92 %). Elemental analysis: calcd: C 46.20, H 8.89, Cl 8.02, P 14.02; found:
C 46.10, H 8.91, Cl 7.96, P 14.01; 1H NMR (300 MHz, [D8]THF): d�
ÿ25.67 (t, 2J(H,P)� 30.3 Hz, 2 H, Ru-H), 1.33 (pseudo-t, 36H, tBu-H),
1.51 (pseudo-t, 36H, tBu-H), 3.36 (pseudo-quintet, ABX2 system,
2J(H,H)� 16.2, 2J(H,P)� 8.6 Hz, 2H, P-CHH-P), 3.78 (pseudo-quintet,
ABX2 system, 2J(H,H)� 16.2, 2J(H,P)� 8.1 Hz, 2H, P-CHH-P); 13C NMR
(75 MHz, [D8]THF): d� 31.7 (s, tBu-C), 32.7 (s, tBu-C), 37.7 (pseudo-t, J�
7.6 Hz, C(CH3)3), 38.4 (pseudo-t, J� 12.4 Hz, C(CH3)3), 45.0 (t, 2J(C,P)�
8.0 Hz, P-C-P); 31P NMR (121 MHz, [D8]THF): d� 57.7 (s, P-CH2-P); IR
(KBr): nÄ � 2948 (s), 2897 (s), 2868 (s), 2099 (w, br, terminal RuH), 1473 (s),
1390 (s), 1366 (s), 1176 (s), 1104 (w), 1071 (m), 1019 (m), 935 (w), 812 (s),
719 (s), 648 (w), 593 (w), 519 (w), 489 cmÿ1(m); lmax (e)� 358 (4047),
281 nm (4197).


Synthesis of 7: trans-[Cl2(PPh3)2Ru�CHPh] (235 mg, 0.30 mmol) and
dtbpm (1.0 g, 3.3 mmol) were dissolved in CH2Cl2 (20 mL) and stirred for
50 min under reflux. The solvent was reduced to a volume of 2 mL;
addition of pentane (15 mL) precipitated brown microcrystals, which were
redissolved in CH2Cl2 (2 mL) and again precipitated with pentane (15 mL).
This procedure was repeated three times. The residue was then washed
three times with 4 mL portions of pentane and dried at 10ÿ5 bar for 10h.
Yield of 7: 130 mg (73 %). Elemental analysis: calcd: C 50.87, H 7.83; found:
C 47.80, H 7.68. This material allowed the full characterization of 7 by X-ray
crystallography, 1H, 31P, and 13C NMR spectroscopy (including CH and PH
COSY), and high-resolution mass spectrometry, although we have been
unable so far to obtain a correct C,H elemental analysis. The carbon value
was always too low, probably due to impurities, which also are visible as


small additional peaks in the 1H and 13C NMR spectra but not in the 31P
NMR spectrum. No attempts were made to purify 7 further after the
structure had been verified by X-ray crystallography. 1H NMR (200 MHz,
CD2Cl2): d� ÿ4.43 (d, 3J(H,P)� 11.0 Hz, 3 H, C(CH3)(CH3)CH3 (agos-
tic)), 1.10 (d, 3J(H,P)� 13.0 Hz, 9 H, tBu-H), 1.11 (d, 3J(H,P)� 13.5 Hz,
9H, tBu-H), 1.40 (d, 3J(H,P)� 12.8 Hz, 3H, C(CH3)(CH3)CH3 (agostic)),
1.51 (d, 3J(H,P)� 13.0 Hz, 9H, tBu-H), 1.59 (d, 3J(H,P)� 13.7 Hz, 3H,
C(CH3)(CH3)CH3; (agostic)), 2.39 (m, J� 33.7 Hz, 1H, P-CHH-P), 2.71
(pseudo-quintet, 2J(H,H)� 16.7 Hz, 2J(H,P)� 8.5 Hz, 1 H, P-CHH-P), 4.37
(d, 2J(H,P)� 16.3 Hz, 1H, CHPh), 7.11 (s, 5 H, CHPh-H); 13C NMR
(75 MHz, CD2Cl2): d� ÿ7.0 (d, 2J(C,P)� 4.2 Hz, C(CH3)2(CH3) (agostic)),
8.0 (dd, 1J(C,P)� 17.8 Hz, 2J(C,P)� 5.1 Hz, Ru-CHPh-P), 18.1 (s, P-CH2-
P), 27.4 (s, C(CH3)3), 29.4 (d, 2J(C,P)� 2.5 Hz, C(CH3)(CH3)(CH3)
(agostic)), 29.5 (s, C(CH3)3), 30.0 (d, 2J(C,P)� 2.3 Hz, C(CH3)(CH3)(CH3)
(agostic)), 31.9 (br s, C(CH3)3), 38.7 (dd, 1J(C,P)� 15.4, 3J(C,P)� 3.4 Hz,
C(CH3)3), 39.5 (dd, 1J(C,P)� 17.5z, 3J(C,P)� 1.1 Hz, C(CH3)3), 40.5 (dd,
1J(C,P)� 12.7, 3J(C,P)� 2.3 Hz, C(CH3)3), 124.5 (d, 3J(C,P)� 3.4 Hz, o-
phenyl-C), 127.9 (m, m-phenyl-C, p-phenyl-C), 142.7 (dd, 2J(C,P)� 3.5 Hz,
3J(C,P)� 1.4 Hz, ipso-phenyl-C), the peak for C(CH3)2(CH3)(agostic)
cannot be assigned; 31P NMR (121 MHz, CD2Cl2): d� 71.1 (d, 2J(P,P)�
42 Hz, P-CH2-P), 88.5 (d, 2J(P,P)� 42 Hz, P-CH2-P); IR (KBr): nÄ � 3053
(w), 3001 (m), 2951 (m), 2904 (m), 2871 (m), 2105 (w), 1593 (w), 1479 (m),
1448 (w), 1435 (m), 1403 (m), 1394 (m), 1373 (m), 1261 (w), 1176 (m), 1113
(m), 1091 (m), 1077 (m), 939 (w), 809 (m), 773 (m), 748 (m), 725 (m), 699
(s), 589 (w), 503 (m), 442 cmÿ1 (w); HR-MS (FAB�): calcd for
[C48H88Cl3P4Ru2]� m/z� 1097.2989; found m/z� 1097.3033 (D�
�4.0 ppm); isotopic pattern for [C48H88Cl3P4Ru2]�: m/z (calcd intensity,
found intensity): 1087 (1, 2), 1088 (3, 4), 1089 (5, 6), 1090 (10, 11), 1091 (19,
21), 1092 (23, 26), 1093 (41, 44), 1094 (54, 59), 1095 (69, 75), 1096 (90, 95),
1097 (99, 100), 1098 (94, 97), 1099 (100, 99), 1100 (66, 71), 1101 (64, 67),
1102 (32, 34), 1103 (25, 25), 1104 (11, 12), 1105 (6, 7), 1106 (2, 3).


ROMP of norbornene: (conditions analogous to standardized ROMP
procedure of Grubbs et al. ,[2] except for the amount of solvent): Compound
2 (3.0 mg, 5.5 mmol) was added to a solution of norbornene (60 mg,
0.64 mmol) in CH2Cl2 (6 mL), and the green-brown solution was stirred at
room temperature. Within 5 min the solution became viscous and the color
changed slowly to yellow. After 1 h ethyl vinyl ether (0.1 mL) and CH2Cl2


(2 mL, containing 0.1 % 2,6-di-tert-butyl-4-methylphenol (BHT)) were
added, and the mixture was stirred for an additional 20 min. The resulting
solution was filtered through a silica gel column (60� 15 mm), and the
polymer was eluted with CH2Cl2 (containing 0.1% BHT) directly into
vigourously stirred methanol (100 mL, 0.1 % BHT). The precipitated
polymer was collected by filtration, washed several times with methanol,
and dried in vacuo. Yield: 33 mg (55 %); 71 % trans (1H NMR);[35] Mw�
5.2� 105; Mw/Mn� 2.75. 1H NMR (500 MHz, CDCl3): d� 1.02 (s), 1.33
(br s), 1.53 (s), 1.75 (br s), 1.84 (br pseudo-t), 2.41 (br s), 2.76 (br s), 5.18 (br
pseudo-d), 5.32 (s); 13C NMR (126 MHz, CDCl3): d� 32.2 (s), 32.4 (s), 32.9
(s), 33.1 (s), 38.4 (s), 38.7 (s), 41.4 (s), 42.1 (s), 43.1 (s), 43.4(s), 132.9 (s),
133.0 (s), 133.1 (s), 133.9 (s).


ROMP of cyclopentene: (prolonged reaction time, higher temperature, and
a larger excess of cycloalkene used than above): Compound 2 (3.4 mg,
6.2 mmol) was added to a solution of cyclopentene (1.0 mL, 11.35 mmol) in
ClCH2CH2Cl (1 mL), and the green brown solution was stirred at 35 8C.
Within 24 h the solution became viscous. After 92 h ethyl vinyl ether
(0.1 mL) was added, and the mixture was stirred for an additional 20 min.
The resulting solution was filtered through a silica gel column (20� 5 mm)
and the polymer was eluted with CH2Cl2 (containing 0.1% BHT) directly
into vigorously stirred methanol (20 mL, 0.1 % BHT). The polymer was
collected by filtration, washed several times with methanol and dried in
vacuo. Yield: 11 mg (1.4%); 86 % trans (1H NMR); Mw� 1.0� 104; Mw/
Mn� 7.14. 1H NMR (500 MHz, CDCl3): d� 1.23 (s), 1.37 (m), 1.53 (s), 1.96
(m), 5.33 (br pseudo-t), 5.36 (br pseudo-t); 13C NMR (126 MHz, CDCl3):
d� 130.4 (s), 130.3 (s), 129.8 (s), 32.2 (s), 32.1 (s), 29.9 (s), 29.7 (s), 29.5 (s),
26.9 (s), 26.7 (s).
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Molecular Aggregation of Acetic Acid in a Carbon Tetrachloride Solution:
A Molecular Dynamics Study with a View to Crystal Nucleation


A. Gavezzotti*[a]


Abstract: Molecular dynamics simula-
tions in the nanosecond time range were
conducted on a system initially consist-
ing of 50 widely separated acetic acid
solute molecules within a box of
1659 solvent units. Solute aggregation
was promoted by neglecting the usual
periodic boundary conditions, and by
forced withdrawal of solvent molecules
from the resulting droplet. Organization
of solutes into cyclic oligomer structures
is readily observed by the use of differ-
ent force fields and different computa-
tional setups, and their partly fluxional
behaviour was investigated in some de-


tail. Molecular diffusion bringing pro-
spective interaction partners into short-
range distance is seen to be sufficient for
aggregation, while the effect of long-
range forces is suggested to be minor. As
the droplet becomes smaller and the
solute mole fraction increases, the for-
mation of liquidlike solute micelles is
observed. A crystalline cluster of a size
comparable with that of these micelles


almost instantaneously converts into a
liquid structure in the dynamic simula-
tion, both in vacuo and solvated. Within
the qualitative limitations of the model,
the emerging picture suggests the for-
mation of a microemulsion of liquidlike
particles as the first step of crystal
nucleation. The diffusive (pico- to nano-
second) regime, comfortably accessible
to present-day computing, can and
should be more and more expoloited in
the preliminary study of crystal nuclea-
tion.


Keywords: computer chemistry ´
crystal nucleation ´ molecular
dynamics ´ molecular recognition


Introduction


The crystal chemistry of organic compounds is a well-
developed and quantitative branch of science as far as
structure is concerned, interatomic distances within crystals
being known with high accuracy thanks to X-ray diffraction.
The energetics of most types of intermolecular interactions
commonly occurring in organic crystals is also well-described
by several kinds of intermolecular empirical potentials.
However, very little is known at a molecular level about the
mechanisms of crystal formation; nucleation theory has been
called one of the few areas of science in which agreement of
predicted and measured rates to within several orders of
magnitude is considered a major success.[1] In solution, the
process must involve elementary molecular recognition steps,
followed by nucleation and growth; none of these stages is
easily amenable to experimental investigation (although
succesful experiments have been reported for crystalline
films[2]), so that the field is open for theoretical simulation
methods. The molecular dynamics (MD) simulation of pure


liquids has attained a high level of sophistication for organic
molecules[3] and for water,[4] a particularly difficult case owing
to polarization effects; enthalpies of solvation have been
estimated by the use of a single solute molecule in water.[5]


With regard to the first molecular recognition steps, several
MD studies have been conducted on biological or supra-
molecular dimers,[6] and, from free energy estimation meth-
ods, on benzene dimerisation[7, 8] and on hydrophobic effects
in water,[9, 10] but very little has been done with an explicit
focus on crystal precursor states.[11] A number of elegant MD
or MC studies have been carried out in conjuction with
sophisticated experiments, on the melting, recrystallisation
and phase transitions of molecular clusters,[12] and crystallisa-
tion from solvent has been tackled computationally with
monoatomic sample systems.[13] No attempts have so far
appeared to monitor directly the behaviour of numerous
organic solute molecules in a solvent as a function of
concentration, with the aim to simulate, if not to describe
properly, the coagulation process that may lead to solute
clustering into oligomers and micelles, to partial demixing,
and eventually to crystal development in solution.


This paper is an attempt to tackle the above problem by
standard classical molecular dynamics simulations. The
GROMOS96[14] package was employed. Acetic acid as a
solute, and carbon tetrachloride as a solvent, provide compu-
tationally convenient and reasonably well parameterized
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systemsÐthe solvent, in particular, is nonpolar and can be
reliably modelled in the single-atom approximation. Their
high bulk miscibility (the mole fraction of acetic acid at the
solid ± solution equilibrium is around 0.5 at 273 K[15]) is an
obvious obstacle that has to be circumvented by computa-
tional expedients. In molecular dynamics simulations, bulk
effects are usually modelled by applying periodic boundary
conditions, which understandably are detrimental when
attempting to simulate phase transitions or heterogenous
processes.[12] Therefore, our main modelling assumption was
the use of a finite-size box, actually a droplet. The first part of
the paper deals with the preliminary recognition process that
leads to hydrogen bonding, mainly into dimers, starting from
an artificial, dilute solution of isolated acetic acid molecules.
The influence of temperature and of coulombic interactions is
investigated, and the importance of short- and long-range
attraction is probed by manipulating the interaction cutoff
distance. Two force fields, one developed for crystals (the UNI
force field[16, 17]), and one for liquids (the OPLS-united atom
force field[18]) are also compared. In the second part, solute
concentration by evaporation is hinted at by artificially
depleting the solution of solvent molecules, thus computa-
tionally increasing the solute mole fraction, and, what is even
more important, reducing the droplet size, thus increasing the
surface and interface tension. These artifices, it appears, force
solute molecules to condense into multimolecular aggregates
and allow a preliminary study of the phenomena of interest
here. Finally, looking from the opposite end, the evolution of a
small crystalline nucleus in solution was simulated. The results
are discussed with an effort to provide some insight into the
otherwise elusive phenomenon of molecular recognition and
crystal nucleation in solution.


Computational Methods


Force fields


The UNI model : Molecular dimensions for acetic acid were taken from its
crystal structure determination,[19] with CÿH bond lengths renormalised to
1.08 �, HCH angles at the tetrahedral value, and the OÿH bond length
renormalised to 1.0 �. Internal degrees of freedom in solute molecules
were computationally frozen by applying the SHAKE constraining
procedure[14] on bond lengths, and by use of a very high force constant
(600 kJmolÿ1) on all bond angles over the bending potential E� 1/
2kB(cosqÿ cosq0)2. An improper dihedral restraint was imposed to enforce
planarity at the trigonal carbon with the GROMOS force constant of
0.051 kJmolÿ1 degÿ2. Torsional libration around the single CÿO bond was
restrained by the GROMOS potential E� 16.7(1ÿ cos2f) kJmolÿ1, cor-
responding to a barrier of 33.4 kJmolÿ1. All calculations were started with


f� 1808 (cis configuration), and practically no jumps over the barrier were
observed. It may be worth mentioning that test calculations performed
without this restraint gave much worse results in all respects. CCl4


molecules were modelled in the united atom approximation. In the UNI
force-field calculations, nonbonded intermolecular interaction parameters
(Table 1) for the 12-6 potentials were obtained from an adaptation[20] of


crystalline potentials. The 12-6 recasting of the original 6-exp potential
form results[20] in excess repulsion at short interatomic distance especially
for H ´´´ H and O ´´´ O potentials. These were therefore corrected by
multiplying the well depths by 1.08 or 1.06, and the equilibrium distances by
0.97 or 0.98, respectively. Nonbonded intramolecular contributions were
always excluded. Literature solvent ± solvent parameters were used,[21] and
the usual square-root combination rule was applied to obtain all solute ±
solvent interaction parameters.


The UNIq model : The UNI force field in its general formulation needs no
charge parameters, but can be supplemented by some, in special cases.[17]


For calculations involving coulomb-type contributions (CTC) in acetic acid,
the carboxyl group was considered as a single charge group with the
GROMOS96 charge distribution,[14] 0.530, ÿ0.380, ÿ0.548 and 0.398 eÿ for
C, �O, O and H, respectively. The UNI formulation is self-sufficient in
describing molecular crystals even without Rÿ1 terms, because the hydro-
gen-bonding 12-6 potential already incorporates a substantial attractive
energy (well depth 29 kJ molÿ1 at R0 of 1.6 �). The CTC superimpose a
presumably exaggerated attractive effect over the hydrogen-bonding
system, but this setup permits a computational experiment in which these
long-range interactions are deliberately excluded or introduced. Artifacts
in the detail of structures or of interaction energies cannot be ruled out, but
the results of UNIq calculations will be used strictly for comparison with
chargeless models, and not as carriers of genuine structural or energetic
information.


The OPLS model : In this case, solute molecular dimensions and the
intermolecular potential were taken from the OPLS force field,[18] in which
the methyl group is described in the united-atom approximation. Solute ±
solvent interaction parameters were obtained by the square-root combi-
nation rules. The whole molecule was taken as a single-charge group with
OPLS charges of 0.55,ÿ0.50,ÿ0.58, 0.45 and 0.08 electrons for C,�O, O, H
and the methyl group, respectively. The intramolecular part of the field was
kept the same as in the UNI model. The cutoff distance in intermolecular
nonbonded energy calculations was chosen to ensure that long-range
effects, if any, would be taken into account. The GROMOS twin-range
method was used: a nonbonded distance pairlist was constructed at 25 �,


Abstract in Italian: La dinamica molecolare classica nella
scala dei tempi del nanosecondo � stata usata per studiare i
primi stadi del riconoscimento molecolare durante l�incipiente
nucleazione di acido acetico da un solvente apolare. Diversi
campi di forza portano a conclusioni simili: l�aggregazione
appare promossa in prima istanza da processi diffusivi, fino
alla formazione di micro-micelle a struttura liquida. La
microemulsione risultante � probabilmente lo stadio precurso-
re su scala molecolare della nucleazione cristallina.


Table 1. Nonbonded energy parameters for E�A�Rÿ12ÿC�Rÿ6 in
kJmolÿ1, in which R is any intermolecular distance in �. e is the well depth,
R0 the distance at the minimum.


A C e R0 force field


C ´´´ C 1.3590� 107 4.8868� 103 0.439 4.209 OPLS[18][a]


C ± solvent 2.9630� 108 3.9822� 104 1.338 4.960
O ´´´ O 1.5899� 106 2.3639� 103 0.879 3.322
O ´´´ solvent 1.0135� 108 2.7696� 104 1.892 4.406
OH ´´ OH 1.5120� 106 2.0741� 103 0.711 3.367
OH ´´´ solvent 9.8833� 107 2.5943� 104 1.702 4.436
Me ´´ Me 3.4189� 107 9.5682� 103 0.669 4.389
Me ± solvent 4.6997� 108 5.5722� 104 1.652 5.064


H ´´´ H 6.5671� 104 1.0901� 102 0.045 3.262 UNI[16, 17]


H ´´´ C 3.3632� 105 5.2566� 102 0.205 3.295
H ´´´ O 1.1776� 105 4.8773� 102 0.505 2.801
C ´´´ C 4.6636� 106 2.6882� 103 0.387 3.891
C ´´´ O 3.2987� 106 2.9812� 103 0.674 3.610
O ´´´ O 1.3627� 106 1.3926� 103 0.356 3.537
HB ´´´ O 8.2694� 103 9.8208� 102 29.16 1.601
H ´´´ solvent 2.0597� 107 5.9476� 103 0.429 4.366
C ´´´ solvent 1.7357� 108 2.9535� 104 1.256 4.786
O ´´´ solvent 9.3825� 107 2.1258� 104 1.204 4.546


solvent 6.4600� 109 3.2450� 105 4.075 5.844 Ref. [21]


[a] Cross interactions by the square-root rule.
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interactions were calculated at 20 �, updating the pairlist and calculating
the full interaction at 25 � every 100 MD steps. To test the consequences of
using a shorter cutoff distance, simulations were also conducted with
cutoffs of 17 (versus 25) and 15 � (versus 20). No correction for truncation
of the coulombic sums was applied to these systems of relatively few polar
entities immersed in a nonpolar medium.


The systems


Pure crystals and liquids : As a check of the UNI and OPLS models,
standard MD simulations of pure liquid and crystalline acetic acid were
conducted at 250 K and 1 atm, in an N/P/T ensemble, with 108- and 192-
molecule boxes, respectively, with periodic boundary conditions.


Solutions : The starting box for the simulation of solutions was constructed
as follows. A 2196-atom solvent box was equilibrated at 250 K with periodic
boundary conditions, and a smaller (1709 atoms) box was extracted by
deleting the outermost solvent atoms. 50 solute molecules were then
inserted at random locations and in a random orientation, replacing as
many solvent molecules. A few energy minimisation cycles ensured that no
strongly repulsive contacts were present, while a 0.2 ps MD runs served the
purpose of assigning initial velocities at each temperature. The coordinate
and velocity output from this calculation will be referred to in the following
as the zero set. No hydrogen bonds were present in this setup, and only a
few intermolecular distances were shorter than 10 � (an intermolecular
distance is defined as the distance between the centres of coordinates of
two solute molecules). All subsequent MD runs were at constant temper-
ature, ensured by the standard GROMOS T-coupling procedure (internal
and external, solvent and solute degrees of freedom separately coupled to a
bath, coupling constant 0.1 ps). Since no periodic boundary conditions were
applied, surface solvent and/or solute molecules are in principle free to
leave the droplet, the computational equivalent of true evaporation. A
number of MD runs were performed, starting from the zero set, to check
the first stages of the molecular aggregation process against the effects of
changes in force field, in cutoff distance and in temperature. Longer,
subsequent simulations of the evaporation stages were formally conducted
at constant mass, but at chosen times the run was stopped, and outermost
solvent and solute molecules were manually removed from the system,
while preserving coordinates and velocities of all remaining molecules.
When the solute mole fraction had reached 0.1, this procedure was
discontinued and the simulation proceeded on a droplet of nearly constant
mole fraction. The number of genuinely evaporated solute or solvent
molecules, having spontaneously drifted away from the droplet, was always
very small.


Crystal nuclei in solution : A crystal nucleus of 37 molecules was extracted
from the acetic acid crystal structure by taking the 36 nearest-neighbours to
a reference molcule; this crystal nucleus was simulated both in vacuo and
surrounded by 310 solvent molecules, in the latter case forming a droplet
with the same mole fraction as the end product of the final steps as above.
The solvent molecules were added to the crystal nucleus by first forming a
regular grid, avoiding highly repulsive contacts, and then running a short
energy minimisation cycle. The conditions were the same (UNI model,
280 K, 25 � cutoff) as in the former simulation; a 2 ps preliminary MD run
was used to assign velocities, initially at 150 K and then warming to 280 K.


Results


Pure acetic acid, UNI model : For the liquid at 250 K after
40 ps, the simulation box reached a steady behaviour of
energies and density, and the estimated heat of vaporisation is
47 kJ molÿ1 (expt 54[18]), while the estimated density is
1.12 g cmÿ3 (expt 1.04 at 298 K). The crystal of acetic acid is
a particularly difficult test for the potentials, since cooperative
effects are present in the infinite chain arrangement of
hydrogen bonds, which are beyond the capabilities of simple
atom ± atom two-body potentials. Nevertheless, equilibration
at 250 K after 40 ps yielded an estimated enthalpy of
sublimation of 54 kJ molÿ1 (expt 66[17]), and a density of
1.23 g cmÿ3 (expt 1.27 at 278 K[19]). The chargeless UNI


potentials describe the molecular interactions in the con-
densed phases of acetic acid in a way that was considered
satisfactory for the present purposes.


Acetic acid in CCl4 : first stages of aggregation. From the zero
set, five simulations, each 200 ps long, were carried out: i) UNI
model, 250 K, cutoff 25/20 �; ii), UNI model, 250 K, cutoff 17/
15 �; iii), UNI model, 280 K, cutoff 25/20 �; iv), UNIq model,
250 K, cutoff 25/20 �, and v), OPLS model, 280 K, cutoff 25/
20 �.


The choice of temperatures resulted from several consid-
erations. The main aim being a study of the self-aggregation of
initially faraway molecular entities, thermal motion had to be
kept within a suitable window, neither too high (too much
contrast to intermolecular attraction) nor too low (too little
diffusive freedom for molecules to reach their recognition
partners). In the absence of better information, 250 K was
chosen as close to the freezing temperature of the solvent,
280 K as slightly below that of the solute.


In all simulations, the nearly cubic starting box, whose
shape results from equilibration of the solvent with periodic
boundary conditions (Figure 1a), quickly collapsed to a


Figure 1. a) The starting system for the simulation of solutions, containing
50 acetic acid and 1659 carbon tetrachloride units; b) the system after 50 ps
(UNI force field, 250 K, but this result is representative of all other
simulations). Black dots are oxygen atoms.
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droplike arrangement (Figure
1b). Total energies underwent
only minor evolution to in-
creased stability, suggesting
that the starting system was
not too unrealistic. Intramolec-
ular potential energies were
small, indeed negligible with
respect to intermolecular ones,
confirming that intramolecular
motion had been indeed
quenched by the applied re-
straints.


To monitor the aggregation
process, three geometric enti-
ties were defined: i) the hydro-
gen bond, an O ´´´ H contact
shorter than 2.6 �, a generous
threshold in view of thermal
motion; ii) the cluster, any
straight, branched or cyclic se-
quence of molecules connected
by intermolecular distances less
than 5.4 �; and iii) the histo-
gram of solute intermolecular
distances, an indicator that be-
comes significant only at higher
aggregation stages. The rele-
vant results for the five prelimi-
nary simulations are collected
in Table 2. Figure 2 shows the comparative evolution of the
intermolecular interaction energies.


The first 10 ps or so in each simulation involve the
rearrangement of the droplet from the approximately cubic
into a spherical shape, with an overall stabilisation. Lowering
the cutoff distance (Figure 2a) reduces the importance of
solvent ± solvent interactions relative to solute ± solute inter-
actions, since solvent particles are a single, large entity, and
this is presumably the reason for the increased aggregation
rate after 80 ps or so. Raising the temperature (Figure 2b)
significantly enhances the aggregation rate in the medium
and in the long run. The introduction of CTCs (Figure 2c)
substantially increases the initial aggregation rate and some-
what reduces the fluctuations in the number of hydrogen
bonds, as expected from the much stiffer hydrogen-bonding
potential, but in the long run results do not differ substan-
tially from those of other calculations. The OPLS force
field results (Figure 2d) show a largely increased rate
of aggregation in the very first stages, but in the long


run the structural results do not differ significantly from
those from the UNIq model or from the chargeless UNI
model.


The evolution of solute ± solute interaction energies paral-
lels that of the number of hydrogen bonds; these cohesive
energies increase steeply in the very first part of the
recognition process, as isolated molecules agglomerate into
oligomers. They are much larger in calculations including
coulombic terms, and, as expected, are larger in the UNIq
than in the OPLS model. Solute ± solvent and solvent ± solvent
interaction energies, always stabilising, level off at ÿ35 and
ÿ22 kJ molÿ1, respectively, after a short induction period and
are independent of the degree of solute aggregation and
insensitive to changes in the force field. Indeed, major
structural rearrangements after the first 100 ps occur at
constant energy. Comparisons with experimental heats of
mixing were not attempted, in view of the difficulty of their
definitions, mostly related with the formation of solute
oligomers.


Table 2. Acetic acid in solution: final frames of 200 ps simulations. Distances [�], energies [kJ molÿ1].


Force field\T\cutoff H-bonds Clusters[a] Energies[b]


number distance range average AcÿAc AcÿS SÿS


UNI\250\25 30 1.63 ± 1.91 1.77 9(2), 4(3) ÿ 12 ÿ 22 ÿ 34
UNI\250\17 36 1.60 ± 1.94 1.75 12(2), 4(3) ÿ 15 ÿ 22 ÿ 33
UNI\280\25 34 1.59 ± 2.40 1.81 12(2), 2(3), 1(5) ÿ 14 ÿ 22 ÿ 34
UNIq\250\25 35 1.57 ± 1.83 1.67 12(2), 3(3) ÿ 34 ÿ 23 ÿ 31
OPLS\280\25 36 1.46 ± 2.10 1.71 11(2), 3(3), 1(5) ÿ 25 ÿ 21 ÿ 36


[a] H-bonded clusters only. n(m) means n clusters each with m molecules. [b] Ac: acetic acid, S: solvent.


Figure 2. Preliminary simulations: first 50 ps, curves sampled at 1 ps intervals, then at 2 ps intervals. Heavy lines:
UNI force field, 250 K, 25 � cutoff ; curve 1, number of hydrogen bonds; curve 2 solute ± solute interaction energy
per solute molecule (kJ molÿ1); curve 3 solute ± solvent interaction energy per solute molecule (kJ molÿ1).
a) Comparison with 1.7 � cutoff ; b) comparison with T� 280 K; c) comparison with UNIq force field: solute ±
solute energy curves split into nonbonded (nb), electrostatic (el), and total (tot) contributions; d) comparison
with OPLS force field, solute ± solute curves split as in c).
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All simulations, in all conditions, show the aggregation of
solute molecules in some patterns, among which are recog-
nisable cyclic dimers (two molecules joined by two hydrogen
bonds), cyclic dimers plus one appended hydrogen-bonded
molecule, and cyclic trimers (see Table 2). Larger aggregates
are very sporadic within the 200 ps time range. Cyclic dimers
occasionally undergo rupture of one of the two double bonds,
in what have been called catemer jumps,[22] and this is one
source of fluctuations in the total number of hydrogen bonds;
hydrogen bond exchanges are, however, very frequent, the
lifetime of an oligomer being typically of the order of a few
tens of picoseconds. Molecules and/or dimers occasionally
come within the dispersive interaction range without con-
densing by hydrogen bonding, but these structures are fleeting
at the concentration used, with picosecond lifetimes. There
seem to be no really significant differences in the number and
type of hydrogen-bonding structures or clusters formed in
each of the calculations with different options, at least within
the 200 ps timescale (see Table 2). The hydrogen bonding
distances, as expected, are marginally shorter in calculations
including CTCs.


The main conclusions that can be drawn from these
preliminary calculations are: i) although with largely different
cohesive energies, all force fields lead to essentially the same
structural results; ii) the effect of cutoff is marginal in the first
stages of clustering, dominated by hydrogen-bond formation;
iii) the inclusion of CTCs enhances the aggregation rate of
single solute molecules, but is less effective in enhancing
further aggregation, when a significant number of dimers has
been formed; this is presumably the result of the neutralisa-
tion of the molecular dipole that results from nearly
centrosymmetric pairing; iv) the increase in temperature
from 250 to 280 K speeds up the solute aggregation process;
v) the inclusion of CTCs is not indispensable for molecular
clustering as long as it mainly involves hydrogen bonding, and
the UNI model is as efficient as the UNIq or OPLS models in
this respect. Significantly, a simulation at 250 K with the UNI
model on the 50 solute molecules in the starting box, without
solvent, resulted in complete dispersion in space of monomers
after a few picoseconds; use of the OPLS model led to
formation of a few dimers, followed by dispersion. Thus, no
solute force field is in itself sufficient to bring about extensive


clustering from the starting configuration. The solvent is
indispensable, and acts as a cohesive medium that provides a
chance for solute molecules to come into short-range contact
(intermolecular distance <10 �) and consequently to aggre-
gate.


Taken together, these results suggest that aggregation of
acetic acid molecules towards hydrogen bonding in an non-
polar solution is more controlled by diffusion than driven by
long-range forces. The very fast formation and the persistence
of cyclic dimer structures, recorded in calculations with or
without CTCs, is not in contrast with standard pictures of
acetic acid solubilisation.


Acetic acid in CCl4Ðlong-run simulations : On the basis of the
above results, longer simulations were planned using the pure
UNI model without CTCs. The temperature was kept at the
more favourable value of 280 K, and the cutoff distance was
kept at 25 �, since a longer-range interaction might be
effective in further recognition, based on dispersive forces.


Starting from the output of the first 200 ps, several
successive 200 ps simulations were run. At the end of each
of these time periods, coordinates and velocities of peripheral
solute and solvent molecules having less than four nearest
neighbours (defined by an intermolecular distance of less than
6 �) were removed from the trajectory.


The removal of mass from the system, both by spontaneous
evaporation and by forced depletion, produced rather large
effects on the distribution of kinetic energies; in particular,
the analysis of starting temperatures of each new system
revealed that solutes migrating into vacuum had drawn
internal, and to a lesser extent translational, kinetic energy
from the corresponding baths, lowering the internal and
translational temperature of solutes left behind. These
disturbances were quickly quenched by the temperature-
coupling mechanism, but they are presumably the cause of the
discontinuities observed in the energy curves (Figure 3a).
Care was taken to remove any motions of the overall centre of
mass of the system.


Numerical results are collected in Table 3, while Figures 4 ±
7 show some structural detail. The solute cohesive energy
decreases steadily (Figure 3a), although at 1350 ps it is still far
from that of the pure liquid, or 54 kJ molÿ1. The total number


Figure 3. Long-run simulations (UNI force field, 280 K, 25 � cutoff). a) First 1350 ps, with forced evaporation-concentration procedure; b) the complete
run, with constant concentration after 1350 ps. Curve 1, number of hydrogen bonds; curve 2, solute ± solute interaction energies per solute molecule
(kJ molÿ1); curve 3, solute ± solvent interaction energies per solute molecule (kJ molÿ1); curve 4, solvent interaction energy (kJ molÿ1).
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of hydrogen bonds formed rises asymptotically until, at about
1200 ps, it becomes greater than the number of solute
molecules; visual inspection of selected frames confirmed
that at that stage very nearly all of the remaining solute was
engaged in hydrogen bonding. Solute ± solvent interaction
energies decrease sluggishly, in parallel with solute segrega-
tion; the solvent cohesive energy stays constant, except for a
spurious and quantitatively insignificant long-run decrease
due to the reduction of the system size.


The data in Table 3 show the evolution of the clustering
process, with many small clusters at the beginning, replaced by
a few larger clusters towards the end, while the number of
isolated molecules becomes negligible. Figure 4 shows the


Figure 4. Distribution of solute intermolecular distances in a) the starting
system of Figure 1a; b) the system in Figure 1b after 50 ps; c) the droplet
(Figure 5) after 1350 ps.


distribution of solute intermolecular distances, with a prom-
inent peak at the hydrogen-bonding distance around 5 � at
the end of the simulation. Solute aggregation modes pass
through several stages, with cyclic dimers growing into larger
and larger clusters, until 10 ± 15-molecule micelles are formed
within the solution. Figure 5 shows the last frame of this part
of the simulation after 1350 ps, with one large multimolecular
aggregate, two medium-size ones, and a few cyclic dimers still
floating within the solution. Thus, the agglomeration process
has not led to a single micelle comprising all solute molecules.


Figure 5. Structural detail in the 1350 ps droplet: a) whole system;
b) solutes only, methyl hydrogens omitted for clarity. Cyclic dimers are
labelled d.


At least one cyclic dimer is clearly embedded in a larger
cluster, bound to it by dispersive interactions only.


The analysis of the detailed structure of moderately
persistent (not completely fleeting) solute aggregates is
feasible up to clusters containing about five molecules, after
which the aggregation mode becomes too complicated for
single pictures to be sorted out. From extensive spot checks
during the simulations, the favourite aggregation mode in the
short to medium run is clearly the cyclic dimer with or without
appended molecules (Figure 6a), which, when the structure is
observed over a few to a few tens of picoseconds, sometimes
are inserted into the cycle (Figure 6b). Tetramers (Figure 7)
sometimes arise from dimer pairs followed by an insertion
mechanism quite similar to the evolution from Figure 6a to
Figure 6b. Pentamers already show an increasing tendency of


Figure 6. Elementary aggregation modes: a) cyclic dimer (A, B) plus a
catemer precursor molecule (C), cohesive energy 22 kJ molÿ1 per molecule;
b) cyclic trimer, cohesive energy 23 kJ molÿ1 per molecule.


Table 3. Acetic acid in solution: composition and structures in the final frames
of each section of the simulation. UNI force field, T� 280 K, 25 � cutoff.


Time Solute
mole-
cules


Solvents
mole-
cules


Number
of H-
bonds


Clusters[a] Total
clusters


Single
mole-
cules[ps]


0 50 1659 0 none 0 50
50 50 1659 25 9(2), 2(3) 11 26


200 49 1644 34 10(2), 2(3), 1(4), 1(6) 14 14
350 46 1402 32 9(2), 1(3), 3(4) 13 16
550 44 1032 33 9(2), 5(3), 1(4) 15 9
750 41 735 42 7(2), 1(3), 1(4), 2(5),1(7) 12 6
950 40 514 40 5(2), 2(3), 1(5), 1(7), 1(11) 10 2


1150 38 336 39 3(2),1(4),1(5),2(11) 7 3
1350 37 328 40 1(2), 2(8), 1(9), 1(10) 5 1
1550 37 315 32 5(2), 1(3), 1(6), 1(7), 1(8) 9 3
1750 36 303 34 1(2), 1(3), 2(4), 1(7), 1(13) 6 3
1950 35 294 36 2(2), 2(3), 1(4), 1(19) 6 2


[a] Clusters held together by hydrogen bonds or by dispersive-electrostatic
interactions; n(m) means n clusters each with m molecules.
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Figure 7. a) Twisted chain tetramer, cohesive energy 24 kJ molÿ1 per
molecule; b) cyclic trimer (AÿBÿC) plus one appended molecule (D),
cohesive energy 22 kJ molÿ1 per molecule. Note the hydrogen-bond
bifurcation at the carbonyl oxygen of molecule B.


the solutes to segregate polar groups out of the solvent,
compatibly with the requirement of steric avoidance of the
methyl groups. Figure 8 shows some of the expedients,


Figure 8. Cyclic pentamers: a) UNI force field (methyl hydrogens omitted
for clarity), coehsive energy 28 kJ molÿ1 per molecule; b) OPLS force field,
cohesive energy 41 kJmolÿ1 per molecule.


actuated, it appears, irrespective of the force-field employed;
20 ± 30 ps is the upper threshold for the lifetime of such cyclic
structures. One minor difference between OPLS and UNI is
that in the former force field, the O(H) oxygen can act as a
hydrogen bond acceptor, and indeed does so in a minor
fraction of occurrences here, as was the case in OPLS liquid
acetic acid.[18] No experiment is available to resolve this
ambiguity. Figure 9 shows this phenomenon, along with
another example of the cyclisation ± insertion mechanism that
brings about the formation of larger cycles.


Larger aggregates (7 ± 20 molecules) show complicated and
largely fluxional structures, of which it can only be said that
they presumably approach those to be found in the pure
liquid. Acetic and formic acid
are known[18, 23] to form fluxio-
nal chain structures rather than
dimers in their liquids, and
visual analysis of our clusters
conforms to this view, although
a quantitative statistical analy-
sis is difficult owing to their
small size. Some snapshots may
illustrate a few of the instanta-
neous modes of these aggrega-
tion units: Figure 10a shows a
cyclic dimer stitching together
two short chains; Figure 10b


Figure 9. The formation of a cyclic pentamer within the OPLS model.
a) Initial structure; b) 48 ps, lone molecule captured by O(H) acceptor;
c) 58 ps, insertion into a dimer by O(H) acceptor, d) 130 ps, cyclised
pentamer with only carboxyl oxygens as acceptors (more stable structure).
The cohesive energy per molecule increases from 29 to 31 to 35 and to
40 kJmolÿ1.


shows a parallel arrangement
of dimers in dispersive contact;
Figure 10c shows two hydro-
gen-bonded units spliced to-
gether by dispersion forces into
a micelle. If only by somewhat
subjective inspection of the
trajectories, it appears that lin-
ear chain oligomers, mimicking
the structural motif present in
the acetic acid crystal, are very
seldom observed in our simu-
lations. Presumably, the en-
thalpic gain due to segregation
of polar groups within a cycle
exceeds the entropic loss due
to cyclisation; Figure 11 indeed


Figure 10. Higher complexes in the long-run UNI force field simulation: a) linear chain (ABC), joined to dimer
(DE), joined to a chain (FG); b) parallel cyclic dimers (A, B, C) linked to a 5-membered structure (D);
c) hydrogen-bonded heptamer (A) conglomerated with a cyclic trimer (B; no hydrogen bonds across the dotted
line). Methyl hydrogens omitted.


Figure 11. A chain (ABCD)
curling at the end into a cyclic
trimer (DEF). Note the hydro-
gen bond bifurcation at the
carbonyl oxygen of molecule
D (joined to C and F).
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shows a linear chain curling up into a cycle at one end. In any
case, no trace of molecular ordering into crystal precursors
was observed, nor could have been over such short timescales.
In particular, no persistent traces of the experimental catemer
hydrogen-bonding scheme (Figure 12) were observed, and
this is not unexpected, in such small aggregates where bulk
crystal properties are still a faraway goal.


Figure 12. a) The 37-molecule cluster extracted from the crystal structure
of acetic acid; b) the catemer structure, comprising a OÿH ´´´ O hydrogen
bond and a weak CÿH ´´´ O interaction.


Acetic acid in CCl4Ðcrystal clusters versus micelles : When
the solute mole fraction had reached 0.1, in the above
described system, the forced evaporation ± concentration
procedure was discontinued and the simulation was continued
on a droplet (37 solute molecules, 328 solvent molecules)
from which, at 200 ps intervals, only the few solute and solvent
molecules that had spontaneously evaporated were removed.


Results are summarised in Table 3 and in Figure 3b. The
droplet, upon continuing the simulation at nearly constant
mole fraction, showed a sudden increase in solute dispersion,
which confirms that the forced decrease of the system size was
indeed promoting solute aggregation. No hope was seen to
have this system reach a steady state, due to its small size,
although aggregation resumed until a 19-molecule micelle was
observed, held together by hydrogen-bonding and by dis-
persive and/or electrostatic forces. The formation and persis-
tence of these aggregations confirms that the implied forces
are effectively incorporated, at least at short range, into the
UNI potentials; this is consistent with their good performance
in crystal studies.[24]


The problem was then tackled from the other end, that is,
observing the evolution of a compact crystal nucleus of about
the same size as the micelles, both in vacuo and wetted by the
solvent. The 37-molecule crystal nucleus of Figure 12a did not
survive and was almost instantaneously disrupted, owing to its
exceedingly large surface tensions. After the instantaneous
breaking up of the crystal hydrogen-bonding system, Fig-
ure 13 shows that further disordering, within the first 20 ps,


Figure 13. a) Short-run simulations of a crystal cluster of 37 molecules in
vacuo (heavy lines) and in a droplet with 310 solvent molecules (see
Figure 12); b) longer-run simulation of the solvated crystal cluster. Curve 1,
number of hydrogen bonds. Curve 2, acetic acid ± solvent interaction
energies per molecule. Curve 3, acetic acid ± acetic acid interaction energies
per molecule.


occurs at constant number of hydrogen bonds and also with a
slight increase in solute ± solute interaction energy, due to an
increase of solute ± solute contacts consequent to reshaping of
the cluster with a reduction of the number of surface
molecules. The end result after 40 ps is not dissimilar to that
of the aggregation process after 1350 ps (Figure 5b).


Conclusion


The aggregation of molecules with hydrogen-bonding capa-
bility within a nonpolar medium has been investigated by
means of classical molecular dynamics, on a system with
computationally induced high surface and interface tension,
with different potential formulations that allow a schematic
appreciation of long- and short-range forces. The intrinsic
limitations of the method and of the computational setup are
such that the emphasis was, by necessity, on time-dependent
structural effects, so that thermodynamic aspects could not be
accessed, and qualitative kinetic factors only can be discussed.
In doing so, it should be kept in mind that molecular dynamics
is a technique for the simulation of chemical events, and that
simulation need not coincide with description. In the limit of
short timescales and small system size, phase space is swept in
a partial and random way, and results provide hints at what
could happen, rather than defining what should happen.
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Solute aggregation proceeds by i) formation of hydrogen-
bonded cyclic dimers, ii) addition of molecules to the dimers
by hydrogen-bond bifurcation, and iii) insertion of added
molecules into the cycle to yield cyclic trimers and tetramers.
In the longer run, entities formed in step iii) may evolve back
into an equilibrium with steps ii) and i), or add further
molecules to form entities of higher molecularity like
iv) hydrogen-bonded acyclic or cyclic oligomers, the latter
here observed up to pentamers, and eventually v) micelles
held together by both hydrogen bonding and dispersive or
polar forces. Remarkably, major structural rearrangements
occur at nearly constant total energy, so that stages iv) and
v) show a high degree of fluxionality; however, open-chain
structures are less common. The essence of these structural
results is independent of the force field used, a fact that adds
to their credibility.


The simulation suggests that inter-solute forces, which bring
about the first stages of recognition, are mainly of short-range
type, since solvent-mediated migration of prospective solute
interaction partners is instrumental, while electrostatic con-
tributions just marginally increase the rate of aggregation. No
solute ± solute preferential orientation appears, and no order-
ing effects are seen within the micelles, apart from the need to
fulfil the distance range for hydrogen bonding. Therefore,
even a rather strong inter-solute interaction like full hydrogen
bonding does not bring about instant order, and it is unlikely
that crystal nucleation may proceed directly from isolated or
moderately aggregated solutes to crystal nuclei. Rather,
liquidlike entities are readily formed within the solution,
and, most likely, order arises within them only at later stages,
in much larger aggregates, when size and temperature
conditions are proper, and on a timescale that would highly
strain present-day computing capabilities in MD simula-
tions.[12] There is indeed experimental mass spectrometric
evidence for molecular clustering of carboxylic acids in
solution.[25]


Alternatively, but concurringly, the simulation showed a 37-
molecule crystalline cluster to be unstable with respect to
melting even at very low temperatures. Although one could
argue that this concerns a cluster of arbitrary shape and
composition, and that other structures could be stable and
ordered even with that small size, the disruption was so
complete, instantaneous and isotropic that such a contention
seems improbable. This strongly suggests that molecular
aggregates of such small size cannot survive in crystalline
form.


The picture that emerges from our results is one in which
the first stage of crystal nucleation must go through formation
of microdroplets comprising a few to a few tens of molecules,
in a definitely liquidlike state. This result, in keeping with the
character of the molecular dynamics simulations involved, is
to be considered as a working hypothesis rather than a
definite and quantitative fact of either thermodynamic or
kinetic nature. Further stages of organisation, and in partic-
ular the evolution toward the hydrogen-bonded chain struc-
ture found in the crystal (Figure 12b), remain obscure:
Figure 6a is an illustration of the aggregation dilemma for
small carboxylic acids, including at the same time the dimer
and catemer options. An explanation or even a simulation of


condensation of hydrogen-bonded chains into an ordered
three-dimensional structure, involving forces weaker than the
hydrogen bond, is even more problematic. The force-field
problem, which appears not to be crucial when simulating the
first stages of condensation, could indeed become a primary
issue when investigating fine detail of structural and energetic
differences between crystal nuclei. For example, a catemer
structure, quite similar to the one pictured in Figure 11, has
been calculated, in accurate modelling based on atomic
dipoles obtained from X-ray electron densities, to be less
stable than the observed one (Figure 12b).[26] Indeed, a better
description of the electrostatics around the carboxyl group
might have brought forth aggregations more similar to those
observed in the crystal, but definite and consistent ideas on
modelling electrostatic forces in empirical force fields have
not yet been forthcoming (distributed dipoles[26, 27] are one
option). Also, an elusive entity like the CÿH ´´´ O interaction
may not come to the fore in room-temperature dynamic
calculations where its energy, about 4 kJ molÿ1,[26] compares
with RT. The representation of subtler structural effects has to
wait for much larger systems and much longer timescales, or
much later stages of freezing and ordering. The structural
results in our pictures (it should be once again reminded) are
snapshots and not stabilised averages.


The results presented here were obtained by means of
standard, actually almost obsolete, computer resources (an
INDY Silicon Graphics workstation), confirming that molec-
ular events in solution within the diffusive regime can
comfortably be simulated with present-day computational
tools. A path is then suggested for wide development of such
studies with an explicit aim at discussions of and comparisons
with the crystalline state, and at the transformation of the
working hypothesis here put forward into an established
chemical model or theory.
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Di- and Trimanganese N,N'-Dicyclohexylformamidinate Complexes
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Glenn P. A. Yap,[c] Laurence K. Thompson,*[b] and Regine Herbst-Irmer[d]


Abstract: The reaction of [MnCl2(thf)2] with the N,N'-dicyclohexylformamidinate
anion gave two remarkably different results depending on the nature of the amidinate
alkali metal countercation. The reaction with the lithium salt affords a mixed-valence
Mn ± oxo cluster [Mn3(CyNCHNCy)6OLi] ´ 2 THF (1), formed by the deoxygenation
of THF. In the case of the potassium salt, a dinuclear complex [{(CyNCHNCy)-
Mn}2(m-CyNCHNCy)2] (2) was formed; it has a highly distorted structure. The
complexes 1 and 2 are both extremely sensitive to oxygen. Reaction of 2 with dry O2


afforded the dinuclear complex [{Mn(CyNCHNCy)2}2(m-O)]2 ´ 2 THF (4).


Keywords: clusters ´ manganese ´
molecular orbitals ´ semiempirical
calculations


Introduction


Amidinate anions are versatile ligands and have been widely
used in transition metal and lanthanide chemistry to form
complexes which display a wide variety of reactivity (Zie-
gler ± Natta catalysis,[1] dinitrogen fixation,[2] M ± M bonds of
unusual shortness,[3] etc.). In addition, as a result of their
ability to adopt two different bonding modes to metals
(bridging[4] or chelating[5]), these ligands are suitable sub-
strates with which to study the factors that promote or
disfavor the formation of very short M ± M contacts. For
example, the employment of a homogeneous series of cyclo-
hexylamidinate derivatives has shown that steric contacts
between the amidinate substituents determine the type of
bonding mode[3c] and possibly the magnitude of the interme-
tallic separation in dinuclear species. As a result of the broad
interest, amidinate complexes are known for the large
majority of transition[1±6] and non-transition metals,[7] lantha-
nides,[8] and actinides.[9] To our knowledge, divalent manga-
nese provides one of the few cases for which only one example


of an amidinate complex has been reported so far.[10] This is
surprising because divalent manganese complexes often dis-
play a high-spin d5 electronic configuration and, in a similar
manner to d4 CrII complexes, they should be, at least in
principle, suitable substrates with which to study the occur-
rence of unusually short M ± M contacts.[3c] On the other hand,
the tetrahedral coordination environment, one of the most
commonly encountered with MnII complexes, could make the
occurrence of short Mn ± Mn contacts problematic with
bridging bulky amidinates. Thus, in order to probe how the
well-established binucleating ability of the N,N'-dicyclohex-
ylformamidinate anion and its well-known tendency to
stabilize extremely short M ± M contacts[2b, 3c] will cope with
the poor tendency of MnII to form short Mn ± Mn contacts, we
have now attempted the preparation and characterization of
N,N'-dicyclohexylformamidinate manganese derivatives.


Last but not least, amidinate anions might be versatile
supporting ligands with which to model the complexity of the
reactivity with dioxygen. The identification of manganese
sites in photosystem II (PSII), in superoxide dismutase, as
well as in other enzymes has stimulated considerable research
into the coordination of medium-valent manganese[11] and the
reactivity of these complexes with O2. The manganese cluster
in PSII of plants is known to contain metal ions connected
mainly to nitrogen donor atoms[12] and in various combina-
tions of oxidation states (ii, iii, and iv). The superoxide
dismutase is basically a MnIII porphyrin derivative.[13] Thus,
ligand systems based on nitrogen-donor atoms, such as amide
or amidinate, can be reasonably expected to increase the
reactivity of these metals and to provide suitable substrates
for the investigation into their reactivity with O2. This type of
reactivity might perhaps have some relevance to the bio-
chemistry of manganese.[14]
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Experimental Section


All operations were performed under an inert atmosphere with standard
Schlenck techniques. Solvents were dried with the appropriate drying
agents and distilled prior to use. Crystalline [Li(CyNCHNCy)] ´ hexane[15a]


was prepared by treating the samples of pure N,N'-dicyclohexylformami-
dine[15b] with n-butyllithium in hexane. [MnCl2(thf)2


16] was prepared
according to published procedures. Infrared spectra were recorded on a
Mattson 9000 FTIR instrument from Nujol mulls prepared in a drybox.
Elemental analyses were carried out with a Perkin Elmer 2400 CHN
analyzer. Samples for magnetic susceptibility measurements were prepared
inside a drybox and sealed into calibrated tubes. Magnetic measurements
were carried out with a Gouy balance (Johnson Matthey) at room
temperature. The magnetic measurements at variable temperature were
performed with a low-field SQUID magnetometer. The magnetic suscept-
ibility of a sample of 2 (10.8 mg) was measured in a field of 68.5 Gauss (or
6.85 mT), while a sample of 4 (18.0 mg) was measured in a field of 50 Gauss
(or 7.1 mT) from 4.2 to 273 K. The magnetic moments were calculated by
standard methods[17] and corrections for underlying diamagnetism were
applied to the data.[18]


[Mn3(CyNCHNCy)6OLi] ´ 2 THF (1): A pale pink suspension of
[MnCl2(thf)2] (2.6 g, 9.7 mmol) in THF (125 mL) was treated with lithium
N,N'-dicyclohexylformamidinate (5.8 g, 19.3 mmol). Soon after the addi-
tion, the solid disappeared to give a clear pale yellow solution. After a few
minutes, a pale colored solid precipitated. The reaction mixture was boiled
until it became a clear yellow solution (30 min) and subsequently it was
concentrated to a small volume (50 mL). The solution was allowed to stand
at room temperature for 3 days to give pale yellowish orange crystals.
Yield: 2.8 g (1.8 mmol, 55%); IR (Nujol mull, NaCl): nÄ � 1659 (m), 1575
(s), 1447 (s), 1335 (s), 1310 (s), 1292 (s), 1258 (s), 1235 (m), 1181 (m), 1148
(s), 1104 (s), 1060 (s), 1027 (m), 986 (s), 960 (m), 916 (m), 887 (s), 841 (m),
783 (m), 721 (m), 657 (s) cmÿ1; elemental analysis calcd for C86H148LiMn3-
N12O4 (%): C 65.13, H 9.41, N 10.60; found C 64.93, H 10.02, N 10.27; meff�
5.86 mB per formula unit.


[{(CyNCHNCy)Mn}2(m-CyNCHNCy)2] (2): Neat N,N'-dicyclohexylforma-
midine (4.6 g, 22.2 mmol) was dissolved in THF (125 mL) and stirred with
excess KH (35 % dispersion in paraffin, 1.5 g, 37.5 mmol). The suspension
was boiled for 10 min and filtered to remove excess KH. The filtrate was
transferred with a cannula to a flask containing a suspension of
[MnCl2(thf)2] (93.0 g, 11.1 mmol) in THF (75 mL). The reaction mixture
was boiled for 10 min and then evaporated to dryness in vacuo. The residue
was extracted with THF (100 mL) and filtered to remove potassium
chloride. Pale yellow crystals were obtained after concentration to a small
volume (50 mL) and standing at room temperature for 48 h. Yield 2.5 g
(2.7 mmol, 48%); IR (Nujol mull, NaCl): nÄ � 1662 (m), 1555 (s), 1449 (s),
1366 (s), 1344 (s), 1319 (s), 1285 (s), 1264 (s), 1223 (s), 1176 (s), 1154 (s),
1118 (s), 1086 (s), 1076 (s), 1027 (m), 986 (s), 888 (s), 842 (m), 795 (m), 784
(m), 722 (s) cmÿ1; elemental analysis calcd for
C52H92Mn2N8(%): C 66.50, H 9.87, N 11.93; found C 66.15,
H 9.98, N 11.22.


[(CyNCHNCy)2Mn(tmeda)] (3): A solution of N,N'-dicyclo-
hexylformamidine (4.0 g, 19.4 mmol) in THF (150 mL) was
stirred with excess KH. When the vigorous gas evolution had
ceased, the suspension was boiled and stirred for 20 min. The
solution was then filtered while still hot, cooled, and then
transferred with a cannula to a suspension of [MnCl2(tmeda)]
[prepared from [MnCl2(thf)2] (2.6 g, 9.7 mmol) and TMEDA
(9.7 mmol) in THF (50 mL)]. The reaction mixture was
boiled and filtered through celite and then concentrated to a
small volume (30 mL). The mixture was kept at ÿ30 8C for a
few days to give colorless crystals of 3. Yield: 1.7 g (3.0 mmol,
31%); IR (Nujol mull, NaCl): nÄ � 1645 (s), 1582 (s), 1260 (s),
1235 (s), 1183 (m), 1150 (s), 1109 (s), 1069 (s), 1031 (m), 986
(s), 888 (s), 824 (s), 785 (s), 723 (m), 691 (m), 659 (m) cmÿ1;
elemental analysis calcd for C32H62MnN6(%): C 65.65, H
10.67, N 14.35; found C 65.68, H 10.35, N 14.20; meff� 5.61 mB.


[{Mn(CyNCHNCy)2}2(m-O)]2 ´ 2THF (4): A yellow solution
of 2 (0.5 g , 0.5 mmol) in THF (30 mL) was treated with excess
dry oxygen. The color of the reaction mixture changed to dark
brown. The resulting solution was kept at room temperature


for 4 days to give dark brown crystals of 4. Yield 0.4 g (0.4 mmol, 77%); IR
(Nujol mull, NaCl): nÄ � 1658 (s), 1577 (s), 1548 (s), 1365 (s), 1342 (s), 1312
(s), 1299 (m), 1275 (m), 1259 (s), 1230 (s), 1189 (m), 1160 (s), 1149 (m), 1113
(s), 1097 (s), 1065 (s), 1028 (m), 1006 (m), 972 (w), 888 (s), 843 (w), 803 (s),
722 (s), 697 (m), 627 (s), 610 (s) cmÿ1; elemental analysis calcd for
C60H108Mn2N8O4(%): C 64.61, H 9.76, N 10.05; found C 65.02, H 9.13, N
10.17.


Structural studies : Suitable crystals were mounted with a cooled viscous oil
on thin glass fibers. Data were collected on a Bruker SMART 1k CCD
diffractometer with 0.38 w scans at 0.90 and 1808 in f. Cell constants were
calculated from reflection data obtained from 60 data frames collected at
different parts of the Ewald sphere. No absorption corrections were
applied. The reflection data for 1 and 4 were uniquely consistent for the
reported space group. No symmetry higher than triclinic was observed for
2. The systematic absences in the reflection data for 3 were consistent for
either C2c or Cc space groups. Solution in the centrosymmetric space group
for 3 and in the centric option for 2 yielded chemically reasonable and
computationally stable results of refinement. The structures were solved by
direct methods, completed with subsequent Fourier synthesis, and refined
with full-matrix least-squares procedures based on F 2.


The metal positions in 1 are located at the vertices of a tetrahedron with the
oxygen atom O(100) located in the center. After initial location of the
primary tetrahedron and ligand atoms, a secondary inverted tetrahedron
became apparent from the remaining electron density peaks. Further
inspection of the isotropic parameters of the LiMn3 cluster suggested Li/Mn
disorder. Refinement of the occupancies of the eight possible combinations
yielded a final structure composed of six disordered contributions with a
68:13:10:4:3:2 distribution of the site occupancy. Similar disorder has been
previously observed in a series of tetrahedral and tetranuclear oxo clusters
that contain manganese.[20a] Two molecules of cocrystallized THF were
located in the asymmetric unit, and were treated with noncrystallographic
symmetry restraints. The compound molecule 3 was located on a twofold
axis, while 4 was located on an inversion center. In the case of 4, two
molecules of cocrystallized THF are present in the asymmetric unit.


The solvent atoms of 1 were refined isotropically in order to conserve a
reasonable data/parameter ratio. All other non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms were
assigned with idealized geometry, and constrained with an isotropic, riding
model. Crystallographic details are presented in Table 1. Selected bond
lengths and angles are given in Table 2. All scattering factors are contained
in the SHELXTL 5.03 program library (Sheldrick, 1997, WI). Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-101879 ± 101882. 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 : depos-
it@ccdc.cam.ac.uk).


Table 1. Crystal data and results of the structure analysis.


1 2 3 4


formula C86H148LiMn3N12O4 C52H92Mn2N8 C32H62MnN6 C60H108Mn2N8O4


formula weight 1582.02 938.21 585.82 1115.45
space group P21/c P1Å C2/c P21/n
a [�] 15.0061(8) 11.8399(6) 13.543(2) 10.6863(6)
b [�] 19.531(1) 11.9788(6) 32.884(5) 14.2717(7)
c [�] 31.116(2) 19.2152(9) 8.776(2) 20.7017(9)
a [8] 84.854(1)
b [8] 94.468(1) 88.020(1) 120.059(9) 101.282(1)
g [8] 82.783(1)
V [�3] 9042.3(9) 2692.0(2) 3383(1) 3096.2(3)
Z 4 2 4 4
l [Ka] MoKa MoKa MoKa MoKa


T [8C] ÿ 125(2) ÿ 75(2) ÿ 73(2) ÿ 75(2)
1calcd [gcmÿ3] 1.162 1.157 1.150 1.196
mcalcd [cmÿ1] 4.64 5.09 4.19 4.58
R,[a] wR2 ,[b] GoF 0.0868, 0.2202,


1.020
0.0570,
0.1315, 1.96


0.0389,
0.1027,1.012


0.0763, 0.1935,
1.039


[a] R�S j jFo jÿjFc j j /S jFo j . [b] Rw� [(S(jFo jÿjFc j )2/SwF 2
o )]1/2
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Molecular orbital calculations : Semiempirical PM3 MO calculations were
carried out with the geometrical parameters obtained from the crystal
structures of 2 and 4 using a Silicon Graphics workstation and the
Spartan 4.0 software package.[21] The program�s default parameters were
used for both calculations. The fractional atomic coordinates of the crystal
structures were converted to the corresponding Cartesian coordinates with
the XP program of the SHELXTL program library.


Results


As described in Scheme 1, the reaction of [MnCl2(thf)2] with
two equivalents of the N,N'-dicyclohexylformamidinate anion
took two completely different pathways depending on the
formamidinate alkali metal countercation employed (Li or
K). The reaction with the lithium derivative proceeded
rapidly at room temperature in THF to form good yields of
a poorly soluble yellow compound which, upon boiling,
redissolved in THF to afford pale orange, extremely air-
sensitive crystals of a mixed-valence MnII/MnIII oxo cluster
[Mn3Li(CyNCHNCy)6(m,h3-O)] ´ 2 THF (1). The presence of
lithium was clearly indicated by qualitative chemical analysis.
The data from combustion analysis was in good agreement
with the proposed formula. The IR spectrum did not show any
particular features other than the presence of the character-
istic bands of the N,N'-dicyclohexylformamidine ligand and


Scheme 1. The synthesis of complexes 1 and 2 from [MnCl2(thf)2] and the
lithium or potassium salts of N,N'-dicyclohexylformamidinate, respectively,
and their subsequent reactions with TMEDA or O2.


Table 2. Selected bond lengths [�] and angles [8].


1 2 3 4


Mn(11) ± Mn(12) 3.1153(16) Mn(1) ± Mn(2) 3.172(2) Mn ± N(1) 2.177(2) Mn ± Mn(A) 2.5678(14)
Mn(11) ± Mn(13) 3.1337(16) Mn(1) ± N(1) 2.155(2) Mn ± N(2) 2.348(2) Mn ± O(1) 1.804(3)
Mn(11) ± Li(14) 3.296(5) Mn(1) ± N(2) 2.163(2) Mn ± N(3) 2.420(2) Mn ± N(1) 2.052(4)
Mn(12) ± Li(14) 3.220(5) Mn(1) ± N(5) 2.104(2) N(1) ± C(13) 1.310(3) Mn ± N(2) 2.056(4)
Mn(13) ± Li(14) 3.342(5) Mn(1) ± N(7) 2.134(2) N(1) ± C(6) 1.460(3) Mn ± N(3) 2.008(4)
Mn(11) ± O(100) 2.012(4) Mn(2) ± N(3) 2.188(2) N(1)-Mn-N(2) 60.23(8) N(1) ± C(13) 1.303(6)
Mn(12) ± O(100) 1.987(4) Mn(2) ± N(4) 2.159(2) N(1)-Mn-N(3) 154.27(9) N(2) ± C(13) 1.309(6)
Mn(13) ± O(100) 1.992(4) Mn(2) ± N(6) 2.164(2) N(1)-Mn-N(1a) 108.85(12) N(3) ± C(26) 1.319(6)
Li(14) ± O(100) 1.962(6) Mn(2) ± N(8) 2.193(2) N(1)-Mn-N(2a) 60.23(8) N(4) ± C(26) 1.325(6)
Mn(11) ± N(11) 2.122(8) N(1) ± C(13) 1.324(3) N(1)-Mn-N(3a) 91.27(9) O(1A)-Mn-O(1) 89.18(14)
Mn(11) ± N(4) 2.132(7) N(2) ± C(13) 1.313(4) N(2)-Mn-N(2a) 164.27(11) N(1)-Mn-N(2) 64.3(2)
Mn(11) ± N(8) 2.151(6) N(3) ± C(26) 1.308(4) N(3)-Mn-N(3a) 75.01(12) N(4A)-Mn-N(1) 92.5(2)
Mn(12) ± N(9) 2.075(6) N(4) ± C(26) 1.321(4) O(1A)-Mn-N(4A) 88.1(2)
Mn(12) ± N(7) 2.095(5) N(5) ± C(39) 1.320(3) O(1)-Mn-N(3) 87.9(2)
Mn(12) ± N(2) 2.271(6) N(6) ± C(39) 1.305(4) N(3)-Mn-N(2) 92.3(2)
Mn(13) ± N(3) 2.084(5) N(7) ± C(52) 1.328(4) N(1)-C(13)-N(2) 113.6(5)
Mn(13) ± N(1) 2.143(5) N(8) ± C(52) 1.300(4) N(3)-C(26)-N(4) 127.3(5)
Mn(13) ± N(5) 2.195(6) N(1)-Mn(1)-N(2) 63.08(9) C(26)-N(3)-C(19) 115.5(4)
Li(14) ± N(12) 2.169(8) N(7)-Mn(1)-N(2) 110.64(9) C(26)-N(3)-Mn 119.4(3)
Li(14) ± N(6) 2.201(7) N(5)-Mn(1)-N(7) 117.29(9) C(19)-N(3)-Mn 125.1(3)
Li(14) ± N(10) 2.543(8) N(5)-Mn(1)-N(1) 114.53(10) C(13)-N(1)-C(6) 125.2(5)
N(1) ± C(13) 1.333(8) N(4)-Mn(2)-N(3) 62.60(9) C(13)-N(1)-Mn 91.2(3)
N(2) ± C(13) 1.319(8) N(6)-Mn(2)-N(3) 104.33(9) C(6)-N(1)-Mn 143.3(4)
O(100)-Mn(11)-N(11) 103.6(2) N(4)-Mn(2)-N(8) 103.22(9)
N(11)-Mn(11)-N(4) 112.6(3) N(6)-Mn(2)-N(8) 132.87(9)
N(11)-Mn(11)-N(8) 111.6(2) N(2)-C(13)-N(1) 117.9(3)
O(100)-Mn(11)-N(8) 107.47(18) N(3)-C(26)-N(4) 118.4(3)
N(2)-C(13)-N(1) 125.1(6) N(6)-C(39)-N(5) 120.7(3)
N(4)-C(26)-N(3) 125.9(6) N(8)-C(52)-N(7) 120.6(3)
N(6)-C(39)-N(5) 124.3(6) C(13)-N(1)-C(6) 118.0(2)
N(8)-C(52)-N(7) 126.4(6) C(13)-N(1)-Mn(1) 89.5(2)
N(9)-C(65)-N(10) 125.8(6) C(6)-N(1)-Mn(1) 150.9(2)
N(12)-C(78)-N(11) 125.7(7) C(39)-N(5)-C(32) 116.7(2)


C(39)-N(5)-Mn(1) 110.7(2)
C(32)-N(5)-Mn(1) 129.3(2)
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interstitial THF. The complex is paramagnetic with a magnetic
moment significantly lower than that expected for the d4


electronic configuration of MnIII.
In contrast, the same reaction carried out under very similar


conditions but with the potassium salt of the amidinate anion,
gave a dinuclear MnII compound. The reaction, also carried
out in THF, yielded pale yellow crystals of the dinuclear
[{(CyNCHNCy)Mn}2(m-CyNCHNCy)2] (2) after a short re-
flux and work up. The dimeric nature and the connectivity was
elucidated by an X-ray crystal structure analysis. The data
from combustion analysis was in good agreement with the
proposed formula. The complex is paramagnetic with a room
temperature magnetic moment slightly lower than that
expected for a d5 high-spin electronic configuration of MnII;
this indicates that there is probably some magnetic coupling
between the two metal centers. The behavior of the inverse of
the magnetic susceptibility as a function of the temperature
showed the characteristic behavior of an antiferromagneti-
cally coupled complex (Figure 1) with a Neel temperature of


Figure 1. Plots of the magnetic susceptibility and of the magnetic moment
against the temperature for complex 2 (continuous line shows the
calculated trend).


30 K and an exchange coupling constant of J�ÿ5.18 cmÿ1. In
the region 60 ± 273 K, the compound behaves as a regular
paramagnet and follows the Curie Law with a nearly zero
intercept [q�ÿ1 K]. A reasonable fit of the experimental
data (Figure 1) was obtained with an isotropic exchange
equation derived from the van Vleck equation for a pair of
S� 5/2 centers (H� 2 JS1S2) and assuming the following
parameters: g� 2.003, J�ÿ5.18 cmÿ1, ferromagnetic, para-
magnetic impurity� 0.022, q�ÿ1 K, R� 0.0168, TIP� 0
[R� {S(cobsÿ ccalc)2/S(cobs)2}1/2, q�Weiss-like correction].


Treatment of 2 with TMEDA cleaved the dinuclear
structure and produced a monomeric and octahedral com-


pound [(CyNCHNCy)2Mn(tmeda)] (3). Conversely, the poly-
nuclear structure of 1 was insensitive to TMEDA. Even
reactions carried out with either Li or K, N,N'-dicyclohex-
ylformamidinate, and [MnCl2(thf)2] in the presence of TME-
DA led to the formation of 1 or 3, respectively, as the sole
products. The same results were obtained by with
[MnCl2(tmeda)]. Complex 3 possesses a magnetic moment
at room temperature which is slightly lower than that
expected for the high spin d5 electronic configuration of MnII.


Compounds 1 and 2 are both extremely sensitive to oxygen.
Upon exposure to even traces of oxygen, an intensely dark
reddish-brown color developed. Dark red crystals of a new
compound, 4, separated from the THF solution of 2 upon
concentration and standing at room temperature. Attempts to
identify the product of the reaction of 1 with O2 led only to
intractable materials. Analytical data were in agreement with
the formulation [(CyNCHNCy)Mn]2(m-CyNCHNCy)2(m-O)]2


(4), as elucidated by the X-ray crystal structure. The IR
spectrum did not show any unusual features and was very
similar to that of complex 2, thus indicating that a relatively
minor molecular reorganization had occurred during the
reaction with O2. The absence of absorptions in the region n�
4500 ± 2900 cmÿ1 ruled out the possibility that 4 might be a
hydroxo-bridged MnIII compound.[19] The behavior of the
magnetic susceptibility as a function of temperature (Fig-
ure 2) was considerably different from that of the antiferro-


Figure 2. Plots of the magnetic susceptibility and of the magnetic moment
against the temperature for complex 4.


magnetically coupled 2. The plot of 1/c against the temper-
ature deviates significantly from the Curie ± Weiss law and is
curved in the range T� 5 ± 255 K. The magnetic moment
drops from 4.1 mB at 273 K to 2.3 mB at 5 K in an almost linear
manner. While this is not indicative of ferromagnetism,
antiferromagnetic coupling cannot be ruled out. The magnetic
moment at room temperature is only slightly higher than that
expected for a hexacoordinate high-spin d3 system. At present
we do not understand this unusual magnetic behavior and
further studies on this system are underway.
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Structural studies


Complex 1: One lithium and three manganese atoms form the
core of the structure of 1 (Figure 3). The four metal atoms
define a rather symmetric tetrahedron [Mn(11)-Mn(12)-
Mn(13) 64.48(4), Mn(11)-Mn(12)-Li(14) 62.68(10), Mn(11)-
Mn(13)-Li(14) 61.9(9), Mn(12)-Mn(13)-Li(14) 57.7(9)8] with
significantly short nonbonding intermetallic contacts


Figure 3. Structure of 1. Thermal ellipsoids are drawn at the 30%
probability level.


[Mn(11) ´´´ Mn(12) 3.115(2), Mn(11) ´´´ Mn(13) 3.134(2),
Mn(12) ´´´ Mn(13) 3.334(2), Mn(11) ´´´ Li(1)4 3.296(5),
Mn(12) ± Li(14) 3.220(5), Mn(13) ´´ ´ Li(14) 3.342(5) �]. Evi-
dently, as a result of the disordered occupancy of the lithium
atoms, all the core bond lengths and angles are averaged. The
structure is completed by one oxygen atom placed in the
center of the coordination tetrahedron [Mn(11)-O(100)-
Mn(12) 102.3(3), Mn(12)-O(100)-Mn(13) 113.8(3), Mn(13)-
O(100)-Li(14) 115.4(6), Li(14)-O(100)-Mn(11) 112.1(6)8] and
six N,N'-dicyclohexylformamidinate groups. Each of the six
formamidinate anions bridges two metals and adopts the
characteristic three-center chelating geometry usually ob-
served in lantern-type systems or in metal ± metal-bonded
structures of this type of ligand. One ligand is situated along
each edge of the tetrahedral core [Mn(11) ± N(11) 2.122(8),
Mn(11) ± N(4) 2.132(7), Mn(11) ± N(8) 2.151(6), Mn(12) ±
N(9) 2.075(6), Mn(12) ± N(7) 2.095(5), Mn(12) ± N(2)
2.271(6), Mn(13) ± N(3) 2.084(5), Mn(13) ± N(1) 2.143(5),
Mn(13) ± N(5) 2.195(6), Li(14) ± N(12) 2.169(8), Li(14) ±
N(6) 2.201(7), Li(14) ± N(10) 2.543(8) �]. However, in con-
trast to the multiply bonded systems of V[2b] and Cr[3c] of the
same ligand, the formamidinate N-C-N array is not coplanar
with the two bridged metals but it is skewed in order to
accommodate the long intermetallic distance. As a result,
some of the nitrogen atoms are no longer trigonal planar but
assume a slightly pyramidal geometry. The two cyclohexyl
rings of each N,N'-dicyclohexylformamidine have two oppo-
site orientations with respect to the formamidinic hydrogen
atom in order to minimize the H ´´´ H repulsions. The
distances between the oxygen located in the center of the
tetrametallic core and the three manganese atoms [Mn(11) ±
O(100) 2.012(4), Mn(12) ± O(100) 1.987(4), Mn(13) ± O(100)


1.992(4) �] and the lithium atom [Li(14) ± O(100) 1.962(6) �]
are averaged as a result of the disorder of the Mn3Li core. Two
molecules of interstitial THF complete the crystal structure.


Complex 2 : The dinuclear frame of 2 is formed by two
distorted tetrahedral manganese atoms [N(1)-Mn(1)-N(2)
63.08(9), N(2)-Mn(1)-N(7) 110.64(9), N(7)-Mn(1)-N(5)
117.29(9), N(5)-Mn(1)-N(1) 114.53(10)8] (Figure 4) connected


Figure 4. Structure of 2. Thermal ellipsoids are drawn at the 30%
probability level.


together by two bridging formamidinate ligands [Mn(1) ±
N(5) 2.104(2), Mn(1) ± N(7) 2.134(2), Mn(2) ± N(6) 2.164(2),
Mn(2) ± N(8) 2.193(2) �].[20b] Two other formamidinate
anions, which adopt a regular chelating geometry [Mn(1) ±
N(1) 2.155(2), Mn(1) ± N(2) 2.163(2), Mn(2) ± N(3) 2.188(2),
Mn(2) ± N(4) 2.159(2) �], are bonded to the two metals and
define the tetrahedral coordination geometry around each
manganese atom. The two bridging N,N'-dicyclohexylforma-
midinates adopt the usual three-center chelating bonding
mode. However, similar to the case of complex 1, the
amidinate N-C-N backbone is not coplanar with the two
metal centers; it is severely skewed to allow the distortion
necessary to accommodate the long intermetallic distance
[Mn(1)-N(5)-C(39)-N(6) 34.0, Mn(1)-N(7)-C(52)-N(8) 47.0,
Mn(2)-N(6)-C(39)-N(5) 45.4, Mn(2)-N(8)-C(52)-N(7) 36.48].
To accommodate the sp2 hybridization of the formamidine C
atom [N(5)-C(39)-N(6) 120.7(3), N(7)-C(52)-N(8) 120.6(3)8],
the ipso hydrogen atoms of the two cyclohexyl rings point
towards the inside and the outside of the molecular center,
respectively. The hydrogen atom pointing to the exterior of
the molecules forms a short H ´´´ H nonbonding contact [H ´´´
H 2.13 �] with the formamidinic hydrogen atom. As a result,
the nitrogen donor atoms are no longer trigonal planar but
slightly pyramidal [C(32)-N(5)-C(39) 116.7(2), C(39)-N(5)-
Mn(1) 110.7(2), Mn(1)-N(5)-C(32) 129.3(2), C(39)-N(6)-
C(38) 117.2(2), C(39)-N(6)-Mn(2) 102.3(2), C(38)-N(6)-
Mn(2) 129.7(2); Mn(1)-N(7)-C(52) 110.7(2), C(52)-N(7)-
C(45) 115.7(2), C(45)-N(7)-Mn(1) 123.2(2); C(52)-N(8)-
C(51) 116.6(2), C(51)-N(8)-Mn(2) 137.0(2), Mn(2)-N(8)-







FULL PAPER S. Gambarotta, L. K. Thompson et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0582 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2582


C(52) 95.3(2)8]. The Mn ± Mn distance [Mn(1) ´´´ Mn(2)
3.1701(6) �] is rather long and outside the bonding range.


Complex 3 : The structure consists of a slightly distorted
octahedral manganese atom [N(1)-Mn-N(2) 60.23(8), N(1)-
Mn-N(3) 154.27(9), N(2)-Mn-N(3) 98.47(8)8] surrounded by
two amidinate anions [Mn ± N(1) 2.177(2), Mn ± N(2)
2.348(2) �] and one TMEDA molecule (Figure 5). Both


Figure 5. Structure of 3. Thermal ellipsoids are drawn at the 30%
probability level.


ligands adopt a regular chelating bonding mode [N(1)-C(13)-
N(2) 120.7(3)8] to produce planar four-membered metalla-
cycles [torsion angle Mn-N(1)-C(13)-N(2) 7.68]. The two
nitrogen atoms of one chelating TMEDA complete the
structure [Mn ± N(3) 2.420(2), N(3)-Mn-N(3a) 75.01(12)8].
The three metallacycles formed by the two amidinates and the
TMEDA molecule with the metal center adopt an overall
propellerlike conformation in order to minimize the steric
repulsions. Also the ipso hydrogen atoms of the cyclohexyl
rings are coplanar with the formamidine hydrogen atom and
have rather short H ´´´ H contacts [H(13a) ´´ ´ H(6a) 2.2,
H(13a) ´´´ H(12a) 2.1 �].


Complex 4 : The dinuclear frame is composed of two
manganese atoms with a distorted octahedral coordination
[O(1)-Mn-O(1A) 89.18(14), O(1A)-Mn-N(4A) 88.1(2),
N(4A)-Mn-N(1) 92.5(2), N(1)-Mn-N(2) 64.3(2), N(2)-Mn-
N(3) 92.3(2), N(3)-Mn-O(1) 87.9(2)8] linked together by two
bridging oxygen atoms [Mn ± O(1) 1.804(3) �] and two
bridging N,N'-dicyclohexylformamidinate anions [Mn ± N(3)
2.008(4), Mn ± N(4A) 2.013(4) �] in an overall edge-sharing
bioctahedral structure (Figure 6). Two other formamidinate
anions, which adopt a normal chelating geometry [Mn ± N(1)
2.052(4), Mn ± N(2) 2.056(4) �], complete the octahedral
coordination sphere around each manganese atom. There-
fore, the coordination geometry of each manganese atom is
defined as follows. Two bridging oxygen and two nitrogen
atoms of one chelating N,N'-dicyclohexylformamidinate
[N(1)-Mn-O(1A) 102.7(2), O(1A)-Mn-O(1) 89.18(14), O(1)-
Mn-N(2) 103.8(2), N(2)-Mn-N(1) 64.3(2)8] define the equa-
torial plane. Two nitrogen atoms of the two bridging
formamidinate anions occupy the two axial positions [N(3)-


Figure 6. Structure of 4. Thermal ellipsoids are drawn at the 30%
probability level.


Mn-N(4A) 174.3(2)8]. The bridging amidinates adopt the
normal three-center chelating geometry in which the N-C-N
array is almost coplanar with the Mn ± Mn vector [Mn-N(3)-
C(26)-N(4) ÿ1.8 and Mn(A)-N(4)-C(26)-N(3) 1.58]. The
nitrogen donor atoms have distorted trigonal planar coordi-
nation [C(1)9-N(3)-C(26) 115.5(4), C(26)-N(3)-Mn 119.4(3),
Mn-N(3)-C(19) 125.1(3); C(26)-N(4)-C(25) 114.6(4), C(25)-
N(4)-Mn(A) 126.4(3), Mn(A)-N(4)-C(26) 119.0(3)]. The
central Mn2O2 core is planar [Mn-O(1)-Mn(A)-O1(A) 0.0]
and coplanar with the four nitrogen atoms of the terminal
chelating formamidinate ligands [N(2)-Mn-O(1)-Mn(A) 0.0,
N(1)-Mn-O(1)-Mn(A) 0.08].


Molecular orbital calculations


Complex 2 : Given that the magnetic moment was slightly
lower than that expected for the d5 electronic configuration of
high-spin tetrahedral manganese atoms, a multiplicity of nine
was considered to be the most appropriate for the calculation.
The geometrical distortion of the bridging formamidinate
ligands and consequent lack of symmetry is reflected in the
divergent participation of the atomic orbitals of the two
manganese atoms in the formation of the MOs. The calcu-
lation yielded a considerable HOMO ± LUMO gap (5.8 eV)
and four nearly degenerate frontier orbitals (HOMO, HO-
MO-1, HOMO-2, and HOMO-3). These four orbitals largely
account for the bonding with the chelating formamidine and
are mainly nonbonding or antibonding with respect to the
Mn ± Mn interaction. Among the large number of molecular
orbitals present, a few are worth particular attention (Fig-
ure 7): two almost degenerate molecular orbitals, HOMO-23
and HOMO-25, located at ÿ13.8 and ÿ13.9 eV, respectively,
have the shape of two Mn ± Mn s bonds. These two orbitals
are chiefly formed by two d-centered hybrid combinations.
However, in spite of the fact that the lobes lying on the
intermetallic vector in both MOs possess the appropriate
phase and orientation for the formation of a s bond, the
overlap is negligible. Conversely, the amidinate nitrogen p
orbitals participate significantly in the formation of the MOs.
A direct Mn ± Mn interaction is also observed in HOMO-56,
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located at ÿ23.5 eV, which may be regarded as a sort of
ligand-supported M ± M bond. The orbital originates from the
overlap of the manganese s orbitals with the px/py hybrid
combination of the bridging formamidinate nitrogen and
carbon orbitals and is a largely delocalized lobe situated in the
center of the molecular core. However, the three Mn ± Mn
interactions do not produce any significant formal Mn ± Mn
bond order (0.06). The bonding of the Mn atoms with the
bridging formamidinate Mn ± N s-bonding is mainly realized
with HOMO-45 (ÿ17.0 eV).


Complex 4: A multiplicity of seven was used in the calculation
to account for the d3 electronic configuration of the two metal
centers. The Mn ± Mn vector was imposed as a z axis for the
calculation. In a similar manner to complex 2, the HOMO ±
LUMO gap was significantly large (7.6 eV). The first five
frontier orbitals (HOMO to HOMO-4) are uniformly spread
between ÿ7.2 and ÿ7.8 eV, and, with the exception of
HOMO-2, are nonbonding MOs or mainly ligand orbitals.
The near D2h symmetry of the complex is responsible for the
presence of the large number of symmetric molecular orbitals
which neatly accounts for the Mn ± Mn, Mn-O-Mn and Mn-
amidine-Mn interactions. The direct Mn ± Mn interactions are
provided by three MOs (Figure 8); these, however, always
require the substantial participation of the bridging ligands


and do not produce any chemi-
cally significant Mn ± Mn bond
(calculated Mn ± Mn bond or-
der� 0.022). Therefore, given
the negligible direct overlap
between the Mn atomic orbi-
tals, these MOs may be perhaps
better regarded as Mn ± Mn
nonbonding orbitals. The first,
HOMO-9 (ÿ10.2 eV) arises
from the overlap of the two dxz


atomic orbitals oriented to
form a Mn ± Mn p bond. How-
ever, instead of giving direct
overlap, these two atomic orbi-
tals mix with the bridging N,N'-
dicyclohexylformamidine px ni-
trogen orbitals to form Mn ± N
bonds. A similar scenario can
be observed with HOMO-39
(ÿ15.7 eV) which is formally a
Mn ± Mn s-bond interaction.
The MO is formed by the over-
lap of the dz2 orbitals of the two
Mn atoms. The Mn ± Mn inter-
action is realized exclusively
with the bridging oxygen py


orbitals which, by the orienta-
tion of the lobe towards the
center of the molecular core,
gives rise to a largely delocal-
ized circular lobe in the center
of the molecule. The very next
orbital (HOMO-40, ÿ17.8 eV)


is formed by the overlap of the lobes of the two dxz orbitals
above and below the plane of the Mn2O2 core and which form,
with the participation of the oxygen px orbitals, two rings on
the two sides of the Mn2O2 nodal plane. Five MOs are purely
Mn-O-Mn bonds. The first (HOMO-2ÿ7.6 eV) is a Mn-O-Mn
s bond and originates from the overlap of the hybrid
combination pz, dz2 , and dx2ÿy2 of the two Mn atoms, with the
pz orbitals of the bridging oxygens. The next orbital (HOMO-
20, ÿ13.1 eV) arises from the side-on overlap of the lobes of
dx2ÿy2 ,dz2 hybrid combinations located perpendicularly to the
Mn ± Mn axis and lying on the Mn2O2 core with the bridging
oxygen py orbitals. The other two orbitals (HOMO-36 and
HOMO-38 located atÿ14.8 andÿ15.2, respectively) are very
similar and arise from the overlap of the Mn dyz orbitals with
either the py or pz orbitals of oxygen. The last orbital is located
at a very low energy (HOMO-68, ÿ33.3 eV) and arises from
the overlap of the dyz orbitals with the bridging oxygen s
orbitals to form two large lobes along the two Mn-O-Mn
arrays. The Mn-amidine-Mn interactions deserve special
attention: there are many molecular orbitals that account
for these bonding interactions; however, four show a partic-
ularly extended delocalization along the Mn-N-C-N-Mn
frameworks. These orbitals display a marked d, p, and s


character. The first orbital (HOMO-48,ÿ17.8 eV) is a large d-
orbital and is realized by the overlap of the Mn dxy orbitals


Figure 7. Semiempirical molecular orbitals in complex 2.
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with the p system of the two bridging formamidine ligands,
thus forming four delocalized lobes placed symmetrically in
the four regions defined by the Mn2O2 and Mn2N4 nodal
planes. The orbital is formed by the mixing of the py orbitals of
the formamidine N and C atoms with the dxy orbtals of the two
Mn atoms. The next orbital (HOMO-52 ÿ19.3 eV) has, in
contrast, a strong p character and is formed by the Mn dxz


atomic orbitals with nitrogen s orbitals. The formamidine
carbon atoms contribute to the MO by means of spx hybrid
combinations. In addition, the bridging oxygen atoms signifi-
cantly participate in the molecular orbital with the px orbitals,
thus contributing to the overall formation of two largely
delocalized lobes on the two sides of the Mn2O2 nodal plane.
The third orbital is also a p orbital [HOMO-61,ÿ26.8 eV] and
is formed by the overlap of the Mn dyz orbitals with the
bridging formamidine pz orbitals of the nitrogen atoms and
the s orbitals of the amidinate carbon atoms to produce two
lobes which cover the two Mn-N-C-N-Mn arrays on the two
sides of the Mn2O2 nodal plane. The last orbital is a Mn ±
amidinate s orbital [HOMO-73,ÿ42.3 eV], which arises from
the simultaneous overlap of all the s orbitals of all the atoms
participating in the formation of the core, to produce one
unique lobe delocalized over the entire molecule.


Discussion


Deoxygenation of THF is likely to be at the origin of the
formation of the oxo center in complex 1. This idea is
supported by the fact that substantial amounts of n-butane


were consistently detected in
the reaction mixtures of repro-
ducible reactions. It should be
also mentioned that the N,N'-
dicyclohexylformamidinate
lithium salt used in this work
was repeatedly prepared fol-
lowing the procedure normally
used for the preparation of
Ti,[22] V,[2b] and Cr[3c] derivatives
of the same ligand.


There are several precedents
in the literature that describe
reactions involving transition
metals which lead to the frag-
mentation of THF.[23] A combi-
nation of high oxophilicity and
a strongly reducing transition
metal is typically observed
when this phenomenon occurs.
A transition metal system capa-
ble of donating two electrons to
the THF molecule leads to oxy-
gen abstraction with formation
of metal ± oxo derivatives and
ethylene (not observed even in
traces during the formation of
1). Conversely, the donation of
one electron by the transition


metal usually fragments THF to afford the enolate anion and
ethane, or a mixture of ethylene and hydrogen, or a
combination of both possibilities. In only one case, the
fragmentation to an ynolate anion and ethane was reported.[24]


In this case, the ring-cleavage process was driven by a Lewis
acid and did not require electrons to be added or removed
from THF. A different pattern of fragmentation was observed
in the case of an yttrium compound: it produced ethoxide and
ethylene.[25] The two electrons required by this process were
probably the result of an oxidation of the ligand. The
formation of n-butane as the only volatile component in the
mother liquor of 1 also requires two electrons and two
hydrogen atoms. However, the formation of 1 (a mixed
valence MnII/MnII/MnIII compound) provides only one elec-
tron, which indicates that the deoxygenation of THF is the
result of a more complex reaction pathway. The possibility
that oxidation of N,N'-dicyclohexylformamidinate may be the
source of electrons was ruled out by the absence of N,N'-
cyclohexylcarbodiimide in the reaction mixture.


It is rather surprising that the presence of a different
countercation for the formamidinate anion (potassium in-
stead of lithium) changes the reaction pathway so dramati-
cally. On the other hand, lithium and potassium do indeed
display very different Lewis acidities and polarizing abilities
in an anhydrous environment. It is well known that the Lewis
acidity of the metal plays a very fundamental role in the
cleavage of THF and possibly in deoxygenation reactions.
Furthermore, while the dinuclear frame of 2 is readily cleaved
by treatment with TMEDA to afford the octahedral mono-
nuclear complex 3, the oxo derivative 1 did not react with


Figure 8. Semiempirical molecular orbitals in complex 4.
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TMEDA. Treatment of the cluster 1 with TMEDA or even the
reaction of preformed [MnCl2(tmeda)] with the formamidi-
nate lithium salt always led to 1. This suggests that the
incorporation of lithium in cluster 3 provides stability and is,
perhaps, the thermodynamic driving force for the deoxyge-
nation of THF.


Complex 2 displays a rather strong antiferromagnetic
coupling between the two Mn centers. The magnetic moment
at room temperature is consistent with the presence of about
eight unpaired electrons per unit formula. The HOMO ±
LUMO separation (5.8 eV) is very large and is in good
agreement with the fact that the magnetic moment shows a
tendency to reach a plateau at higher temperatures. The high-
lying orbitals (HOMO-1, HOMO-2, and HOMO-3) are
nearly degenerate or are sufficiently close in energy to the
HOMO, while the next MO (HOMO-4) is separated by a
larger energy gap (1.1 eV). Perhaps this distribution of energy
levels could explain the diamagnetism observed at temper-
atures below 30 K, in which all the electrons are coupled in the
levels up to HOMO-4. At higher temperatures, the thermal
depopulation promotes electron density in the next four
orbitals and is thus responsible for the continuous variation of
the magnetic moment up to the value found at room
temperature (which indicates the presence of about eight
unpaired electrons per formula unit).


The formation of complex 4 is the result of the addition of
one molecule of oxygen to 2. The four electrons necessary for
the cleavage of O2 are provided by the two-electron oxidation
of the two Mn centers, probably through a one-step process.
As indicated by the crystal structure, complex 2 has two small
pockets on the two sides of the intermetallic vector which are
ready to accommodate one molecule of dioxygen. The high-
spin d3 electronic configuration of the tetravalent manganese,
which results from the two-electron oxidation of the two
metal centers, strongly favors an octahedral geometry. Thus,
the complex adopts the expected edge-sharing bioctahedral
structure with two bridging oxo atoms and a fairly short Mn ±
Mn distance, which falls into the range found in other M2O2


cores.[26] The fairly short M ± M distance allows the bridging
N,N'-dicyclohexylformamidinate ligands to relax the distor-
tion and to become coplanar with the M2 vector. Only some
minor distortions can still be observed in the bridging
formamidinate ligands whose resting position typically re-
quires much shorter M ± M distances.
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Synthesis, Self-Assembling Properties and Incorporation of
Carbohydrate-Substituted Porphyrins into Cell Membrane Models


Christian Schell and Hermann K. Hombrecher*[a]


Abstract: A general and very efficient
synthesis of new carbohydrate-substitut-
ed porphyrins is described. Reaction of
porphyrin 6 with different glycosyl imi-
dates 7 a ± g leads to the formation of
carbohydrate-substituted porphyrins
9 a ± g in good yield. Subsequent demet-
allation and removal of the carbohy-
drate protection groups leads to the
metal-free compounds 11 a ± g. In aque-
ous solution, compounds 11 a ± g tend to
form defined water-soluble aggregates


in a self-assembling process. In meth-
anol/water mixtures the aggregation
process depends upon the configuration
of the anomeric carbon in the carbohy-
drate moiety. The porphyrinic aggre-
gates are characterized by strong exciton
splitting in the Soret absorption spec-


trum and a red shift for all absorption
bands. Interaction of the porphyrinic
aggregates with phosphatidylethanol-
amine and DMPC liposomes leads to
very efficient incorporation of mainly
monomeric porphyrins 11 a ± g into the
liposomes, as was indicated by very large
binding constants. At low liposome
concentrations noncovalent porphyrin
dimers were detected.


Keywords: aggregation ´ antitumor
agents ´ carbohydrates ´ porphyri-
noids ´ vesicles


Introduction


The development of new porphyrinic photosensitizers for
photodynamic therapy (PDT) of cancer is one of the most
important and interesting fields of modern porphyrin chem-
istry today.[1] PDT is based upon the selective accumulation of
a photosensitizer in tumour tissue and on the production of
singlet oxygen by irradiation of the sensitizer-enriched
tumour with visible light. Thus formation of cytotoxic singlet
oxygen directly in tumour cells causes cell death and often
total tumour necrosis. Although the exact mechanism of
sensitizer uptake by tumour cells is still unknown, there is
evidence that hydrophobic and amphiphilic porphyrinic
compounds associate strongly with plasma lipoproteins and
may be incorporated into tumour cells through receptor-
mediated endocytosis of low-density lipoproteins (LDL),
since cancer cells contain high levels of LDL receptors.[2]


Furthermore, amphiphilic porphyrinic sensitizers may also
be more efficiently incorporated into cell membranes. As was
shown recently by Shulok et al.,[3] incorporation of photo-
sensitizers into plasma membranes leads to a high quantum
yield of cell deactivation. Therefore, owing to possible
enhanced selectivity to tumour cells and tumour cell destruc-
tion, hydrophobic and amphiphilic porphyrins or chlorins may
be exceptionally good candidates for use in PDT. However,


hydrophobic and amphiphilic porphyrins tend to aggregate in
aqueous solution. Aggregation significantly alters the photo-
chemical and biochemical properties of these compounds and
leads to a decrease in uptake by cells and in singlet oxygen
production.[4] Therefore a number of carbohydrate-substitut-
ed porphyrins have been synthesized recently, because these
compounds show enhanced water solubility owing to the
hydrophilic carbohydrate moiety.[5] Notably, porphyrinic
compounds bearing one or two carbohydrate substituents
gave promising results, most probably because of their
amphiphilic nature. These compounds were often synthesized
by reaction of a carbohydrate-substituted benzaldehyde with
pyrrole and another benzaldehyde derivative under Lindsay
conditions.[6] Unfortunately, the reaction leads to a mixture of
different carbohydrate-substituted porphyrins bearing one to
four carbohydrate moieties, and laborious multistep chroma-
tographic separation is often necessary to obtain pure
products.


An interesting alternative for the synthesis of carbohy-
drate-substituted porphyrins is the modification of simple
porphyrins. It has been reported already that natural and
artificial porphyrinic systems can be converted to the
carbohydrate-substituted compounds in good yield. Franck
et al. synthesized bis-galactosyl and glycosyl-substituted iso-
hematoporphyrin derivatives starting from isohematopor-
phyrin dimethyl ester.[7] We were able to synthesize several
galactosyl-substituted tetraphenylporphyrin derivatives in
good yield by a transesterification procedure,[8] and Krausz[9]


showed that it is possible to convert hydroxy-substituted
porphyrinic compounds to carbohydrate-substituted porphyr-
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ins with a spacer group between the porphyrin and the
carbohydrate moiety.


In connection with our research program on the synthesis
and investigation of porphyrins for use in PDT, we report here
a convenient synthetic procedure for the synthesis of carbo-
hydrate-substituted porphyrins with strong amphiphilic char-
acter. The synthesized compounds exhibit very interesting
properties with regard to cell uptake and PDT.


Results and Discussion


Synthesis : It is well-known that glycosyl imidates are very
potent glycosyl donors that react readily with different
hydroxy compounds such as alcohols, carboxylic acids and
phenols.[10] We therefore attempted the reaction of different
a-glycosyl imidates with hydroxy-substituted porphyrins to
obtain carbohydrate-substituted porphyrins. Starting com-


pound 4 was synthesized by reaction of the dipyrromethane 2
with iminium ion 3 in dichloromethane as described in the
literature (Scheme 1).[11] By means of this procedure com-
pound 4 was easily synthesized in multigram quantities, and
only a diaryl-substituted compound 5 and etioporphyrin IV
were obtained as side products in low yield. The porphyrins
were separated by column chromatography on silica gel.
Metallation of 4 with nickel acetate was performed by means
of standard procedures.[12] The nickel complex 6 reacted with
different glycosyl imidates 7 a ± g at room temperature in
dichloromethane with ZnCl2 as catalyst. After one hour, the
corresponding ortho esters 8 were isolated as the main
reaction products and only minor amounts of compounds
9 a ± g were obtained (Scheme 2). Nevertheless, if the reaction
time was extended to 24 hours, the glycosylated porphyrins
9 a ± g were obtained in 24 ± 30 % yield. Besides some
unreacted starting material, the porphyrinic acetate 10 was
isolated as the only side product in this reaction. Both
compounds were most probably formed by acid-catalysed
fragmentation of the ortho ester 8. Compound 10 can be used
to regenerate porphyrin 6 by a simple saponification reaction.
The obtained carbohydrate-substituted porphyrins 9 a ± g
were purified by column chromatography on silica gel with
dichloromethane as eluent. The acetal groups were removed
by treatment with sodium methanolate in methanol[13] and
demetallation was performed with propanedithiol/TFA[14] to
give an overall yield of 61 ± 99 %. The porphyrinic compounds
11 a ± g were purified by chromatography on silica gel with
dichloromethane/methanol (2/1) as eluent. As expected,
compounds 9 b ± g and 11 b ± g were obtained in the b-
configuration, as indicated by NMR spectroscopy. Owing to
the strong neighbouring group effect of the axial 2-acetoxy
group, the mannosyl derivatives 9 a and 11 a were formed in
the a-configuration. It is noteworthy that under the reaction
conditions already described compound 4 yields only a
mixture of more than 10 different, mainly nonporphyrinic
compounds, as was indicated by TLC analysis and UV/Vis
spectroscopy. No attempts were made to isolate these
products. Therefore it is absolutely necessary to use the
nickel complex 6 as starting material for the glycosylating
procedure.


Abstract in German: Es wird eine effiziente Synthesemethode
für neuartige Kohlenhydrat-substituierte Porphyrine beschrie-
ben. Das Porphyrin 6 reagiert in guter Ausbeute mit den
Glycosylimidaten 7a ± g zu den Kohlenhydrat-substituierten
Porphyrinen 9a ± g. Anschlieûende Demetallierung und Ab-
spaltung der Kohlenhydratschutzgruppen führt zu den metall-
freien Verbindungen 11a ± g. In wäûriger Lösung bilden die
Verbindungen 11a ± g definierte Strukturen in einem Selbst-
organisationsprozeû aus. Der Aggregationsprozeû hängt dabei
in Methanol/Wasser von der Konfiguration des anomeren
Kohlenstoffatoms der Kohlenhydratgruppe ab. Charakteri-
stisch für die Porphyrinaggregate ist eine starke Aufspaltung
der Soret-Bande sowie eine Rotverschiebung aller Absorp-
tionsbanden. Die Wechselwirkung der Porphyrinaggregate mit
Phosphatidylethanolamin- und DMPC-Liposomen führt zu
einem sehr effizienten Einbau der Porphyrine 11a ± g in Form
von Monomeren in die Liposome, was durch sehr hohe
Bindungskonstanten belegt wird. Bei niedrigen Liposomkon-
zentrationen konnten auûerdem nichtkovalente Porphyrindi-
mere nachgewiesen werden.


Scheme 1. Synthesis of porphyrins 4 and 6.







Carbohydrate-Substituted Porphyrins 587 ± 598


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0589 $ 17.50+.50/0 589


Characterization : All new compounds were fully character-
ized by 1H NMR and 13C NMR spectroscopy, mass spectrom-
etry and microanalysis and were found to be analytically pure
as indicated by HPLC analysis. Nevertheless, all porphyrinic
compounds showed significant aggregation in organic solvents
at a concentration above 10ÿ3m, indicated in the NMR spectra
by a broadening of all peaks and a splitting of the methyl and
ethyl resonances. This effect was less significant if TFA was
added to the solution. Assignments of the resonances to
individual protons in the 500 MHz NMR spectra are based on
COSY and HMQC spectra. Furthermore, the substitution
pattern at the porphyrin periphery was proved by NOE
experiments. The resonance of the C-1 proton of the glycosyl
moieties in compounds 9 b ± g appears as a well-resolved
doublet (J� 7.88 ± 8.24 Hz) between d� 4.65 and 4.83 in
CDCl3. For compounds 11 b ± g this doublet (J� 7.02 ±
9.12 Hz) was found between d� 5.15 and 5.37 in [D5]pyridine.
These findings indicate a b-configuration of the anomeric
carbon of the carbohydrate moieties. In contrast with this, the
resonance of the C-1 proton in compounds 9 a and 11 a
appears as a doublet (J� 2.39 Hz) at d� 5.13 in CDCl3 and
5.67 (J� 6.34 Hz) in [D5]pyridine, respectively. This is in
accordance with an a-configuration for this carbon atom.


Spectroscopic properties : The carbohydrate-substituted por-
phyrins 11 a ± g were soluble in pure methanol or dichloro-
methane/methanol (1/1) and exhibit strong Soret absorptions
at 399 and 402 nm (e� 1.2� 105� 2000 mÿ1 cmÿ1), respective-
ly. In addition, four Q bands were detected at 505, 540, 575
and 629 nm. The half-width of the Soret band in dichloro-
methane/methanol was 45� 5 nm. Thus the Soret band
is significantly broadened and less intense than that produced
by the original porphyrin 4 (l� 403 nm, fwhm: 32 nm, e�


1.58� 105 mÿ1 cmÿ1) or the fully acetylated compounds 9 a ± g
(fwhm: 30� 5 nm, e� 2.2� 105 mÿ1 cmÿ1). Also, the Soret
absorption of all-carbohydrate-substituted compounds has a
more asymmetric shape than the Soret absorption of 4 or 9 a ±
g. Both findings indicate some degree of porphyrin aggrega-
tion or dimerization in this solvent. In micellar CHAPS (3-([3-
cholamidopropyl]dimethylammonio)-1-propanesulfonate) or
SDS (sodium dodecylsulfate) solutions, the electronic spectra
of all compounds have very similar properties and are
comparable with those obtained in dichloromethane/meth-
anol. In the fluorescence spectra in dichloromethane/meth-
anol or micellar solution, two emission peaks were detected at
630 and 695 nm and the excitation spectra detected at 630 nm
were comparable with the absorption spectra.


As already mentioned, the ready aggregation of amphi-
philic porphyrins in aqueous solution significantly alters
their biophysical properties. We have shown recently that
amphiphilic carbohydrate-substituted porphyrins can be
stimulated to form closed vesicles in a self-assembling
process.[15] These porphyrinic vesicles were characterized by
strong exciton splitting of the Soret absorption band.[15] We
therefore tried to stimulate a self-assembling process for the
newly synthesized compounds 11 a ± g. The porphyrinic com-
pounds 11 a ± g were added to a micellar solution of CHAPS in
phosphate-buffered saline solution (PBS) at pH 7 and incu-
bated for 24 hours. Then the surfactant was removed by
dialysis and the dialysed solution was treated with ultrasound
to promote the formation of self-assembling structures. By
means of this procedure clear solutions of porphyrinic
aggregates were formed for all compounds. The solutions
were stable in the dark and no significant precipitation was
observed even after five months. The electronic spectra of
these solutions exhibited strong exciton splitting of the Soret


Scheme 2. Synthetic route to carbohydrate-substituted porphyrins 9a ± g and 11a ± g.
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band at 5525� 40 cmÿ1 with peaks centred at 360� 3 and
448� 3 nm (Table 1) and three red-shifted Q bands compared
with the spectra obtained in dichloromethane/methanol
(Figure 1). The relative intensities of the two Soret peaks


Figure 1. Electronic spectra of compound 11 d in PBS buffer (a) and
dichloromethane/methanol (b). Porphyrin concentration 0.4� 10ÿ5m.
Curve a is enhanced by a factor of 7.35. E� absorbance


depend only slightly upon the carbohydrate moiety. For all
compounds the red-shifted peak is the most prominent one
(Soret 1/Soret 2� 1/1.36� 0.09) and the intensity of both
Soret peaks is lowered by a factor of 3.5 ± 4.5 compared with
the peaks obtained in dichloromethane/methanol. Also, the
blue shift of the Soret absorption (2770 ± 3160 cmÿ1) is always
larger than the red shift (2420 ± 2570 cmÿ1). As Fuhrhop has
already pointed out[16] this observation is only in accordance
with a combination of edge-to-edge and cofacial interaction of
the chromophores. It is important to note that both Soret
absorptions have approximately the same half-width of
5200� 200 cmÿ1, indicating that both absorptions are due to
only one type of porphyrin aggregate.[16] We also investigated
the aggregation behaviour of the synthesized compounds in
methanol/water and ethanol/water mixtures. As the propor-
tion of water in the methanol/water mixtures was increased, a
strong reduction in intensity and a red shift of all absorption
bands was observed. For compounds 11 b ± g aggregation
occurs at a methanol concentration of less than 58 ± 60 %
(Figure 2). For compound 11 a aggregation was significant at a
somewhat higher methanol concentration of 67 ± 69 %. For
mixtures containing less than 60 % and 69 % methanol,
respectively, a splitting of the Soret absorption was observed
for all compounds (Figure 3). Furthermore, two isosbestic
points were detected at 358 and 415 nm. For ethanol/water
mixtures the same behaviour was observed. Here aggregation
occurs at 45 % ethanol concentrations for compounds 11 b ± g
and at 55 % ethanol concentrations for compound 11 a. These


Figure 2. Aggregation curve of mannose derivative 11 a and galactose
derivative 11 b (c� 1.8� 10ÿ5m) in methanol/water mixtures. Data are
corrected for density changes. eapp� apparent extinction coefficient.


Figure 3. UV/Vis spectra of compound 11a (c� 1.9� 10ÿ5m) in methanol/
water mixtures. Uppermost curve: 100 % methanol. Lowermost curve:
17% methanol.


observations clearly indicate that the aggregation is a
controlled self-assembling process and that an aggregation
process leading to a mixture of different types of aggregate
can be ruled out. It is important to note that this process is not
affected by the nature of the carbohydrate moieties in
compounds 11 b ± g and aggregation at a different methanol
or ethanol concentration was only observed for compound
11 a. Therefore the self-assembling process depends upon the
configuration of the anomeric carbon atom.


Table 1. Absorption spectra of porphyrin aggregates 11a ± g in PBS solution at pH 7.


Soret 1 Soret 2 Q3 Q2 Q1
Compound l [nm] e [mÿ1 cmÿ1] l [nm] e [mÿ1 cmÿ1] l [nm] e [mÿ1 cmÿ1] l [nm] e [mÿ1 cmÿ1] l [nm] e [mÿ1 cmÿ1]


11a 362 1.7� 104 445 2.3� 104 521 1.5� 104 576 9.8� 103 530 7.5� 103


11b 365 1.6� 104 450 2.0� 104 524 1.4� 104 578 1.2� 104 630 9.7� 103


11c 362 1.3� 104 445 1.6� 104 522 1.0� 104 575 7.0� 103 630 4.6� 103


11d 360 2.6� 104 448 3.6� 104 522 1.7� 104 575 9.5� 103 628 4.0� 103


11e 359 1.0� 104 445 1.3� 104 521 8.2� 103 575 5.2� 103 628 2.9� 103


11 f 358 2.8� 104 442 3.9� 104 521 2.1� 104 575 1.2� 104 628 8.3� 103


11g 360 2.2� 104 445 3.0� 104 522 1.9� 104 582 1.2� 104 626 8.3� 103
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Interaction with cell membrane models : The use of liposomes
as models of cell membranes is of considerable interest for
investigations concerning the influence of several physico-
chemical and photobiological factors that are important for
the uptake and incorporation of photosensitizers by cells.[17] In
order to investigate the uptake of the synthesized porphyrinic
aggregates by cell membrane models, we incubated the
porphyrinic solutions (porphyrin concentration 2.5 mg mLÿ1)
with phosphatidylethanolamine (PE) liposomes obtained
from Escherichia coli total lipid extract or dimyristoylphos-
phatidylcholine (DMPC) liposomes for 24 hours. The lip-
osome concentration was varied between 5 mg mLÿ1 and
300 mg mLÿ1. Incorporation of the porphyrins into the lip-
osomes was studied by fluorescence spectroscopy. The
fluorescence spectra obtained were characterized by emis-
sions at 630 and 690 nm which are due to porphyrin monomer
fluorescence (Figure 4). In addition, a less intense emission


Figure 4. Fluorescence spectra of compound 11 d (c� 1.0� 10ÿ6m) in
dichloromethane/methanol (a) and PE liposomes (b). PE concentration
100 mgmLÿ1. Curve b is enhanced by a factor of 4.


band was observed at 650 ± 660 nm. The relative intensity of
this emission compared with those at 630 nm and 690 nm
decreased with increasing liposome concentration. The ex-
citation spectra registered at 630 and 690 nm were almost
identical to the absorption spectra obtained for the com-
pounds in dichloromethane/methanol. The excitation spectra
registered at 650 or 660 nm had a slightly broadened (fwhm:
35� 5 nm) and slightly red-shifted (3 nm) Soret band com-
pared with those registered at 630 or 690 nm. We therefore
conclude that the fluorescence observed at 650 ± 660 nm is due
to the formation of noncovalent porphyrin dimers incorpo-
rated into the liposome membrane, especially at low lipid
concentration. Thus dimerization is accompanied by a red
shift in fluorescence of 490 cmÿ1 and a decrease in fluores-
cence intensity.


The assumption of dimer formation is further strengthened
by another experiment. After extraction of the PBS solution
with dichloromethane, only emissions at 630 and 690 nm were
detected in the organic phase. Furthermore, after addition of
CHAPS, which is known to lead to complete monomerization
of porphyrinic dimers and oligomers, a dramatic decrease in
intensity of the 650 nm emission was observed (Figure 5).
Therefore a covalently bound dimer or photobleaching
products[18] formed from the porphyrins can be excluded as


Figure 5. Fluorescence difference spectrum of compound 11 a in PE
liposomes before and after addition of 100 mg CHAPS to the PE solution.


the origin of the 650 nm emission. The existence of strongly
fluorescing dimers is in contrast with other porphyrins, where
dimer fluorescence is known to be strongly quenched.[19]


Nevertheless, it has been shown recently that sapphyrin
dimers also show strong fluorescence in polar solvents and
liposomes.[20] This is most probably due to a different mode of
aggregation involving solvent-bridged dimers that makes
radiationless deactivation of the excited states less likely.[21]


Because the porphyrinic aggregates exhibit no or virtually no
fluorescence, the incorporation of porphyrinic monomers into
liposomes leads to a strong increase in fluorescence intensity
(Figure 6).


Figure 6. Fluorescence spectra of compound 11 d in PE liposomes.
Porphyrin concentration: 2.5 mgmLÿ1, PE concentration 5 mgmLÿ1 (lower
curve) to 200 mg mLÿ1 (upper curve).


Association of liposomes and porphyrinic monomers : Equa-
tion (1) was used for calculating an analytical binding
constant.[22]


1/FO� 1/(KB F1 [CL])� 1/F1 (1)


Here, F0 is the observed fluorescence intensity of the
sensitizer in the presence of liposomes, F1 is the fluorescence
intensity for complete association and [CL] is the liposome
concentration expressed in mg mLÿ1. From a linear regression
analysis of a plot of 1/FO against 1/[CL], the binding constant
KB and F1 were calculated. Excellent correlations were
obtained for all compounds investigated (Figure 7). The
synthesized compounds exhibit very different analytical bind-
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Figure 7. Plot of 1/FO vs 1/CL for compound 11d in PE liposome solution.


ing constants for the two different types of liposomes
examined (Table 2) and these results can be generalized
according to the type of liposome used. The binding constant
estimated for DMPC liposomes is always lower than that
observed for the same porphyrin system with PE liposomes


from E. coli lipid extract. In addition, all binding constants are
greater than those reported for the binding of hematopor-
phyrin to PE liposomes.[23] Although the difference between
the binding constants for binding to DMPC liposomes is
relatively small, huge differences were found for the binding
to PE liposomes. It is well-known that PE liposomes undergo
a phase transition between the La and the inverse hexagonal
phase (HII) depending upon pH, temperature and additives.[24]


It has been shown already that PE liposomes tend to exist in
the inverse hexagonal phase at pH 7.[24] A bilayer composed of
HII-forming lipids like PE has different properties concerning
thickness, permeability and deformability than a vesicle
formed by other lipids.[24] Therefore, the rates of rotation
and lateral self-diffusion are different, and it has also been
shown that the membranes of lipid vesicles formed from PE
have large elastic moduli.[25] Swelling of the inverted HII phase
causes the interfacial area per molecule to increase.[24] An
increased interfacial area will lead to greater binding con-
stants for hydrophobic or amphiphilic compounds. Therefore
we believe that the large values estimated for the binding
constants of porphyrins 11 a ± g are due to a phase transition of
PE liposomes to an inverse HII phase. Nevertheless, this is
only an assumption and more detailed investigations are
necessary to clarify the unusally strong binding of the
carbohydrate-substituted compounds to liposomes prepared
from E. coli lipid extract.


Conclusion


We have synthesized several new carbohydrate-substituted
porphyrins that show very interesting properties regarding
PDT. The compounds were incorporated very efficiently into
cell membrane models, mainly as monomers. The estimated
binding constants were much greater than those reported for
hematoporphyrin. All compounds formed stable aggregates
in a self-assembling process in aqueous solution. Furthermore,
these aggregates did not show any significant precipitation
even after several months. Work is under way in our
laboratories to elucidate the structure of the aggregates by
means of electron microscopy and the interaction of the
synthesized compounds with different lipoproteins.


Experimental Section


General : Melting points were determined with a Büchi 510 apparatus and
are uncorrected. Column chromatography was carried out with silica gel 60,
mesh size 0.060 ± 0.2 mm, without fluorescence indicator (Merck). 1H NMR
and 13C NMR spectra were recorded in CDCl3 or [D5]pyridine on a Bruker
DRX 500 MHz spectrometer. Chemical shift values are reported in ppm
with TMS as an internal standard. The following abbreviations were used
for the assignment of hydrogen and carbon atoms in the NMR spectra: Por
for porphyrin, Mal for maltose, Glc for glucose, Gal for galactose, GlcNAc
for N-acetylglucosamine, Man for mannose, Cel for cellobiose, Lac for
lactose. IR spectra were recorded on a Shimadzu IR 435 spectrometer. UV/
Vis spectra were measured on a Kontron Uvikon 860 spectrometer.
Fluorescence spectra were recorded on a computer-controlled Spex
Fluoromax 1 spectrofluorometer. FAB mass spectra were obtained with a
VG-Analytical VG70:250E spectrometer. FAB-MS spectra were run in the
positive ion mode. 3-Nitrobenzylalcohol was used as the matrix for FAB
measurements. Laser-desorption mass spectrometry was carried out with a
Leybold LAMMA 500 laser microprobe mass analyser and MALDI-TOF
spectra were measured with a Fransen Bruker Analytik Reflex II
spectrometer, both at at the Forschungsinstitut Borstel. Pulse sonification
measurements were made with a Bandelin Sonoplus HD 200 sonicator
fitted with a TT 13 Pt-sonotrode. E. coli total lipid extract (PE, Sigma, type
IX) was purified by acetone/water extraction as described in the
literature.[26] l-a-Dimyristoylphosphatidyl choline (DMPC) was purchased
from Sigma (P6392, 99�%) and used without further purification.
Glycosylimidates were prepared according to a procedure given in the
literature.[27]


Liposome preparation : E. coli lipid or DMPC (50 mg) and CHAPS
(100 mg) were added to PBS solution (2 mL) at pH 7. After 24 hours the
suspension was dialysed five times in a 0.5 ± 3 mL Slide-A-Lyser-cassette
(Pierce) at room temperature against a 1000-fold volume of PBS solution.
The solution was removed from the cassette and diluted to 10 mL with PBS
solution. The liposome stock solutions were stored in liquid nitrogen until
use. Before use the solutions were carefully and slowly warmed to room
temperature and subjected to sonar pulses (30 % pulse, 40 % intensity).
From this stock solution aliquots were taken for incubation with porphyrin
aggregates.


Formation of porphyrinic aggregates : Porphyrins 11a ± g (1 mg) and
CHAPS (100 mg) were separately dissolved in 10 mL PBS solution
(containing 0.155m NaCl) at pH 7 and stirred for 24 h at 40 8C. The
solution was passed through a 400 nm filter incorporated within a
LiposoFast-Basic system (Milsch Equipment). Then the solution was
dialysed 8 times in a 3 ± 15 mL Slide-A-Lyser cassette (Pierce) against a
500-fold volume of PBS solution. The porphyrinic solution was removed
from the cassette and diluted to 100 mL with PBS solution. Then the
solution was subjected to sonar pulses (50 % pulse, 40% intensity) until a
clear solution was obtained.


Measurement of analytical binding constants : The binding affinity of the
carbohydrate-substituted porphyrins 11a ± g for liposomes was quantified
by estimating an analytical binding constant. For these measurements the


Table 2. Analytical binding constants of synthesized porphyrins 11 a ± g vs.
liposomes.


Binding constant [mg mLÿ1]ÿ1


Compound E. coli liposomes DMPC liposomes


11a 53.8� 9.5 38.7� 8.2
11b 132.6� 10.0 27.9� 8.9
11c 64.8� 9.5 43.2� 0.9
11d 90.0� 15.6 41.3� 5.8
11e 50.1� 10.0 55.2� 9.9
11 f 161.8� 8.3 46.3� 6.8
11g 186.7� 20.5 65.9� 10.0







Carbohydrate-Substituted Porphyrins 587 ± 598


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0593 $ 17.50+.50/0 593


liposome concentration was varied between 5 mgmLÿ1 and 300 mgmLÿ1 by
means of aliquots of the liposome stock solution described. Incubation of
the liposome solution with the porphyrinic aggregates in PBS buffer was
performed in the dark for 24 hours. The initial porphyrin concentration in
the aggregate solutions was 10 mgmLÿ1. This solution (500 mL) was diluted
with liposome stock solution and PBS solution to a total volume of 2 mL,
and then incubated at 37 8C, that is above the gel-to-liquid transition
temperature of the lipids (23 8C for DMPC).[28] Because phosphatidyletha-
nolamine liposomes prepared from E. coli lipid extract are formed from a
mixture of different compounds that differ in the acyl chain composition, a
distinct transition temperature cannot be given. Nevertheless, it is most
likely that the transition temperature is much lower than 35 8C. At least
three different, independent measurements with different liposome stock
solutions were made for calculating the binding constants.


(4-Hydroxymethylphenyl)-bis(5-ethoxycarbonyl-4-ethyl-3-methyl-2-pyr-
ryl)methane (1): 4-Hydroxymethylbenzaldehyde (7.88 g, 58.3 mmol) and
2-ethoxycarbonyl-3-ethyl-4-methylpyrrole (21.14 g, 116.7 mmol) were dis-
solved in ethanol (80 % 50 mL). Then concentrated H2SO4 (4 mL) was
added and the reaction mixture was stirred for 24 h at room temperature.
Then CH2Cl2 (400 mL) was added and the solution washed with water,
saturated NaHCO3 solution and water. The organic layer was separated
and dried (Na2SO4), and the solvent was removed in vacuo. The crude
product was separated by chromatography on a silica gel column (4�
40 cm) with CH2Cl2 as eluent. Yield 24.19 g (89 %); m.p. 69 ± 72 8C;
1H NMR (500 MHz, CDCl3, 300 K): d� 1.10 (t, J� 7.46 Hz, 6 H,
ÿCH2ÿCH3), 1.26 (t, J� 7.10 Hz, 6 H, CO2ÿCH2ÿCH3), 1.82 (s, 6H,
ÿCH3), 2.52 (br s, 1H, ArÿCH2OH), 2.73 (q, J� 7.46 Hz, 4 H,ÿCH2ÿCH3),
4.18 (q, J� 7.10 Hz, 4 H, CO2ÿCH2ÿCH3), 4.59 (s, 2H, ÿCH2OH), 5.53 (s,
1H, CH(Pyr)2), 7.04 (d, J� 8.07 Hz, 2H, Aryl), 7.24 (d, J� 8.07 Hz, 2H,
Aryl), 8.76 (br s, 2 H, NH); 13C NMR (125 MHz, CDCl3, 300 K): d� 8.42 (q,
ÿCH2ÿCH3), 14.20 (q, ÿCH3), 14.91 (q, ÿCO2ÿCH2ÿCH3), 18.33 (t,
ÿCH2ÿCH3), 40.36 (d, ArylÿCH(pyr)2), 59.63 (t, ÿCO2ÿCH2ÿCH3), 64.46
(t, ArylÿCH2ÿOH), 116.94 (s, C-5), 117.10 (s, C-3), 127.22 (d, Aryl C-2,
C-6), 128.11 (d, Aryl C-3, C-5), 131.88 (s, C-2), 134.07 (s, C-4), 138.35 (s,
Aryl C-1), 139.97 (s, Aryl C-4), 161.50 (s, CO2ÿCH2ÿCH3); MS (70 eV): m/z
(%)� 480 [M�] (90), 435 [M�ÿC2H5O] (10), 407 [M�ÿC3H5O2] (25), 327
(20), 300 [M�ÿpyrrole] (100), 268 (35), 254 (25), 181 (10), 91 [C7H7


�] (25),
88 (10), 69 (15); IR (KBr): nÄ � 3422 (OÿH), 3315 (NÿH), 2956 (CÿH), 1657
(C�O), 1434, 1237, 1144, 1087, 1013, 961, 770 cmÿ1; UV/Vis (CH2Cl2): l


(nm) (lg e)� 226 (4.15), 282 (4.55); C28H36N2O5 (480.60): calcd C 69.98, H
7.55, N 5.83; found C 69.53, H 7.45, N 5.74.


4-(Hydroxymethylphenyl)-bis(4-ethyl-3-methyl-2-pyrryl)methane (2): So-
dium hydroxide (20.0 g, 500 mmol) and 1 (16.8 g, 35 mmol) were dissolved
in ethylene glycol (190 mL). The mixture was refluxed for 20 mins, then
cooled to room temperature and poured into water (500 mL). The
precipitated product was collected by filtration, dissolved in diethyl ether
and washed with brine and water. The organic layer was separated and
dried (Na2SO4). The solvent was evaporated and the residue was used
without further purification for the synthesis of porphyrin 3. Yield 10.78 g
(92 %); m.p. 142 ± 144 8C; 1H NMR (500 MHz, CDCl3, 300 K): d� 1.20 (t,
6H, J� 7.50 Hz,ÿCH2ÿCH3), 1.82 (s, 6H,ÿCH3), 2.45 (q, 4 H, J� 7.50 Hz,
CH2ÿCH3), 4.64 (s, 2 H,ÿCH2ÿOH), 5.51 (s, 1H, ArylÿCH(pyr)2), 6.37 (d,
2H, J� 2.36 Hz, pyrÿCH), 7.14 (d, 2H, J� 8.04 Hz, Aryl), 7.29 (d, 2 H, J�
8.04 Hz, Aryl), 7.37 (br s, 2 H, NH); 13C NMR (125 MHz, CDCl3, 300 K):
d� 8.78, 8.79 (2q, ÿCH2ÿCH3), 14.05 (q, ÿCH3), 18.60 (t, ÿCH2ÿCH3),
40.59 (d, ArylÿCH(pyr)2), 64.89 (t, CH2ÿOH), 111.94 (d, C-5), 113.50 (s,
C-3), 125.91 (s, C-4), 127.30 (d, Aryl C-3, C-5), 127.48 (s, C-2), 128.46 (d,
Aryl C-2, C-6), 138.92 (s, Aryl C-4), 141.36 (s, Aryl C-1); IR (KBr): nÄ � 3369
(NÿH), 2948 (CÿH), 1683, 1448, 1029 cmÿ1; UV/Vis (CH2Cl2): l (nm)
(lg e)� 229 (4.127); C22H28N2O (336.47): calcd C 78.53, H 8.39, N 8.32;
found C 76.18, H 8.07, N 7.99.


5-(p-Hydroxymethylphenyl)-2,8,13,17-tetraethyl-3,7,12,18-tetramethylpor-
phyrin (4): N,N-Diethylmethylene ammonium chloride 3 (2.17 g,
17.8 mmol) and 1 (6.00 g, 17.8 mmol) were dissolved in 500 mL MeOH/
CH2Cl2 (1/1). Then K3[Fe(CN)6] (10 g) was added. The reaction mixture
was stirred and refluxed for 2 h. Then potassium phosphate buffer (pH 6.5,
4 mL) was added and the mixture was refluxed further for 4 h. Then the
mixture was cooled to room temperature and CH2Cl2 (300 mL) was added.
The solution was washed with water (3� 200 mL) and dried (Na2SO4).
Silica gel (50 g) was added and the solvent was evaporated. The residue was
dried in vacuo and separated by chromatography with a silica gel column


(4� 60 cm) and CH2Cl2 as eluent. Three porphyrinic fractions were
collected: Fraction 1: etioporphyrin IV: yield 132 mg (2.9 %).


Fraction 2: porphyrin 4 : yield 787 mg (15.1 %); m.p.> 290 8C; 1H NMR
(500 MHz, CDCl3, 300 K): d�ÿ3.2 (br s, 2 H, NH), 1.26 (s, 1 H, Ar-
ylÿCH2ÿOH), 1.76 (t, J� 7.6 Hz, 6 H, PorÿCH2ÿCH3), 1.88 (t, J� 7.6 Hz,
6H, PorÿCH2ÿCH3), 2.46 (s, 6H, PorÿCH3), 3.64 (s, 6H, PorÿCH3), 3.96 ±
4.12 (m, 8H, PorÿCH2ÿCH3), 5.03 (s, 2H, ArylÿCH2ÿOH), 7.70 (d, J�
8.3 Hz, 2 H, Aryl), 8.05 (d, J� 8.3 Hz, 2H, Aryl), 9.96 (s, 1 H, H-15), 10.16
(s, 2 H, H-10, H-20); 13C NMR (125 MHz, CDCl3, 300 K): d� 11.62 (q,
PorÿCH3), 14.68 (q, PorÿCH3), 17.58 (q, PorÿCH2ÿCH3), 17.64 (q,
PorÿCH2ÿCH3), 19.83 (t, PorÿCH2ÿCH3), 19.92 (t, PorÿCH2ÿCH3), 65.45
(t, ArylÿCH2ÿOH), 95.27 (d, Por-15), 96.41 (d, Por-10, Por-20), 117.99 (s,
Por), 126.00 (d, Aryl), 133.16 (d, Aryl), 134.52 (s, Por), 135.69 (s, Por),
136.13 (s, Aryl), 141.02 (s, Aryl), 41.65 (s, Por), 141.75 (s, Por), 141.81 (s,
Por), 142.09 (s, Por), 142.72 (s, Por), 144.18 (s, Por); MS (MALDI-TOF): m/
z (%): 586 [M��1] (100); IR (KBr): nÄ � 3396 (OÿH), 3255 (NÿH), 2948
(CÿH), 1703, 1599, 1438, 1366, 1252, 1050, 824, 736, 671 cmÿ1; UV/Vis
(CH2Cl2): l (nm) (lg e)� 403 (5.199), 502 (4.117), 536 (3.775), 570 (3.754),
622 (3.269); C39H44N4O ´ H2O (602.82): calcd C 77.71, H 7.69, N 9.29; found
C 78.28, H 7.82, N 8.55.


Fraction 3: 5,15-bis(4-hydroxymethylphenyl)-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrin (5): yield 172 mg (2.8 %); m.p.> 265 8C; 1H NMR
(500 MHz, CDCl3/[D6]DMSO, 300 K): d�ÿ2.58 (br s, 2H, NH), 1.73 (t,
J� 7.53 Hz, 12H,ÿCH2CH3), 2.45 (s, 12 H,ÿCH3), 3.98 (q, J� 7.53 Hz, 8H,
ÿCH2CH3), 4.91 (d, J� 5.72 Hz, 4H, ÿCH2OH), 5.42 (m, ÿOH), 7.71 (d,
J� 7.70 Hz, 4H, Aryl), 7.93 (d, J� 7.70 Hz, 4H, Aryl), 10.18 (s, 2 H, H-10,
H-20); 13C NMR (CDCl3, 125 MHz, 300 K): d� 13.98 (s, CH3), 17.31 (q,
CH2CH3), 19.18 (t, CH2CH3), 62.94 (t, CH2OH), 95.71 (d, Por-10, Por-20),
117.79 (s, Por), 125.31 (d, Aryl), 131.91 (d, Aryl), 135.63 (s, Aryl), 139.29 (s,
Por), 140.14 (s, Aryl), 142.73 (s, Por), 144.25 (s, Por), 144.54 (s, Por); MS
(FAB): m/z (%): 691 [M��1] (25); IR (KBr): nÄ � 3399 (OÿH), 2945 (CÿH),
1686, 1607, 1437, 1371, 1050, 760 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lge)� 407
(5.11), 505 (4.00), 539 (3.62), 571 (3.67), 613 (2.97) nm; C46H50N4O2 ´ 3H2O
(744.97): calcd C 74.16, H 7.58, N 7.52; found C 74.22, H 6.93, N 7.48.


5-(p-Hydroxymethylphenyl)-2,8,13,17-tetraethyl-3,7,12,18-tetramethylpor-
phyrin-Niiiii (6): Porphyrin 4 (200 mg, 0.34 mmol) and [Ni(CH3COO)2] (1 g,
5.66 mmol) were dissolved in CH2Cl2/MeOH (1/1, 100 mL) and subjected
to ultrasonic pulses for 15 h in an ultrasound cleaning bath (50 W). The
mixture was poured into water (50 mL) and the organic layer was separated
and dried (Na2SO4). The solvent was evaporated and the residue
components separated by chromatography on a silica gel column (4�
60 cm) with CH2Cl2/MeOH (98/2) as eluent. Recrystallization from
dichloromethane/methanol gave purple crystals of 6 (200 mg, 91 %). M.p.
224 ± 226 8C; 1H NMR (500 MHz, CDCl3, 300 K): d� 1.65 ± 1.70 (m, 6H,
PorÿCH2ÿCH3), 1.75 ± 1.80 (m, 6H, PorÿCH2ÿCH3), 1.93 (t, 1H, J�
5.95 Hz, ArylÿCH2OH), 2.28, 2.31 (2 s, 6H, PorÿCH3), 3.43, 3.45 (2 s, 6H,
PorÿCH3), 3.77 ± 3.82 (m, 4 H, PorÿCH2CH3), 3.86 ± 3.91 (m, 4 H,
PorÿCH2CH3), 5.01 (d, 2 H, J� 5.70 Hz, ArylÿCH2OH), 7.60 ± 7.64 (m,
2H, Aryl), 7.85 ± 7.93 (m, 2 H, Aryl), 9.56 (s, 1H, PorÿH-15), 9.63 (s, 2H,
PorÿH-10, H-20); 13C NMR (125 MHz, CDCl3, 300 K): d� 11.20 (q,
PorÿCH3), 15.22 (q, PorÿCH3), 17.15 (q, PorÿCH2CH3), 17.32 (q,
PorÿCH2CH3), 17.34 (q, PorÿCH3), 19.50 (t, PorÿCH2CH3), 19.57 (t,
PorÿCH2CH3), 65.26 (t, ArylÿCH2OH), 95.4 (d, Por-15), 96.07 (d, Por-10),
96.19 (d, Por-20), 117.22 (s, Por), 125.70 (d, Aryl), 132.96 (d, Aryl), 136.23 (s,
Aryl), 136.29 (s, Por), 138.10 (s, Por), 138.12 (s, Por), 139.07 (s, Por), 139.10
(s, Por), 139.11 (s, Por), 139.52 (s, Por), 139.72 (s, Por) 140.62 (s, Por), 140.65
(s, Por), 140.72 (s, Por), 140.79 (s, Por), 140.85 (s, Por), 140.91 (s, Por), 141.03
(s, Aryl), 141.702 (s, Por), 143.45 (s, Por), 143.51 (s, Por), 144.97 (s, Por); MS
(FAB): m/z (%): 641.8 [M��2]; IR (KBr): nÄ � 3388 (OÿH), 2947 (CÿH),
1446, 1360, 1267, 1214, 1159, 1051, 976, 820, 778, 700 cmÿ1; UV/Vis
(CH2Cl2): l (nm) (lge)� 397 (5.304), 520 (4.076), 555 (4.456); C39H42N4O-
ni ´ H2O (659.47): calcd C 71.03, H 6.73, N 8.49, Ni 8.90; found C 70.53, H
7.14, N 8.57.


General procedure for the synthesis of porphyrins 9a ± g : In a 10 mL round-
bottom flask porphyrin 6 (200 mg, 0.31 mmol) and the corresponding
carbohydrate trichloroacetimidate 7 (1.22 mmol) were dissolved in CH2Cl2


(5 mL). Then molecular sieves 4� (200 mg) were added and the suspension
stirred for 10 min. Then ZnCl2 ´ Et2O (0.25 mL, 0.48 mmol) was added and
the reaction mixture stirred at room temperature for 24 h. The mixture was
poured into CH2Cl2 (200 mL) and washed with water (3� 100 mL). The
organic layer was separated and dried (Na2SO4). The solvent was removed
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and the residue components separated by chromatography on a silica gel
column (30� 2 cm). Two porphyrinic fractions were collected. The first one
was porphyrin acetate 10, the second unreacted starting material 6. Then
the eluent was gradually changed from pure CH2Cl2 to CH2Cl2/MeOH (7/3)
and a third fraction, the carbohydrate-substituted porphyrin was collected.
Analytically pure compounds were obtained by TLC on silica plates with
CH2Cl2/MeOH (99/1 ± 95/5) as eluent.


5-[4-(2,3,4,6-Tetra-O-acetyl-a-dd-manopyranos-1-oxy)benzyl]-2,8,13,17-tet-
raethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9 a): According to the general
procedure 2,3,4,6-tetra-O-acetyl-a-d-mannopyranotrichloroacetimidate
(7a, 800 mg, 1.62 mmol) and 6 (200 mg, 0.312 mmol) were allowed to react
to yield 9a (88 mg, 29 %). M.p. 108 ± 110 8C; 1H NMR (500 MHz, CDCl3,
300 K): d� 1.65 ± 1.71 (m, 6 H, PorÿCH2ÿCH3), 1.74 ± 1.79 (m, 6 H,
PorÿCH2ÿCH3), 2.08 (s, 3 H, ManÿCO2ÿCH3), 2.13 (s, 3H, Man-
ÿCO2ÿCH3), 2.21 (s, 3 H, ManÿCO2ÿCH3), 2.26 (s, 6 H, PorÿCH3), 2.30
(s, 3 H, ManÿCO2ÿCH3), 3.43 (s, 6 H, PorÿCH3), 3.77 ± 3.82 (m, 4H,
PorÿCH2ÿCH3), 3.86 ± 3.91 (m, 4H, PorÿCH2ÿCH3), 4.26 (m, 1H, J4/5�
9.86 Hz, J5/6a� 2.28 Hz, J5/6b� 5.23 Hz, Man-5), 4.27 (m, 1H, J5/6a� 2.28 Hz,
J6a/6b� 12.31 Hz, Man-6a) 4.45 (dd, 1 H, J5/6b� 5.23 Hz, J6a/6b� 12.31 Hz,
Man-6b), 4.86 (d, 1H, J� 11.88 Hz, ArylÿCH2ÿ), 5.08 (d, 1H, J� 11.88 Hz,
ArylÿCH2ÿ), 5.13 (d, 1 H, J1/2� 2.39 Hz, Man-1), 5.45 (t, 1 H, J3/4�
10.06 Hz, J4/5� 9.86 Hz, Man-4), 5.48 (m, 1H, J1/2� 2.39 Hz, J2/3� 3.69 Hz,
Man-2), 5.59 (dd, 1 H, J3/4� 10.06 Hz, J2/3� 3.69 Hz, Man-3), 7.61 (d, 2H,
J� 7.93 Hz, Aryl), 7.93 (d, 2 H, J� 7.93 Hz, Aryl), 9.57 (s, 1H, Por-15), 9.61
(s, 2H, Por-10, Por-20); 13C NMR (125 MHz, CDCl3, 300 K): d� 11.16 (q,
PorÿCH3), 15.27 (q, PorÿCH3), 17.14 (q, PorÿCH2ÿCH3), 17.32 (q,
PorÿCH2ÿCH3), 19.51 (t, PorÿCH2ÿCH3), 19.56 (t, PorÿCH2ÿCH3), 20.62
(q, ManÿCO2ÿCH3), 20.69 (q, ManÿCO2ÿCH3), 20.81 (q, ManÿCO2ÿCH3),
62.46 (t, Man-6), 66.18 (d, Man-4), 68.77 (d, Man-5), 69.11 (d, Man-3), 69.34
(t, ArylÿCH2ÿ), 69.63 (d, Man-2), 95.43 (d, Por-15), 96.21 (d, Por-10, Por-
20), 96.60 (d, Man-1), 116.93 (s, Por), 126.52, 126.89 (d, Aryl), 133.07 (d,
Aryl), 135.98 (s, Por), 136.26 (s, Por), 136.31 (s, Aryl), 138.00 (s, Por), 138.38
(s, Por), 139.09 (s, Por), 139.11 (s, Por), 139.40 (s, Por), 139.45 (s, Por), 139.74
(s, Por), 140.63 (s, Por), 140.82 (s, Por), 140.86 (s, Aryl), 141.48 (s, Por),
141.74 (s, Por), 143.47 (s, Por), 143.52 (s, Por), 145.01 (s, Por), 145.02 (s, Por),
169.65 (s, ManÿCO2ÿCH3), 169.86 (s, ManÿCO2ÿCH3), 170.57 (s, Man-
ÿCO2ÿCH3); MS (FAB): m/z (%): 971 [M��1, 58Ni] (100); IR (KBr): nÄ �
3407, 2948 (CÿH), 1749 (C�O), 1620 (Aryl), 1440, 1364, 1210, 1129, 1040,
975 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lg e)� 397 (5.325), 520 (4.111), 555
(4.378); C53H60N4O10Ni (971.75): calcd C 65.51, H 6.22, N 5.76; found C
65.84, H 6.40, N 5.80.


5-[4-(2,3,4,6-Tetra-O-acetyl-b-dd-galactopyranos-1-oxy)benzyl]-2,8,13,17-
tetraethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9 b): According to the gen-
eral procedure 2,3,4,6-tetra-O-acetyl-a-d-galactopyranotrichloroimidate
(7b, 320 mg, 0.65 mmol) and 6 (100 mg, 0.156 mmol) were allowed to
react to yield 9b (44.8 mg, 30 %). M.p. 135 ± 138 8C; 1H NMR (500 MHz,
CDCl3, 300 K): d� 1.70 ± 1.74 (m, 6H, PorÿCH2ÿCH3), 1.79 ± 1.83 (m, 6H,
PorÿCH2ÿCH3), 2.11 (s, 3 H, GalÿCO2ÿCH3), 2.15 (s, 3H, GalÿCO2ÿCH3),
2.18 (s, 3 H, GalÿCO2ÿCH3), 2.29 (s, 3H, GalÿCO2ÿCH3), 2.35 (s, 6H,
PorÿCH3), 3.45 (s, 6H, PorÿCH3), 3.82 ± 3.86 (m, 4 H, PorÿCH2ÿCH3),
3.90 ± 3.92 (m, 4H, PorÿCH2ÿCH3), 3.99 (m, 1H, J4/5� 1.86 Hz, J5/6a�
7.90 Hz, J5/6b� 5.20 Hz, Gal-5), 4.29 (m, 1H, J5/6� 7.90 Hz, J6a/6b�
11.33 Hz, Gal-6a), 4.33 (m, 1H, J5/6b� 5.20 Hz, J6a/6b� 11.33 Hz, Gal-6b),
4.71 (d, 1H, J1/2� 7.97 Hz, Gal-1), 4.92 (d, 1 H, J� 12.39 Hz, ArylÿCH2ÿ),
5.15 (dd, 1H, J2/3� 10.76 Hz, J3/4� 3.58 Hz, Gal-3), 5.23 (d, 1H, J�
12.39 Hz, ArylÿCH2ÿ), 5.49 (dd, 1H, J1/2� 7.97 Hz, J2/3� 10.76 Hz, Gal-
2), 5.54 (dd, 1 H, J3/4� 3.58 Hz, J4/5� 1.86 Hz, Gal-4), 7.61 (d, 2 H, J�
7.79 Hz, Aryl), 7.91 (d, 2H, J� 7.79 Hz, Aryl), 9.61 (s, 1H, Por-15), 9.66
(s, 2H, Por-10, Por-20); 13C NMR (125 MHz, CDCl3, 300 K): d� 11.23 (q,
PorÿCH3), 15.27 (q, PorÿCH3), 17.24 (q, PorÿCH2ÿCH3), 17.36 (q,
PorÿCH2ÿCH3), 19.55 (t, PorÿCH2ÿCH3), 19.59 (t, PorÿCH2ÿCH3), 20.56
(q, GalÿCO2ÿCH3), 20.61 (q, GalÿCO2ÿCH3), 20.63 (q, GalÿCO2ÿCH3),
20.75 (q, GalÿCO2ÿCH3), 61.26 (t, Gal-6), 67.00 (d, Gal-4), 68.83 (d, Gal-2),
70.50 (t, ArylÿCH2ÿ), 70.70 (d, Gal-5), 70.97 (d, Gal-3), 95.49 (d, Por-15),
96.28 (d, Por-10, Por-20), 99.75 (d, Gal-1), 117.03 (s, Por), 126.20 (d, Aryl),
126.58 (d, Aryl), 132.93 (d, Aryl), 136.38 (s, Aryl), 136.58 (s, Por), 137.96 (s,
Por), 138.47 (s, Por), 139.14 (s, Por), 139.45 (s, Por), 139.79 (s, Por), 140.69 (s,
Por), 140.72 (s, Por), 140.89 (s, Por), 140.92 (s, Aryl), 141.27 (s, Por), 141.53
(s, Por), 141.78 (s, Por), 143.53 (s, Por), 143.58 (s, Por), 145.11 (s, Por), 169.39
(s, GalÿCO2ÿCH3), 170.14 (s, GalÿCO2ÿCH3), 170.24 (s, GalÿCO2ÿCH3),
170.32 (s, GalÿCO2ÿCH3); MS (FAB): m/z (%): 972 [M��2, 58Ni] (100); IR


(KBr): nÄ � 3411, 2950 (CÿH), 1750 (C�O), 1624 (Aryl), 439, 1364, 1218,
1046 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lge)� 397 (5.265), 519 (3.924), 555
(4.261); C53H60N4O10Ni (971.75): calcd C 65.51, H 6.22, N 5.76; found C
65.23, H 6.35, N 4.92.


5-[4-(2,3,4,6-Tetra-O-acetyl-b-dd-glucopyranos-1-oxy)benzyl]-2,8,13,17-tet-
raethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9c): According to the general
procedure, 2,3,4,6-tetra-O-acetyl-a-d-glucopyranotrichloroacetimidate
(7c, 250 mg, 0.510 mmol) and 6 (100 mg (0.156 mmol) were allowed to
react to yield 9c (44.5 mg, 30 %). M.p.> 260 8C; 1H NMR (500 MHz,
CDCl3, 300 K): d� 1.67 ± 1.72 (m, 6H, PorÿCH2ÿCH3), 1.76 ± 1.81 (m, 6H,
PorÿCH2ÿCH3), 2.10 (s, 3H, GlcÿCO2ÿCH3), 2.11 (s, 3H, GlcÿCO2ÿCH3),
2.14 (s, 3H, GlcÿCO2ÿCH3), 2.19 (s, 3H, GlcÿCO2ÿCH3), 2.32, 2.33 (2 s,
6H, PorÿCH3), 3.44, 3.45 (2s, 6H, PorÿCH3), 3.79 (m, 1H, J4/5� 10.21 Hz,
J5/6a� 2.48 Hz, J5/6b� 4.73 Hz, Glc-5), 3.80 ± 3.84 (m, 4H, PorÿCH2ÿCH3),
3.87 ± 3.92 (m, 4 H, PorÿCH2ÿCH3), 4.25 (dd, 1 H, J5/6a� 2.48 Hz, J6a/6b�
12.41 Hz, Glc-6a), 4.37 (dd, 1 H J5/6b� 4.73 Hz, J6a/6b� 12.41 Hz, Glc-6b),
4.75 (d, 1 H, J1/2� 7.98 Hz, Glc-1), 4.90 (d, 2H, J� 12.34 Hz, ArylÿCH2ÿ),
5.19 (d, 2H, J� 12.34 Hz, ArylÿCH2ÿ), 5.22 (t, 1H, J3/4� 9.53 Hz, J4/5�
10.21 Hz, Glc-4), 5.24 (t, 1H, J1/2� 7.98 Hz, J2/3� 9.60 Hz, Glc-2), 5.30 (t,
1H, J2/3� 9.60 Hz, J3/4� 9.53 Hz, Glc-3), 7.56 (d, 2 H, J� 7.95 Hz, Aryl), 7.89
(d, 2 H, J� 7.95 Hz, Aryl), 9.55 (s, 1 H, Por-15), 9.62 (s, 2H, Por-10, Por-20);
13C NMR (125 MHz, CDCl3, 300 K): d� 11.27 (q, PorÿCH3), 15.24 (q,
PorÿCH3), 17.20 (q, PorÿCH2ÿCH3), 17.36 (q, PorÿCH2ÿCH3), 19.52 (t,
PorÿCH2ÿCH3), 19.57 (t, PorÿCH2ÿCH3), 20.51 (q, GlcÿCO2ÿCH3), 20.55
(q, GlcÿCO2ÿCH3), 20.62 (q, GlcÿCO2ÿCH3), 20.67 (q, GlcÿCO2ÿCH3),
61.80 (t, Glc-6), 68.34 (d, Glc-2), 70.64 (t, ArylÿCH2ÿ), 71.24 (d, Glc-4),
71.81 (d, Glc-5), 72.82 (d, Glc-3), 95.47 (d, Por-15), 96.26 (d, Por-10, Por-20),
99.33 (d, Glc-1), 116.99 (s, Por), 126.54 (d, Aryl), 132.91 (d, Aryl), 136.31 (s,
Por), 136.36 (s, Aryl), 136.52 (s, Por), 137.94 (s, Por), 137.96 (s, Por), 138.09
(s, Por), 138.45 (s, Por), 139.09 (s, Por), 139.12 (s, Por), 139.13 (s, Por), 139.19
(s, Por), 139.40 (s, Por), 139.43 (s, Por), 139.47 (s, Por), 139.77 (s, Por), 139.80
(s, Por), 142.00 (s, Aryl), 143.00 (s, Por), 169.10 (s, GlcÿCO2ÿCH3), 169.20
(s, GlcÿCO2ÿCH3), 170.10 (s, GlcÿCO2ÿCH3), 170.20 (s, GlcÿCO2ÿCH3);
MS (FAB): m/z (%): 971 [M��2, 58Ni] (100); IR (KBr): nÄ � 3410, 2950
(CÿH), 1755 (C�O), 1362, 1219, 1034 cmÿ1; UV/Vis (CH2Cl2): l (nm)
(lge)� 397 (5.379), 521 (4.172), 555 (4.431); C53H60N4O10Ni (971.75): calcd
C 65.50, H 6.22, N 5.76; found C 64.82, H 6.19, N 5.66.


5-[4-(2-Acetamido-3,4,6-tri-O-acetyl-2-desoxy-b-dd-glucopyranos-1-oxy)-
benzyl]-2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9d): Ac-
cording to the general procedure given above, 2-acetamido-3,4,6-tri-O-
acetyl-a-d-glucopyranotrichloroacetimidate (7 d, 310 mg, 0.63 mmol) and 6
were allowed to react to give 9 d (31.9 mg, 22%). M.p. 160 8C; 1H NMR
(500 MHz, CDCl3, 300 K): d� 1.66 ± 1.70 (m, 6H, PorÿCH2ÿCH3), 1.75 ±
1.80 (m, 6H, PorÿCH2ÿCH3), 1.96 (s, 3 H, GlcNAcÿCO2ÿCH3), 2.08, 2.09
(2s, 3 H, GlcNAcÿCO2ÿCH3), 2.10 (s, 3 H, GlcNAcÿCO2ÿCH3), 2.166,
2.170 (s, 3 H, GlcNAcÿCO2ÿCH3), 2.30, 2.31 (2s, 6 H, PorÿCH3), 3.45 (s,
6H, PorÿCH3), 3.63 (m, 1H, J4/5� 10.05 Hz, J5/6a� 3.12 Hz, J5/6b� 4.55 Hz,
GlcNAc-5), 3.78 ± 3.83 (m, 4 H, PorÿCH2ÿCH3), 3.87 ± 3.91 (m, 4H,
PorÿCH2ÿCH3), 4.06 (m, 1 H, J1/2� 8.24 Hz, J2/3� 10.78 Hz, J2/NH�
8.91 Hz, GlcNAc-2), 4.20 (dd, 1H, J5/6a� 3.12 Hz, J6a/6b� 12.34 Hz,
GlcNAc-6a), 4.34 (dd, 1H, J5/6b� 4.55 Hz, J6a/6b� 12.34 Hz, GlcNAc-6b),
4.65 (d, 1H, J1/2� 8.24 Hz, GlcNAc-1), 4.70 (d, 1H, J� 11.94 Hz,
ArylÿCH2ÿ), 5.06 (d, 1H, J� 11.94 Hz, ArylÿCH2ÿ), 5.17 (t, 1H, J3/4�
9.12 Hz, J4/5� 10.05 Hz, GlcNAc-4), 5.23 (t, 1 H, J2/3� 10.78 Hz, J3/4�
9.12 Hz, GlcNAc-3), 5.39 (d, 1H, J2/NH� 8.91 Hz, NH(Ac)), 7.51 (d, 2H,
J� 7.99 Hz, Aryl), 7.91 (d, 2 H, J� 7.99 Hz, Aryl), 9.58 (s, 1H, Por-15), 9.65
(s, 2H, Por-10, Por-20); 13C NMR (125 MHz, CDCl3, 300 K): d� 11.21 (q,
PorÿCH3), 15.29 (q, PorÿCH3), 17.19 (q, PorÿCH2ÿCH3), 17.33 (q,
PorÿCH2ÿCH3), 19.52 (t, PorÿCH2ÿCH3), 19.56 (t, PorÿCH2ÿCH3), 20.54
(q, GlcNAcÿCO2ÿCH3), 20.58 (q, GlcNAcÿCO2ÿCH3), 20.68 (q,
GlcNAcÿCO2ÿCH3), 23.18(q, GlcNAcÿCO2ÿCH3), 54.44 (d, GlcNAc-2),
61.95 (t, GlcNAc-6), 68.40 (d, GlcNAc-4), 70.47 (t,ÿArylÿCH2ÿ), 71.76 (d,
GlcNAc-5), 72.31 (d, GlcNAc-3), 95.49 (d, Por-15), 96.28 (d, Por-10, Por-
20), 99.69 (d, GlcNAc-1), 117.08 (s, Por), 126.41 (d, Aryl), 132.82 (d, Aryl),
136.32 (s, Aryl), 136.38 (s, Por), 136.86 (s, Por), 136.92 (s, Por), 137.93 (s,
Por), 137.95 (s, Por), 139.11 (s, Por), 139.13 (s, Por), 139.45 (s, Por), 139.76 (s,
Por), 140.66 (s, Por), 140.86 (s, Aryl), 140.89 (s, Por), 140.99 (s, Por), 141.274
(s, Por), 143.52 (s, Por), 143.57 (s, Por), 145.07 (s, Por), 169.27 (s,
GlcNAcÿCO2ÿCH3), 169.98 (s, GlcNAcÿCO2ÿCH3), 170.64 (s,
GlcNAcÿCO2ÿCH3), 170.84 (s, GlcNAcÿCO2ÿCH3); MS (FAB): m/z
(%)� 971 [M��2, 58Ni] (100); IR (KBr): nÄ � 3412, 2950 (CÿH), 1744
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(C�O), 1629 (Aryl), 1438, 1364, 1232, 1039 cmÿ1; UV/Vis (CH2Cl2): l (nm)
(lg e)� 397 (5.338), 521 (4.095), 555 (4.379); C53H61N5O9Ni (970.76): calcd
C 65.58, H 6.33, N 7.21; found C 64.67, H 6.33, N 6.97.


5-[4-(2,3,6,8,9,10,12-O-Heptaacetyl-b-dd-maltopyranos-1-oxy)-benzyl]-2,8,-
13,17-tetraethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9 e): According to the
general procedure, 2,3,6,8,9,10,12-hepta-O-acetyl-a-d-maltopyranotri-
chloroacetimidate (7e, 350 mg, 0.448 mmol) and 6 (100 mg, 0.156 mmol)
were allowed to react to yield 9e (52.3 mg, 27%). M. p. 147 ± 150 8C;
1H NMR (500 MHz, CDCl3, 300 K): d� 1.65 ± 1.69 (m, 6H,
PorÿCH2ÿCH3), 1.75 ± 1.79 (m, 6H, PorÿCH2ÿCH3), 2.06 (s, 3 H,
MalÿCO2ÿCH3), 2.08 (s, 3H, MalÿCO2ÿCH3), 2.09 (s, 3 H,
MalÿCO2ÿCH3), 2.11 (s, 3H, MalÿCO2ÿCH3), 2.13 (s, 3 H,
MalÿCO2ÿCH3), 2.16 (s, 3H, MalÿCO2ÿCH3), 2.25 (s, 3 H,
MalÿCO2ÿCH3), 2.31, 2.32 (2s, 6H, PorÿCH3), 3.43 (s, 6H, PorÿCH3),
3.42 ± 3.44 (m, 4 H, PorÿCH2ÿCH3), 3.85 ± 3.90 (m, 4H, PorÿCH2ÿCH3),
3.84 (m, 1H, J4/5� 8.55 Hz, J5/6a� 3.80 Hz, J5/6b� 2.29 Hz, Mal-5) 4.06 (m,
1H J4'/5'� 9.84 Hz, J5'/6'a� 3.82 Hz, J5'/6'b� 2.28 Hz, Mal-5'), 4.13 (dd, 1H
J5'/6'b� 2.28 Hz, J6'a/6'b� 12.44 Hz, Mal-6'b), 4.16 (t, 1 H J3/4� 9.21 Hz, J4/5�
8.55 Hz, Mal-4), 4.33 (dd, 1H, J5'/6'a� 3.82 Hz, J6'a/6'b� 12.44 Hz, Mal-6'a),
4.38 (dd, 1H, J5/6� 3.80 Hz, J6a/6b� 12.17 Hz, Mal-6a), 4.64 (dd, 1H, J5/6�
2.29 Hz, J6a/6b� 12.17 Hz, Mal-6b), 4.83 (d, 1H, J� 7.88 Hz, Mal-1), 4.92 (d,
1H, J� 12.44 Hz, ArylÿCH2ÿ), 4.94 (dd, 1 H, J1'/2'� 3.95 Hz, J2'/3'�
10.34 Hz, Mal-2'), 5.09 (dd, 1H, J1/2� 7.88 Hz, J2/3� 9.55 Hz, Mal-2), 5.13
(t, 1H, J4'/5'� 9.84 Hz, J9/10� 9.80 Hz, Mal-4'), 5.20 (d, 1 H, J� 12.44 Hz,
ArylÿCH2ÿ), 5.38 (t, 1 H, J3/4� 9.21 Hz, J2/3� 9.55 Hz, Mal-3), 5.45 (t, 1H,
J3'/4'� 9.80 Hz, J2'/3'� 10.34 Hz, Mal-3'), 5.51 (d, 1 H, J1'/2'� 3.95 Hz, Mal-1'),
7.57 (d, 2 H, J� 7.89 Hz, Aryl), 7.88 (d, 2 H, J� 7.89 Hz, Aryl), 9.57 (s, 1H,
Por-15), 9.62 (s, 2H, Por-10, Por-20); 13C NMR (125 MHz, CDCl3, 300 K):
d� 11.19 (q, PorÿCH3), 15.26 (q, PorÿCH3), 17.17 (q, PorÿCH2ÿCH3), 17.30
(q, PorÿCH2ÿCH3), 19.50 (t, PorÿCH2ÿCH3), 19.55 (t, PorÿCH2ÿCH3),
20.47 (q, MalÿCO2ÿCH3), 20.57 (q, MalÿCO2ÿCH3), 20.79 (q,
MalÿCO2ÿCH3), 20.82 (q, MalÿCO2ÿCH3), 61.41 (t, Mal-6'), 62.77 (t,
Mal-6), 67.93 (d, Mal-4'), 68.43 (d, Mal-5'), 69.24 (d, Mal-3'), 69.93 (d, Mal-
2'), 70.63 (t, ArylÿCH2ÿ), 72.12 (d, Mal-2), 72.21 (d, Mal-5), 72.71 (d, Mal-
4), 75.34 (d, Mal-3), 95.44 (d, Por-15), 95.50 (d, Mal-1'), 96.22 (d, Por-10,
Por-20), 98.94 (d, Mal-1), 126.11, 126.50 (d, Aryl), 132.91 (d, Aryl), 136.27
(s, Por), 136.32 (s, Por), 136.53 (s, Aryl), 137.97 (s, Por), 138.88 (s, Por),
139.09 (s, Por), 139.42 (s, Por), 139.77 (s, Por), 140.63 (s, Por), 140.83 (s, Por),
141.50 (s, Por), 141.72 (s, Por), 143.48 (s, Por), 143.53 (s, Aryl), 145.05 (s,
Por), 148.45 (s, Por), 169.30 (s, MalÿCO2ÿCH3), 169.57 (s, MalÿCO2ÿCH3),
169.84 (s, MalÿCO2ÿCH3), 170.10 (s, MalÿCO2ÿCH3), 170.42 (s,
MalÿCO2ÿCH3); MS (FAB): m/z (%): 1258 [M�, 58Ni] (100), 1260 [M�,
60Ni] (40); IR (KBr): nÄ � 3410, 2950 (CÿH), 1751 (C�O), 1624 (Aryl), 1364,
1227, 1032 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lg e)� 397 (5.408), 519 (4.110),
555 (4.426); C65H76N4O18Ni (1260.08): calcd C 61.96, H 6.08, N 4.44; found
C 61.51, H 6.08, N 4.40.


5-[4-(2,3,6,8,9,10,12-O-Heptaacetyl-b-dd-lactopyranos-1-oxy)benzyl]-2,8,1-
3,17-tetraethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9 f): According to the
general procedure 2,3,6,8,9,10,12-hepta-O-acetyl-a-d-lactopyranotrichlo-
roacetimidate (7 f, 800 mg, 1.02 mmol) and 6 (200 mg, 0.312 mmol) were
allowed to react to yield 9 f (128 mg, 33 %). M.p. 147 ± 149 8C; 1H NMR
(500 MHz, CDCl3, 300 K): d� 1.62 ± 1.68 (m, 6H, PorÿCH2ÿCH3), 1.73 ±
1.78 (m, 6H, PorÿCH2ÿCH3), 2.00 (s, 3 H, LacÿCO2ÿCH3), 2.10 (2s, 6H,
LacÿCO2CH3), 2.11 (s, 3 H, LacÿCO2ÿCH3), 2.12 (s, 3 H, LacÿCO2ÿCH3),
2.19 (s, 3 H, LacÿCO2ÿCH3), 2.21 (s, 3 H, LacÿCO2ÿCH3), 2.28, 2.29 (2s,
6H, PorÿCH3), 3.42 (s, 6H, PorÿCH3), 3.73 (m, 1 H, J4/5� 9.68 Hz, J5/6a�
5.00 Hz, J5/6b� 2.13 Hz, Lac-5), 3.76 ± 3.81 (m, 4H, PorÿCH2ÿCH3), 3.86 ±
3.88 (m, 4 H, PorÿCH2ÿCH3), 3.92 (m, 1H, J4'/5'� 0.52 Hz, J5'/6'a� 6.94 Hz,
J5'/6'b� 8.07 Hz, Lac-5'), 3.92 (t, 1H, J3/4� 9.08 Hz, J4/5� 9.68 Hz, Lac-4),
4.13 (dd, 1H, J5'/6'b� 8.07 Hz, J6'a/6'b� 11.20 Hz, Lac-6'b), 4.18 (dd, 1H,
J5'/6'a� 6.94 Hz, J6'a/6'b� 11.20 Hz, Lac-6'a), 4.21 (dd, 1H, J5/6a� 5.00 Hz,
J6'a/6'b� 12.04 Hz, Lac-6'a), 4.56 (d, 1H, J1'/2'� 7.76 Hz, Lac-1'), 4.63 (dd, 1H,
J5/6b� 2.13 Hz, J6b/6a� 12.04 Hz, Lac-6b), 4.76 (d, 1 H, J1/2� 8.05 Hz, Lac-1),
4.90 (d, 1 H, J� 11.40 Hz, ArylÿCH2ÿ), 5.01 (dd, 1H, J2'/3'� 10.37 Hz, J3'/4'�
3.45 Hz, Lac-3'), 5.14 (t, 1H, J1/2� 8.05 Hz, J2/3� 9.67 Hz, Lac-2), 5.16 (d,
1H, J� 11.40 Hz, ArylÿCH2ÿ), 5.19 (t, 1H, J1'/2'� 7.76 Hz, J2'/3'� 10.37 Hz,
Lac-2'), 5.30 (t, 1H, J2/3� 9.67 Hz, J3/4� 9.08 Hz, Lac-3), 5.39 (d, 1H, J3'/4'�
3.45 Hz, J4'/5'� 0.52 Hz, Lac-4'), 7.55 (d, 2H, J� 7.86 Hz, Aryl), 7.86 (d, 2H,
J� 7.86 Hz, Aryl), 9.56 (s, 1H, Por-15), 9.60 (s, 2 H, Por-10, Por-20);
13C NMR (125 MHz, CDCl3, 300 K): d� 11.19 (q, PorÿCH3), 15.23 (q,
PorÿCH3), 17.17 (q, PorÿCH2ÿCH3), 17.30 (q, PorÿCH2ÿCH3), 19.49 (t,


PorÿCH2ÿCH3), 19.55 (t, PorÿCH2ÿCH3), 20.37 (q, LacÿCO2ÿCH3), 20.52
(q, LacÿCO2ÿCH3), 20.63 (q, LacÿCO2ÿCH3), 20.72 (q, LacÿCO2ÿCH3),
20.80 (q, LacÿCO2ÿCH3), 60.65 (t, Lac-6'), 61.90 (t, Lac-6), 66.469 (d, Lac-
4'), 69.01 (d, Lac-2'), 70.51 (t, ArylÿCH2ÿ), 70.57 (d, Lac-3'), 70.88 (d, Lac-
5'), 71.61 (d, Lac-2), 72.67 (d, Lac-5), 72.80 (d, Lac-2), 76.24 (d, Lac-4),
95.43 (d, Por-15), 96.21 (d, Por-10, Por-20), 98.92, 99.06 (d, Lac-1), 101.08 (d,
Lac-1'), 126.52 (d, Aryl), 132.89 (d, Aryl), 136.27 (s, Por), 136.32 (s, Por),
136.48 (s, Aryl), 137.91 (s, Por), 137.93 (s, Por), 139.07 (s, Por), 139.38 (s,
Por), 139.42 (s, Por), 139.72 (s, Por), 140.61 (s, Por), 140.81 (s, Por), 141.50 (s,
Aryl), 141.70 (s, Por), 143.47 (s, Por), 143.53 (s, Por), 145.07 (s, Por), 168.97
(s, LacÿCO2ÿCH3), 169.56 (s, LacÿCO2ÿCH3), 169.65 (s, LacÿCO2ÿCH3),
169.93 (s, LacÿCO2ÿCH3), 170.01 (s, LacÿCO2ÿCH3), 170.22 (s,
LacÿCO2ÿCH3), 170.28 (s, LacÿCO2ÿCH3); MS (MALDI-TOF): m/z
(%): [M��1, 60Ni] (80); IR (KBr): nÄ � 3413, 2950 (CÿH), 1750 (C�O),
1625, 1437, 1365, 1223, 1046 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lge)� 397
(5.712), 519 (4.482), 555 (4.761); C65H76N4O18Ni (1260.13): calcd C 61.96, H
6.08, N 4.44; found C 62.00, H 6.25, N 4.29.


5-[4-(2,3,6,8,9,10,12-O-Heptaacetyl-b-dd-cellopyranos-1-oxy)benzyl]-2,8,1-
3,17-tetraethyl-3,7,12,18-tetramethylporphyrin-Niiiii (9g): According to the
general procedure 2,3,6,8,9,10,12-hepta-O-acetyl-a-d-cellobiotrichloro-
acetimidate (7g, 420 mg, 538 mmol) and 6 (100 mg, 0.156 mmol) were
allowed to react to yield 9g (42.9 mg, 22 %). M.p. 153 ± 157 8C; 1H NMR
(500 MHz, CDCl3, 300 K): d� 1.66 ± 1.71 (m, 6 H, PorÿCH2CH3), 1.75 ± 1.80
(m, 6H, PorÿCH2CH3), 2.04 (s, 3H, CelÿCO2CH3), 2.07 (s, 3H,
CelÿCO2CH3), 2.09 (s, 3H, CelÿCO2CH3), 2.11 (s, 3H, CelÿCO2CH3),
2.13 (s, 3 H, CelÿCO2CH3), 2.15 (s, 3H, CelÿCO2CH3), 2.24 (s, 3H,
CelÿCO2CH3), 2.31, 2.32 (2 s, 6 H, PorÿCH3), 3.43, 3.44 (2s, 6H, PorÿCH3),
3.64 (m, 1H, J4'/5'� 10.06 Hz, J5'/6'a� 2.21 Hz, J5'/6'b� 4.26 Hz, Cel-5'), 3.71
(m, 1 H, J5/4� 9.15 Hz, J5/6a� 4.80 Hz, J5/6b� 2.04 Hz, Cel-5), 3.79 ± 3.84 (m,
4H, PorÿCH2CH3), 3.84 (t, 1H, J4/3� 8.88 Hz, J4/5� 9.15 Hz, Cel-4), 3.86 ±
3.91 (m, 5 H, PorÿCH2CH3), 4.05 (dd, 1 H, J6'a/6'b� 12.55 Hz, J6'a/5'� 2.21 Hz,
Cel-6'a), 4.18 (dd, 1 H, J6a/6b� 4.80 Hz, J6a/5� 12.06 Hz, Cel-6a), 4.41 (dd,
1H, J6'b/5'� 4.26 Hz, J6'b/6'a �12.55 Hz, Cel-6'b), 4.53 (d, 1H, J1'/2'� 7.99 Hz,
Cel-1'), 4.64 (dd, 1 H, J6b/6a� 12.06 Hz, J6'/5� 2.04 Hz, Cel-6b), 4.74 (d, 1H,
J1/2� 8.25 Hz, Cel-1), 4.91 (d, 1H, J� 12.45 Hz, ArylÿCH2ÿ), 4.99 (dd, 1H,
J2'/1'� 7.99 Hz, J2'/3'� 9.78 Hz, Cel-2'), 5.12 (dd, 1 H, J4'/3'� 13.74 Hz, J4'/5'�
10.06 Hz, Cel-4'), 5.14 (dd, 1 H, J2/1� 8.25 Hz, J2/3� 9.83 Hz, Cel-2), 5.19
(dd, 1 H, J3'/2'� 9.78 Hz, J3'/4'� 13.74 Hz, Cel-3'), 5.188 (d, 1H, J� 12.45 Hz,
ArylÿCH2ÿ), 5.29 (t, 1 H, J3/2� 9.83 Hz, J3/4� 8.88 Hz, Cel-3), 7.57 (d, 2H,
J� 7.92 Hz, Aryl), 7.89 (d, 2 H, J� 7.92 Hz, Aryl), 9.57 (s, 1H, Por-15), 9.64
(s, 2H, Por-10, Por-20); 13C NMR (125 MHz, CDCl3, 300 K): d� 11.20 (q,
PorÿCH3), 15.25 (q, PorÿCH3), 17.20 (q, PorÿCH2ÿCH3), 17.32 (q,
PorÿCH2ÿCH3), 19.52 (t, PorÿCH2ÿCH3), 19.56 (t, PorÿCH2ÿCH3), 20.43
(q, CelÿCO2ÿCH3), 20.46 (q, CelÿCO2ÿCH3), 20.55 (q, CelÿCO2ÿCH3),
20.63 (q, CelÿCO2ÿCH3), 20.82 (q, CelÿCO2ÿCH3), 61.38 (t, Cel-6'), 61.79
(t, Cel-6), 67.64 (d, Cel-4'), 70.52 (t, ArylÿCH2ÿ), 70.61 (t, ArylÿCH2ÿ),
71.51 (d, Cel-3'), 71.53 (d, Cel-2'), 71.81 (d, Cel-5'), 72.49 (d, Cel-3), 72.74 (d,
Cel-5), 72.85 (d, Cel-2), 76.47 (d, Cel-4), 95.46 (d, Por-15), 96.26 (d, Por-10,
Por-20), 98.99 (d, Cel-1), 99.13 (d, Cel-1), 100.76 (d, Cel-1'), 116.96 (s, Por),
126.55 (d, Aryl), 132.92 (d, Aryl), 136.30 (s, Por), 136.37 (s, Por), 136.51 (s,
Aryl), 137.95 (s, Por), 138.48 (s, Por), 139.10 (s, Por), 139.12 (s, Por), 139.41
(s, Por), 139.45 (s, Por), 139.75 (s, Por), 140.65 (s, Por), 140.85 (s, Por), 141.28
(s, Por), 141.53 (s, Aryl), 141.74 (s, Por), 143.50 (s, Por), 143.57 (s, Por),
145.11 (s, Por), 68.97 (q, CelÿCO2ÿCH3), 169.19 (q, CelÿCO2ÿCH3), 169.54
(q, CelÿCO2ÿCH3), 169.70 (q, CelÿCO2ÿCH3), 170.11 (q, CelÿCO2ÿCH3),
170.23 (q, CelÿCO2ÿCH3), 170.38 (q, CelÿCO2ÿCH3); MS (FAB): m/z (%):
1261 [M��1, 60Ni] (100); IR (KBr): nÄ � 2950 (CÿH), 1752 (C�O), 1622,
1435, 1363, 1223, 1036 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lge)� 397 (5.324),
520 (4.121), 555 (4.383); C65H76N4O18Ni (1260.13): calcd C 61.96, H 6.08, N
4.44; found C 61.31, H 6.09, N 4.30.


General procedure for the synthesis of porphyrins 11a ± g : In a 10 mL
round-bottom flask the porphyrins 9 (100 mg) were dissolved separately in
CH2Cl2/MeOH (1/1, 5 mL) at room temperature. Then sodium ethoxide
solution (1 mL, 1m) was added and the mixture was stirred for 10 mins.
Dichloromethane (100 mL) was added and the solution washed with water.
The organic layer was separated and dried (MgSO4), and the solvent
removed in vacuo. The residue was poured into trifluoroacetic acid (5 mL)
and 1,3-propanedithiol (0.25 mL) was added immediately. The mixture was
stirred at room temperature for 5 mins, CH2Cl2 (5 mL) was added and the
mixture was neutralized by addition of saturated NaHCO3 solution. The
organic layer was separated and the aqueous layer was extracted with
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CH2Cl2/MeOH (2/1). The combined organic layers were dried (MgSO4/
Na2CO3) and the solvent was removed in vacuo. The residue was filtered
through a plug of silica gel with CH2Cl2/MeOH (70/30) as solvent. The
crude reaction product was purified by TLC on silica gel plates by means of
CH2Cl2/MeOH eluent (10 ± 25 % MeOH). The products were extracted
from the TLC plates with 100 mL CH2Cl2/MeOH (1/1). Then water was
added and the solvent was very slowly evaporated until precipitation of the
porphyrins occurred. The precipitated porphyrins were isolated by filtra-
tion, washed with cold MeOH (80 %) and dried at room temperature in
vacuo.


5-[4-(a-dd-Mannopyranos-1-oxy)-benzyl]-2,8,13,17-tetraethyl-3,7,12,18-tet-
ramethylporphyrin (11 a): According to the general procedure, 9a (89 mg,
0.09 mmol) was converted into 11 a (yield 65 mg, 95%). M.p.> 270 8C;
1H NMR (500 MHz, [D5]pyridine, 300 K): d�ÿ2.70 (m, 2 H, NH), 1.73 ±
1.78 (m, 6H, PorÿCH2ÿCH3), 1.82 ± 1.89 (m, 6 H, PorÿCH2ÿCH3), 2.51 (s,
6H, PorÿCH3), 3.59 (s, 6H, PorÿCH3), 3.99 ± 4.11 (m, 8H, PorÿCH2ÿCH3),
4.52 (dd, 1H, J5/6a� 5.94 Hz, J6a/6b� 11.60 Hz, Man-6a), 4.57 (m, 1H, J4/5�
9.17 Hz, J5/6a� 5.94 Hz, J5/6b� 2.89 Hz, Man-5), 4.70 (dd, 1 H, J5/6b� 2.89 Hz,
J6a/6b� 11.60 Hz, Man-6b) 4.75 (m, 1 H, J1/2� 6.34 Hz, J2/3� 4.11 Hz, Man-
2), 4.76 (m, 1H, J3/4� 9.67 Hz, J4/5� 9.17 Hz, Man-4), 4.77 (m, 1H, J2/3�
4.11 Hz, J3/4� 9.67 Hz, Man-3), 5.07 (d, 1H, J� 12.32 Hz, ArylÿCH2ÿ), 5.39
(d, 1 H, J� 12.32 Hz, ArylÿCH2ÿ), 5.67 (d, 1 H, J1/2� 6.34 Hz, Man-1), 7.85
(d, 2 H, J� 7.76 Hz, Aryl), 8.22 (d, 2 H, J� 7.76 Hz, Aryl), 10.25 (m, 1H,
Por-15), 10.41 (m, 2H, Por-10 and Por-20); 13C NMR (125 MHz, [D5]pyr-
idine, 300 K): d� 11.11 (q, PorÿCH3), 14.55 (q, PorÿCH3), 17.50 (q,
PorÿCH2ÿCH3), 19.54 (t, PorÿCH2ÿCH3), 19.68 (t, PorÿCH2ÿCH3), 62.86
(t, Man-6), 68.26 (t, ArylÿCH2ÿ), 68.81, 71.86, 71.89, 72.85 (d, Man-2, Man-
3, Man-4), 75.46 (d, Man-5), 95.56 (d, Por-15), 96.75 (d, Por-10 and Por-20),
100.41 (d, Man-1), 119.12 (s, Por), 127.19 (d, Aryl), 132.87 (d, Aryl), 135.71
(s, Por), 136.10 (s, Por), 136.37 (s, Por), 136.47 (s, Aryl), 138.63 (s, Por),
138.70 (s, Por), 141.45 (s, Por), 141.71 (s, Por), 141.96 (s, Por), 142.00 (s, Por),
143.16 (s, Aryl), 144.50 (s, Por), 144.54 (s, Por); MS (MALDI-TOF): m/z
(%): 747.9 [M��1] (100), 748.8 [M��2] (40); IR (KBr): nÄ � 3400 (NÿH),
2950 (CÿH), 1626 (Aryl), 1441, 1369, 1224, 1052, 968 cmÿ1; UV/Vis
(CH2Cl2): l (nm) (lg e)� 399 (5.321), 501 (4.232), 535 (3.942), 570 (3.896),
619 (3.340); C45H54N4O6 (746.94): calcd C 72.36, H 7.29, N 7.50; found C
72.37, H 7.44, N 7.34.


5-[4-(b-dd-Galactopyranos-1-oxy)-benzyl]-2,8,13,17-tetraethyl-3,7,12,18-tet-
ramethylporphyrin (11b): According to the general procedure 9b (34 mg,
0.035 mmol) was converted into 11b (yield 26 mg, 99 %). M.p.> 270 8C;
1H NMR (500 MHz, [D5]pyridine, 300 K): d�ÿ2.68 (m, 2 H, NH), 1.74 ±
1.80 (m, 6H, PorÿCH2ÿCH3), 1.83 ± 1.89 (m, 6 H, PorÿCH2ÿCH3), 2.55, 2.56
(2s, 6H, PorÿCH3), 3.59, 3.66 (2s, 6H, PorÿCH3), 4.02 ± 4.12 (m, 8H,
PorÿCH2ÿCH3), 4.27 (m, 1H, J4/5� 2.29 Hz, J5/6a� 5.43 Hz, J5/6b� 6.71 Hz,
Gal-5), 4.35 (dd, 1H, J2/3� 9.55 Hz, J3/4� 3.52 Hz, Gal-3), 4.61 (dd, 1H,
J5/6a� 5.43 Hz, J6a/6b� 11.08 Hz, Gal-6a), 4.65 (dd, 1 H, J5/6b� 6.71 Hz,
J6a/6b� 11.08 Hz, Gal-6b), 4.72 (dd, 1H, J3/4� 3.52 Hz, J4/5� 2.29 Hz, Gal-
4), 4.76 (t, 1 H, J1/2� 7.87 Hz, J2/3� 9.55 Hz, Gal-2), 5.17 (d, 1H, J1/2�
7.87 Hz, Gal-1), 5.25 (d, 1 H, J� 11.76 Hz, ArylÿCH2ÿ), 5.59 (d, 1H, J�
11.76 Hz, ArylÿCH2ÿ), 7.96 (d, 2H, J� 7.96 Hz, Aryl), 8.03 (d, 2 H, J�
7.96 Hz, Aryl), 10.29 (s, 1 H, Por-15), 10.46 (s, 2 H, Por-10, Por-20); 13C NMR
(125 MHz, [D5]pyridine, 300 K): d� 11.39 (q, PorÿCH3), 14.94 (q,
PorÿCH3), 17.78 (q, PorÿCH2ÿCH3), 17.83 (q, PorÿCH2ÿCH3), 20.03 (t,
PorÿCH2ÿCH3), 20.05 (t, PorÿCH2ÿCH3), 62.53 (t, Gal-6), 70.34 (d, Gal-2),
70.74 (t, ArylÿCH2ÿ), 72.66 (d, Gal-4), 75.51 (d, Gal-3), 77.29 (d, Gal-5),
95.93 (d, Por-15), 96.94 (d, Por-10 and Por-20), 104.71 (d, Gal-1), 119.79 (s,
Por), 127.32 (d, Aryl), 133.03 (d, Aryl), 135.45 (s, Por), 135.64 (s, Por),
135.93 (s, Aryl), 136.50 (s, Por), 136.87 (s, Por), 139.40 (s, Por), 141.81 (s,
Por), 142.34 (s, Por), 142.38 (s, Por), 143.42 (s, Aryl), 144.83 (s, Por), 144.87
(s, Por), 144.91 (s, Por); MS (MALDI-TOF): m/z (%): 747.2 [M��1] (100),
748.2 [M��2] (70); IR (KBr): nÄ � 3395 (NÿH), 2949 (CÿH), 1627, 1441,
1364, 1050 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lge)� 399 (5.017), 500 (3.921),
534 (3.598), 570 (3.582), 619 (3.104); C45H54N4O6 (746.94): calcd C 72.36, H
7.29, N 7.50; found C 72.16, H 7.33, N 7.63.


5-[4-(b-dd-Glucopyranos-1-oxy)-benzyl]-2,8,13,17-tetraethyl-3,7,12,18-tet-
ramethylporphyrin (11 c): According to the general procedure 9 c (89 mg,
0.092 mmol) was converted into 11c (yield 65 mg, 95%). M.p. 252 ± 255 8C;
1H NMR (500 MHz, [D5]pyridine, 300 K): d�ÿ2.68 (br, 2H, NH), 1.64 ±
1.68 (m, 6H, PorÿCH2CH3), 1.74 ± 1.79 (m, 6 H, PorÿCH2CH3), 2.46 (s, 6H,
PorÿCH3), 3.51 (s, 6H, PorÿCH3), 3.93 ± 4.01 (m, 8H, PorÿCH2ÿCH3), 4.05
(m, 1H, J4/5� 6.52 Hz, J5/6a� 5.47 Hz, J5/6b� 3.42 Hz, Glc-5), 4.23 (dd, 1H,


J2/3� 7.71 Hz, J3/4� 4.32 Hz, Glc-3), 4.32 (m, 1 H, J1/2� 7.22 Hz, J2/3�
7.71 Hz, Glc-2), 4.33 (m, 1H, J3/4� 4.32 Hz, J4/5� 6.52 Hz) 4.46 (dd, 1H,
J5/6a� 5.47 Hz, J6a/6b� 11.38 Hz, Glc-6a), 4.63 (dd, 1H, J5/6b� 3.42 Hz,
J6a/6b� 11.38 Hz, Glc-6b), 5.14 (d, 1H, J� 12.20 Hz, ArylÿCH2ÿ), 5.15 (d,
1H, J1/2� 7.22 Hz, Glc-1), 5.47 (d, 1H, J� 12.20 Hz, ArylÿCH2ÿ), 7.86 (d,
2H, J� 7.86 Hz, Aryl), 7.95 (d, 1H, J� 7.86 Hz, Aryl), 10.21 (s, 1 H, Por-15),
10.36 (s, 2H, Por-10, Por-20); 13C NMR (125 MHz, [D5]pyridine, 300 K):
d� 12.56 (q, PorÿCH3), 16.11 (q, PorÿCH3), 18.94 (q, PorÿCH2ÿCH3),
18.98 (q, PorÿCH2ÿCH3), 21.16 (t, PorÿCH2ÿCH3), 21.19 (t,
PorÿCH2ÿCH3), 64.04 (t, Glc-6), 71.93 (t, ArylÿCH2ÿ), 72.89 (d, Glc-2),
76.53 (d, Glc-3), 79.901 (d, Glc-4), 80.00 (d, Glc-5), 97.25 (d, Por-15), 98.27
(d, Por-10, Por-20), 105.29 (d, Glc-1), 120.92 (s, Por), 128.43 (d, Aryl), 134.25
(d, Aryl), 136.18 (s, Por), 137.00 (s, Aryl), 137.11 (s, Por), 137.66 (s, Por),
137.90 (s, Por), 138.00 (s, Por), 140.46 (s, Por), 143.05 (s, Aryl), 143.54 (s,
Por), 144.54 (s, Por), 144.58 (s, Por), 145.98 (s, Por), 146.03 (s, Por); MS
(MALDI-TOF): m/z (%): 746.8 [M��1] (95), 747.9 [M��2] (100); IR
(KBr): nÄ � 3405 (NÿH), 2950 (CÿH), 1626, 1440, 1370, 1251, 1051,
1017 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lge)� 399 (5.284), 501 (4.169), 535
(3.862), 567 (3.839), 620 (3.313); C45H54N4O6 (746.94): calcd C 72.36, H 7.29,
N 7.50; found C 72.10, H 7.66, N 7.39.


5-[4-(b-dd-N-Acetyl-glucosaminopyranos-1-oxy)-benzyl]-2,8,13,17-tetra-
ethyl-3,7,12,18-tetramethylporphyrin (11d): According to the general
procedure 9 d (44 mg, 0.046 mmol) was converted into 11d (yield 24 mg,
68%). M.p. 248 ± 250 8C; 1H NMR (500 MHz, [D5]pyridine, 300 K): d�
ÿ2.66 (br s, 1 H, NH), 1.70 ± 1.76 (m, 6H, PorÿCH2ÿCH3), 1.81 ± 1.86 (m,
6H, PorÿCH2ÿCH3), 2.21 (s, 3 H, GlcÿNHCOÿCH3), 2.50
(s, 6H, PorÿCH3), 3.58 (s, 6 H, PorÿCH3), 3.98 ± 4.08 (m, 9H, J4/5�
9.91 Hz, J5/6a� 5.57 Hz, J5/6b� 2.26 Hz, J6a/6b� 11.78 Hz, GlcNAc-5,
PorÿCH2ÿCH3), 4.33 (t, 1H, J3/4� 7.78 Hz, J4/5� 9.91 Hz, GlcNAc-4), 4.47
(dd, 1 H, J5/6a� 5.57 Hz, J6a/6b� 11.78 Hz, GlcNAc-6a), 4.54 (t, 1H, J2/3�
9.87 Hz, J3/4� 7.78 Hz, GlcNAc-3), 4.65 (dd, 1H, J5/6b� 2.26 Hz, J6a/6b�
11.78 Hz, GlcNAc-6b), 4.83 (m, 1H, J1/2� 9.17 Hz, J2/3� 9.87 Hz, J2/NH�
9.78 Hz, GlcNAc-2), 5.37 (d, 1 H, J1/2� 9.17 Hz, GlcNAc-1), 5.39 (d, 1H,
J� 12.44 Hz, ArylÿCH2ÿ), 5.50 (d, 1H, J� 12.44 Hz, ArylÿCH2ÿ), 7.93 (d,
2H, J� 7.52 Hz, Aryl), 8.03 (d, 2 H, J� 7.52 Hz, Aryl), 9.16 ± 9.20 (m, 1H,
JNH/2� 9.78 Hz, GlcÿNHAc), 10.26 (s, 1 H, Por-15), 10.44 (s, 2 H, Por-10,
Por-20); 13C NMR (125 MHz, [D5]pyridine, 300 K): d� 11.43 (q, PorÿCH3),
14.95 (q, PorÿCH3), 17.87 (q, PorÿCH2ÿCH3), 17.91 (q, PorÿCH2ÿCH3),
19.90 (t, PorÿCH2ÿCH3), 20.02 (t, PorÿCH2ÿCH3), 23.61, 23.63 (q,
ÿNHÿCOÿCH3), 57.63 (d, GlcNAc-2), 62.84 (t, GlcNAc-6), 70.32 (t,
ÿCH2ÿAryl), 72.54 (d, GlcNAc-4), 76.40 (d, GlcNAc-4), 78.87 (d, GlcNAc-
5), 96.21 (d, Por-15), 97.13 (d, Por-10, Por-15), 102.13 (d, GlcNAc-1), 119.75
(s, Por), 127.00 (d, Aryl), 133.16 (d, Aryl), 135.24 (s, Por), 136.05 (s, Por),
136.15 (s, Por), 136.56 (s, Aryl), 136.92 (s, Por), 139.39 (s, Por), 139.47 (s,
Por), 141.82 (s, Aryl), 142.41 (s, Por), 142.44 (s, Por), 143.47 (s, Por), 144.86
(s, Por), 144.91 (s, Por), 144.95 (s, Por), 171.19, 171.21 (s,ÿNHÿCOÿCH3);
MS (MALDI-TOF): m/z (%): 789.1 [M��2] (40); IR (KBr): nÄ � 3394
(NÿH), 2949 (CÿH), 1641, 1538, 1440, 1368, 1302, 1053, 733 cmÿ1; UV/Vis
(CH2Cl2): l (nm) (lg e)� 399 (5.090), 500 (3.990), 535 (3.689), 570 (3.660),
619 (3.152); C47H57N5O6 (787.97): calcd C 71.64, H 7.29, N 8.88; found C
71.51, H 7.53, N 8.76.


5-[4-(b-dd-Maltopyranos-1-oxy)-benzyl]-2,8,13,17-tetraethyl-3,7,12,18-tet-
ramethylporphyrin (11e): According to the general procedure 9 e (105 mg,
0.083 mmol) was converted into 11 e (yield 56 mg, 74 %). M.p.> 260 8C;
1H NMR (500 MHz, [D5]pyridine, 300 K): d�ÿ2.58 (br s, 2H, NH), 1.71 ±
1.77 (m, 6H, PorÿCH2ÿCH3), 1.80 ± 1.85 (m, 6 H, PorÿCH2ÿCH3), 2.53 (s,
6H, PorÿCH3), 3.56 (s, 6H, PorÿCH3), 3.95 (m, 1H, J4/5� 9.88 Hz, J5/6�
3.86 Hz, J5/6b� 3.97 Hz, Mal-5), 4.00 ± 4.07 (m, 8H, PorÿCH2ÿCH3), 4.20
(m, 1H, J2'/3'� 9.27 Hz, J3'/4'� 2.78 Hz, Mal-3'), 4.24 (m, 1H, J1'/2'� 3.97 Hz,
J2'/3'� 9.27 Hz, Mal-2'), 4.26 (m, 1H, J1/2� 7.70 Hz, J2/3� 9.90 Hz, Mal-2),
4.39 (dd, 1 H, J5'/6'a� 3.72 Hz, J6'a/6'b� 10.87 Hz, Mal-6'a), 4.48 (m, 1 H, J2/3�
9.90 Hz, J3/4� 7.15 Hz, Mal-3), 4.50 (m, 1H, J3/4� 7.15 Hz, J4/5� 9.88 Hz,
Mal-4), 4.59 (m, 1H, J4'/5'� 11.04 Hz, J5'/6'a� 3.72 Hz, J5'/6'b� 2.45 Hz, Mal-
5'), 4.60 (m, 1 H, J5/6a� 3.86 Hz, J6/6b� 7.99, Mal-6a), 4.62 (m, 1H, J5/6b�
3.97 Hz, J6a/6b� 7.99 Hz, Mal-6b), 4.65 (m, 1H, J3'/4'� 2.78 Hz, J4'/5'�
11.04 Hz, Mal-4'), 4.67 (m, 1 H, J5'/6'b� 2.45 Hz, J6'a/6'b� 10.87 Hz, Mal-6'b),
5.12 (d, 1 H, J1/2� 7.70 Hz, Mal-1), 5.13 (d, 1H, J� 12.35 Hz, ArylÿCH2ÿ),
5.47 (d, 1 H, J� 12.35 Hz, ArylÿCH2ÿ), 6.01 (d, 1 H, J1'/2'� 3.97 Hz, Mal-1'),
7.89 (d, 2H, J� 7.05 Hz, Aryl), 8.03 (d, 2H, J� 7.05 Hz, Aryl), 10.27 (s, 1H,
Por-15), 10.43 (s, 1 H, Por-10, Por-20); 13C NMR (125 MHz, [D5]pyridine,
300 K): d� 11.04 (q, PorÿCH3), 14.59 (q, PorÿCH3), 17.47 (q,







Carbohydrate-Substituted Porphyrins 587 ± 598


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0597 $ 17.50+.50/0 597


PorÿCH2ÿCH3), 17.54 (q, PorÿCH2ÿCH3), 19.53 (t, PorÿCH2ÿCH3), 19.68
(t, PorÿCH2ÿCH3), 61.60 (t, Mal-6), 62.41 (t, Mal-6'), 70.51 (t, ArylÿCH2ÿ),
71.53 (d, Mal-3'), 74.14 (d, Mal-2'), 74.45 (d, Mal-2), 75.01 (d, Mal-4'), 75.15
(d, Mal-5'), 76.70 (d, Mal-5), 77.61 (d, Mal-4), 80.96 (d, Mal-3), 95.76 (d, Por-
15), 96.77 (d, Por-10, Por-20), 102.85 (d, Mal-1), 103.69 (d, Mal-1'), 119.39 (s,
Por), 126.89 (d, Aryl), 132.74 (d, Aryl), 136.15 (s, Aryl), 136.38 (s, Por),
136.48 (s, Por), 138.81 (s, Por), 141.56 (s, Por), 141.99 (s, Por), 142.04 (s, Por),
143.07 (s, Por), 144.49 (s, Aryl), 144.53 (s, Por), 144.57 (s, Por); MS (FAB):
m/z (%): 909 [M��1] (85), 932 [M��23] (25); IR (KBr): nÄ � 3396 (NÿH),
2949 (CÿH), 1628, 1397, 1132, 1047, 1017 cmÿ1; UV/Vis (CH2Cl2): l (nm)
(lg e)� 399 (5.159), 501 (3.999), 535 (3.609), 570 (3.589), 619 (3.169);
C51H64N4O11 (909.08): calcd C 67.38, H 7.10, N 6.16; found C 67.16, H 7.62, N
5.86.


5-[4-(b-dd-Lactopyranos-1-oxy)-benzyl]-2,8,13,17-tetraethyl-3,7,12,18-tetra-
methylporphyrin (11 f): According to the general procedure, 9 f (128 mg,
0.102 mmol) was converted into 11 f (yield 56 mg, 61%). M.p.> 270 8C;
1H NMR (500 MHz, CDCl3, 300 K): d�ÿ2.65 (m, 2H, NH), 1.71 ± 1.80 (m,
6H, PorÿCH2ÿCH3), 1.83 ± 1.90 (m, 6 H, PorÿCH2ÿCH3), 2.55 (s, 6H,
PorÿCH3), 3.59 (s, 6 H, PorÿCH3), 4.04 ± 4.11 (m, 8H, PorÿCH2ÿCH3 and
1H, J4/5� 11.27 Hz, J5/6a� 2.15 Hz, J5/6b� 4.35 Hz, Lac-5), 4.21 (m, 1H,
J2'/3'� 9.07 Hz, J3'/4'� 6.65 Hz, Lac-3'), 4.213 (m, 1H, J4'/5'� 1.96 Hz, J5'/6'a�
5.29 Hz, J5'/6'b� 9.95 Hz, Lac-5'), 4.32 (t, 1H, J1/2� 7.02 Hz, J2/3� 9.79 Hz,
Lac-2), 4.42 (m, 1H, J2/3� 9.79 Hz, J3/4� 5.55 Hz, Lac-3), 4.45 (m, 1H,
J5'/6'b� 9.95 Hz, J6'a/6'b� 8.58 Hz, Lac-6'b), 4.46 (m, 1 H, J3/4� 5.55 Hz, J4/5�
11.27 Hz, Lac-4), 4.53 (m, 1H, J3'/4'� 6.65 Hz, J4'/5'� 1.96 Hz, Lac-4'), 4.54
(m, 1H, J5'/6'a� 5.29 Hz, J6'a/6'b� 8.58 Hz, Lac-6'a), 4.62 (t, 1 H, J1'/2'�
7.83 Hz, J2'/3'� 9.07 Hz, Lac-2'), 4.66 (m, 1 H, J5/6a� 2.15 Hz, J6a/6b�
9.73 Hz, Lac-6a), 4.68 (m, 1 H, J5/6b� 4.35 Hz, J6a/6b� 9.73 Hz, Lac-6b),
5.16 (d, 1 H, J1'/2'� 7.83 Hz, Lac-1'), 5.19 (d, 1H, J1/2� 7.02 Hz, Lac-1), 5.23
(d, 1H, J� 11.67 Hz, ArylÿCH2ÿ), 5.51 (d, 1H, J� 11.67 Hz, ArylÿCH2ÿ),
7.96 (d, 2 H, J� 6.71 Hz, Aryl), 8.11 (d, 2H, J� 6.71 Hz, Aryl), 10.30 (s, 1H,
Por-15), 10.47 (m, 2 H, Por-10, Por-20); 13C NMR (125 MHz, CDCl3,
300 K): d� 12.18 (q, PorÿCH3), 15.72 (q, PorÿCH3), 18.62 (q,
PorÿCH2ÿCH3), 18.69 (q, PorÿCH2ÿCH3), 20.66 (t, PorÿCH2ÿCH3),
20.82 (t, PorÿCH2ÿCH3), 62.83 (t, Lac-6), 62.97 (t, Lac-6'), 70.85 (d, Lac-
4'), 71.64 (t, ArylÿCH2ÿ), 73.29 (d, Lac-2'), 75.63 (d, Lac-2), 76.00 (d, Lac-
3'), 77.52 (d, Lac-3), 77.61 (d, Lac-5), 78.07 (d, Lac-5'), 82.84 (d, Lac-4),
96.91 (d, Por-15), 97.90 (d, Por-10, Por-20), 104.59 (d, Lac-1'), 106.60 (d, Lac-
1), 120.54 (s, Por), 128.06 (d, Aryl), 133.88 (d, Aryl), 137.30 (s, Aryl), 137.64
(s, Por), 139.96 (s, Por), 142.69 (s, Por), 143.14 (s, Por), 143.18 (s, Por), 144.19
(s, Por), 144.22 (s, Por), 145.63 (s, Aryl), 145.68 (s, Por), 145.72 (s, Por); MS
(MALDI-TOF): m/z (%): 909.4 [M��1] (100), 910.4 [M��2] (80); IR
(KBr): nÄ � 3393 (NÿH), 2948 (CÿH), 1626, 1442, 1367, 1049 cmÿ1; UV/Vis
(CH2Cl2): l (nm) (lg e)� 399 (5.282), 501 (4.120), 535 (3.788), 570 (3.788),
620 (3.260); C51H64N4O11 (909.08): calcd C 67.38, H 7.09, N 6.16; found C
66.83, H 7.66, N 5.28.


5-[4-(b-dd-Cellobiospyranos-1-oxy)-benzyl]-2,8,13,17-tetraethyl-3,7,12,18-
tetramethylporphyrin (11 g): According to the general procedure 9g
(86 mg, 0.068 mmol) was converted into 11g (yield 38 mg, 61 %). M.p.>
270 8C; 1H NMR (500 MHz, [D5]pyridine, 300 K): d�ÿ2.60 (m, 2 H, NH),
1.73 ± 1.78 (m, 6 H, PorÿCH2ÿCH3), 1.83 ± 1.88 (m, 6H, PorÿCH2ÿCH3),
2.55 (s, 6H, PorÿCH3), 3.59, 3.61 (2s, 6 H, PorÿCH3), 4.01 ± 4.11 (m, 10H,
PorÿCH2ÿCH3, {J4/5� 9.71 Hz, J5/6a� 4.80 Hz, J5/6b� 2.86 Hz, Cel-5},
{J4'/5'� 10.23 Hz, J5'/6'a� 5.29 Hz, J5'/6'b� 2.49 Hz, Cel-5'}), 4.17 (t, 1 H,
J1'/2'� 7.81 Hz, J2'/3'� 9.81 Hz, Cel-2'), 4.25 (t, 1 H, J3'/4'� 8.45 Hz, J4'/5'�
10.23 Hz, Cel-4'), 4.30 (t, 1H, J1/2� 7.64 Hz, J2/3� 9.56 Hz, Cel-2), 4.27 (t,
1H, J2'/3'� 9.81 Hz, J3'/4'� 8.45 Hz), 4.37 (t, 1 H, J5'/6'a� 5.29 Hz, J6'a/6'b�
11.20 Hz, Cel-6'a), 4.44 (t, 1H, J2/3� 9.56 Hz, J3/4� 8.38 Hz, Cel-3), 4.54
(t, 1 H, J3/4� 8.38 Hz, J4/5� 9.71 Hz, Cel-4), 4.56 (dd, 1 H, J5'/6'b� 2.49 Hz,
J6'b/6'a� 11.20 Hz, Cel-6'b), 4.64 (dd, 1 H, J5/6b� 2.86 Hz, J6b/6a� 11.94 Hz,
Cel-6b), 4.72 (dd, 1 H, J5/6a� 4.80 Hz, J6a/6b� 11.94 Hz, Cel-6a), 5.16 (d, 1H,
J1/2� 7.64 Hz, Cel-1), 5.19 (d, 1H, J� 12.25 Hz, ArylÿCH2ÿ), 5.34 (d, 1H,
J1'/2'� 7.81 Hz), 5.49 (d, 1 H, J� 12.25 Hz, ArylÿCH2ÿ), 7.93 (d, 2H, J�
8.05 Hz, Aryl), 8.04 (d, 2H, J� 8.05 Hz, Aryl), 10.31 (s, 1H, Por-15), 10.47
(s, 2 H, Por-10, Por-20); 13C NMR (125 MHz, [D5]pyridine, 300 K): d� 11.44
(q, PorÿCH3), 14.98 (q, PorÿCH3), 17.86 (q, PorÿCH2ÿCH3), 17.93 (q,
PorÿCH2ÿCH3), 19.93 (q, PorÿCH2ÿCH3), 20.07 (q, PorÿCH2ÿCH3), 61.93
(t, Cel-6'), 62.17 (t, Cel-6), 70.88 (t, ArylÿCH2ÿ), 71.41 (d, Cel-4'), 74.89 (d,
Cel-3', Cel-2'), 76.79 (d, Cel-3), 76.92 (d, Cel-5), 78.22 (d, Cel-2), 78.40 (d,
Cel-5'), 80.71 (d, Cel-4), 97.01 (d, Por-15), 97.15 (d, Por-10, Por-20), 103.83
(d, Cel-1'), 104.94 (d, Cel-1), 119.77 (s, Por), 119.81 (s, Por), 127.28 (d, Aryl),


133.14 (d, Aryl), 135.08 (s, Por), 135.90 (s, Por), 136.00 (s, Aryl), 136.55 (s,
Por), 136.77 (s, Por), 136.87 (s, Por), 139.18 (s, Por), 141.98 (s, Por), 142.39 (s,
Por), 142.43 (s, Por), 143.47 (s, Aryl), 144.88 (s, Por), 144.92 (s, Por); MS
(MALDI-TOF): m/z (%): 908.9 [M��1] (100), 910.1 [M��2] (80); IR
(KBr): nÄ � 3404 (NÿH), 2956 (CÿH), 1626, 1463, 1393, 1225, 1053,
739 cmÿ1; UV/Vis (CH2Cl2): l (nm) (lg e)� 399 (5.382), 501 (4.300), 534
(3.963), 570 (3.941), 619 (3.475); C51H64N4O11 (909.08): calcd C 67.38, H
7.09, N 6.16; found C 67.47, H 7.33, N 5.83.
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Total Synthesis of Brevetoxin A: Part 1: First Generation Strategy and
Construction of BCD Ring System


K. C. Nicolaou,* Mark E. Bunnage, Daniel G. McGarry, Shuhao Shi, Patricia K. Somers,
Paul A. Wallace, Xin-Jie Chu, Konstantinos A. Agrios, Janet L. Gunzner, and Zhen Yang[a]


Abstract: Discussed herein is our first
generation strategy for the total syn-
thesis of brevetoxin A. This approach
relies upon dissection of the molecule at
the nine-membered ring site (ring E). A
Wittig coupling of requisite polycyclic
fragments 3 and 4 followed by hydroxy
dithioketal cyclization was expected to
furnish the polycyclic framework of
brevetoxin A (1). Intermediate 8 was


anticipated to be a valid synthetic pre-
cursor to phosphonium salt 3, and its
synthesis was accomplished by a bis(lac-
tonization)/ thionolactone formation/
functionalization sequence. In order to
test our synthetic strategy, the synthesis


of an advanced model system (36) was
attempted. Aldehyde 38 and phospho-
nium salt 37 were successfully synthe-
sized and coupled through a Wittig
reaction. Unfortunately, the planned
hydroxy dithioketal cyclization to form
the crucial nonacene (ring E) did not
proceed as anticipated and this synthetic
approach was discontinued.


Keywords: brevetoxin A ´ synthetic
methods ´ total synthesis


Introduction


The brevetoxins are extraordinary natural products by virtue
of their unusual molecular architecture, biological activity, and
association with the red tide phenomena.[1±3] The history and
catastrophic effects of the red tides have been amply reviewed
and it suffices to mention here their increasing frequency
globally.[4] Scientific evidence points to certain species of
dinoflagellates as some of the culprits for the poisoning of fish
observed during these menacing events.[5] Specifically, it has
been shown that some of these unicellular organisms secrete
potent toxins such as the saxitoxins and brevetoxins. Amongst
the latter, brevetoxin B (2)[6] and brevetoxin A (1)[7] enjoy
special status within the class by being the first to be isolated
and the most potent biotoxins isolated from the dinoflagellate
species Ptychodiscus brevis Davis (Gymnodium breve Davis),
(Figure 1). These substances have been shown to bind
strongly with neuronal sodium channels,[8±12] causing them to
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Figure 1. Structures of brevetoxins A (1) and B (2).


open, thereby allowing sodium ion influx. This eventually
leads to death of the parent organism by asphyxiation. The
total synthesis of brevetoxin B (2) was accomplished in these
laboratories and reported in 1995.[13±15] In this and the
following articles[16±18] we report the details of the total
synthesis of brevetoxin A (1).[19]


The molcular structure of brevetoxin A (1) was first
elucidated by Shimizu et al. in 1986 by spectroscopic means[20]


and X-ray crystallographic analysis,[7] and subsequently by
Pawlak et al. through NMR spectroscopic and mass spectro-
metric techniques.[21] Despite possession of one less ring than
brevetoxin B (2), the polycyclic framework of brevetoxin A
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comprises a longer main carbon chain (by two carbons) and
has rings of all sizes from five- to nine-membered. Besides the
10 rings and 22 stereogenic centers, brevetoxin A (1) contains
three carbon ± carbon double bonds, a g-lactone, a secondary
hydroxyl group and an aldehyde function. Most notably, the
X-ray crystallographic analysis revealed an approximate 908
twist at the ring G site of the molcule[7] and two distinct
conformations of the aldehyde side chain and of the nine-
membered ring (ring E).[22] The latter observation explains the
difficulties in locating and assigning a number of the E ring
NMR signals of 1 (slow conformational changes on NMR
scale). The striking regularity by which the oxygen atoms
bridge the polycyclic framework of brevetoxin A and its all-
trans ring fusions are also remarkable features of this
molecule, which, no doubt, have their origins in the biosyn-
thetic pathway involved.[23, 24] In addition, all substituents
flanking the oxygen atoms are syn to each other, except for
those on ring J. The well known characteristics of medium-
sized rings in terms of strain, unfavorable transannular
interactions,[25] and difficulties associated with their construc-
tion, together with the complex stereochemistry and sheer
size make the total synthesis of brevetoxin A (1) a special
challenge.[26] As was the case with brevetoxin B (2), a number
of new synthetic methods had to be developed and various
strategies were attempted in order to face the challenge of
brevetoxin A (1) before final success.[19]


Results and Discussion


Retrosynthetic analysis and first strategy


An attractive retrosynthetic analysis of brevetoxin A (1) is
provided by the hypothetical biogenetic scheme shown in
Figure 2.[27, 28] Daring and intriguing as this idea was, the lack
of synthetic tools to effect the proposed epoxidations and ring
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Figure 2. Hypothetical biosynthetic assembly of brevetoxin A (1).


closures in a selective manner steered us away from it and in
search of more reasonable and stepwise approaches. Many of
the strategic bond disconnections in our retrosynthetic
analysis shown in Scheme 1 only became possible because of
the development of new synthetic methods within these
laboratories. We specifically relied on: a) the regio- and
stereospecific hydroxyepoxide opening reaction[29] for the
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construction of rings H and I; b) the hydroxydithioketal
cyclization reaction[30] to secure rings E, F, and G; and c) a
bis(lactonization)/thionolactone formation/functionalization
sequence[31] to form rings B and D. For optimum convergency,
we elected to dissect the molecule at the nine-membered ring
site (ring E), hoping for a successful hydroxydithioketal
cyclization (see heavy line, structure 1, Scheme 1) to deliver it
in the synthetic direction. The resulting fragments 3 and 4
(Scheme 1) were to be coupled by a Wittig reaction and, after
ring closure, the product was expected to lead to brevetoxin A
(1) by appropriate elaboration. d-Glucose (5) and d-mannose
(6) were recognized as potential starting materials for the
construction of 3 and 4 respectively.


Scheme 2 outlines the retrosynthetic analysis of advanced
intermediate 7 (a potential precursor of phosphonium salt 3)
relying on a bis-directional approach. Thus, 7 could be traced
to bis(enol) ether 9 via 8. The bis(enol) ether 9 was, in turn,
expected to arise from the corresponding bis(lactone) 11 or
bis(thionolactone) 10. The latter compounds were traced back
to the bis(carbonyl) compound 12 which was connected to d-
glucose (5) via intermediate 14 and sulfone 13 (Scheme 2).
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Scheme 2. Retrosynthetic analysis of ABCD ring system (7). First
generation approach.


The strategy developed from the above analysis required
the development of new synthetic technology. A number of
methods were thus developed in conjunction with the total
synthesis of brevetoxin A (1) [and brevetoxin B (2)] and
applied at various stages of the program, as will become
evident from the following sections.


First generation synthesis of BCD ring system


The first generation synthesis of the required BCD bis(lac-
tone) 11 is shown in Scheme 3.[31] Thus, the required methyl
ester 14 was prepared from d-glucose via a six-step literature
procedure[32] and coupled with the lithio derivative of the
easily accessible sulfone 13[33] (from hydroxy methyl ester 15


via aldehyde sulfide 16) to afford ketone 17[34] (79 % yield,
mixture of diastereoisomers). The phenylsulfonyl group was
reductively removed from 17 by the action of aluminum
amalgam,[35] and the resulting compound (18, 86 % yield) was
treated with MeMgCl, leading to tertiary alcohols 19 a, b in
95 % yield (19 a :19 b ca. 12.8:1) (chelation-controlled addi-
tion).[36] Rupturing both rings of 19 a with EtSH and ZnCl2


allowed formation of trihydroxydithioketal 20 (92 % yield).[37]


The secondary alcohols of 20 were protected as benzyl ethers
(NaH, BnBr, nBu4NI, 86 % yield) to afford 21, which under-
went ring closure and loss of both ethylthio groups on
treatment with NCS (for abbreviations, see legends in
Schemes) and 2,6-lutidine in acetonitrile: water (4:1), furnish-
ing lactol 22 (80 % yield).[38]


Wittig reaction of 22 with the appropriate stabilized
ketophosphorane afforded the corresponding hydroxy-a,b-
unsaturated ketone, which was induced to cyclize by Michael-
type addition in the presence of NaH in THF at 25 8C, leading
to the stereochemically defined tetrahydropyran system 23
(73 % yield for two steps). Dihydroxylation of the double
bond in 23 (OsO4 cat., NMO) followed by cleavage of the
resulting 1,2-diol with NaIO4 gave the dicarbonyl compound
12 in 93 % overall yield. The stage was now set for the bis-
directional elaboration to more advanced intermediates.
Thus, ZnBr2-catalyzed Mukaiyama reaction of CH2�C-
(OBn)OTBS with 12 furnished compound 24 as an incon-
sequential mixture of four diastereoisomers and in 81 % total
yield.[39] Removal of all four benzyl groups in 24 by hydro-
genation with Pearlman�s catalyst resulted in the formation of
dihydroxy dicarboxylic acid 25 which underwent bis-lactoni-
zation on exposure to (pyS)2-Ph3P and subsequent heating in
the presence of AgClO4, furnishing bis(lactone) 26 in 76 %
overall yield.[40] The bis-desilylation of 26 and bis-dehydration
of the resulting diol to afford the desired bis(lactone) 30
proceeded in low overall yield, and thus, a stepwise approach
was adopted. Therefore, the secondary hydroxyl group
was generated first in a clean fashion by controlled
treatment of 26 with HF in pyridine (85 % yield), and was
eliminated by subsequent exposure to Martin�s sulfurane
([PhC(CF3)2O]2SPh2) to afford the a,b-unsaturated lactone 28
(87 % yield).[41] In a similar fashion, the tertiary alcohol in 28
was liberated (HF in pyridine) to afford 29 (92 % yield) and
thence eliminated once again by the action of Martin�s
sulfurane to afford the bis(unsaturated lactone) 30 (92 %
yield). Finally, reduction of 30 with H2 in the presence of 10 %
Pd/C produced the saturated bis(lactone) 11 in 100 % yield
and with complete stereocontrol.


The completion of the synthesis of the intermediate 8 by
bis-functionalization of 11 and final discrimination of diol 33
is shown in Scheme 4. At this juncture we should emphasize
that, in order to attach the necessary appendages on rings B
and D while maintaining the rings, it was necessary to develop
new methodology. To this end, we developed two distinctly
different methods, the first relying on the chemistry of
thionolactones[42] and the second based on palladium-cata-
lyzed coupling reactions of enol phosphates derived from
lactones.[43] The application of the thionolactone method will
be discussed here, whereas the phosphate-based approach will
be presented in the third paper[17] of this series.
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Scheme 3. Construction of BCD bis-lactone 11. First generation approach. Reagents and conditions:
a) 1.2 equiv of (PhS)2, 1.2 equiv of nBu3P, DMF, 0!25 8C, 5 h, 100 %; b) 1.02 equiv of DIBAL (1m solution in
hexanes), CH2Cl2, ÿ78 8C, 0.5 h, 100 %; c) 1.2 equiv of BrÿPh3P�CH3, 1.2 equiv of NaHMDS, THF, 0 8C, 0.5 h;
then aldehyde 16 in THF, 0 8C, 0.5 h, 91%; d) 2.3 equiv of mCPBA, CH2Cl2, 0 8C, 1.5 h, 82%; e) 2.2 equiv of
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(12.8:1); h) 20 equiv of EtSH, 4.9 equiv of ZnCl2, CH2Cl2, 0 8C, 1.5 h, 92 %; i) 3.0 equiv of NaH, THF, 25 8C, 1 h;
0.005 equiv of nBu4NI, 2.05 equiv of BnBr, 0!25 8C, 11 h, 86%; j) 6.0 equiv of NCS, 6.0 equiv of 2,6-lutidine,
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PhCH3, reflux, 4 h, 76% for two steps (four diastereomers); r) HF ´ pyr (1 mL mmolÿ1), THF, 0!25 8C, 3 h,
85%; s) 1.2 equiv of [PhC(CF3)2O]2SPh2, CH2Cl2, 0 8C, 0.5 h, 87 %; t) HF ´ pyr (2 mL mmolÿ1), THF, 0!25 8C,
4 h, 92 %; u) same as s), 92 %; v) H2, 10% Pd/C, EtOAc, CH2Cl2, 25 8C, 3.5 h, 100 %. DIBAL� diisobutyla-
luminum hydride; DME� 1,2-dimethoxyethane; DMF�N,N-dimethylformamide; mCPBA� 3-chloroper-
benzoic acid; NCS�N-chlorosuccinimide; (pyS)2� 2,2'-dipyridyl disulfide; NaHMDS� sodium bis(trime-
thylsilyl) amide; NMO� 4-methylmorpholine-N-oxide; TBS� tert-butyldimethylsilyl.
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nBuLi (1.6m in hexanes), 3.3 equiv of iPr2NH, 3.0 equiv of nBu3SnH, THF,
ÿ10 8C; then 10 in THF, ÿ78 8C, 10 min; then 6.0 equiv of MeI, ÿ78 8C,
15 min, 86%; c) 4.0 equiv of (CuOTf)2 ´ benzene complex, 4.2 equiv of
pentamethyl piperidine, PhH, 25 8C, 45%; d) 3.0 equiv of nBuLi (1.6m in
hexanes), THF, ÿ78 8C; then 25 equiv of HMPA, 5.0 equiv of TfOCH2-
CH2OBn in hexanes, ÿ78!25 8C, 45 min, 65 %; e) 4.0 equiv of thexylbor-
ane (0.5m in THF), THF, 0 oC, 5 h; then 20 equiv of NaOH, 20 equiv of
50% H2O2, 0!25 8C, 2 h, 73%; f) 1.5 equiv of TBDPSCl, 3.0 equiv of
imidazole, DMF, 25 8C, 24 h, 82 %. Tf� trifluoromethanesulfonate;
HMPA� hexamethylphosphoramide.


Exposure of bis(lactone) 11 to Lawesson�s reagent[44] and
tetramethylthiourea in xylene solution at 115 8C resulted in
the formation of bis(thionolactone) 10 in 63 % yield. Addition
of nBu3SnLi to 10, followed by quenching with MeI furnished
compounds 31 in 86 % yield (an inconsequential mixture of
four diastereoisomers). Elimination of two equivalents of
methanethiol from 31 was then accomplished by the action of
Cu(OTf)2 ´ PhH in the presence of PMP (pentamethyl piper-
idine), affording bis(stannane) derivative 32 in 45 % yield.[45]


Tin to lithium exchange by treatment with nBuLi generated
the dilithio derivative of 32, which reacted with TfOCH2-
CH2OBn in the presence of HMPA, affording the bis-


substituted system 9 in 65 %
yield. The next stage required
installation of two hydroxy
groups emanating from the
top face of the molecule (as
drawn), as well as establish-
ment of the syn stereorelation-
ships between the hydrogen
atoms flanking the oxygen
atoms of rings B and D. Model
studies and molecular me-
chanics calculations (Figure 3)
on 9 revealed a minimum en-
ergy conformation indicating
the hydroboration reaction as
a potential process to accom-
plish these goals. Indeed, it
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Figure 3. Computer-generated, minimized structure of 9. The atoms are
colored according to the following code: carbon, green; hydrogen, white;
oxygen, red.


was found that thexylborane attacked both double bonds of 9
from the desired face, since, upon basic hydrogen peroxide
workup, diol 33 was produced in 73 % yield as a single
stereoisomer.[46] In addition to spectroscopic evidence, the
stereochemical assignments of 33 were confirmed by X-ray
crystallographic analysis.[31a] Exploiting the substantially dif-
ferent steric environment of the two hydroxyl groups of 33,
the monosilyl ether 8 (TBDPS group on ring B) was prepared,
in 82 % yield, by treatment with TBDPSCl and imidazole
under carefully controlled conditions.


Model studies for the construction of the CDEF ring system


Before proceeding with the synthesis of the final ABCD and
FGHIJ ring systems, it was considered prudent to test the
planned convergency by coupling and cyclizing to form ring E
through a Wittig reaction and a hydroxydithioketal ring
closure, respectively. To address this issue, a number of model
studies were undertaken.


Having demonstrated amply the power of the hydroxydi-
thioketal cyclization to form oxocene ring systems,[47] we
attempted the formation of a nonacene ring system. Thus, the
hydroxydithioketal 34 (Scheme 5) was synthesized by Wittig
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coupling of the appropriate fragments and subjected to the
optimum ring closure conditions.[30b] Formation of the nine-
membered ring 35 in 30 % yield from this reaction was
encouraging. On the basis of this result, we decided to proceed
with the more advanced model system 36 (Scheme 6) in order
to obtain more confidence in our convergent strategy.
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Model system 36 was targeted for synthesis according to the
retrosynthetic analysis depicted in Scheme 6, which mimics
the grand plan for brevetoxin A (1) (Scheme 1). The required
fragments 39 and 40 were prepared by sequences based on the
chemistry described for 8 above (Scheme 4) and for the
synthesis of the FGHIJ ring system of brevetoxin A.[47]


d-Glucose (5) was expediently converted to bis(acetonide)
41 (Scheme 7) by a known procedure[32a] and thence selec-
tively cleaved to aldehyde 42 by H5IO6.[48] Addition of
MeMgBr to 42 (75 % overall yield from 41), followed by
Swern oxidation[49] [(COCl)2/DMSO, Et3N, 80 % yield] af-
forded methyl ketone 44 via alcohol 43 (mixture of diaster-
eoisomers). Treatment of 44 with the reagent generated by
mixing of allylmagnesium bromide with Ti(iPrO)4 in THF at
ÿ78 8C furnished tertiary alcohol 45 as a single stereoisomer
in 94 % yield (nonchelation-controlled addition). Opening of
both rings of 45 with EtSH-ZnCl2 afforded the open-chain
trihydroxy dithioketal 46 in 89 % yield. The secondary
hydroxyl groups in 46 were protected as benzyl ethers by
treatment with NaH ± BnBr in the presence of catalytic
amounts of nBu4NI (81 % yield), and the dithioketal was
cleaved with I2 ± NaHCO3


[50] (86% yield) leading to lactol 48
(mixture of anomers). Upon reaction of 48 with the stabilized
phosphorane Ph3P�CHC(O)Me (toluene, 110 8C), the a,b-
unsaturated ketone 49 was obtained which was cyclized by
treatment with CSA, furnishing C ring system 50 stereo-
selectively (73 % yield for two steps). Ketone 50 reacted with
CH2�C(OMe)OTBS[39b] in the presence of ZnBr2


[39a] leading
to methyl ester 51 (98% yield, an inconsequential mixture of
diastereoisomers).


The conversion of 51 to 37 is summarized in Scheme 8.
During the cleavage of the two benzyl ethers in 51 (H2,
Pd(OH)2/C, 85 % yield), the terminal olefin was concurrently
reduced to the saturated propyl chain. Saponification of the
methyl ester in 52 using LiOH led to the hydroxycarboxylic
acid 53, which was subsequently subjected to the standard
Yamaguchi lactonization conditions[51] (90 % yield, for two
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Scheme 7. Synthesis of methyl ester 51. Reagents and conditions:
a) 1.1 equiv of H5IO6, EtOAc, 25 8C, 2 h; b) 4.0 equiv of MeMgBr, Et2O,
0!25 8C, 4 h, 75 % for two steps; c) 1.8 equiv of oxalyl chloride, 2.2 equiv
of DMSO, 5.0 equiv of Et3N, CH2Cl2,ÿ78 ! 0 8C, 1 h, 80%; d) 1.5 equiv of
AllylMgBr, 1.5 equiv of Ti(iPrO)4, THF, ÿ78 8C, 2 h, 94 %; e) 20.0 equiv of
EtSH, 5.0 equiv of ZnCl2, CH2Cl2, 0 8C, 1.5 h, 89%; f) 3.0 equiv of NaH,
0.01 equiv of imidazole, 2.0 equiv of BnBr, nBu4NIcat. , 0! 25 8C, 12 h, 81%;
g) 3.4 equiv of I2, 6.7 equiv of NaHCO3, acetone:H2O (5:1), 25 8C, 1 h,
86%; h) 1.7 equiv of Ph3P�CHCOMe, toluene, 110 8C, 4 h; i) 0.1 equiv of
CSA, CH2Cl2, 25 8C, 1 h, 73% for two steps; j) 1.5 equiv of
CH2�C(OMe)OTBS, 0.5 equiv of ZnBr2, Et2O, ÿ78 8C, 1 h, 98 %.
CSA� 10-camphorsulfonic acid.


steps) to afford lactone 54. The enone 55 was generated by
removal of the TBS ether with HF in pyridine, followed by
dehydration through controlled treatment with Martin�s
sulfurane (80% yield for two steps). Enone 55 was hydro-
genated exclusively from the a-face (H2, Pd/C, 90 % yield),
and the free hydroxyl group was protected as MEM ether 39
(77 % yield for two steps). Subsequently, lactone 39 was
treated with NaHMDS and PhNTf2 at ÿ78 8C to afford cyclic
ketene acetal triflate 57 in high yield. Palladium-catalyzed
[Pd(Ph3P)4] coupling of 57 with nBu3SnCH�CH2 in the
presence of LiCl in refluxing THF, afforded diene 58 (81 %
overall from 39). Hydroboration of 58 with thexylborane,
followed by basic H2O2 workup, resulted in the stereoselective
formation of diol 59 in 53 % yield. The stereochemistry of the
newly generated stereocenters in 59 was assigned based on
NMR spectroscopic evidence and comparisons with diol 33
(Scheme 4), whose stereochemistry was unambiguously as-
signed by X-ray crystallographic analysis (vide supra, Fig-
ure 3). Silylation of both hydroxyl groups in 59 with TBSOTf-
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Scheme 8. Synthesis of model phosphonium salt 37. Reagents and
conditions: a) H2, 20 % Pd(OH)2/C, THF, 25 8C, 8 h, 85%; b) 5.0 equiv of
LiOH, THF:H2O:MeOH (3:1:1), 25 8C, 12 h; c) 1.05 equiv of 2,4,6-
trichlorobenzoyl chloride, 2.0 equiv of Et3N, THF, 0 8C, 25 8C, 1.5 h; then
3.0 equiv of 4-DMAP, PhH, 25 8C, 2 h, 90 % for two steps; d) HF ´ pyr,
CH2Cl2, 0 8C, 1 h; e) 2.1 equiv of [PhC(CF3)2O]2SPh2 (Martin�s sulfurane),
CH2Cl2, 0 8C, 15 min, 80% for two steps; f) H2, 10% Pd/C, EtOAc, 25 8C,
12 h, 90%; g) 4.0 equiv of Et3N, 6.0 equiv of MEMCl, CH2Cl2, 25 8C, 24 h,
85%; h) 6.0 equiv of NaHMDS, 4.0 equiv of Tf2NPh, DME, ÿ78 8C,
15 min; i) 6.0 equiv of CH2�CHSnnBu3, 0.1 equiv of [Pd(Ph3P)4], 3.0 equiv
of LiCl, THF, reflux, 2 h, 82% for two steps; j) 1.5 equiv of thexylborane,
THF, 0 8C, 24 h; then 30% H2O2, aqueous NaOH, 25 8C, 2 h, 53%;
k) 2.6 equiv of TBSOTf, 3.0 equiv of 2,6-lutidine, CH2Cl2, 0 8C, 30 min,
94%; l) 0.16 equiv of CSA, CH2Cl2:MeOH (1:1), 25 8C, 1.5 h, 91%;
m) 1.5 equiv of imidazole, 2.0 equiv of Ph3P, 1.1 equiv of I2, CH2Cl2, 25 8C,
15 min, 89 %; n) 10.0 equiv of Ph3P, 85 8C (fusion), 2.5 h, 94%. 4-DMAP�
4-N-dimethylaminopyridine; MEM� 2-methoxyethoxymethyl.


2,6-lutidine (94 %, yield), followed by selective mono-desily-
lation with CSA in CH2Cl2:MeOH (1:1) (91 % yield) gave
primary alcohol 61, which was converted to phosphonium salt
37, via iodide 62, by sequential reaction with I2 ± Ph3P and
imidazole followed by excess Ph3P (84 % for two steps).


Scheme 9 displays the synthesis of intermediate 40. The
synthesis commences with previously prepared[52] diol 63
which was selectively protected at the primary position as silyl
ether 64 (TBDPSCl, imidazole, 94 % yield). Upon treatment
with mCPBA, hydroxyl-directed epoxidation of 64 generated
desired epoxide 65 (75 % yield). Hydroxy ketone 67 was
produced by a PDC oxidation of alcohol 65, followed by
reductive opening of epoxide 66 (69 % yield, for two steps).
This ketone (67) was transformed into the dithioketal 68
(BF3 ´ Et2O, EtSH, 74 % yield), and protection of the secon-
dary hydroxyl group as a pivaloate ester produced 69. In
preparation for the Wittig coupling, silyl ether 69 was
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Scheme 9. Construction of model F ring system 40. Reagents and
conditions: a) 1.1 equiv of TBDPSCl, 2.0 equiv of imidazole, DMF, 0 8C,
1 h, 94%; b) 1.2 equiv of mCPBA, CH2Cl2, 0 ! 25 8C, 12 h, 75%;
c) 2.0 equiv of PDC, 3 � MS, CH2Cl2, 25 8C, 6 h, 86%; d) 3.6 equiv of NaI,
0.4 equiv of NaOAc, 3.6 equiv of AcOH, acetone, 25 8C, 10 min, 80%;
e) 2.5 equiv of BF3 ´ Et2O, 10 equiv of EtSH, CH2Cl2, ÿ78 8C, 1 h, 74%;
f) 1.5 equiv of PivCl, 2.0 equiv of Et3N, 0.06 equiv of 4-DMAP, 25 8C, 2 h,
94%; g) 1.5 equiv of TBAF, THF, 25 8C, 3 h, 95 %; h) 3.0 equiv of SO3 ´ pyr,
Et3N:DMSO:CH2Cl2 (1:1:3), 0 8C, 1 h, 85%; i) 1.02 equiv of phosphonium
salt 72, 0.9 equiv of nBuLi, THF,ÿ78 8C, 1 h; then 3.7 equiv of HMPA, add
aldehyde 71, ÿ78 ! 25 8C, 12 h, 74%; j) 1.5 equiv of TBAF, THF, 25 8C,
12 h, 98%; k) 5.0 equiv of NaHCO3, 4.0 equiv of AgClO4, SiO2, 3 � MS,
MeNO2, 25 8C, 4 h, 74%; l) 4.0 equiv of Ph3SnH, 0.05 equiv of AIBN,
110 8C, 2 h, 95%. AIBN� 2,2'-azobisisobutyronitrile; HMPA�hexame-
thylphosphoramide; MS�molecular sieves; PDC�pyridinium dichloro-
chromate; pyr� pyridine; TBAF� tetra-n-butylammonium fluoride.


deprotected by treatment with TBAF (95 % yield), and the
resulting alcohol (70) was oxidized to aldehyde 71 (SO3 ´ pyr.
and DMSO, 85 % yield). Thus, 71 and 72 were coupled via the
ylide of 72 (nBuLi, HMPA) to give cis olefin 73 in 74 % yield,
while removal of the TBS group from the latter compound by
the action of TBAF afforded the desired cyclization precursor
74 (98 % yield). Under the standard protocol (AgClO4,
NaHCO3, SiO2, 3 � MS),[30b] hydroxy dithioketal 74 under-
went cyclization to afford the mixed thioketal 75 (74 % yield),
which was reduced under free radical conditions (Ph3SnH,
AIBN) to generate oxocene 40 (95 % yield).


The synthesis of aldehyde 38 from intermediate 40 is
summarized in Scheme 10. Thus, the benzylidene group in 40
was cleaved with EtSH ± Zn(OTf)2 and the resulting diol (76,
94 % yield) was silylated with TBSOTf-2,6-lutidine to afford
compound 77 (92 % yield). Selective removal of the primary
silyl group from bis(silylether) 77 was achieved by exposure to
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Scheme 10. Construction of model aldehyde 38. Reagents and conditions:
a) 14 equiv of EtSH, 0.2 equiv of Zn(OTf)2, 25 8C, 4 h, 94%; b) 2.1 equiv of
TBSOTf, 3.0 equiv of 2,6-lutidine, 0 8C, 30 min, 92 %; c) 0.02 equiv of CSA,
CH2Cl2:MeOH (1:1), 25 8C, 2 h, 92 %; d) 0.4 equiv of TPAP, 3.0 equiv of
NMO, CH2Cl2, 25 8C, 1 h, 82%; e) 1.2 equiv of Ph3P�CH3Brÿ, 1.2 equiv of
NaHMDS, THF, 0 8C, 20 min; then add 1.0 equiv of 79, 0 8C, 1 h, 78%;
f) 1.1 equiv of 9-BBN, 0 8C, 5 h; then 30% H2O2, aq. NaHCO3, 0 ! 25 8C,
1.5 h, 88 %; g) 1.5 equiv of Et3N, 1.1 equiv of Ac2O, CH2Cl2, 25 8C, 40 min,
94%; h) 1.6 equiv of TBAF, THF, 25 8C, 3 h, 94 %; i) 0.09 equiv of TPAP,
3.0 equiv of NMO, CH2Cl2, 25 8C, 30 min, 93%; j) 15 equiv of EtSH,
0.1 equiv of Zn(OTf)2, CH2Cl2, 25 8C, 16 h, 89%; k) 0.2 equiv of K2CO3,
MeOH, 25 8C, 2 h, 93 %; l) 3.0 equiv of SO3 ´ pyr, DMSO:Et3N:CH2Cl2


(1:1:2), 0 8C, 1 h, 83%. 9-BBN� 9-borabicyclo[3. 3.1]nonane; NMO� 4-
methylmorpholine-N-oxide; TBAF� tetra-n-butylammonium fluoride;
TPAP� tetra-n-propylammonium perruthenate.


CSA in CH2Cl2:MeOH (1:1) leading to alcohol 78 (92% yield),
which was oxidized with TPAP/NMO[53] to afford aldehyde 79
(82 % yield). Wittig olefination of 79 resulted in the formation
of olefin 80 (78 % yield), which was selectively hydroborated
with 9-BBN, furnishing, after the usual basic H2O2 workup,
primary alcohol 81 (88% yield). Standard acetylation (81!
82, 94% yield), desilylation (82! 83, 94% yield) and oxida-
tion (TPAP, NMO) gave ketone 84 (93% yield). Exposure of
ketone 84 to EtSHZn(OTf)2 in CH2Cl2 then afforded
dithioketal 85 in 89% yield from 84. Finally, deacetylation
of 85 (K2CO3, 93% yield), followed by SO3 ´ pyr. and DMSO
oxidation led to the desired model aldehyde 38 (83% yield).


With fragments 37 and 38 at hand, the stage was then set to
test the feasibility of constructing the CDEF ring system of
brevetoxin A (1) by the hydroxy dithioketal technology[30]


(Scheme 11). Thus, coupling of 37 and 38 through the ylide of
37 (nBuLi, HMPA) gave cis olefin 87 in 82 % yield, while
removal of the TBS group from the latter compound by the
action of TBAF afforded the desired cyclization precursor 88
(89 % yield). In spite of the success enjoyed in the simpler
model (34 !35, Scheme 5), many attempts to cyclize 88 by
our previously developed conditions failed to provide the
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nonacene system. For example, under the normal ring closure
conditions (AgClO4, NaHCO3, SiO2, 4 � MS, MeNO2), the
conjugated elimination product 90 and hydrolysis product,
ketone 91, were obtained in 87 % combined yield.
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Scheme 11. Synthesis and attempted cyclization of precursor 88. Reagents
and conditions: a) 1.0 equiv of 37, 1.2 equiv of nBuLi, ÿ78 8C, 20 min; then
add 10 equiv of HMPA, 1.2 equiv of aldehyde 38, ÿ78 (20 min) ! 25 8C
(1.5 h), 82%; b) 2.0 equiv of TBAF, THF, 25 8C, 36 h, 89 %; c) 3.0 equiv of
AgClO4, 10 equiv of NaHCO3, SiO2, 4 � MS, MeNO2, 25 8C, 3 h, 56% of
90 and 31% of 91. HMPA� hexamethylphosphoramide; Piv� pivaloyl.


Conclusion


It became clear from these studies that the first strategy
towards brevetoxin A (1), in which the nine-membered ring
(ring E) was to be constructed last by the hydroxydithioketal
method would, perhaps, be problematic. Given the well-
known resistance to nine-membered ring formation support-
ed by entropic, strain and other factors intrinsic to the
particular structure of brevetoxin A (1), this observation was
not entirely surprising although highly disappointing. This
failure, however, like many others in total synthesis, was
perhaps a blessing in disguise, for having regrouped, we set
out in search of a new strategy and a new method for the
construction of medium-sized rings. As it turned out, such a
method was found.[43] Its application to the problem of
brevetoxin A (1) is described in the following articles.[16±18]


Experimental Section


General techniques : All reactions were carried out under an argon
atmosphere with dry, freshly distilled solvents under anhydrous conditions,
unless otherwise noted. Tetrahydrofuran (THF), toluene, and diethyl ether


(ether) were distilled from sodium benzophenone, and methylene chloride
(CH2Cl2) from calcium hydride. Anhydrous solvents were also obtained by
passing them through commercially available alumina column. Yields refer
to chromatographically and spectroscopically (1H NMR) homogeneous
materials, unless otherwise stated. Reagents were purchased at highest
commercial quality and used without further purification unless otherwise
stated. Reactions were monitored by thin-layer chromatography carried
out on 0.25 mm E. Merck silica gel plates (60 G-254) using UV light as
visualizing agent and 7% ethanol phosphomolybdic acid or p-anisaldehyde
solution and heat as developing agents. E. Merck silica gel (60, particle size
0.040 ± 0.063 mm) was used for flash column chromatography. Preparative
thin-layer chromatography (PTLC) separations were carried out on 0.25,
0.50, or 1 mm E. Merck silica gel plates (60 F-254). NMR spectra were
recorded on Bruker DRX-600, AMX-500, AMX-400, or AC-250 instru-
ments and calibrated with residual undeuterated solvent as an internal
reference. The following abbreviations were used to designate the multi-
plicities: s� singlet, d� doublet, t� triplet, q� quartet, m�multiplet,
br� broad. IR spectra were recorded on a Perkin-Elmer 241 polarimeter.
High-resolution mass spectra (HRMS) were recorded on a VG ZAB-SE
mass spectrometer under fast atom bombardment (FAB) conditions with
nitrobenzyl alcohol (NBA) as the matrix. Melting points (m.p.) are
uncorrected and were recorded on a Thomas Hoover Unimelt capillary
melting point apparatus.


Aldehyde 16 : A solution of (S)-(�)-methyl 3-hydroxy-2-methyl propionate
15 (47 g, 400 mmol) and PhSSPh (104 g, 480 mmol) in DMF (380 mL) was
treated with nBu3P (97 g, 480 mmol) at 0 8C and was allowed to warm to
25 8C over 5 h. The reaction mixture was diluted with ether (1.5 L), washed
with H2O (3� 200 mL), and dried (MgSO4). The concentrated residue was
purified by flash column chromatography (silica gel, 1:9, ether:hexanes) to
afford the desired sulfide. A solution of the sulfide (84 g, 400 mmol) in
CH2Cl2 (1.2 L) was treated with DIBAL (410 mL of 1m in hexanes,
410 mmol) at ÿ78 8C for 30 min. The reaction mixture was quenched by
pouring into a saturated aqueous sodium potassium tartrate solution
(300 mL) and was diluted with ether (1.5 L). The organic phase was dried
(MgSO4) and concentrated to afford aldehyde 16 (72 g, 100 %). 16 : Rf�
0.44 (silica gel, 3:7, ether:hexanes); [a]25


D ��2.3 (c� 2.4, CCl4); IR (thin
film): nÄmax� 3055, 2962, 2925, 2805, 2720, 1720, 1584, 1481, 1455, 1439, 1390,
1372, 1290, 1090, 1021, 928, 738, 690 cmÿ1; 1H NMR (250 MHz, CDCl3): d�
9.67 (d, J� 1.0 Hz, 1H, HC(O)), 7.38 ± 7.17 (m, 5 H, ArH), 3.30 (dd, J� 13.5,
7.0 Hz, 1H, CHH), 2.91 (dd, J� 13.5, 7.0 Hz, 1H, CHH), 2.62 (dddd, J� 7.0,
7.0, 7.0, 1.0 Hz, 1H, CH), 1.23 (d, J� 7.0 Hz, 3H, CH3); HRMS calcd for
C10H12OS ([M�]) 180.061, found 180.063.


Sulfone 13 : A solution of aldehyde 16 (72 g, 400 mmol) in THF (100 mL)
was added to a slurry of methyltriphenylphosphonium bromide (171 g,
480 mmol) and NaN(SiMe3)2 (460 mL of 1M in THF, 460 mmol) in THF
(1.2 L) at 0 8C and was stirred for 30 min. The reaction mixture was
quenched by pouring into a saturated aqueous ammonium chloride
solution (200 mL) and diluted with ether (1.5 L). The organic phase was
washed with water (2� 200 mL), dried (MgSO4), and concentrated. The
residue was purified by flash column chromatography (silica gel, 1:19,
ether:hexanes) to afford the desired olefin (64.8 g, 91%). A solution of the
olefin (64.8 g, 364 mmol) in CH2Cl2 (1 L) was treated portionwise with
mCPBA (180 g of 80-85 %, 837 mmol) at 0 8C over 1.5 h. The reaction
mixture was quenched by treating with dimethyl sulfide (4 mL) and diluted
with ether (1.5 L). The organic solution was washed with a saturated
aqueous sodium bicarbonate solution (4� 200 mL) and dried (MgSO4).
After concentration, the residue was purified by flash column chromatog-
raphy (silica gel, 3:7, ether:hexanes) to afford sulfone 13 (63.5 g, 82%). 13 :
Rf� 0.25 (silica gel, 3:7, ether:hexanes); [a]25


D ��3.84 (c� 3.85, CCl4); IR
(thin film): nÄmax� 3070, 2975, 2937, 2880, 1644, 1580, 1482, 1450, 1408, 1310,
1259, 1205, 1150, 1090, 1001, 920, 880, 858, 814, 787, 740, 691, 650 cmÿ1;
1H NMR (250 MHz, CDCl3): d� 8.04 ± 7.23 (m, 5 H, ArH), 5.88 (ddd, J�
17.0, 10.0, 7.0 Hz, 1H,�CH), 4.99 ± 4.90 (m, 2 H,�CH2), 3.14 (dd, J� 14.0,
6.0 Hz, 1H, CHH), 3.00 (dd, J� 14.0, 6.0 Hz, 1H, CHH), 2.82-2.71 (m, 1H,
CH), 1.15 (d, J� 7.0 Hz, 3 H, CH3); HRMS calcd for C11H14O2S ([M�H�])
211.079, found 211.077.


b-Keto sulfone 17: A solution of sulfone 13 (95 g, 450 mmol) in THF (1 L)
was treated with nBuLi (262 mL of 1.6m in hexanes, 429 mmol) at ÿ78 8C
for 40 min before addition of methyl ester 14 (41 g, 205 mmol) in THF
(30 mL). After 4 h, acetic acid (50 mL) in THF (20 mL) was added, and the
reaction mixture was diluted with EtOAc (1 L), washed with water
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(200 mL), brine (200 mL), and dried (MgSO4). After concentration, the
residue was purified by flash column chromatography (silica gel, 4:6,
ether:hexanes) to afford a diastereomeric mixture of b-keto sulfones 17
(62 g, 79 %). 17 (major diastereomer): white solid, m.p. � 134 ± 135 8C;
Rf� 0.25 (silica gel, 1:1, ether:hexanes); [a]25


D � ÿ91.1 (c� 6.3, CH2Cl2); IR
(thin film): nÄmax� 3040, 2980, 2920, 1719, 1441, 1380, 1370, 1317, 1305, 1212,
1148, 1079, 1020, 928, 841, 790, 682 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.88 (d, J� 7.6 Hz, 2 H, ArH), 7.66 (t, J� 7.5 Hz, 1H, ArH), 7.55 (t, J�
8.0 Hz, 2 H, ArH), 5.78 (d, J� 3.0 Hz, 1 H, anomeric CH), 5.58 ± 5.50 (m,
1H), 4.97-4.94 (m, 2H), 4.85 (d, J� 10.0 Hz, 1 H), 4.64 (dd, J� 4.0, 4.0 Hz,
1H, OCH), 4.13 (dd, J� 10.5, 5.5 Hz, 1H, OCH), 3.04-2.96 (m, 1 H, CH),
2.21 (dd, J� 14.0, 5.5 Hz, 1 H, CHH), 1.77-1.65 (m, 1 H, CHH), 1.40 (s, 3H,
CH3), 1.32 (d, J� 6.5 Hz, 3H, CH3), 1.29 (s, 3H, CH3); HRMS calcd for
C19H24O6S ([M�NH4


�]) 398.163, found 398.163.


Ketone 18 : A solution of sulfone 17 (31.9 g, 84 mmol) in THF (440 mL) and
water (44 mL) was treated portionwise with freshly prepared strips of
Al(Hg) (20 g, 740 g-atom) at 65 8C over 2 h. After 1 h, the reaction mixture
was cooled and filtered through a pad of celite. After concentration, the
residue was purified by flash column chromatography (silica gel, 3:7,
ether:hexanes) to afford ketone 18 (17.3 g, 86 %). 18 : Rf� 0.38 (silica gel,
3:7, ether:hexanes); [a]25


D � ÿ61.3 (c� 0.7, CH2Cl2); IR (thin film): nÄmax�
2880, 2855, 2830, 1717, 1641, 1459, 1435, 1384, 1374, 1260, 1240, 1213, 1171,
1060, 1025, 914, 850, 680 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.84 (d,
J� 3.5 Hz, 1H, anomeric CH), 5.68 (ddd, J� 17.5, 10.5, 7.0 Hz, 1 H,�CH),
4.93 (dd, J� 17.5, 1.5 Hz, 1 H, �CHH), 4.88 (dd, J� 10.5, 1.5 Hz, 1H,
�CHH), 4.66 (dd, J� 4.0, 4.0 Hz, 1H, OCH), 4.51 (dd, J� 11.0, 5.0 Hz, 1H,
OCH), 2.73 ± 2.67 (m, 1H, CH), 2.57 (dd, J� 17.0, 7.0 Hz, 1H, CHH), 2.46
(dd, J� 17.0, 7.0 Hz, 1H, CHH), 2.27 (dd, J� 13.5, 5.0 Hz, 1 H, CHH),
1.71 ± 1.65 (m, 1H, CHH), 1.44 (s, 3H, CH3), 1.26 (s, 3 H, CH3), 0.95 (d, J�
6.5 Hz, 3H, CH3); HRMS calcd for C13H20O4 ([M�H�]) 241.144, found
241.143.


Tertiary alcohol 19a,b : A solution of ketone 18 (29.0 g, 122 mmol) in DME
(50 mL) was added to a solution of methylmagnesium chloride (54 mL of
3m in THF, 162 mmol) in DME (750 mL) at ÿ78 8C over 15 min. The
resulting solution was stirred at ÿ78 8C for 1 h, warmed to ÿ30 8C over
1.5 h, stirred at 25 8C for 15 min, and quenched by addition of a saturated
aqueous ammonium chloride solution (50 mL). The reaction mixture was
diluted with ether (1 L), washed with additional saturated aqueous
ammonium chloride solution (2� 100 mL), and dried (MgSO4). The
solution was concentrated to afford a mixture of the epimeric tertiary
alcohols 19 a, b (29.8 g, 95%, ca. 19a :19 b� 12.8:1). 19a, b : Rf� 0.25 (silica
gel, 4:6, ether:hexanes); [a]25


D � ÿ2.1 (c� 1.3, CH2Cl2); IR (thin film):
nÄmax� 3580, 2980, 2937, 1642, 1455, 1450, 1390, 1378, 1318, 1220, 1169, 1060,
1021, 962, 919, 855 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.77 (d, J�
3.5 Hz, 1H, anomeric CH), 5.70 (ddd, J� 17.5, 10.0, 8.0 Hz, 1 H, �CH),
4.99 (dd, J� 17.5, 1.5 Hz, 1 H,�CH), 4.89 (dd, J� 10.0, 1.5 Hz, 1H,�CH),
4.69 (dd, J� 4.0, 4.0 Hz, 1 H, OCH), 4.10 (dd, J� 10.5, 4.5 Hz, 1H, OCH),
2.46 ± 2.41 (m, 1H, CH), 1.95 (dd, J� 13.5, 4.5 Hz, 1H, CHH), 1.83 ± 1.77
(m, 1 H, CHH), 1.48 (s, 3 H, CH3), 1.42-1.39 (m, 2H, CHH), 1.29 (s, 3H,
CH3), 1.26 (s, 3 H, CH3), 1.04 (d, J� 6.5 Hz, 3H, CH3); HRMS calcd for
C14H24O4 ([M�NH4


�]) 274.202, found 274.203.


Triol 20 : A solution of alcohol 19 a, b (25.6 g, 100 mmol) in CH2Cl2


(400 mL) was treated with EtSH (148 mL, 2 mol) and ZnCl2 (67 g,
492 mmol) at 0 8C for 1.5 h. The reaction mixture was concentrated, and
the resulting oil was dissolved in ether (500 mL), washed with 5% aqueous
ammonium hydroxide solution (2� 100 mL), and dried (MgSO4). After
concentration, the residue was purified by flash column chromatography
(silica gel, 8:2, ether:hexanes) to afford triol 20 (26.6 g, 92%). 20 : Rf� 0.33
(silica gel, 8:2, ether:hexanes); [a]25


D � �76.7 (c� 1.2, CHCl3); IR (thin
film): nÄmax� 3500, 2995, 2950, 2885, 1650, 1450, 1388, 1126, 1079, 1040, 988,
918, 740 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 5.68 (ddd, J� 18.0, 10.0,
8.0 Hz, 1 H,�CH), 4.99 (dd, J� 18.0, 1.5 Hz, 1 H,�CH), 4.92 (dd, J� 10.0,
1.5 Hz, 1H, �CH), 4.87 (d, J� 1.5 Hz, 1H, CH(SEt)2), 3.87 (d, J� 3.0 Hz,
1H), 3.64 (d, J� 8.6 Hz, 1 H), 3.51 ± 3.48 (m, 1H), 3.38 (d, J� 4.5 Hz, 1H),
2.72 (dd, J� 7.5, 7.5 Hz, 4H, CH2S), 2.45 ± 2.40 (m, 1H, CHH), 2.20 (ddd,
J� 15.0, 3.0, 3.0 Hz, 1 H, CHH), 2.04 (ddd, J� 15.0, 3.0, 3.0 Hz, 1H, CHH),
1.67 (dd, J� 14.5, 4.5 Hz, 1 H), 1.51 (dd, 14.5, 7.6 Hz, 1H), 1.34 (s, 3 H, CH3),
1.31 (dd, J� 7.0 Hz, 6 H, CH3), 1.09 (d, J� 7.0 Hz, 3 H, CH3); HRMS calcd
for C15H30O3S2 ([M�H�]) 323.172, found 323.170.


Dibenzyl ether 21: A solution of triol 20 (29.6 g, 92 mmol) in THF (50 mL)
was added to a suspension of NaH (12 g of 60 % in oil, 276 mmol) in THF


(500 mL) at 0 8C. The reaction mixture was stirred at 25 8C for 1 h, and then
recooled to 0 8C before the addition of BnBr (24.5 mL, 118.6 mmol) and
nBu4NI (170 mg, 0.46 mmol). The reaction mixture was allowed to warm to
25 8C and stirred for 11 h. After the excess NaH was quenched by the
addition of MeOH (25 mL), the reaction mixture was diluted with ether
(1 L), washed with saturated aqueous ammonium chloride solution (2�
200 mL), dried (MgSO4), and concentrated. The residue was purified by
flash column chromatography (silica gel, 2:8, ether:hexanes) to afford
dibenzyl ether 21 (39.7 g, 86%). 21: Rf� 0.38 (silica gel, 2:8, ether:-
hexanes); [a]25


D � �56.6 (c� 1.6, CHCl3); IR (thin film): nÄmax� 3590, 3500,
1652, 1510, 1467, 1389, 1278, 1220, 1100, 1040, 921, 745, 710 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 7.38 ± 7.24 (m, 10 H, ArH), 5.78 ± 5.68 (m, 1H,
�CH), 4.93 ± 4.83 (m, 2H,�CH), 4.71 (d, J� 11.5 Hz, 1H, CHHPh), 4.69 (d,
J� 11.5 Hz, 1H, CHHPh), 4.56 (d, J� 11.5 Hz, 1 H, CHHPh), 4.46 (d, J�
11.5 Hz, 1H, CHHPh), 4.03 (d, J� 3.5 Hz, 1H, SCH), 3.96 ± 3.87 (m, 1H,
OCH), 3.35 (dd, J� 5.0 Hz, 1H, OCH), 2.72 ± 2.60 (m, 4H, 2 CH2), 2.45 ±
2.30 (m, 1H), 2.36 (s, 1H, OH), 2.27 ± 2.15 (m, 1H), 2.04 ± 1.92 (m, 1H),
1.66 ± 1.41 (m, 2H), 1.24 (dd, J� 7.0 Hz, 6 H, CH3), 1.15 (s, 3H, CH3), 0.96
(d, J� 7.0 Hz, 3H, CH3); HRMS calcd for C29H42O3S2 ([M�H�]) 503.266,
found 503.263.


Lactol 22 : A solution of alcohol 21 (15.5 g, 30.0 mmol) in acetonitrile
(75 mL) was added to a solution of N-chlorosuccinimide (24.0 g, 180 mmol)
and 2,6-lutidine (21 mL, 180 mmol) in acetonitrile (480 mL) and water
(120 mL) at 0 8C. The reaction mixture was stirred at 0 8C for 5 min, then
quenched by the addition of 10 % aqueous sodium sulfate solution
(150 mL) and diluted with ether (1 L). The organic layer was separated
and washed successively with 10% aqueous sodium sulfate solution
(100 mL) and saturated aqueous copper sulfate solution (3� 75 mL). The
organic phase was dried (MgSO4), filtered, concentrated, and purified by
flash column chromatography (silica gel, 3:7, ether:hexanes) to afford lactol
22 (9.48 g, 80 %). 22 : Rf� 0.40 (silica gel, 3:7, ether:hexanes); [a]25


D � �37.6
(c� 1.8, CHCl3); IR (thin film): nÄmax� 3400, 3035, 3010, 2920, 2860, 1639,
1495, 1451, 1350, 1264, 1202, 1100, 908, 732, 698 cmÿ1; 1H NMR (250 MHz,
C6D6): d� 7.45 ± 7.06 (m, 10H, ArH), 5.90 (ddd, J� 17.5, 10.0, 7.5 Hz, 1H,
�CH), 5.07 ± 4.91 (m, 2 H, �CH), 4.88 (d, J� 12.0 Hz, 1 H, CHHPh), 4.78
(dd, J� 7.5, 5.5 Hz, 1H, anomeric CH), 4.64 (d, J� 12.0 Hz, 1 H, CHHPh),
4.30 (d, J� 11.5 Hz, 1H, CHHPh), 4.05 (d, J� 11.5 Hz, 1H, CHHPh),
3.18 ± 3.05 (m, 2H, OCH), 2.62 ± 2.55 (m, 1 H), 2.34 (d, J� 5.5 Hz, 1H), 2.25
(ddd, J� 12.5, 5.0, 5.0 Hz, 1H), 1.95 (dd, J� 14.0, 6.5 Hz, 1H), 1.75 ± 1.60
(m, 1 H), 1.49 (dd, J� 14.0, 5.5 Hz, 1H), 1.23 (s, 3H, CH3), 1.14 (d, J�
7.0 Hz, 3H, CH3); HRMS calcd for C25H32O4 ([MÿOHÿ) 379.227, found
379.224.


Ketone 23 : A solution of lactol 22 (18 g, 47 mmol) in toluene (70 mL)
was treated with 1-triphenylphosphoranylidene-2-propanone (22.8 g,
71.4 mmol) at 110 8C for 4 h. The reaction mixture was cooled to room
temperature, diluted with ether:hexanes (1:1), filtered through silica gel,
concentrated, and azeotroped with benzene. The resulting oil was taken up
in THF (1.2 L) and treated with NaH (1.88 g of 60% in mineral oil,
47.0 mmol) at 25 8C for 10 h. The reaction mixture was quenched by the
addition of methanol (5 mL) and diluted with ether (1 L). The organic
phase was washed with saturated aqueous ammonium chloride solution
(2� 100 mL), brine (100 mL), dried (MgSO4), and concentrated. The
residue was purified by flash column chromatography (silica gel, 1:3,
ether:hexanes) to afford ketone 23 (14.9 g, 73%). 23 : Rf� 0.37 (silica gel,
2:8, ether:hexanes); [a]25


D � ÿ22.2 (c� 2.0, CHCl3); IR (thin film): nÄmax�
2975, 2895, 1729, 1651, 1510, 1468, 1390, 1365, 1320, 1250, 1195, 1100, 1041,
921, 747, 710 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.38 ± 7.24 (m, 10H,
ArH), 5.74 (ddd, J� 17.5, 10.0, 7.5 Hz, 1 H,�CH), 4.92 ± 4.78 (m, 2 H,�CH),
4.60 (d, J� 11.5 Hz, 1 H, CHHPh), 4.60 (d, J� 11.5 Hz, 1H, CHHPh), 4.43
(d, J� 11.5 Hz, 1 H, CHHPh), 4.40 (d, J� 11.5 Hz, 1H, CHHPh), 3.90 (ddd,
J� 9.5, 9.5, 3.5 Hz, 1H, OCH), 3.19 (dd, J� 10.5, 3.5 Hz, 1H, OCH), 3.15-
3.03 (m, 1H, OCH), 2.77 (dd, J� 15.0, 3.5 Hz, 1 H), 2.52-2.31 (m, 3 H), 2.13
(s, 3 H, CH3), 1.81 (dd, J� 14.5, 6.5 Hz, 1 H), 1.54 (ddd, J� 11.5, 11.5,
11.5 Hz, 1H), 1.33 ± 1.20 (m, 1H), 1.23 (s, 3 H, CH3), 0.93 (d, J� 7.0 Hz, 3H,
CH3); HRMS calcd for C28H36O4 ([M�H�]) 379.227, found 379.224.


Aldehyde 12 : A solution of ketone 23 (9.3 g, 21 mmol) in THF (100 mL)
and water (5 mL) was treated with a 60% aqueous solution of N-
methylmorpholine-N-oxide (4.87 mL, 25.7 mmol) and osmium tetroxide
(4.34 mL of 0.1m in THF, 0.42 mmol) at 25 8C for 5 h. The reaction mixture
was quenched by the addition of saturated aqueous sodium dithionate
solution (10 mL), followed by vigorous stirring for 2 h. The reaction
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mixture was diluted with EtOAc (200 mL) and washed with water (2�
25 mL). The aqueous washings were back extracted with EtOAc (25 mL),
and the combined organic layers were dried (MgSO4), and concentrated.
The residue was dissolved in THF (200 mL) and water (20 mL), treated
portionwise with NaIO4 (5.5 g, 25.7 mmol) over 30 min, and stirred at 25 8C
for 2 h. The reaction mixture was diluted with ether (500 mL) and then
washed with water (2� 100 mL) and brine (100 mL). The organic layer was
dried (MgSO4) and concentrated to afford aldehyde 12 (8.7 g, 93%). 12 :
Rf� 0.12 (silica gel, 3:7, ether:hexanes); [a]25


D � ÿ52.1 (c� 0.85, CHCl3);
IR (thin film): nÄmax� 2935, 2850, 1720, 1710, 1491, 1479, 1450, 1352, 1307,
1201, 1180, 1100, 1024, 732, 697, 678 cmÿ1; 1H NMR (250 MHz, C6D6): d�
9.24 (d, J� 4.0 Hz, 1H), 7.33-7.02 (m, 10 H, ArH), 4.37 (d, J� 11.5 Hz, 1H,
CHHPh), 4.35 (d, J� 12.0 Hz, 1H, CHHPh), 4.12 (d, J� 11.5 Hz, 1H,
CHHPh), 4.07 (d, J� 12.0 Hz, 1 H, CHHPh), 4.06 ± 4.01 (m, 1H, OCH),
3.22 (dd, J� 12.5, 4.5 Hz, 1H, OCH), 2.94 ± 2.84 (m, 1H), 2.64 (dd, J� 15.5,
3.0 Hz, 1 H), 2.39 ± 2.27 (m, 2H), 2.16-2.11 (m, 1 H), 1.87 ± 1.77 (m, 1 H), 1.82
(s, 3H, CH3), 1.52-1.44 (m, 2H), 1.18 (s, 3 H, CH3), 0.70 (d, J� 7.0 Hz, 3H,
CH3); HRMS calcd for C27H34O5 ([M�H�]) 439.248, found 439.248.


Bis-lactone 26 : A solution of ketoaldehyde 12 (16.95 g, 38.7 mmol) in ether
(100 mL) was transferred to a solution of zinc bromide (4.35 mL,
19.3 mmol) in ether (250 mL) at ÿ78 8C, followed by the addition of
CH2�C(OBn)OTBS (30.0 g, 116 mmol) in ether (100 mL). The reaction
mixture was quenched after 20 min at ÿ78 8C with a saturated aqueous
sodium bicarbonate solution (100 mL). The organic layer was separated,
washed with water (2� 75 mL) and brine (75 mL), and dried (MgSO4). The
organic solution was concentrated, and the residue was purified by flash
column chromatography (silica gel, 3:17, ether:hexanes) to afford a mixture
of four diastereomeric dibenzyl esters 24 (30.2 g, 81%). A solution of
dibenzyl esters 24 (all four diastereomers) (30.2 g, 31.3 mmol) in THF
(400 mL) was stirred with 20% Pd(OH)2/C (6 g) under hydrogen atmos-
phere at 25 8C for 3 h. The reaction mixture was filtered through a pad of
celite, and the filtrate was concentrated and azeotroped with benzene. The
resulting solid was dissolved in CH2Cl2 (175 mL) and treated with 2,2'-
dipyridyl disulfide (17.2 g, 78.3 mmol) and triphenylphosphane (20.5 g,
78.3 mmol) at 25 8C for 1 h. The resulting mixture was concentrated, taken
up in toluene (375 mL), and added to AgClO4 (14.4 g, 69.5 mmol) in
toluene (3 L) at 110 8C over 2 h. The reaction mixture was refluxed for 2 h
and then concentrated and purified by flash column chromatography (silica
gel, 3:7, EtOAc:hexanes) to afford a diastereomeric mixture of bis-lactones
26 (13.5 g, 76 % for two steps). Data for each of the four diastereoisomers
separately:


26a : Rf� 0.51 (silica gel, 1:1, ether:hexanes); [a]25
D � ÿ7.7 (c� 0.9, CCl4);


IR (thin film): nÄmax� 2960, 2940, 2865, 1740, 1580, 1478, 1469, 1420, 1389,
1368, 1307, 1290, 1252, 1170, 1140, 1092, 1050, 1010, 940, 900, 882, 840, 779,
740, 703, 660, 649, 631, 613 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 4.38 (dd,
J� 12.0, 4.5 Hz, 1H), 4.23 ± 4.13 (m, 1H), 4.00 (dd, J� 7.0, 7.0 Hz, 1H),
3.60 ± 3.50 (m, 1H), 3.01 (d, J� 13.5 Hz, 1H), 2.87-2.64 (m, 3 H), 2.34 ± 2.00
(m, 5 H), 1.86 (dd, J� 13.0, 11.5 Hz, 1H), 1.70 ± 1.60 (m, 1 H), 1.37 (s, 3H),
1.28 (s, 3H), 1.00 (d, J� 7.0 Hz, 3 H), 0.90 (s, 9 H), 0.84 (s, 9H), 0.12 (s, 6H),
0.08 (s, 3 H), 0.06 (s, 3 H); HRMS calcd for C29H54O7Si2 ([M�H�]) 571.349,
found 571.347.


26b : Rf� 0.44 (silica gel, 1:1, ether:hexanes); [a]25
D � �53.8 (c� 0.6,


CHCl3); IR (thin film): nÄmax� 2960, 2937, 2900, 2865, 1740, 1468, 1382, 1368,
1313, 1270, 1230, 1178, 1100, 1109, 971, 942, 910, 897, 840, 780, 700, 670, 658,
639, 615 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 4.21 (dd, J� 12.0, 4.5 Hz,
1H), 4.16 ± 4.08 (m, 1 H), 3.60-3.50 (m, 2H), 3.13 (dd, J� 13.0, 4.0 Hz, 1H),
3.00 (d, J� 13.5 Hz, 1 H), 2.74 (dd, J� 13.5, 2.5 Hz, 1H), 2.48 (dd, J� 13.0,
3.0 Hz, 1 H), 2.34 ± 2.01 (m, 3H), 1.80 (dd, J� 12.0, 12.0 Hz, 1 H), 1.70 ± 1.40
(m, 3 H), 1.37 (s, 3 H), 1.32 (s, 3 H), 1.05 (d, J� 6.5 Hz, 3 H), 0.93 (s, 9H),
0.85 (s, 9H), 0.14 (s, 3 H), 0.12 (s, 3 H), 0.12 (s, 3H), 0.07 (s, 3 H); HRMS
calcd for C29H54O7Si2 ([M�H�]) 571.349, found 571.345.


26c : Rf� 0.18 (silica gel, 6:4, ether:hexanes); [a]25
D � �71.6 (c� 0.7,


CHCl3); IR (thin film): nÄmax� 2960, 2935, 2882, 2860, 1740, 1467, 1380, 1309,
1285, 1234, 1190, 1162, 1125, 1080, 1047, 1001, 971, 940, 917, 902, 879, 844,
810, 781, 672, 631 cmÿ1; 1H NMR (250 MHz, C6D6): d� 4.16 (dd, J� 11.5,
4.5 Hz, 1H), 4.07 ± 3.92 (m, 2 H), 3.74 ± 3.64 (m, 1 H), 2.74 ± 2.68 (m, 3H),
2.45 (d, J� 14.0 Hz, 1H), 2.30 ± 2.04 (m, 4 H), 1.66 (dd, J� 8.0, 8.0 Hz, 1H),
1.32 ± 1.19 (m, 2H), 1.16 (s, 3H), 1.07 (s, 3 H), 1.04 (s, 9H), 0.95 (s, 9H), 0.85
(d, J� 7.0 Hz, 3H), 0.21 (s, 3H), 0.10 (s, 3 H), 0.06 (s, 3 H), 0.00 (s, 3H);
HRMS calcd for C29H54O7Si2 ([M�H�]) 571.349, found 571.342.


26d : Rf� 0.21 (silica gel, 8:2, ether:hexanes); [a]25
D � �60.2 (c� 1.4,


CHCl3); IR (thin film): nÄmax� 2965, 2940, 2900, 2875, 1760, 1470, 1382, 1316,
1263, 1240, 1200, 1170, 1140, 1130, 1011, 1084, 1056, 988, 960, 941, 843 cmÿ1;
1H NMR (250 MHz, CDCl3): d� 4.21 (dd, J� 12.0, 4.5 Hz, 1 H), 4.16 ± 4.05
(m, 1H), 3.92 (ddd, J� 10.0, 10.0, 4.0 Hz, 1H), 3.60 ± 3.55 (m, 1 H), 3.14 (dd,
J� 13.0, 4.0 Hz, 1H), 2.80 (s, 2H), 2.47 (dd, J� 13.0, 3.0 Hz, 1 H), 2.35 ± 2.26
(m, 1 H), 2.21 ± 2.00 (m, 2H), 1.67 ± 1.44 (m, 4H), 1.40 (s, 3H), 1.30 (s, 3H),
1.05 (d, J� 6.5 Hz, 3 H), 0.93 (s, 9H), 0.87 (s, 9H), 0.15 (s, 3 H), 0.14 (s, 3H),
0.12 (s, 3 H), 0.07 (s, 3 H); HRMS calcd for C29H54O7Si2 ([M�H�]) 571.349,
found 571.351.


Alcohol 27 c : A solution of bis-lactone 26c (6.3 g, 11.0 mmol) in THF
(36 mL) was treated with HF ´ pyr. (11.0 mL) at 0 8C. The reaction mixture
was warmed to 25 8C and stirred for 3 h. The reaction mixture was
quenched by dilution with EtOAc (40 mL), followed by pouring into a
saturated aqueous sodium carbonate solution (156 mL) and EtOAc
(400 mL). The separated organic layer was washed with saturated aqueous
sodium carbonate solution (3� 200 mL), dried (MgSO4), and concentrated.
The residue was purified by flash column chromatography (silica gel,
EtOAc) to afford alcohol 27 (4.26 g, 85 %). 27: Rf� 0.40 (silica gel,
EtOAc); IR (thin film): nÄmax� 3610, 3460, 2950, 2924, 2850, 1738, 1462,
1378, 1309, 1233, 1190, 1156, 1120, 1079, 1044, 1000, 838, 809, 776, 690, 665,
620 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.37 (dd, J� 12.0, 5.0 Hz, 1H),
4.15 ± 4.04 (m, 2H), 3.93 (ddd, J� 10.5, 10.5, 4.0 Hz, 1 H), 2.89 ± 2.78 (m,
2H), 2.81 (s, 2 H), 2.33 (ddd, J� 13.5, 5.3, 5.3 Hz, 1 H), 2.19 (dd, J� 13.5,
4.0 Hz, 1H), 2.12 (ddd, J� 12.0, 12.0, 12.0 Hz, 1H), 2.02 (dd, J� 15.0,
7.5 Hz, 1 H), 1.86 (d, J� 4.0 Hz, 1H), 1.75 ± 1.73 (m, 1 H), 1.58 (dd, J� 13.5,
10.5 Hz, 1 H), 1.41 (s, 3 H), 1.30 ± 1.25 (m, 1H), 1.29 (s, 3 H), 1.08 (d, J�
7.0 Hz, 3 H), 0.87 (s, 9 H), 0.16 (s, 3 H), 0.12 (s, 3 H); HRMS calcd for
C23H40O7Si ([M�H�]) 474.288, found 474.286.


Olefin 28 : A solution of alcohol 27 (4.26 g, 9.35 mmol) in methylene
chloride (47 mL) was treated with Martin�s sulfurane (7.54 g, 11.2 mmol) at
0 8C for 30 min. The reaction mixture was concentrated and purified by
flash column chromatography (silica gel, 1:1, EtOAc:hexanes) to afford
a,b-unsaturated lactone 28 (3.56 g, 87 %). 28 : Rf� 0.18 (silica gel, 4:6,
EtOAc:hexanes); [a]25


D � ÿ8.95 (c� 2.0, CH2Cl2); IR (thin film): nÄmax�
2970, 2940, 2870, 1742, 1480, 1472, 1388, 1342, 1317, 1244, 1218, 1162, 1149,
1131, 1116, 1085, 1060, 1040, 1010, 910, 890, 846, 833, 819, 784, 682,
655 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.98 (dd, J� 11.5, 8.0 Hz, 1H),
5.79 (d, J� 11.5 Hz, 1 H), 4.61 (dd, J� 11.0, 5.5 Hz, 1 H), 4.06 ± 4.00 (m,
1H), 3.85 (ddd, J� 10.0, 10.0, 4.0 Hz, 1H), 2.79 (br s, 2H), 2.54-2.49 (m,
1H), 2.31 (ddd, J� 13.5, 5.5, 5.5 Hz, 1H), 2.18 (dd, J� 13.5, 4.0 Hz, 1H),
2.12 (ddd, J� 13.0, 12.0, 12.0 Hz, 1 H), 1.66 ± 1.60 (m, 1H), 1.53 (dd, J�
13.5, 10.5 Hz, 1H), 1.53 ± 1.45 (m, 1H), 1.39 (s, 3 H), 1.33 (s, 3H), 1.11 (d,
J� 7.0 Hz, 3 H), 0.87 (s, 9H), 0.15 (s, 3H), 0.12 (s, 3 H); HRMS calcd for
C23H38O6Si ([M�H�]) 439.251, found 439.243.


Alcohol 29 : A solution of a,b-unsaturated lactone 28 (3.56 g, 8.13 mmol) in
THF (25 mL) was treated with HF ´ pyr. (16.5 mL) at 0 8C. The reaction
mixture was warmed to 25 8C and stirred for 4 h. The reaction mixture was
quenched by dilution with EtOAc (30 mL) followed by pouring into
saturated aqueous sodium carbonate solution (250 mL) and EtOAc
(450 mL). The separated organic layer was washed with saturated aqueous
sodium carbonate solution (3� 200 mL), dried (MgSO4), and concentrated.
The residue was purified by flash column chromatography (silica gel, 8:2,
EtOAc:hexanes) to afford a,b-unsaturated lactone 29 (2.42 g, 92 %). 29 :
Rf� 0.34 (silica gel, 8:2, EtOAc:hexanes); [a]25


D � ÿ24.3 (c� 3.7, CH2Cl2);
IR (thin film): nÄmax� 3605, 3500, 2985, 2950, 2895, 1738, 1470, 1388, 1335,
1320, 1251, 1217, 1168, 1147, 1100, 1081, 1060, 1040, 983, 966, 954, 919, 900,
867, 801, 684, 660 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.95 (dd, J� 11.5,
8.0 Hz, 1 H), 5.75 (d, J� 11.5 Hz, 1H), 4.58 (dd, J� 12.0, 4.5 Hz, 1H), 4.04
(ddd, J� 11.0, 9.5, 6.0 Hz, 1 H), 3.80 (ddd, J� 10.5, 10.5, 4.5 Hz, 1 H), 2.88
(d, J� 14.0 Hz, 1H), 2.73 (dd, J� 14.0, 2.0 Hz, 1 H), 2.57 (br s, 1 H), 2.50 ±
2.42 (m, 1H), 2.27 (ddd, J� 13.0, 5.5, 5.5 Hz, 1 H), 2.17 (ddd, J� 14.0, 4.0,
2.0 Hz, 1 H), 2.10 (ddd, J� 12.0, 12.0, 12.0 Hz, 1H), 1.58 (br d, J� 14.0 Hz,
1H), 1.50 (dd, J� 14.0, 10.5 Hz, 1H), 1.43 (br d, J� 12.0 Hz, 1H), 1.36 (s,
3H), 1.30 (s, 3H), 1.07 (d, J� 7.0 Hz, 3 H); HRMS calcd for C17H24O6 ([M�
H�]) 325.165, found 325.169.


Bis-olefin 30 : A solution of alcohol 29 (2.42 g, 7.48 mmol) in methylene
chloride (37 mL) was treated with Martin�s sulfurane (5.54 g, 8.96 mmol) at
0 8C for 30 min. The reaction mixture was concentrated, and the residue
was purified by flash column chromatography (silica gel, ether) to afford
bis-olefin 30 (2.1 g, 92%). 30 : Rf� 0.27 (silica gel, ether); [a]25


D � �2.6
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(c� 3.4, CH2Cl2); IR (thin film): nÄmax� 2964, 2910, 1730, 1720, 1700, 1640,
1460, 1382, 1317, 1310, 1240, 1210, 1160, 1133, 1072, 1056, 1034, 880, 852,
850, 822, 791, 670 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.95 (dd, J� 11.5,
8.0 Hz, 1 H), 5.79 (br s, 1H), 5.75 (dd, J� 11.5, 1.0 Hz, 1 H), 4.60 (dd, J�
12.0, 5.5 Hz, 1H), 4.15 ± 4.05 (m, 1H), 3.88 ± 3.79 (m, 1H), 2.83 (dd, J� 19.0,
7.0 Hz, 1 H), 2.51 ± 2.41 (m, 1 H), 2.38 ± 2.06 (m, 4 H), 1.91 (s, 3 H), 1.55 ± 1.42
(m, 1H), 1.30 (s, 3H), 1.07 (d, J� 7.0 Hz, 3 H); HRMS calcd for C17H22O5


([M�H�]) 307.154, found 307.154.


Bis-lactone 11: A solution of bis-olefin 30 (370 mg, 1.2 mmol) in EtOAc
(5 mL) was treated with 10 % Pd/C (30 mg) and stirred under a hydrogen
atmosphere. After 1.5 h, CH2Cl2 (4 mL) was added, and the stirring was
continued for an additional 2 h. The reaction mixture was filtered through a
pad of celite and concentrated to afford bis-lactone 11 (370 mg, 100 %). 11:
white solid, m.p. � 179 ± 180 8C; Rf� 0.37 (silica gel, 8:2, CH2Cl2:EtOAc);
[a]25


D � �22.1 (c� 1.4, CH2Cl2); IR (thin film): nÄmax� 2963, 2930, 2870,
1745, 1730, 1462, 1390, 1359, 1330, 1251, 1230, 1193, 1172, 1142, 1123, 1100,
1081, 1047, 1011, 980, 950, 920, 852, 641, 609 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 4.31 (dd, J� 12.0, 4.5 Hz, 1H), 4.05 (ddd, J� 11.0, 11.0, 6.0 Hz,
1H), 3.68 (ddd, J� 10.5, 10.5, 4.0 Hz, 1H), 2.84 (ddd, J� 12.5, 12.5, 7.0 Hz,
1H), 2.77 (dd, J� 14.0, 2.0 Hz, 1H), 2.60 (ddd, J� 14.0, 6.5, 1.0 Hz, 1H),
2.40 (ddd, J� 12.5, 6.5, 2.0 Hz, 1H), 2.29 ± 2.24 (m, 2H), 2.08 (ddd, J� 12.0,
12.0, 12.0 Hz, 1 H), 1.98 ± 1.91 (m, 2H), 1.66 ± 1.37 (m, 5H), 1.27 (s, 3 H), 1.06
(d, J� 7.5 Hz, 3H), 0.98 (d, J� 7.0 Hz, 3H); HRMS calcd for C17H26O5


([M�H�]) 311.185, found 311.186.


Bis-thionolactone 10 : A solution of bis-lactone 11 (267 mg, 0.86 mmol) in
degassed xylene (5 mL) was treated with recrystallized Lawesson�s reagent
(1.04 g, 2.58 mmol) and tetramethylthiourea (113 mg, 0.86 mmol) at 115 8C
for 3 h. The reaction mixture was concentrated and purified by flash
column chromatography (silica gel, 8:2, CH2Cl2:hexanes, then ether) to
afford bis-thionolactone 10 (126 mg, 43%) and mono-thionated products
(93 mg, 33%). The mono-thionated products were resubjected to the same
conditions as described above for 5 h. Silica gel chromatography gave
additional 10 (58 mg, 20%). 10 : Rf� 0.17 (silica gel, 4:6, ether:hexanes);
[a]25


D � �35.3 (c� 1.5, CH2Cl2); IR (thin film): nÄmax� 2960, 2923, 2865,
1461, 1390, 1339, 1312, 1290, 1243, 1228, 1207, 1179, 1168, 1106, 1090, 1074,
1060, 1035, 1000, 970, 886, 618 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.62
(dd, J� 11.5, 5.5 Hz, 1H), 4.34 (ddd, J� 10.0, 10.0, 7.0 Hz, 1H), 3.76 (ddd,
J� 9.5, 9.5, 3.0 Hz, 1 H), 3.50 (dd, J� 14.5, 6.5 Hz, 1 H), 3.18 (ddd, J� 12.0,
12.0, 6.5 Hz, 1 H), 3.14 ± 3.07 (m, 1H), 3.04 (dd, J� 14.0, 1.5 Hz, 1 H), 2.49 ±
2.39 (m, 2H), 2.23 (br s, 1 H), 2.10 ± 1.98 (m, 2H), 1.72-1.48 (m, 5 H), 1.34 (s,
3H), 1.13 (d, J� 7.5 Hz, 3H), 0.99 (d, J� 6.5 Hz, 3 H); HRMS calcd for
C17H26O3S2 ([M�]) 342.132, found 342.134.


Bis-stannane 31: A solution of n-butyllithium (0.71 mL of 1.6m in hexanes,
1.13 mmol) was added to diisopropylamine (175 mL, 1.25 mmol) in THF
(1.4 mL) at ÿ10 8C. After 15 min, a solution of tributyltin hydride (306 mL,
1.13 mmol) in THF (1.4 mL) was added, and the reaction mixture was
stirred an additional 10 min at ÿ10 8C. The reaction mixture was cooled to
ÿ78 8C before a solution of bis-thionolactone 10 (130 mg, 0.38 mmol) in
THF (0.5 mL) was added. After stirring for 10 min, iodomethane (150 mL,
2.28 mmol) was added, and the reaction mixture was stirred at ÿ78 8C for
an additional 15 min. The reaction mixture was diluted with ether, washed
with water (5 mL), dried (MgSO4), and concentrated. The residue was
purified by flash column chromatography (silica gel, 1:19 ether:hexanes) to
afford bis-stannane 31 (300 mg, 86%). 31: Rf� 0.37 (silica gel, 1:19,
ether:hexanes); [a]25


D ��17.0 (c� 0.9, CH2Cl2); IR (thin film): nÄmax� 2960,
2925, 2870, 2855, 1460, 1380, 1348, 1295, 1270, 1252, 1228, 1127, 1075, 1032,
964, 867, 742, 690, 668 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.04 (dd, J�
16.0, 8.5 Hz, 1 H), 3.66 ± 3.55 (m, 2H), 2.74 (ddd, J� 16.0, 12.0, 4.5 Hz, 1H),
2.46 ± 2.37 (m, 1 H), 2.24-2.09 (m, 7H), 2.13 (s, 3 H), 2.07 (s, 3H), 1.95 ± 1.90
(m, 2H), 1.86 ± 1.60 (m, 16H), 1.55 ± 1.40 (m, 11 H), 1.37 (s, 3H), 1.35 ± 1.11
(m, 11 H), 1.10 ± 0.96 (m, 17H), 0.95 ± 0.82 (m, 2H), 0.91 (d, J� 6.0 Hz, 3H),
0.88 (d, J� 7.0 Hz, 3 H); HRMS calcd for C43H86O3S2Sn2 ([M�H�])
959.446, found 959.448.


Bis-vinylstannane 32 : A solution of bis-stannane 31 (300 mg, 0.30 mmol)
and pentamethyl piperidine (444 mL, 1.26 mmol) in benzene (1.2 mL) was
added to (CuOTf)2 ´ benzene complex (606 mg, 1.20 mmol) at 25 8C. The
resulting dark brown mixture was diluted with 2:8 ether:hexanes (25 mL),
and was stirred until a granular precipitate formed. The mixture was
filtered through a pad of silica gel, washed with 2:8 ether:hexanes, and the
filtrate was concentrated. The residue was purified by flash column
chromatography (silica gel, 1:19 ether:hexanes) to afford bis-vinylstannane


32 (115 mg, 45%). 32 : Rf� 0.36 (silica gel, 1:39, ether:hexanes); [a]25
D �


�19.9 (c� 0.4, CH2Cl2); IR (thin film): nÄmax� 2965, 2930, 2880, 2864, 1615,
1470, 1460, 1422, 1383, 1348, 1329, 1300, 1277, 1259, 1236, 1122, 1060, 1024,
1010, 968, 880, 870, 845, 820, 786, 750, 693, 670 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 5.06 (dd, J� 8.5, 6.0 Hz, 1H), 4.63 (d, J� 4.5 Hz, 1H), 3.73
(ddd, J� 10.0, 5.5, 5.5 Hz, 1H), 3.53 (ddd, J� 11.5, 11.5, 5.0 Hz, 1H), 3.26
(dd, J� 12.0, 4.5 Hz, 1 H), 2.74 ± 2.53 (m, 2 H), 2.10 ± 1.58 (m, 6H), 1.55 ±
1.41 (m, 13H), 1.38 ± 1.21 (m, 17 H), 1.09 ± 0.62 (m, 35 H); HRMS calcd for
C41H78O3Sn2 ([M�H�]) 859.407, found 859.410.


Bis-enol ether 9 : A solution of bis-vinylstannane 32 (30 mg, 0.035 mmol) in
THF (2.1 mL) was treated with n-butyllithium (0.09 mL of 1.6m in hexanes,
0.105 mmol) at ÿ78 8C. After 5 min, the reaction mixture was treated with
HMPA (0.15 mL, 0.87 mmol) and a solution of the triflate of 2-benzylox-
yethanol (60 mg, 0.175 mmol) in hexanes (1.05 mL). To the reaction
mixture was then added Et3N (0.05 mL, 0.35 mmol) at 25 8C and stirring
was continued for 45 min. Following dilution with ether (40 mL), the
organic solution was washed with water (5� 10 mL), brine (10 mL), dried
(MgSO4), and concentrated. The residue was purified by flash column
chromatography (silica gel, 3:17 ether:hexanes) to afford bis-enol ether 9
(12.4 mg, 65 %). 9 : Rf� 0.40 (silica gel, 2:8, ether:hexanes); [a]25


D � �15.6
(c� 1.8, CH2Cl2); IR (film thin): nÄmax� 2950, 2920, 2845, 1680, 1660, 1452,
1380, 1361, 1330, 1308, 1207, 1170, 1100, 1072, 1040, 690 cmÿ1; 1H NMR
(500 MHz, C6D6): d� 7.37-7.14 (m, 10 H), 4.77 (dd, J� 8.0, 5.0 Hz, 1H), 4.59
(d, J� 4.0 Hz, 1 H), 4.45 (d, J� 12.0 Hz, 1 H), 4.41 (s, 2 H), 4.40 (d, J�
12.0 Hz, 1 H), 3.90 ± 3.78 (m, 2H), 3.71 ± 3.54 (m, 5 H), 2.69 (br s, 1H), 2.45
(dd, J� 6.5, 6.5 Hz, 2 H), 2.42 (dd, J� 6.5, 6.5 Hz, 2H), 2.38 ± 2.32 (m, 1H),
2.25 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H), 2.15 ± 2.01 (m, 3H), 1.89 (dd, J� 14.0,
3.0 Hz, 1H), 1.85 ± 1.74 (m, 2 H), 1.64 (dd, J� 14.0, 10.5 Hz, 1 H), 1.34 (s,
3H), 1.02 (d, J� 7.0 Hz, 3H), 0.90 (d, J� 7.0 Hz, 3H); HRMS calcd for
C35H46O5 ([M�H�]) 547.343, found 547.343.


Diol 33 : A solution of bis-enol ether 9 (30 mg, 0.05 mmol) in THF (0.5 mL)
was treated with thexylborane (0.4 mL of 0.5m in THF, 0.2 mmol) at 0 8C
for 5 h. Then the reaction mixture was treated with 3m NaOH (0.33 mL,
1.0 mmol) and 50% hydrogen peroxide (0.7 mL, 1.0 mmol) and stirred
(0!25 8C) for 2 h. The reaction mixture was diluted with ether (20 mL),
washed with water (2� 5 mL), brine (5 mL), dried (MgSO4) and concen-
trated. The residue was purified by flash column chromatography (silica
gel, 9:1 ether:hexanes) to afford diol 33 (23.2 mg, 73%). 33 : Rf� 0.22 (silica
gel, 9:1, ether:hexanes); [a]25


D � ÿ25.5 (c� 1.3, CH2Cl2); IR (thin film):
nÄmax� 3460, 2955, 2920, 2860, 1452, 1365, 1262, 1100, 1072, 1028, 731, 699,
670 cmÿ1; 1H NMR (500 MHz, C6D6): d� 7.33 ± 7.08 (m, 10 H), 4.33-4.30 (m,
3H), 4.25 (d, J� 12.0 Hz, 1 H), 3.69 ± 3.47 (m, 6H), 3.31 (dd, J� 11.5,
5.0 Hz, 1H), 3.28 ± 3.15 (m, 3 H), 3.01 ± 2.93 (m, 1 H), 2.29 ± 2.15 (m, 2H),
2.09 ± 2.00 (m, 2H), 1.95 ± 1.93 (m, 2 H), 1.84 ± 1.80 (m, 2H), 1.74 ± 1.57 (m,
6H), 1.23 (s, 3 H), 1.14 (d, J� 7.0 Hz, 3 H), 0.92 (d, J� 7.0 Hz, 3H); HRMS
calcd for C35H50O7 ([M�H�]) 583.364, found 583.368.


Silyl ether 8 : A solution of diol 33 (10 mg, 0.016 mmol) in DMF (0.2 mL)
was treated with imidazole (3.3 mg, 0.048 mmol) and TBDPSCl (6 mL,
0.024 mmol) at 25 8C for 24 h. The reaction mixture was diluted with ether
(15 mL), washed with water (2� 5 mL) and brine (5 mL). The separated
organic layer was dried (MgSO4) and concentrated. The residue was
purified by flash column chromatography (silica gel, 4:6, ether:hexanes) to
afford silyl ether 8 (11 mg, 80 %). 8 : Rf� 0.24 (silica gel, 1:1, ether:-
hexanes); [a]25


D � ÿ37.2 (c� 0.9, CH2Cl2); IR (thin film): nÄmax� 3500, 2960,
2920, 2860, 1450, 1428, 1390, 1360, 1100, 1090, 820, 738, 700 cmÿ1; 1H NMR
(500 MHz, C6D6): d� 7.76 ± 7.72 (m, 4 H), 7.35 ± 7.02 (m, 16H), 4.37 (d, J�
12.0 Hz, 1H), 4.32 (d, J� 12.0 Hz, 1H), 4.26 (d, J� 12.0 Hz, 1 H), 4.19 (d,
J� 12.0 Hz, 1 H), 3.65 ± 3.58 (m, 4H), 3.49 ± 3.40 (m, 5 H), 3.08 (dd, J� 11.0,
7.0 Hz, 1 H), 2.90 (ddd, J� 11.5, 9.5, 4.0 Hz, 1H), 2.55 ± 2.45 (m, 1 H), 2.22 ±
2.19 (m, 1 H), 1.99 ± 1.42 (m, 12H), 1.13 (s, 9H), 1.05 (s, 3 H), 1.00 (d, J�
7.0 Hz, 3H), 0.05 (d, J� 7.0 Hz, 3 H); HRMS calcd for C51H68O7Si ([M�
NH4


�]) 838.507, found 838.502.


Tertiary alcohol 45 : The bis-acetonide (41) (73.7 g, 0.302 mol) was
dissolved in EtOAc (1.5 L), and the solution was treated with periodic
acid (75.7 g, 0.332 mol). The reaction mixture was mechanically stirred at
25 8C until TLC showed completion of the reaction (ca. 2 h). Following
concentration under reduced pressure, the residue was treated with
benzene (3� 100 mL) to remove residual EtOAc. The crude aldehyde 42
was dissolved in Et2O (750 mL), and the solution was transferred by
cannula to MeMgBr (403 mL of 3m in ether, 1.21 mol) at 0 8C over a period
of 1 h. The reaction mixture was allowed to warm to room temperature and
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quenched by addition of saturated aqueous ammonium chloride solution
(500 mL). The layers were separated, and the aqueous layer was extracted
with ether (3� 500 mL). The combined organic extracts were dried
(MgSO4), filtered, and concentrated under reduced pressure to provide
alcohol 43 (42.3 g, 75% for two steps). Oxalyl chloride (28.4 mL,
0.325 mol) was dissolved in CH2Cl2 (750 mL) and cooled to ÿ78 8C. The
solution was treated dropwise with DMSO (28.2 mL, 0.397 mol) and stirred
at ÿ78 8C for 15 min before a solution of alcohol 43 (34.0 g, 0.181 mol) in
CH2Cl2 (600 mL) was added dropwise through an addition funnel atÿ78 8C
over a period of 1 h. The stirring was continued for 30 min and then Et3N
(126 mL, 0.903 mol) was added over a period of 30 min. The reaction
mixture was allowed to warm to 0 8C and quenched by pouring into
aqueous ammonium chloride solution (750 mL). The aqueous layer was
back extracted with CH2Cl2 (750 mL), and the combined organic extracts
were washed with saturated aqueous ammonium chloride solution (2�
500 mL) and brine (500 mL). The separated organic phase was dried
(MgSO4), filtered, and concentrated. The residue was purifed by flash
column chromatography (silica gel, hexanes!2:1, hexanes:ether) to afford
pure ketone 44 (33.8 g, 80%). A solution of titanium isopropoxide
(188.8 mL, 0.634 mol) in THF (1.85 L) was treated with allylmagnesium
bromide (635 mL, 1.0m solution in ether, 0.635 mol) at ÿ78 8C and the
resulting orange-brown reaction mixture was stirred for 45 min. A solution
of ketone 44 (79.2 g, 0.423 mol) in THF (550 mL) was added dropwise, and
the resulting mixture was stirred at ÿ78 8C until completion of the reaction
was verified by TLC (ca. 2 h). After pouring into a saturated aqueous
NH4Cl solution (2.0 L), ether (0.5 L) was added, and the layers were
separated with the addition of a 2 % aqueous HCl solution. The aqueous
layer was extracted with CHCl3 (1.0 L), and the combined organic extracts
were dried (MgSO4), filtered, and concentrated under reduced pressure.
Filtration (silica gel, 1:1, ether:hexanes, 2 % Et3N) provided pure alcohol 45
(90.7 g, 94%). 45 : Rf� 0.51 (silica gel, 1:1, EtOAc:hexanes); [a]25


D � �5.3
(c� 1.0, CHCl3); IR (thin film): nÄmax� 3488, 2983, 1641, 1377, 1217, 1165,
1062, 1022, 919, 851 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.89 ± 5.81 (m,
1H, �CH), 5.79 (d, J� 3.5 Hz, 1 H, OCHO), 5.14 ± 5.10 (m, 1 H, CHH�),
5.09 (br m, 1 H, CHH�), 4.73 (t, J� 4.5 Hz, 1H, C(OH)CHO), 4.06 (dd, J�
11.0, 5.0 Hz, 1 H, CHO), 2.25 (dd, J� 14.0, 7.0 Hz, 1 H, �CHCHH), 2.10
(dd, J� 13.5, 8.0 Hz, 1H,�CHCHH), 1.99 (dd, J� 13.5, 4.5 Hz, 1 H, CHH),
1.87 (ddd, J� 13.5, 11.0, 5.0 Hz, 1 H, CHH), 1.50 (s, 3 H, CH3), 1.31 (s, 3H, 1
C(CH3)), 1.26 (s, 3 H, 1 C(CH3)); 13C NMR (125.7 MHz, CDCl3): d� 133.0,
118.6, 111.1, 105.2, 83.6, 80.6, 71.7, 42.6, 32.6, 26.8, 26.2, 24.7; HRMS calcd
for C12H20O4 ([M�H�]) 229.1440, found 229.1446.


Triol 46 : Tertiary alcohol 45 (87.6 g, 0.384 mol) was dissolved in CH2Cl2


(1.6 L). EtSH (568.5 mL, 7.68 mol) was added and the solution was cooled
to 0 8C. Subsequently, ZnCl2 (261.3 g, 1.92 mol) was added in three portions
at 0 8C, and the reaction mixture was stirred at this temperature until
completion of the reaction was confirmed by TLC (ca. 90 min). The
reaction mixture was quenched by pouring into a 10% aqueous HCl
solution (1.0 L). The layers were separated, and the aqueous layer was
extracted with CH2Cl2 (0.5 L). The combined organic extracts were washed
with brine (1.0 L), dried (MgSO4), filtered, and concentrated under
reduced pressure. Flash chromatography (silica gel, hexanes!1:2, ether:-
hexanes!4:1, ether:hexanes!ether) provided pure triol 46 (100.8 g,
89%). 46 : Rf� 0.30 (silica gel, 1:1, EtOAc:hexanes); [a]25


D � �31.3 (c� 1.0,
CH2Cl2); 1H NMR (400 MHz, CDCl3): d� 5.96 ± 5.83 (m, 1H,�CH), 5.18 ±
5.06 (m, 2H, �CH2), 3.88 (ddd, J� 10.0, 6.5, 2.5 Hz, 1H, C(OH)CHOH),
3.78 (d, J� 6.5 Hz, 1H, CH(SEt)2), 3.65 (dd, J� 10.0, 1.5 Hz, 1H, CHOH),
2.76 ± 2.60 (m, 4 H, 2 SCH2), 2.43 (dd, J� 14.0, 7.0 Hz, 1 H, CHHCHOH),
2.19-2.11 (m, 2 H, �CHCH2), 1.62 (ddd, J� 14.5, 10.0, 10.0 Hz, 1 H,
CHHCHOH), 1.27 (t, J� 7.5 Hz, 3H, CH3CH2S), 1.27 (t, J� 7.5 Hz, 3H,
CH3CH2S), 1.16 (s, 3H, CH3); 13C NMR (100.6 MHz, CDCl3): d� 133.8,
118.9, 77.6, 76.4, 73.6, 58.7, 41.7, 34.3, 25.8, 24.6, 22.9, 14.7, 14.5; HRMS calcd
for C13H26O43S2 ([M�Na�]) 317.1221, found 317.1227.


Dibenzyl ether 47: The triol 46 (100.8 g, 0.342 mol) was dissolved in THF
(1.84 L) and treated with imidazole (0.24 g, 3.53 mmol) and NaH (41.1 g,
60% in mineral oil, 1.03 mol). The reaction mixture was stirred at 25 8C for
1 h and cooled to 0 8C. nBu4NI (0.64 g, 1.73 mol) was added followed by the
dropwise addition of BnBr (81.4 mL, 0.684 mol) at 0 8C. The reaction
mixture was allowed to warm up to room temperature, stirred for 12 h and
then quenched by successive addition of CH3OH (10 mL), CH3CO2H
(1 mL) and ether (2 L). After washing with a saturated aqueous NH4Cl
solution (2� 500 mL), the organic phase was dried (MgSO4), filtered, and


concentrated under reduced pressure. Flash chromatography (silica gel,
hexanes, hexanes:EtOAc, 25:1!3:1) provided pure dibenzyl ether 47
(131.3 g, 81 %). 41: Rf� 0.50 (silica gel, 1:2, EtOAc:hexanes); [a]25


D � �40.6
(c� 1.0, CH2Cl2); 1H NMR (500 MHz, CDCl3): d� 7.41 ± 7.23 (m, 10H,
ArH), 5.88 ± 5.78 (m, 1 H, �CH), 5.15 ± 5.03 (m, 2 H, �CH2), 4.71 (d, J�
11.5 Hz, 1 H, CHHPh), 4.70 (d, J� 11.5 Hz, 1 H, CHHPh), 4.58 (d, J�
11.5 Hz, 1 H, CHHPh), 4.46 (d, J� 11.5 Hz, 1 H, CHHPh), 4.04 (d, J�
4.0 Hz, 1H, CH(SEt)2), 3.93 (ddd, J� 8.0, 8.0, 4.0 Hz, 1 H, CHO), 3.34 (dd,
J� 6.0, 4.5 Hz, 1H, CHO), 2.78 ± 2.59 (m, 4 H, 2 SCH2), 2.38 (dd, J� 13.5,
7.0 Hz, 1 H, CHHCHO), 2.32 ± 2.17 (m, 2H, CH2), 2.00 (ddd, J� 15.0, 8.0,
4.5 Hz, 1H, CHHCHO), 1.27, 1.24 (2 t, J� 7.5 Hz, 6H, 2�CH3CH2), 1.17 (s,
3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 134.0, 128.4, 128.3, 128.2,
127.8, 127.6, 127.4, 118.4, 82.0, 80.2, 74.8, 72.3, 72.1, 54.5, 42.7, 32.5, 26.1, 26.0,
23.0, 14.54, 14.50. HRMS calcd for C27H38O3S2 ([M�Cs�]) 607.1317, found
607.1295.


Lactol 48 : Dibenzyl ether 47 (130.9 g, 0.276 mol) was dissolved in acetone
(2.0 L) and H2O (0.4 L) and cooled to 0 8C. To that solution, powdered
NaHCO3 (156.5 g, 1.86 mol) and solid I2 (236.5 g, 0.932 mol) were
successively added at 0 8C. The reaction mixture was stirred at this
temperature until TLC showed completion of the reaction (ca. 1 h), and
then it was quenched with an aqueous sodium thiosulfate solution (1 L).
After concentration under reduced pressure, the residue was extracted with
EtOAc (5� 400 mL). The organic extracts were washed with brine
(500 mL), dried (MgSO4), filtered, and concentrated under reduced
pressure. Flash chromatography (silica gel, hexanes!25:1, hexanes:
EtOAc!2:1, hexanes:EtOAc) furnished pure lactol 48 (87.4 g, 86%). 48 :
Rf� 0.44 (silica gel, 1:2, EtOAc:hexanes); [a]25


D � �0.5 (c� 1.0, CHCl3);
IR (thin film): nÄmax� 3410, 3068, 2938, 1713, 1451, 1274, 1073, 1025, 920,
748, 703 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.40 ± 7.29 (m, 10 H, ArH),
5.99 ± 5.89 (m, 1 H,�CH), 5.12 ± 5.03 (m, 2H,�CH2), 4.91 (d, J� 7.5 Hz, 1H,
CHOH), 4.81 (d, J� 11.5 Hz, 1 H, CHHPh), 4.68 (d, J� 11.5 Hz, 1H,
CHHPh), 4.61 (d, J� 11.5 Hz, 1H, CHHPh), 4.61 (d, J� 11.5 Hz, 1H,
CHHPh), 3.41 (dd, J� 12.0, 5.0 Hz, 1H), 3.20 (ddd, J� 12.0, 7.5, 5.0 Hz,
1H), 2.44 (dd, J� 14.0, 7.0 Hz, 1 H), 2.42-2.32 (m, 2H), 1.66 (ddd, J� 12.0,
12.0, 12.0 Hz, 1H), 1.26 (s, 3H, CH3); 13C NMR (125.7 MHz, CDCl3): d�
138.1, 138.0, 133.4, 128.1, 128.0, 127.5, 127.4, 127.3, 127.2, 117.4, 93.5, 76.9,
76.5, 73.9, 71.9, 70.8, 44.2, 29.9, 16.4; HRMS calcd for C23H28O4 ([M�Na�])
391.1885, found 391.1889.


Ketone 50 : A mixture of the lactol 48 (87.4 g, 0.237 mol) and 1-triphenyl-
phosphoranylidene-2-propanone (124.9 g, 0.392 mol) in toluene (560 mL)
was stirred under reflux for 4 h. Following concentration under reduced
pressure, the residue was diluted with ether:hexanes (1:1) and filtered
through silica gel (1:1, ether:hexanes). The filtrate was concentrated under
reduced pressure, and the residue (a,b-unsaturated ketone) was dissolved
in CH2Cl2. To that solution, CSA (5.56 g, 0.024 mol, 0.1 equiv) was added,
and the reaction mixture was stirred until TLC showed completion of the
reaction (ca. 1 h). The resulting solution was washed with a saturated
aqueous NaHCO3 solution (300 mL), dried (MgSO4), filtered, and con-
centrated under reduced pressure. Flash chromatography (silica gel,
hexanes!1:20, EtOAc:hexanes!1:2, EtOAc:hexanes) furnished pure
ketone 50 (70.8 g, 73%). 50 : Rf� 0.44 (silica gel, 1:4, EtOAc:hexanes); IR
(thin film): nÄmax� 3031, 2869, 1713, 1456, 1352, 1098, 740, 699 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.39 ± 7.28 (m, 10 H, ArH), 5.87 ± 5.77 (m, 1H,
�CH), 5.06 ± 4.96 (m, 2H,�CH2), 4.62, 4.61 (2 d, J� 11.5 and 12.0 Hz, 2H,
CHHPh), 4.44, 4.42 (2 d, J� 12.0 Hz, 2H, CHHPh), 3.90 (ddd, J� 9.0, 9.0,
3.5 Hz, 1H), 3.29 (dd, J� 12.0, 4.5 Hz, 1 H), 3.11 (ddd, J� 11.0, 9.5, 4.5 Hz,
1H), 2.80 (dd, J� 14.5, 3.5 Hz, 1 H), 2.50 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H),
2.42, 2.37 (2 dd, J� 14.5, 9.0 and 14.0, 7.0 Hz, 2H), 2.25 (dd, J� 14.0, 7.5 Hz,
1H), 2.15 (s, 3H, CH3C(O)), 1.55 (ddd, J� 12.0, 12.0, 12.0 Hz, 1 H), 1.21 (s,
3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 207.7, 138.4, 137.9, 134.0,
128.4, 128.3, 127.8, 127.6, 127.5, 77.4, 76.5, 76.3, 71.0, 70.7, 69.9, 46.8, 44.5,
30.7, 30.2, 15.8; HRMS calcd for C26H32O4 ([M�Na�]) 431.2198, found
431.2188.


Methyl ester 51: A suspension of flame-dried ZnBr2 (19.51 g, 0.087 mol) in
ether (1.2 L) was cooled to ÿ78 8C. A solution of the ketone 50 (70.8 g,
0.173 mol) in ether (200 mL) was added by cannula, followed by the
dropwise addition of a solution of CH2�C(OMe)OTBS (49.29 g, 0.262 mol)
in ether (100 mL). The reaction mixture was stirred at ÿ78 8C until TLC
showed completion of the reaction (ca. 1 h). The reaction mixture was
poured into a saturated aqueous NaHCO3 solution (1.5 L), the layers were
separated, and the ether layer was washed with brine (100 mL), dried







Total Synthesis of Brevetoxin A: Part 1 599 ± 617


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0611 $ 17.50+.50/0 611


(MgSO4), filtered, and concentrated under reduced pressure. Flash
chromatography (silica gel, hexanes!1:20, EtOAc:hexanes) provided
pure methyl ester 51 as a mixture of two diastereomers (100.8 g, 98%). 51:
Rf� 0.68 (silica gel, 2:8, EtOAc:hexanes); [a]25


D �ÿ55.9 (c� 1.0, CH2Cl2);
IR (thin film): nÄmax� 2947, 2854, 1742, 1455, 1436, 1349, 1251, 1212, 1124,
1093, 1027, 1005, 913, 834, 773, 734, 696 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.36-7.26 (m, 10H, ArH), 5.88-5.77 (m, 1 H,�CH), 5.01 (d, J� 10.5 Hz,
1H, �CH), 4.98 (d, J� 17.0 Hz, 1H, �CH), 4.62 (d, J� 11.5 Hz, 1H,
CHHPh), 4.58 (d, J� 11.5 Hz, 1H, CHHPh), 4.42 (d, J� 11.5 Hz, 1H,
CHHPh), 4.41 (d, J� 11.5 Hz, 1H, CHHPh), 3.75 (dd, J� 9.5, 9.5 Hz, 1H,
OCH), 3.59 (s, 3 H, CO2CH3), 3.27 (dd, J� 11.5, 4.5 Hz, 1H, OCH), 2.97
(ddd, J� 11.0, 9.5, 5.0 Hz, 1 H, OCH), 2.68 (d, J� 15.0 Hz, 1 H,
CHHCO2CH3), 2.57 (d, J� 15.0 Hz, 1 H, CHHCO2CH3), 2.47 (ddd, J�
12.0, 4.5, 4.5 Hz, 1 H, CHH), 2.33 (dd, J� 14.0, 6.0 Hz, 1H, CHH), 2.26 (dd,
J� 14.0, 7.5 Hz, 1H, CHH), 2.12 (d, J� 14.0 Hz, 1 H, CHH), 1.67 (dd, J�
14.5, 9.5 Hz, 1 H, CHH), 1.51 (ddd, J� 12.0, 12.0, 12.0 Hz, 1 H, CHH), 1.43
(s, 3 H, CH3), 1.21 (s, 3H, CH3), 085 (s, 9H, tBuSi), 0.06 (s, 3H, CH3Si), 0.05
(s, 3H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 171.9, 138.7, 138.5,
134.6, 128.3, 128.2, 127.6, 127.5, 117.2, 77.1, 76.7, 76.0, 73.7, 70.9, 70.6, 69.5,
50.9, 46.0, 44.6, 43.8, 30.5, 29.7, 25.8, 18.1, 16.3, -1.97, -2.11; HRMS calcd for
C35H52O6Si ([M�Cs�]) 729.2588, found 729.2566.


Lactone 54a,b : A solution of ester 51 (3.19 g, 5.34 mmol) in THF (60 mL)
was treated wtih 20 % Pd(OH)2/C (0.51 g). The reaction mixture was stirred
under H2 atmosphere overnight, and then filtered through a pad of silica gel
eluting with EtOAc. The filtrate was concentrated and purified by flash
column chromatography (silica gel, 2:1!1:2, EtOAc:hexanes) to provide
pure diol 52 (1.90 g, 85%). A solution of diol 52 (1.80 g, 4.32 mmol) in THF
(60 mL) and methanol (20 mL) was added to a solution of LiOH ´ H2O
(0.91 g, 21.6 mmol) in water (20 mL). The reaction mixture was stirred at
25 8C for 12 h. Following concentration under reduced pressure, the residue
was diluted with water (30 mL) and acidified with acetic acid until pH� 3.0.
The solution was saturated with sodium chloride (solid) and extracted with
ether (2� 50 mL). The combined organic extracts were dried (MgSO4) and
concentrated to afford crude dihydroxy acid 53 (1.73 g, 99%). Dihydroxy
acid 53 (1.53 g, 3.80 mmol) was dissolved in THF (20 mL), cooled to 0 8C,
and treated with Et3N (1.06 mL, 7.60 mmol) and 2,4,6-trichlorobenzoyl
chloride (0.62 mL, 3.99 mmol) at 0 8C for 1 h and at 25 8C for 30 min. The
reaction mixture was diluted with benzene (120 mL) and was transferred by
cannula over a period of 30 min to a solution of 4-DMAP (1.39 g,
11.4 mmol) in benzene (60 mL) at 25 8C. The reaction mixture was stirred at
25 8C until TLC showed completion of the reaction (ca. 2 h). After
concentration under reduced pressure, the residue was diluted with EtOAc
and filtered. The filtrate was concentrated and purified by flash column
chromatography (silica gel, 1:2!4:1, EtOAc:hexanes) to afford two
diastereomeric lactones: Minor diastereomer 54a (0.47 g, 32%): Rf� 0.47
(silica gel, 1:1, EtOAc:hexanes); [a]25


D � �6.3 (c� 1.0, CH2Cl2), IR (thin
film): nÄmax� 3456, 2956, 2933, 2858, 1723, 1465, 1382, 1303, 1252, 1137, 1073,
1046, 938, 834, 775 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.08 (ddd, J�
11.0, 9.5, 6.0 Hz, 1H), 3.55 (br d, J� 9.5 Hz, 1 H), 3.42 (ddd, J� 11.0, 9.5,
4.0 Hz, 1H), 2.97 (d, J� 13.5 Hz, 1H), 2.70 (dd, J� 13.5, 2.5 Hz, 1 H), 2.25
(ddd, J� 12.5, 5.5, 5.5 Hz, 1H), 2.17 (ddd, J� 13.0, 4.0, 3.0 Hz, 1H), 1.84
(ddd, J� 12.0, 12.0, 11.5 Hz, 1 H), 1.82 ± 1.75 (m, 2H), 1.65 ± 1.58 (m, 1H),
1.46 ± 1.37 (m, 3H), 1.35 (s, 3H, CH3), 1.15 (s, 3H, CH3), 0.91 (dd, J� 6.0,
6.0 Hz, 3 H, CH3), 0.83 (s, 9H, tBuSi), 0.11 (s, 3 H, CH3Si), 0.11 (s, 3H,
CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 170.9, 76.9, 76.0, 70.9, 70.3, 67.6,
51.5, 49.4, 42.1, 34.1, 26.9, 25.5, 17.8, 15.8, 14.6, 14.4, ÿ2.1, ÿ2.1; HRMS
calcd for C20H38O5Si ([M�Na�]) 409.2386, found 409.2374. Major
diastereomer 54 b (0.85 g, 58 %): Rf� 0.30 (silica gel, 1:1, EtOAc:hexanes),
[a]25


D � �17.8 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3442, 2955, 2932,
2858, 1731, 1463, 1377, 1313, 1241, 1191, 1081, 1048, 1003, 888, 836, 774 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 4.05 (ddd, J� 11.0, 9.5, 6.0 Hz, 1 H), 3.79
(ddd, J� 10.0, 10.0, 4.0 Hz, 1 H), 3.53 (br d, J� 9.0 Hz, 1H), 2.82-2.74 (m,
2H), 2.28 (ddd, J� 13.0, 5.5, 5.5 Hz, 1H), 2.15 (dd, J� 14.0, 2.5 Hz, 1H),
2.08 (br m, 1H), 1.90 (ddd, J� 12.5, 12.5, 11.0 Hz, 1H), 1.66 ± 1.59 (m, 1H),
1.55 (dd, J� 13.5, 10.5 Hz, 1H), 1.45 ± 1.38 (m, 3 H), 1.37 (s, 3H, CH3), 1.14
(s, 3 H, CH3), 0.89 (dd, J� 7.0, 7.0 Hz, 3 H, CH3), 0.85 (s, 9H, tBuSi), 0.13 (s,
3H, CH3Si), 0.11 (s, 3H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 170.8,
76.6, 75.9, 71.3, 70.3, 67.0, 49.9, 48.8, 42.1, 34.4, 32.0, 25.7, 18.2, 15.8, 14.6,
14.4, ÿ2.2, ÿ2.3; HRMS calcd for C20H38O5Si ([M�H�]) 387.2567, found
387.2557.


Olefin 55 : A solution of lactone 54 a (0.470 g, 1.22 mmol) in CH2Cl2


(25 mL) was treated with HF ´ pyr (2.5 mL) at 0 8C until TLC showed


completion of the reaction (ca. 1 h). The reaction mixture was diluted with
CH2Cl2 (10 mL) and poured into an aqueous sodium bicarbonate solution
(20 mL) at 0 8C. The layers were separated, and the aqueous layer was
extracted with CH2Cl2 (20 mL). The combined organic extracts were dried
(MgSO4), filtered, and concentrated to provide the crude hydroxy lactone.
A solution of the crude hydroxy lactone in CH2Cl2 (45 mL) was cooled to
0 8C, and a solution of Martin�s sulfurane (1.72 g, 2.56 mmol) in CH2Cl2


(15 mL) was added by cannula. The reaction mixture was stirred at this
temperature until TLC showed completion of the reaction (ca. 15 min).
After concentration, the residue was purified by flash column chromatog-
raphy (silica gel, 1:5, EtOAc:hexanes!EtOAc) to provide pure olefin 55
(0.246 g, 80% for two steps). 55 : Rf� 0.30 (silica gel, 1:1, EtOAc:hexanes);
[a]25


D � �64.0 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3436, 2958, 2873,
1696, 1642, 1450, 1420, 1380, 1317, 1278, 1157, 1127, 1052, 950, 866, 841 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 5.78 (br s, 1 H,�CH), 4.15 (ddd, J� 10.5,
9.0, 6.0 Hz, 1 H), 3.79 (ddd, J� 9.0, 7.0, 7.0 Hz, 1H), 3.54 (br d, J� 10.5 Hz,
1H), 2.79 (dd, J� 19.0, 7.0 Hz, 1H), 2.41 (br m, 1 H), 2.35 ± 2.28 (m, 1H),
2.27 (dd, J� 19.0, 7.0 Hz, 1H), 1.91 (s, 3H, CH3), 1.90 (ddd, J� 12.0, 12.0,
12.0 Hz, 1H), 1.58 (ddd, J� 10.5, 10.5, 5.5 Hz, 1H), 1.44 ± 1.32 (m, 3H), 1.14
(s, 3 H, CH3), 0.87 (dd, J� 7.0, 7.0 Hz, 3H, CH3); 13C NMR (125.7 MHz,
CDCl3): d� 167.3, 152.0, 117.2, 76.5, 74.8, 70.0, 68.3, 42.0, 41.3, 33.9, 26.8,
15.8, 14.7, 14.6; HRMS calcd for C14H22O4 ([M�H�]) 255.1596, found
255.1602.


Alcohol 56 : A solution of olefin 55 (0.246 g, 0.975 mmol) in EtOAc
(20 mL) was treated with 10% Pd/C (0.240 g) under H2 atmosphere for
12 h. The reaction mixture was filtered through a short pad of silica gel
(EtOAc). After concentration, the residue was purified by flash chroma-
topraphy (silica gel, 1:1, EtOAc:hexanes) to provide pure lactone 56
(0.223 g, 90%). 56 : Rf� 0.32 (silica gel, 1:1, EtOAc:hexanes); [a]25


D �
�33.5 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3426, 2959, 2875, 1726,
1461, 1358, 1268, 1189, 1079, 1041 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
4.01 (ddd, J� 11.0, 9.5, 6.0 Hz, 1 H), 3.57 (ddd, J� 10.5, 9.5, 4.0 Hz, 1H),
3.53 (dd, J� 12.0, 4.5 Hz, 1 H), 2.78 (dd, J� 14.0, 2.0 Hz, 1 H), 2.58 (ddd,
J� 14.0, 6.5, 2.0 Hz, 1H), 2.29 ± 2.20 (m, 2 H), 2.18 (br m, 1 H), 1.97 (br d,
J� 13.5 Hz, 1H), 1.87 (ddd, J� 12.0, 12.0, 12.0 Hz, 1 H), 1.68 ± 1.58 (m, 2H),
1.43 ± 1.34 (m, 3 H), 1.14 (s, 3 H, CH3), 1.05 (d, J� 7.5 Hz, 3H, CH3), 0.88
(dd, J� 7.0, 7.0 Hz, 3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 173.5,
77.2, 75.9, 70.4, 66.9, 42.1, 41.9, 40.5, 34.2, 25.8, 17.8, 15.8, 14.6, 14.4; HRMS
calcd for C14H24O4 ([M�H�]) 257.1753, found 257.1745.


MEM Ether 39: A solution of alcohol 56 (0.223 g, 0.877 mmol) in CH2Cl2


(5 mL) was treated with (iPr)2EtN (0.49 mL, 3.51 mmol) and MEMCl
(0.6 mL, 5.26 mmol) at room temperature for 24 h. The reaction mixture
was diluted with CH2Cl2 (15 mL) and extracted with saturated aqueous
ammonium chloride solution (10 mL). The organic phase was dried
(MgSO4), filtered, and concentrated. The residue was purified by flash
column chromatography (silica gel, 1:5!1:1, EtOAc:hexanes) to provide
pure MEM ether 39 (0.255 g, 85%). 39: Rf� 0.37 (silica gel, 1:1,
EtOAc:hexanes); [a]25


D � �60.8 (c� 1.0, CH2Cl2); IR (thin film): nÄmax�
2960, 1742, 1462, 1358, 1262, 1189, 1081, 1038, 596 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 4.76 (dd, J� 7.0, 1.5 Hz, 1H), 4.68 (dd, J� 7.0,
1.5 Hz, 1H), 3.97 (ddd, J� 10.0, 10.0, 6.0 Hz, 1 H), 3.74 ± 3.67 (m, 1H),
3.65 ± 3.60 (m, 1H), 3.59 (ddd, J� 10.0, 10.0, 4.0 Hz, 1 H), 3.55 ± 3.50 (m,
2H), 3.47 (ddd, J� 12.0, 5.0, 1.5 Hz, 1H), 3.34 (s, 3H), 2.78 (d, J� 14.0 Hz,
1H), 2.58 (dd, J� 14.0, 6.5 Hz, 1 H), 2.37 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H),
2.24 (br m, 1 H), 1.96 (br d, J� 14.0 Hz, 1H), 1.83 (ddd, J� 12.0, 12.0,
12.0 Hz, 1H), 1.66 ± 1.51 (m, 2 H), 1.43 ± 1.33 (m, 3H), 1.13 (s, 3 H, CH3),
1.06 (d, J� 6.5 Hz, 3 H, CH3), 0.87 (ddd, J� 6.0, 6.0, 1.5 Hz, 3 H, CH3);
13C NMR (125.7 MHz, CDCl3): d� 173.2, 94.8, 77.0, 75.9, 75.2, 71.6, 67.1,
66.9, 59.0, 42.0, 41.9, 40.5, 31.8, 25.8, 17.8, 15.6, 15.4, 14.5; HRMS calcd for
C18H32O6 ([M�Na�]) 367.2097, found 367.2089.


Diene 58 : A solution of lactone 39 (43 mg, 0.13 mmol) and Tf2NPh
(187 mg, 0.52 mmol) in DME (4 mL) was cooled to ÿ78 8C and treated
with NaHMDS (785 mL of 1m in THF, 0.79 mmol) and stirred for 15 min.
The reaction mixture was diluted with ether (25 mL) containing Et3N
(0.5 mL) and poured into a saturated aqueous sodium bicarbonate solution
(25 mL). The aqueous layer was washed with ether (2� 25 mL), and the
combined organic layers were dried (MgSO4) and concentrated. The
residue was purified by flash column chromatography (silica gel, 1:9,
ether:hexanes, 2 % Et3N) to afford the desired enol triflate (57). A solution
of triflate 57, flame-dried LiCl (16.6 mg, 0.39 mmol), tri-n-butyl(vinyl)tin
(230 mL, 0.79 mmol), and Pd(PPh3)4 (16 mg) in THF (3 mL) was stirred at
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85 8C for 2 h. The reaction mixture was cooled, concentrated, and purified
by flash column chromatography (silica gel, 1:49, ether:hexanes) to afford
diene 58 (36 mg, 82 %). 58 : IR (thin film): nÄmax� 2958, 2875, 1599, 1458,
1286, 1075, 1043 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 6.02 (dd, J� 17.0,
11.0 Hz, 1 H,�CH), 5.40 (dd, J� 17.0, 2.0 Hz, 1 H,�CH), 4.95 (dd, J� 10.5,
1.5 Hz, 1H,�CH), 4.86 (d, J� 5.5 Hz, 1H,�CH), 4.79 (d, J� 7.0 Hz, 1H),
4.68 (d, J� 7.0 Hz, 1H), 3.76 ± 3.64 (m, 3H), 3.54 (dd, J� 5.0, 5.0 Hz, 2H),
3.52 ± 3.47 (m, 2H), 3.38 (s, 3H), 2.70 ± 2.60 (m, 1 H), 2.37 (ddd, J� 12.0, 4.5,
4.5 Hz, 1 H), 1.93 (ddd, J� 14.0, 9.0, 5.5 Hz, 1 H), 1.79 (ddd, J� 12.0, 12.0,
12.0 Hz, 1H), 1.60 ± 1.50 (m, 2H), 1.44-1.33 (m, 3H), 1.15 (s, 3 H), 1.04 (d,
J� 7.0 Hz, 3H), 0.87 (dd, J� 7.0, 7.0 Hz, 3H); 13C NMR (125.7 MHz,
CDCl3): d� 154.3, 134.0, 117.8, 112.2, 94.5, 78.4, 76.8, 75.7, 71.6, 70.6, 67.0,
59.0, 42.4, 39.7, 32.8, 27.4, 21.4, 16.2, 15.7, 14.6; HRMS calcd for C20H34O5


([M�H�]) 355.2485, found 355.2496.


Diol 59 : A solution of 2,3-dimethylbutene (2.1 mL of 1.0m in THF,
2.1 mmol) at ÿ10 8C was added dropwise to a solution of borane ´ THF
(2.0 mL of 1.0m in THF, 2.0 mmol) over 5 min, and the resulting mixture
was stirred at 0 8C for 2 h. A solution of diene 58 (470 mg, 1.33 mmol) in
THF (5 mL) was added to the freshly prepared thexylborane solution at
0 8C and stirred at 0 8C for 24 h. The reaction mixture was quenched by slow
addition of a saturated aqueous NaHCO3 solution (5.0 mL), followed by
30% H2O2 (1.0 mL), and the mixture was stirred at 25 8C for 2 h. The
aqueous phase was separated and washed with EtOAc (4� 5 mL), and the
combined organic extracts were dried (Na2SO4), concentrated, and purified
by flash column chromatography (silica gel, EtOAc) to afford diol 59
(275 mg, 53%). 59 : Rf� 0.45 (silica gel, EtOAc); [a]25


D � ÿ20.8 (c� 0.6,
CH3OH); IR (thin film): nÄmax� 3403, 2957, 2876, 1459, 1377, 1043 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 4.74 (d, J� 7.0 Hz, 1 H), 4.63 (d, J�
7.0 Hz, 1H), 3.78 ± 3.59 (m, 4 H), 3.53 ± 3.46 (m, 3 H), 3.45 ± 3.35 (m, 2H),
3.35 (s, 3H), 3.18 (dd, J� 7.0, 7.0 Hz, 1 H), 3.12 ± 3.05 (m, 1H), 3.00 (br m,
2H), 2.22 (ddd, J� 12.0, 4.5, 4.5 Hz, 1 H), 2.00 ± 1.90 (m, 2 H), 1.82 ± 1.65 (m,
3H), 1.58 ± 1.48 (m, 2 H), 1.40 ± 1.30 (m, 3H), 1.07 (d, J� 7.0 Hz, 3 H, CH3),
1.07 (s, 3H, CH3), 0.84 (dd, J� 7.0, 7.0 Hz, 3 H); 13C NMR (125.7 MHz,
CDCl3): d� 94.3, 85.0, 80.3, 79.7, 76.9, 75.7, 71.6, 69.9, 67.0, 60.4, 59.0, 42.4,
37.0, 35.9, 35.8, 33.3, 19.4, 16.1, 15.7, 14.6; HRMS calcd for C20H38O7 ([M�
Na�]) 413.2515, found 413.2526.


Bis-silyl ether 60 : A solution of diol 59 (210 mg, 0.54 mmol) in CH2Cl2


(5 mL) was treated with 2,6-lutidine (190 mL, 1.6 mmol) and TBSOTf
(310 mL, 1.4 mmol) at 0 8C for 30 min. After addition of a saturated
aqueous NH4Cl solution (2 mL), the mixture was extracted with ether (3�
5 mL), and the combined organic extracts were dried (Na2SO4), concen-
trated, and purified by flash column chromatography (silica gel, 3:7,
ether:hexanes) to afford disilyl ether 60 (314 mg, 94%). 60 : Rf� (0.75,
silica gel, 3:7, ether:hexanes); [a]25


D � ÿ30.0 (c� 1.0, CH3OH); IR (thin
film): nÄmax� 2930, 2858, 1470, 1254, 1080, 836, 775 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 4.77 (d, J� 7.0 Hz, 1 H), 4.66 (d, J� 7.0 Hz, 1H),
3.70 ± 3.62 (m, 4H), 3.57 ± 3.52 (m, 1H), 3.53 (dd, J� 5.0, 5.0 Hz, 2H),
3.47 ± 3.40 (m, 3H), 3.37 (s, 3H), 3.06 ± 3.00 (m, 1 H), 2.19 (ddd, J� 12.0, 4.5,
4.5 Hz, 1H), 2.03 ± 1.95 (m, 2H), 1.79 ± 1.72 (m, 1 H), 1.60 ± 1.50 (m, 4H),
1.44 ± 1.35 (m, 3 H), 1.11 (s, 3H, CH3), 1.07 (d, J� 7.0 Hz, 3H, CH3), 0.89 ±
0.83 (m, 3H), 0.87 (s, 9H, tBuSi), 0.85 (s, 9H, tBuSi), 0.03 (s, 3 H, CH3Si),
0.02 (s, 3 H, CH3Si), 0.01 (s, 3 H, CH3Si), 0.00 (s, 3 H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d� 94.4, 84.1, 80.7, 79.9, 77.0, 75.4, 71.6, 69.8, 67.0,
59.8, 59.0, 42.5, 39.3, 36.9, 33.2, 33.1, 25.9, 25.8, 18.0, 17.9, 17.3, 16.1, 15.7,
14.6, ÿ4.5, ÿ4.7, ÿ5.3, ÿ5.4.


Alcohol 61: The bis-silyl ether 60 (310 mg, 0.5 mmoL) was dissolved in a
mixture of CH3OH (3.0 mL) and CH2Cl2 (3.0 mL), and treated with CSA
(20 mg, 0.08 mmol) at 25 8C for 1.5 h. After addition of Et3N (50 mL), the
solvent was removed and the residue was subjected to flash column
chromatography (silica gel, 3:7, ether:hexanes) to afford alcohol 61
(231 mg, 91%). 61: Rf� 0.65 (silica gel, 3:7, ether:hexanes); [a]25


D �
ÿ19.8 (c� 0.91, CH3OH); IR (thin film): nÄmax� 3478, 2930, 2880, 1469,
1254, 1079, 837, 775 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.75 (d, J�
7.0 Hz, 1H), 4.63 (d, J� 7.0 Hz, 1H), 3.71 ± 3.58 (m, 6 H), 3.51 (dd, J� 4.5,
4.5 Hz, 2 H), 3.47 (dd, J� 3.5, 3.5 Hz, 1 H), 3.41 (ddd, J� 11.0, 11.0, 4.0 Hz,
1H), 3.35 (s, 3H), 3.13 ± 3.08 (m, 1H), 2.69 (br s, 1 H, OH), 2.22 (ddd, J�
12.0, 4.5, 4.5 Hz, 1H), 2.03 ± 1.93 (m, 2 H), 1.78 ± 1.68 (m, 2 H), 1.60 ± 1.47 (m,
3H), 1.40 ± 1.30 (m, 3 H), 1.08 (s, 3 H, CH3), 1.07 (d, J� 7.0 Hz, 3H, CH3),
0.88 ± 0.78 (m, 3 H), 0.83 (s, 9 H, tBuSi),ÿ0.02 (s, 3H, CH3Si),ÿ0.02 (s, 3H,
CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 94.3, 88.5, 80.9, 79.6, 76.7, 75.4,
71.6, 69.5, 67.0, 61.8, 59.0, 42.4, 38.0, 36.6, 33.3, 33.1, 25.7, 17.9, 17.1, 16.0, 15.6,


14.6, ÿ4.6, ÿ4.7; HRMS calcd for C26H52O7Si ([M�Cs�]) 637.2537, found
637.2558.


Iodide 62 : A mixture of alcohol 61 (220 mg, 0.44 mmol), imidazole (44 mg,
0.65 mmol), and triphenylphosphane (230 mg, 0.88 mmol) in CH2Cl2


(10 mL) was treated with I2 (121 mg, 0.48 mmol) at 25 8C for 15 min. After
removing the solvent, the residue was purified by flash column chroma-
tography (silica gel, 2:8, ether:hexanes) to afford iodide 62 (232 mg, 89%).
62 : Rf� 0.7 (silica gel, 2:8, ether:hexanes); [a]25


D � ÿ47.2 (c� 0.54,
MeOH); IR (film): nÄmax� 2930, 1462, 1254, 1076, 838, 775 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 4.77 (d, J� 7.5 Hz, 1 H), 4.66 (d, J� 7.5 Hz, 1H),
3.72 ± 3.63 (m, 2H), 3.54 (dd, J� 4.5, 4.5 Hz, 2H), 3.47 ± 3.39 (m, 4H), 3.37
(s, 3 H, CH3), 3.27 (ddd, J� 11.0, 7.0, 4.0 Hz, 1H), 3.19 (ddd, J� 9.5, 9.5,
6.0 Hz, 1H), 3.09 ± 3.04 (m, 1 H), 2.23 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H), 2.03 ±
1.94 (m, 3 H), 1.86 ± 1.77 (m, 1 H), 1.62 ± 1.48 (m, 3H), 1.44 ± 1.32 (m, 3H),
1.10 (s, 3 H, CH3), 1.05 (d, J� 7.5 Hz, 3H, CH3), 0.88 ± 0.85 (m, 3H), 0.86 (s,
9H, tBuSi), 0.01 (s, 3 H, CH3Si), 0.00 (s, 3 H, CH3Si); 13C NMR (125.7 MHz,
CDCl3): d� 94.4, 87.0, 81.4, 79.4, 76.9, 75.5, 71.7, 69.6, 67.0, 59.1, 42.5, 39.4,
37.0, 33.1, 25.7, 17.9, 17.6, 16.1, 15.7, 14.6, 3.8, ÿ4.4, ÿ4.6; HRMS (FAB)
calcd for C26H51O6ISi ([M�Cs�]) 747.1554, found 747.1580.


Phosphonium salt 37: A mixture of the iodide 62 (220 mg, 0.37 mmol) and
triphenylphosphane (0.96 g, 3.7 mmol) was fused at 85 8C for 2.5 h. After
cooling to room temperature, the solid was purified by flash column
chromatography (silica gel, 3:7, acetone:CH2Cl2) to afford the phospho-
nium salt 37 (297 mg, 94 %) as a pale yellow solid. 37: Rf� 0.40 (silica gel,
3:7, acetone:CH2Cl2); [a]25


D � �2.44 (c� 1.19, CH3OH); IR (thin film):
nÄmax� 2928, 1437, 1110, 1075, 1040, 839, 690 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.76 ± 7.65 (m, 15H, ArH), 4.76 (d, J� 7.0 Hz, 1H), 4.62 (d, J�
7.0 Hz, 1 H), 3.62 (dd, J� 4.5, 4.5 Hz, 2 H), 3.58 ± 3.49 (m, 1 H), 3.47 ± 3.40
(m, 5H), 3.39 ± 3.30 (m, 2H), 3.23 (s, 3H, CH3), 3.07 ± 3.00 (m, 1H), 2.25
(ddd, J� 11.5, 4.5, 4.5 Hz, 1H), 1.94 ± 1.82 (m, 3 H), 1.57 ± 1.44 (m, 4H),
1.35 ± 1.26 (m, 3 H), 1.04 (s, 3 H, CH3), 0.92 (d, J� 7.0 Hz, 3 H, CH3), 0.80 ±
0.75 (m, 3 H, CH3), 0.66 (s, 9 H, tBuSi), ÿ0.12 (s, 3 H, CH3Si), ÿ0.29 (s, 3H,
CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 135.4, 133.5, 133.4, 130.8, 130.7,
118.1, 117.4, 94.3, 85.4, 85.3, 81.6, 79.5, 76.5, 75.5, 71.6, 69.2, 67.1, 58.9, 42.2,
36.9, 33.5, 33.1, 25.7, 18.3, 17.7, 16.1, 15.6, 14.6, ÿ4.4, ÿ4.5.


Silyl ether 64 : A solution of diol 63 (43.7 g, 336 mmol) in DMF (700 mL)
was treated with imidazole (46 g, 670 mmol) and TBDPSCl (96 mL,
370 mmol) at 0 8C for 1 h. The reaction mixture was concentrated and the
residue was diluted with ether (1 L) and washed with water (3� 500 mL)
and brine (500 mL). The organic layer was dried (MgSO4), concentrated,
and purified by flash column chromatography (silica gel, 4:6, ether:-
hexanes) to afford silyl ether 64 (116 g, 94 %). 64 : Rf� 0.7 (silica gel, 1:1,
ether:hexanes); [a]25


D � ÿ23.6 (c� 2.93, CHCl3); IR (thin film): nÄmax�
3450, 3080, 3045, 2940, 2860, 1600, 1460, 1100 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.75 ± 7.65 (m, 4H, ArH), 7.50 ± 7.33 (m, 6 H, ArH), 5.81 (s, 2H),
4.29 (ddd, J� 8.0, 3.0, 3.0 Hz, 1H), 4.17 ± 4.06 (m, 2H), 3.94 (dd, J� 10.0,
5.0 Hz, 1H), 3.81 (dd, J� 10.0, 7.0 Hz, 1H), 3.45 (ddd, J� 7.0, 7.0, 5.0 Hz,
1H), 1.09 (s, 9H, tBuSi); 13C NMR (125.7 MHz, CDCl3): d� 135.6, 133.2,
129.6, 127.9, 127.7, 127.3, 77.1, 66.7, 66.2, 65.2, 26.8, 19.2; HRMS calcd for
C22H28O3Si ([M�NH4


�]) 386.2151, found 386.2112.


Epoxy alcohol 65 : A solution of allylic alcohol 64 (116 g, 316 mmol) in
CH2Cl2 (1 L) was treated with m-chloroperbenzoic acid (65.3 g, 379 mmol)
at 0 8C and the resulting solution was stirred at 25 8C for 12 h. The excess m-
chloroperbenzoic acid was consumed by the addition of dimethyl sulfide
(5 mL), and the solvent was removed by evaporation. The resulting oil was
diluted with ether (1 L) and washed with a saturated aqueous sodium
carbonate solution (3� 300 mL), water (2� 100 mL) and brine (100 mL).
The organic phase was dried (MgSO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 6:4, ether:hexanes) to
afford 65 (90.9 g, 75%). 65 : Rf� 0.4 (silica gel, 6:4, ether:hexanes); [a]25


D �
ÿ1.1 (c� 0.45, CHCl3); IR (thin film): nÄmax� 3440, 3080, 3060, 2980, 2860,
1600, 1100 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.75 ± 7.62 (m, 4H, ArH),
7.48 ± 7.35 (m, 6 H, ArH), 4.08 ± 4.01 (m, 2 H), 3.83 (dd, J� 10.5, 5.0 Hz, 1H),
3.81 (d, J� 13.5 Hz, 1H), 3.78 (dd, J� 10.5, 5.0 Hz, 1 H), 3.52 ± 3.48 (m,
2H), 3.33 (dt, J� 8.5, 4.5 Hz, 1 H), 2.79 (d, J� 6.0 Hz, 1 H, OH), 1.06 (s, 9H,
tBuSi); 13C NMR (125.7 MHz, CDCl3): d� 135.6, 133.3, 129.9, 127.8, 74.2,
67.7, 65.0, 64.3, 55.5, 53.9, 26.8, 19.2; HRMS calcd for C22H28O4Si ([M�
NH4


�]) 402.2101, found 402.2093.


Epoxy ketone 66 : A mixture of alcohol 65 (59.7 g, 155 mmol) and 3 �
molcular sieves in CH2Cl2 (500 mL) was treated with pyridinium dichro-
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mate (116 g, 310 mmol) at 25 8C for 6 h. The reaction mixture was diluted
with EtOAc (1 L) and filtered through a pad of celite. The filtrate was
washed with water (5� 300 mL) and brine (300 mL). The organic phase
was dried (MgSO4), concentrated, and purified by flash column chroma-
tography (silica gel, 4:6, ether:hexanes) to afford 66 (50.8 g, 86%). 66 :
white solid; mp 145 ± 146 8C; Rf� 0.50 (silica gel, 1:1, ether:hexanes);
[a]25


D � �25.4 (c� 1.27, CHCl3); IR (thin film): nÄmax� 3100, 3030, 2980,
2960, 2880, 1740, 1600, 1480, 1160, 1140, 1000, 710 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.70 ± 7.58 (m, 4 H, ArH), 7.48 ± 7.33 (m, 6 H,
ArH), 4.50 (d, J� 13.0 Hz, 1 H), 4.22 ± 4.18 (m, 2H), 4.04 (dd, J� 11.5,
4.5 Hz, 1 H), 3.97 (dd, J� 11.5, 2.5 Hz, 1H), 3.70 (d, J� 4.0 Hz, 1 H), 3.49 (d,
J� 4.0 Hz, 1 H), 1.02 (s, 9 H, tBuSi); 13C NMR (125.7 MHz, CDCl3): d�
202.4, 135.7, 133.3, 129.9, 127.8, 79.1, 66.1, 61.6, 55.5, 53.1, 26.5, 19.1; HRMS
calcd for C22H26O4Si ([M�H�]) 383.1679, found 383.1680.


Hydroxy ketone 67: A solution of ketone 66 (59.7 g, 155 mmol) in acetone
(560 mL) was treated with sodium iodide (84 g, 560 mmol), sodium acetate
(4.6 g, 56 mmol), and acetic acid (31.9 mL, 560 mmol) at 25 8C for 10 min.
The iodine formed from the reaction was reduced by addition of a saturated
aqueous sodium thiosulfate solution (500 mL), and the acetone was
removed by evaporation. The remaining aqueous mixture was diluted with
EtOAc (1 L) and washed with water (2� 500 mL), saturated aqueous
sodium carbonate solution (3� 500 mL), and brine (500 mL). The organic
layer was dried (MgSO4) and concentrated. The residue crystallized upon
addition of ether to afford ketone 67 (38.3 g, 80%). 67: white solid, mp
134 8C; Rf� 0.5 (silica gel, 8:2, ether:hexanes); [a]25


D � �83.8 (c� 0.48,
CHCl3); IR (thin film): nÄmax� 3620, 3500, 3080, 3020, 2940, 2880, 1730, 1480,
1475, 1120, 710 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.74 ± 7.60 (m, 4H,
ArH), 7.48 ± 7.32 (m, 6H, ArH), 4.42 (ddd, J� 10.0, 5.0, 5.0 Hz, 1H), 4.36
(dd, J� 11.5, 4.5 Hz, 1 H), 4.03 ± 3.93 (m, 3 H), 3.65 (ddd, J� 11.5, 5.0,
1.0 Hz, 1H), 2.90 (dd, J� 16.0, 4.5 Hz, 1H), 2.60 (dd, J� 16.0, 5.0 Hz, 1H),
1.02 (s, 9H, tBuSi); 13C NMR (100.6 MHz, CDCl3): d� 208.2, 135.6, 133.0,
132.8, 129.8, 127.7, 82.9, 70.1, 66.5, 64.6, 46.7, 26.7, 14.2; HRMS calcd for
C22H28O4Si ([M�NH4


�]) 402.2101, found 402.2118.


Dithioketal 68 : A solution of ketone 67 (39.9 g, 103 mmol) in CH2Cl2


(260 mL) was treated with ethanethiol (76 mL, 1.0 mol) and BF3 ´ Et2O
(31.6 mL, 257 mmol) at ÿ78 8C for 1 h. The reaction mixture was diluted
with ether (1 L) and washed with a saturated aqueous sodium carbonate
solution (30 mL), water (2� 300 mL), and brine (300 mL). The organic
layer was dried (MgSO4), concentrated, and purified by flash column
chromatography (silica gel, 1:1, ether:hexanes) to afford thioketal 68
(37.2 g, 74%). 68 : Rf� 0.4 (silica gel, 1:1, ether:hexanes); [a]25


D � �11.2
(c� 0.84, CHCl3); IR (thin film): nÄmax� 3450, 3080, 3060, 2980, 2940, 2860,
1600, 1100 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.75 ± 7.64 (m, 4H, ArH),
7.45 ± 7.32 (m, 6 H, ArH), 4.15 ± 4.08 (m, 2 H), 4.12 (dd, J� 11.5, 2.5 Hz, 1H),
3.84 (dd, J� 11.5, 8.0 Hz, 1 H), 3.63 (dd, J� 8.0, 2.0 Hz, 1H), 3.24 (ddd, J�
11.0, 11.0, 2.5 Hz, 1H), 2.60 ± 2.30 (m, 6 H), 1.79 (dd, J� 13.5, 8.5 Hz, 1H),
1.12 (t, J� 7.5 Hz, 3H), 1.12 (t, J� 7.5 Hz, 3H), 1.05 (s, 9H, tBuSi);
13C NMR (125.7 MHz, CDCl3): d� 135.7, 133.9, 132.8, 129.6, 127.6, 84.9,
71.5, 64.2, 63.3, 59.5, 42.3, 26.8, 23.3, 22.6, 19.2, 14.0, 13.9; HRMS calcd for
C26H38O3S2Si ([Mÿ SEtÿ]) 429.1920, found 429.1924.


Dithioketal 69 : A solution of the hydroxy dithiolketal 68 (13.0 g, 27 mmol),
Et3N (7.4 mL, 53 mmol), and DMAP (0.2 g, 1.6 mmol) in CH2Cl2 (100 mL)
was treated with trimethylacetyl (pivaloyl) chloride (4.9 mL, 40 mmol) at
25 8C for 2 h. The reaction mixture was quenched with a saturated aqueous
NH4Cl solution (20 mL), and the aqueous phase was extracted with ether
(2� 30 mL). The combined organic extracts were dried (Na2SO4), con-
centrated, and purified by flash column chromatography (silica gel, 1:2,
ether:hexanes) to afford ester 69 (14.3 g, 94 %). 69 : Rf� 0.60 (silica gel, 1:2,
ether:hexanes); [a]25


D � ÿ26.9 (c� 0.81, CHCl3); IR (film): nÄmax� 2990,
1932, 1456, 1285, 1152, 1112, 708, 506 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.74 ± 7.67 (m, 4 H), 7.43 ± 7.32 (m, 6H, ArH), 5.20 (ddd, J� 10.5, 5.0,
5.0 Hz, 1H), 4.20 ± 4.13 (m, 2 H), 3.80 (dd, J� 11.5, 8.0 Hz, 1H), 3.63 (dd,
J� 8.0, 1.5 Hz, 1H), 3.27 (dd, J� 10.5, 10.5 Hz, 1H), 2.70 (ddd, J� 15.0,
11.0, 7.5 Hz, 1 H), 2.57 ± 2.51 (m, 2H), 2.44 (ddd, J� 15.0, 11.5, 7.5 Hz, 1H),
2.30 (ddd, J� 15.0, 11.0, 7.5 Hz, 1 H), 1.69 (dd, J� 13.0, 10.5 Hz, 1 H), 1.19
(t, J� 7.5 Hz, 3 H, CH3), 1.17 (s, 9 H, tBu), 1.07 (t, J� 7.5 Hz, 3H, CH3), 1.05
(s, 9 H, tBu); 13C NMR (125.7 MHz, CDCl3): d� 178.4, 135.6, 133.9, 132.8,
129.5, 127.6, 86.7, 69.4, 65.6, 63.9, 59.4, 40.1, 27.1, 26.8, 26.5, 23.7, 22.7, 19.3,
14.0, 13.7; HRMS (FAB) calcd for C31H46O4S2Si ([M�Na�]) 597.2505,
found 597.2526.


Hydroxy dithioketal 70 : A solution of silyl ether 69 (57.2 g, 100 mmol) in
THF (50 mL) was treated with TBAF (150 mL, 150 mmol) at 25 8C for 3 h.
The reaction mixture was diluted with ether (500 mL) and washed with
water (3� 200 mL). The organic phase was dried (MgSO4), concentrated,
and purified by flash column chromatography (silica gel, 1:1, ether:-
hexanes) to afford alcohol 70 (31.9 g, 95 %). 70 : Rf� 0.50 (silica gel, 1:1,
ether:hexanes); [a]25


D � ÿ20.2 (c� 0.4, CHCl3); IR (thin film): nÄmax� 3450,
2980, 2940, 2880, 1740, 1480, 1290, 1160, 880 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 5.25 ± 5.15 (m, 1 H), 4.14 (ddd, J� 10.5, 5.5, 1.5 Hz, 1 H), 3.98
(dd, J� 12.0, 3.0 Hz, 1H), 3.68 (dd, J� 11.5, 9.0 Hz, 1 H), 3.60 (dd, J� 9.0,
3.0 Hz, 1H), 3.27 (dd, J� 11.0, 11.0 Hz, 1H), 2.80 ± 2.52 (m, 6 H), 1.71 (dd,
J� 13.0, 11.0 Hz, 1H), 1.24 (t, J� 7.5 Hz, 3 H), 1.19 (t, J� 7.5 Hz, 3 H), 1.15
(s, 9 H, tBuSi); 13C NMR (125.7 MHz, CDCl3): d� 177.6, 110.1, 85.3, 69.5,
65.4, 62.0, 59.0, 39.8, 27.0, 24.0, 22.9, 14.2, 13.7; HRMS calcd for C15H28O4S2


([M�]) 336.1431, found 336.1443.


Aldehyde 71: A solution of the hydroxy dithioketal 70 (7.5 g, 22 mmol),
Et3N (20 mL), and DMSO (20 mL) in CH2Cl2 (60 mL) was treated with
SO3 ´ pyr (10.7 g, 67 mmol) at 0 8C for 1 h. After addition of a saturated
aqueous NH4Cl solution (200 mL), the mixture was extracted with ether
(3� 100 mL), and the combined organic extracts were dried (Na2SO4). The
solvent was removed and the residue was purified by flash column
chromatography to afford aldehyde 71 (6.3 g, 85%). 71: Rf� 0.65 (silica gel,
3:2, ether:hexanes); [a]25


D � ÿ4.8 (c� 2.04, CHCl3); IR (thin film): nÄmax�
2970, 2870, 1740, 1456, 1284, 1154 cmÿ1; 1H NMR (400 MHz, CDCl3): d�
9.69 (s, 1H), 5.19 (ddd, J� 15.5, 10.5, 5.0 Hz, 1 H), 4.16 (ddd, J� 10.5, 5.0,
1.5 Hz, 1H), 3.96 (s, 1H), 3.23 (dd, J� 10.5, 10.5 Hz, 1H), 2.75 ± 2.50 (m,
6H), 1.77 (dd, J� 13.0, 10.5 Hz, 1H), 1.20 (t, J� 7.5 Hz, 3 H), 1.18 (t, J�
7.5 Hz, 3H), 1.11 (s, 9 H, tBu); 13C NMR (100.6 MHz, CDCl3): d� 196.7,
177.5, 118.0, 86.7, 68.9, 64.7, 58.4, 39.9, 26.9, 23.6, 22.9, 13.9, 13.5.


Olefin 73 : The ylide of phosphonium salt 37 was prepared by addition of n-
butyllithium (34 mL of 1.6m in hexanes, 55 mmol) to a solution of the
phosphonium salt 37 (43 g, 61 mmol) in THF (200 mL) at ÿ78 8C, and the
resulting bright orange solution was stirred at ÿ78 8C for 1 h. To the ylide
was added HMPA (38 mL, 220 mmol) and a solution of aldehyde 71
(60 mmol) in THF (100 mL), and the resulting reaction mixture was kept at
ÿ78 8C for 1 h and then allowed to warm to 25 8C for 12 h. The reaction
mixture was diluted with ether (1 L) and quenched by addition of a
saturated aqueous ammonium chloride solution (500 mL). The organic
phase was washed with water (5� 500 mL), brine (500 mL), dried
(MgSO4), and concentrated. The residue was purified by flash column
chromatography (silica gel, 1:9, ether:hexanes) to afford olefin 73 (26.1 g,
74%). 73 : Rf� 0.4 (silica gel, 1:9, ether:hexanes); [a]25


D � ÿ44.7 (c� 0.45,
CHCl3); IR (thin film): nÄmax� 3040, 2980, 2940, 2865, 1740, 1480, 1460, 1170,
1120, 780 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.50 ± 7.41 (m, 2 H, ArH),
7.34 ± 7.26 (m, 3 H, ArH), 5.96 ± 5.88 (m, 1H, �CH), 5.67 (dd, J� 10.5,
9.0 Hz, 1 H, �CH), 5.45 (s, 1 H), 5.28 ± 5.20 (m, 1 H), 4.27 (d, J� 8.5 Hz,
1H), 4.15 (d, J� 7.0 Hz, 1H), 4.09 (ddd, J� 10.0, 5.0, 1.0 Hz, 1 H), 3.62 ±
3.52 (m, 3H), 3.24 (t, J� 10.5 Hz, 1 H), 2.97 (dd, J� 15.5, 9.0 Hz, 1H),
2.79 ± 2.69 (m, 1 H), 2.68 ± 2.52 (m, 4H), 2.30 ± 2.22 (m, 1 H), 1.58 (dd, J�
13.0, 10.5 Hz, 1H), 1.26 (t, J� 7.5 Hz, 3H), 1.16 (s, 9 H, tBu), 1.04 (t, J�
7.5 Hz, 3H), 0.91 (s, 9H, tBuSi), 0.14 (s, 3 H, CH3Si), 0.09 (s, 3H, CH3Si);
13C NMR (125.7 MHz, CDCl3): d� 177.5, 137.8, 132.0, 128.7, 128.1, 127.0,
126.1, 118.5, 100.8, 82.4, 81.7, 71.6, 69.2, 66.8, 65.3, 62.1, 40.3, 30.6, 27.1, 25.8,
23.7, 22.2, 17.9, 14.0, 13.8, -4.2, -4.7; HRMS calcd for C33H54O6S2Si ([Mÿ
Etÿ]) 609.2740, found 609.2702.


Hydroxy dithioketal 74 : A solution of olefin 73 (20.7 g, 32 mmol) in THF
(20 mL) was treated with TBAF (48 mL, 48 mmol) at 25 8C for 12 h. The
reaction mixture was diluted with ether (1 L) and washed with water (3�
300 mL). The organic phase was dried (MgSO4), concentrated, and purified
by flash column chromatography (silica gel, 1:1, ether:hexanes) to afford
hydroxy dithioketal 74 (16.5 g, 98%). 74 : Rf� 0.40 (silica gel, 1:1, ether:-
hexanes); [a]25


D � �4.0 (c� 0.47, CHCl3); IR (thin film): nÄmax� 3450, 3020,
2980, 2910, 2870, 1730, 1480, 1150, 790, 690 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.46 ± 7.40 (m, 2H, ArH), 7.35 ± 7.25 (m, 3 H, ArH), 5.97 (ddd,
J� 11.0, 8.0, 8.0 Hz, 1 H,�CH), 5.77 (dd, J� 10.5, 9.0 Hz, 1 H,�CH), 5.46
(s, 1H), 5.29 ± 5.22 (m, 1 H), 4.34 (d, J� 8.5 Hz, 1 H), 4.21 (dd, J� 10.5,
4.0 Hz, 1 H), 4.13 (ddd, J� 10.5, 5.0, 1.0 Hz, 1H), 3.69 ± 3.60 (m, 2H), 3.62
(dd, J� 8.5, 4.5 Hz, 1 H), 3.56 (dd, J� 10.0, 10.0 Hz, 1H), 3.36 (dd, J� 10.5,
10.5 Hz, 1H), 2.79 ± 2.55 (m, 7 H), 1.65 (dd, J� 13.0, 10.5 Hz, 1 H), 1.28 (t,
J� 7.5 Hz, 3 H), 1.16 (s, 9 H, tBu), 1.12 (t, J� 7.5 Hz, 3H); 13C NMR
(125.7 MHz, CDCl3): d� 177.6, 137.7, 132.6, 128.9, 128.2, 126.6, 126.1, 107.8,
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101.0, 81.3, 80.9, 70.8, 69.2, 66.0, 65.2, 61.4, 40.0, 32.0, 27.0, 25.6, 24.0, 22.2,
13.9, 13.7; HRMS calcd for C27H40O6S2 ([M�NH4


�]) 542.2610, found
542.2687.


Mixed thioketal 75 : A solution of hydroxy dithioketal 74 (877 mg,
1.67 mmol), NaHCO3 (705 mg, 8.4 mmol), 3 � molcular sieves (175 mg,
freshly activated), and silica gel (175 mg, dried under vacuum) in MeNO2


(30 mL) was treated with AgClO4 (1.39 g, 6.7 mmol) at 25 8C for 4 h. The
reaction mixture was treated with Et3N (1 mL), diluted with ether (30 mL),
and filtered through a pad of silica gel. The filtrate was concentrated and
purified by flash column chromatography (silica gel, 1:49, acetone:ben-
zene) to afford mixed thioketal 75 (570 mg, 74 %). 75 : Rf� 0.55 (silica gel,
1:49, acetone:benzene); [a]25


D � �46.1 (c� 0.32, CHCl3); IR (thin film):
nÄmax� 3090, 3070, 2990, 2960, 2880, 1740, 1490, 1460, 1160, 1100, 990, 780,
760, 710 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.49 ± 7.42 (m, 2H, ArH),
7.38 ± 7.28 (m, 3H, ArH), 5.94 (ddd, J� 9.5, 9.5, 9.0 Hz, 1H,�CH), 5.70 (dd,
J� 11.0, 6.5 Hz, 1H, �CH), 5.41 (s, 1 H), 5.13 (ddd, J� 15.5, 10.5, 5.0 Hz,
1H), 4.62 (ddd, J� 10.0, 10.0, 5.0 Hz, 1H), 4.11 (ddd, J� 10.5, 5.0, 1.5 Hz,
1H), 4.05 (d, J� 7.0 Hz, 1 H), 3.98 ± 3.92 (m, 2 H), 3.54 (dd, J� 10.5,
10.5 Hz, 1H), 3.30 (dd, J� 10.5, 10.5 Hz, 1H), 2.80 ± 2.70 (m, 2 H), 2.70 ±
2.61 (m, 1 H), 2.56 ± 2.38 (m, 2H), 1.62 (dd, J� 12.0, 12.0 Hz, 1 H), 1.29 (dd,
J� 7.5, 7.5 Hz, 3H), 1.17 (s, 9H, tBu); 13C NMR (125.7 MHz, CDCl3): d�
177.6, 137.6, 131.5, 129.2, 129.0, 128.2, 126.2, 101.5, 90.2, 83.3, 81.6, 69.8, 69.2,
66.1, 63.9, 40.4, 38.7, 30.8, 27.0, 20.9, 14.1; HRMS calcd for C25H34O6S ([M�
H�]) 463.2154, found 463.2176.


Olefin 40 : A solution of mixed thioketal 75 (2.1 g, 4.6 mmol) and
triphenyltin hydride (4.7 mL, 18.4 mmol) in toluene (9 mL) was treated
dropwise with a solution of AIBN (38 mg, 0.23 mmol) in toluene (3 mL) at
110 8C over 2 h. After heating the dark solution for an additional 1 h, the
solvent was removed under vacuum, and the residue was purified by flash
column chromatography (silica gel, 1:49, acetone:benzene) to afford ether
40 (1.75 g, 95%). 40 : Rf� 0.50 (silica gel, 1:49, acetone:benzene); [a]25


D �
�53.7 (c� 0.095, CHCl3); IR (thin film): nÄmax� 3450, 3040, 2980, 2940,
2860, 1740, 1480, 1140, 1100, 780, 710 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.49 ± 7.42 (m, 2 H, ArH), 7.38 ± 7.28 (m, 3 H, ArH), 5.86 ± 5.79 (m, 1H,
�CH), 5.74 (dd, J� 11.0, 5.0 Hz, 1H,�CH), 5.41 (s, 1H), 4.79 (ddd, J� 15.5,
10.5, 5.0 Hz, 1 H), 4.14 (dd, J� 10.5, 3.0 Hz, 1 H), 3.99 (dd, J� 10.5, 5.0 Hz,
1H), 3.85 (dd, J� 8.0, 6.0 Hz, 1 H), 3.78 (br s, 2 H), 3.63 ± 3.55 (m, 1H),
3.42 ± 3.33 (m, 1 H), 3.13 (dd, J� 10.5, 10.5 Hz, 1 H), 2.77 (dd, J� 10.0,
10.0 Hz, 1H), 2.45 (dd, J� 13.5, 6.0 Hz, 1H), 1.53 ± 1.46 (m, 1 H), 1.17 (s,
9H, tBu); 13C NMR (100.6 MHz, CDCl3): d� 177.5, 137.5, 134.3, 128.9,
128.2, 126.7, 126.1, 101.6, 82.1, 79.5, 76.9, 71.5, 69.5, 68.3, 66.3, 38.7, 36.8, 30.3,
27.0; HRMS calcd for C23H30O6 ([M�H�]) 403.2121, found 403.2091.


Diol 76 : A solution of ether 40 (1.15 g, 2.9 mmol) and ethanethiol (3 mL,
40.5 mmol) in CH2Cl2 (30 mL) was treated with Zn(OTf)2 (200 mg,
0.6 mmol) at 25 8C for 4 h. After removal of the solvent, the residue was
purified by flash column chromatography (silica gel, EtOAc) to afford diol
76 (850 mg, 94 %). 76 : Rf� 0.45 (silica gel, EtOAc); [a]25


D � �97.8 (c� 1.01,
CH3OH); IR (thin film): nÄmax� 3391, 2961, 2872, 1730, 1283, 1162,
1100 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.85 ± 5.78 (m, 1H, �CH),
5.74 (dd, J� 11.0, 5.0 Hz, 1H,�CH), 4.78 (dddd, J� 11.5, 10.0, 5.0, 5.0 Hz,
1H), 3.98 (ddd, J� 10.5, 5.0, 2.0 Hz, 1 H), 3.93 (br d, J� 8.5 Hz, 1 H), 3.86
(dd, J� 7.5, 5.0 Hz, 1 H), 3.76 (dd, J� 11.0, 5.0 Hz, 1H), 3.67 (dd, J� 11.0,
5.0 Hz, 1 H), 3.50 ± 3.44 (m, 1 H), 3.35 (ddd, J� 11.5, 9.5, 5.0 Hz, 1H), 3.14
(dd, J� 10.5, 10.5 Hz, 1H), 2.66 (ddd, J� 13.5, 10.0, 3.0 Hz, 1 H), 2.50 ± 2.44
(m, 1 H), 2.35 (br s, 1 H, OH), 2.31 (ddd, J� 13.5, 6.5, 3.0 Hz, 1 H), 2.22 (br s,
1H, OH), 1.53 (ddd, J� 11.5, 11.5, 11.5 Hz, 1H), 1.17 (s, 9H, tBu); 13C NMR
(125.7 MHz, CDCl3): d� 177.7, 133.5, 126.4, 81.5, 79.4, 78.8, 72.1, 68.1, 66.5,
63.8, 38.6, 37.0, 32.5, 26.9; HRMS calcd for C16H26O6 ([M�Na�]) 337.1627,
found 337.1622.


Bis-silyl ether 77: A solution of diol 76 (1.5 g, 4.7 mmol) in CH2Cl2 (50 mL)
was treated with 2,6-lutidine (1.67 mL, 14.2 mmol) and TBSOTf (2.4 mL,
10.0 mmol) at 0 8C for 30 min. The reaction mixture was then quenched by
addition of a saturated aqueous NH4Cl solution (15 mL) and extracted with
ether (3� 10 mL). The combined organic extracts were dried (Na2SO4),
concentrated, and purified by flash column chromatography (silica gel, 3:7,
ether:hexanes) to afford bis-silyl ether 77 (2.38 g, 92%). 77: Rf� 0.70 (silica
gel, 3:7, ether:hexanes); [a]25


D � �98.1 (c� 1.02, CH3OH); IR (thin film):
nÄmax� 2930, 2857, 1736, 1471, 1254, 1155, 1101, 989, 935, 834, 776, 675 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 5.74 ± 5.64 (m, 2H,�CH), 4.75 (ddd, J�
15.5, 10.0, 5.0 Hz, 1H), 3.96 (ddd, J� 10.5, 5.0, 2.0 Hz, 1H), 3.82 ± 3.75 (m,
2H), 3.74 (dd, J� 10.5, 1.5 Hz, 1H), 3.48 (dd, J� 10.5, 7.0 Hz, 1 H), 3.40


(ddd, J� 9.0, 9.0, 1.5 Hz, 1H), 3.29 (ddd, J� 11.5, 9.5, 4.5 Hz, 1H), 3.07 (dd,
J� 10.0, 10.0 Hz, 1H), 2.59 (ddd, J� 13.0, 10.0, 3.0 Hz, 1H), 2.48 ± 2.42 (m,
1H), 2.14 (ddd, J� 13.0, 6.0, 3.0 Hz, 1H), 1.53 (ddd, J� 11.5, 11.5, 11.5 Hz,
1H), 1.15 (s, 9 H, tBu), 0.87 (s, 9H, tBu), 0.85 (s, 9H, tBu), 0.06 (s, 3 H, CH3),
0.02 (s, 3 H, CH3), 0.02 (s, 3H, CH3), 0.00 (s, 3H, CH3); 13C NMR
(125.7 MHz, CDCl3): d� 177.3, 133.1, 126.8, 83.8, 79.7, 79.1, 72.0, 68.4, 66.6,
64.6, 38.6, 37.0, 32.9, 27.0, 25.8, 25.6, 18.2, 17.8, -4.5, -5.1, -5.4; HRMS (FAB)
calcd for C28H54O6Si2 ([M�Cs�]) 675.2513, found 675.2533.


Silyl ether 78 : The bis-silyl ether 77 (2.3 g, 4.3 mmol) was dissolved in a
solution of CH2Cl2 (10 mL) and MeOH (10 mL) and treated with CSA
(150 mg, 0.65 mmol) at 25 8C for 2 h. After addition of Et3N (200 mL), the
mixture was concentrated and the residue was purified by flash column
chromatography (silica gel, 3:7, ether:hexanes) to give silyl ether 78 (1.67 g,
92%). 78 : Rf� 0.30 (silica gel, 3:7, ether:hexanes); [a]25


D � �118.4 (c� 1.07,
CH3OH); IR (thin film): nÄmax� 3509, 2957, 2931, 2858, 1732, 1464, 1253,
1160, 1095, 833 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.77 ± 5.68 (m, 1H,
�CH), 5.65 (dd, J� 11.5, 5.0 Hz, 1H,�CH), 4.74 (dddd, J� 11.0, 10.5, 5.0,
5.0 Hz, 1 H), 3.95 (dd, J�-10.0, 5.0 Hz, 1 H), 3.87-±-3.80 (m, 2H), 3.73-±-3.65
(m, 1 H), 3.50-±-3.41 (m, 2 H), 3.34-±-3.27 (m, 1 H), 3.08 (dd, J-�-10.5, 10.5 Hz,
1H), 2.55 (ddd, J-�-11.5, 11.5, 3.0 Hz, 1 H), 2.48-±-2.41 (m, 1 H), 2.16 (ddd,
J-�-13.5, 6.5, 3.0 Hz, 1 H), 2.01 (br s, 1 H), 1.50 (ddd, J-�-11.5, 11.5, 11.5 Hz,
1H), 1.13 (s, 9H, tBu), 0.83 (s, 9H, tBu), 0.06 (s, 3H, CH3), 0.01 (s, 3H,
CH3); 13C NMR (125.7 MHz, CDCl3): d-�-177.3, 132.8, 126.8, 82.5, 79.4,
78.7, 71.8, 68.2, 66.4, 63.1, 38.5, 37.1, 32.7, 26.9, 25.5, 17.7, ÿ4.6, ÿ5.2; HRMS
(FAB) calcd for C22H40O6Si ([M-�-H�]) 429.2672, found 429.2687.


Aldehyde 79 : A solution of alcohol 78 (1.6 g, 3.7 mmol) in CH2Cl2 (30 mL)
was treated with NMO (1.32 g, 11 mmol) and TPAP (50 mg, 0.14 mmol) at
25 8C for 1 h. After filtering the reaction mixture through a pad of silica gel,
the filtrate was concentrated, and the residue was purified by flash column
chromatography to afford the aldehyde 79 (1.29 g, 82%). 79 : Rf-�-0.45
(silica gel, 3:7, ether:hexanes); [a]25


D -�- �112.2 (c-�-1.02, CH3OH); IR (thin
film): nÄmax-�-3480, 2929, 1732, 1464, 1362, 1262, 832, 740 cmÿ1; 1H NMR
(500 MHz, CDCl3): d-�-9.73 (s, 1H), 5.83-±-5.68 (m, 2H,�CH), 4.78 (dddd,
J-�-11.0, 10.0, 5.5, 5.0 Hz, 1H), 3.11 (ddd, J-�-9.5, 3.0, 3.0 Hz, 1H), 4.00
(ddd, J-�-10.5, 5.0, 2.0 Hz, 1H), 3.90-±-3.84 (m, 2 H), 3.28 (ddd, J-�-11.0, 9.0,
5.0 Hz, 1H), 3.13 (dd, J-�-10.5, 10.5 Hz, 1H), 2.66-±-2.52 (m, 2 H), 2.34-±-2.24
(m, 1 H), 1.60 (ddd, J-�-11.5, 11.5, 11.5 Hz, 1H), 1.17 (s, 9 H, tBu), 0.88 (s,
9H, tBu), 0.12 (s, 3 H, CH3), 0.04 (s, 3 H, CH3); 13C NMR (125.7 MHz,
CDCl3): d-�-200.3, 177.3, 133.6, 126.2, 85.6, 79.4, 79.1, 71.6, 68.3, 66.2, 38.5,
36.6, 32.8, 27.0, 25.5, 17.7, ÿ4.5, ÿ5.2; HRMS (FAB) calcd for C22H38O6Si
([M-�-H�]) 427.2516, found 427.2526.


Olefin 80 : Methyltriphenylphosphonium bromide (1.2 g, 3.3 mmol) was
suspended in THF (70 mL) and treated with NaHMDS (3.2 mL of 1m in
THF, 3.2 mmol) at 0 8C for 20 min. To this solution was added aldehyde 79
(1.17 g, 2.74 mmol) in THF (20 mL) at 0 8C and the resulting reaction
mixture was stirred at 0 8C for 1 h. After addition of acetone (2 mL), the
reaction mixture was concentrated, and the residue was purified by flash
column chromatography (silica gel, 3:7, ether:hexanes) to afford the olefin
80 (0.92 g, 79%). 80 : Rf-�-0.80 (silica gel, 3:7, ether:hexanes); [a]25


D -�-


�126.6 (c-�-1.13, CH3OH); IR (thin film): nÄmax-�-2929, 2857, 1732, 1472,
1362, 1282, 1256, 1158, 1097, 833, 776 cmÿ1; 1H NMR (500 MHz, CDCl3):
d-�-5.88 (ddd, J-�-17.0, 10.5, 4.5 Hz, 1H, �CH), 5.77-±-5.70 (m, 1 H), 5.69
(dd, J-�-11.0, 4.5 Hz, 1 H,�CH), 5.24 (d, J-�-17.0 Hz, 1H,�CH), 5.08 (d, J-�-


10.5 Hz, 1H,�CH), 4.77 (dddd, J-�-11.0, 10.5, 5.5, 5.0 Hz, 1H), 3.97 (ddd,
J-�-10.5, 5.0, 2.0 Hz, 1 H), 3.85 (dd, J-�-8.5, 4.0 Hz, 1H), 3.80 (dd, J-�-9.0,
4.5 Hz, 1H), 3.66 (ddd, J-�-9.0, 3.0, 3.0 Hz, 1 H), 3.22 (ddd, J-�-11.5, 9.0,
4.5 Hz, 1 H), 3.12 (dd, J-�-10.5, 10.5 Hz, 1 H), 2.66 (ddd, J-�-13.0, 9.5, 3.0 Hz,
1H), 2.51-±-2.45 (m, 1 H), 2.19 (ddd, J-�-13.0, 6.5, 3.0 Hz, 1 H), 1.54 (ddd, J-�-


11.5, 11.5, 11.5 Hz, 1 H), 1.16 (s, 9H, tBu), 0.86 (s, 9H, tBu), 0.06 (s, 3H,
CH3), -0.01 (s, 3 H, CH3); 13C NMR (125.7 MHz, CDCl3): d-�-177.3, 137.2,
133.0, 126.6, 114.4, 82.4, 79.7, 78.0, 75.5, 68.3, 66.4, 38.5, 36.9, 33.2, 27.0, 25.7,
17.8, ÿ4.6, ÿ4.9; HRMS (FAB) calcd for C23H40O5Si ([M-�-Cs�]) 557.1699,
found 557.1684.


Alcohol 81: To a solution of olefin 80 (0.91 g, 2.2 mmol) in THF (20 mL)
was added 9-BBN (4.94 mL of 0.5m in hexanes, 2.47 mmol) during 20 min
at 0 8C. The mixture was stirred at 0 8C for an additional 5 h before the
addition of a saturated aqueous NaHCO3 solution (15 mL) and 30 % H2O2


(2.5 mL) at 0 8C. After stirring at 25 8C for 1.5 h, a saturated aqueous
Na2SO3 solution (5 mL) was slowly added and the mixture was extracted
with EtOAc (3-�-15 mL). The combined organic extracts were dried
(Na2SO4), concentrated, and the residue was purified by flash column
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chromatography (silica gel, 3:7, EtOAc:hexanes) to afford alcohol 81
(0.83 g, 88 %). 81: Rf-�-0.60 (silica gel, 3:7, EtOAc:hexanes); [a]25


D -�-�130.6
(c-�-1.01, CH3OH); 1H NMR (400 MHz, CDCl3): d-�-5.73-±-5.64 (m, 1H,
�CH), 5.61 (dd, J-�-11.0, 4.5 Hz, 1 H), 4.73 (dddd, J-�-11.0, 10.5, 5.5, 5.0 Hz,
1H), 3.92 (ddd, J-�-10.5, 5.5, 1.5 Hz, 1 H), 3.79 (dd, J-�-8.5, 4.5 Hz, 1H),
3.73-±-3.64 (m, 3H), 3.54 (ddd, J-�-9.0, 9.0, 2.5 Hz, 1H), 3.26 (ddd, J-�-11.5,
9.5, 4.5 Hz, 1H), 3.05 (dd, J �10.5, 10.5 Hz, 1H), 2.60 (ddd, J-�-13.0, 10.0,
3.0 Hz, 1H), 2.45-±-2.33 (m, 2H), 2.20-±-2.10 (m, 2 H), 1.73-±-1.38 (m, 2H),
1.12 (s, 9H, tBu), 0.82 (s, 9H, tBuSi), 0.04 (s, 3 H, CH3Si), ÿ0.01 (s, 3H,
CH3Si); 13C NMR (100.6 MHz, CDCl3): d-�-177.5, 132.8, 126.8, 79.8, 79.5,
78.6, 75.7, 68.3, 66.5, 59.6, 38.6, 36.9, 35.5, 33.1, 27.0, 25.6, 17.8, ÿ4.4, ÿ4.9;
HRMS (FAB) calcd for C23H42O6Si ([M-�-H�]) 443.2829, found 443.2814.


Acetate 82 : A solution of alcohol 81 (0.82 g, 1.9 mmol) in CH2Cl2 (10 mL)
was treated with Et3N (0.39 mL, 2.8 mmol) and acetic anhydride (0.19 mL,
2.1 mmol) at 25 8C for 40 min. After addition of a saturated aqueous NH4Cl
solution (4 mL), the mixture was extracted with EtOAc (2-�-5 mL), and the
combined organic extracts were dried (Na2SO4), concentrated, and purified
by flash column chromatography (silica gel, 3:7, EtOAc:hexanes) to afford
acetate 82 (0.84 g, 94 %). 82 : Rf-�-0.75 (silica gel, 3:7, EtOAc:hexanes);
[a]25


D -�- �164.0 (c-�-0.86, CH3OH); IR (thin film): nÄmax-�-2957, 2858, 1733,
1464, 1364, 1250, 1095, 832 cmÿ1; 1H NMR (500 MHz, CDCl3): d-�-5.76-±-


5.68 (m, 1 H, �CH), 5.65 (dd, J-�-11.0, 4.5 Hz, 1 H, �CH), 4.76 (dddd, J-�-


11.0, 10.5, 5.5, 5.5 Hz, 1H), 4.25-±-4.18 (m, 1 H), 4.04 (ddd, J-�-10.0, 10.0,
5.5 Hz, 1H), 3.97 (ddd, J-�-10.5, 5.5, 1.5 Hz, 1H), 3.81 (dd, J-�-8.5, 5.0 Hz,
1H), 3.64 (ddd, J-�-8.5, 3.0, 3.0 Hz, 1H), 3.42 (ddd, J-�-8.5, 8.5, 1.5 Hz, 1H),
3.18 (ddd, J-�-11.5, 9.0, 4.5 Hz, 1 H), 3.06 (dd, J-�-10.5, 10.5 Hz, 1 H), 2.62
(ddd, J-�-13.0, 9.5, 3.0 Hz, 1 H), 2.45-±-2.37 (m, 1H), 2.20-±-2.14 (m, 1H),
2.05-±-1.97 (m, 1H), 2.03 (s, 3H, CH3), 1.54-±-1.42 (m, 2H), 1.15 (s, 9 H, tBu),
0.85 (s, 9 H, tBu), 0.08 (s, 3H, CH3), 0.02 (s, 3H, CH3); 13C NMR
(125.7 MHz, CDCl3): d-�-177.5, 171.0, 132.9, 126.8, 79.6, 79.1, 78.9, 76.1,
68.3, 66.5, 61.4, 38.6, 36.8, 33.0, 32.6, 27.0, 25.7, 21.0, 17.9,ÿ4.3,ÿ4.9; HRMS
(FAB) calcd for C25H44O7Si ([M-�-Cs�]) 617.1911, found 617.1927.


Alcohol 83 : A solution of silyl ether 82 (0.81 g, 1.7 mmol) in THF (15 mL)
was treated with TBAF (2.7 mL of 1m in THF, 2.7 mmol) at 25 8C for 3 h.
After addition of a saturated aqueous NH4Cl solution (5 mL), the mixture
was extracted with EtOAc (3-�-15 mL), and the combined organic extracts
were dried (Na2SO4). The solvent was removed, and the residue was
purified by flash column chromatography (silica gel, 4:6, EtOAc:hexanes)
to afford the alcohol 83 (0.58 g, 94%). 83 : Rf-�-0.40 (silica gel, 4:6,
EtOAc:hexanes); [a]25


D -�- �109.7 (c-�-0.94, CH3OH); IR (thin film): nÄmax-�-


3482, 2960, 2871, 1734, 1367, 1248, 1159, 1094, 1036 cmÿ1; 1H NMR
(500 MHz, CDCl3): d-�-5.80-±-5.75 (m, 1H,�CH), 5.70 (dd, J-�-11.0, 4.5 Hz,
1H, �CH), 4.75 (dddd, J-�-11.0, 10.5, 5.5, 5.0 Hz, 1H), 4.23 (ddd, J-�-11.0,
6.5, 4.5 Hz, 1H), 4.08 (ddd, J-�-9.5, 9.5, 5.5 Hz, 1H), 3.97 (ddd, J-�-10.5, 5.0,
1.5 Hz, 1 H), 3.81 (dd, J-�-8.5, 4.5 Hz, 1H), 3.69 (ddd, J-�-9.0, 3.0, 3.0 Hz,
1H), 3.44 (ddd, J-�-9.5, 9.5, 1.5 Hz, 1 H), 3.21 (ddd, J-�-11.5, 9.0, 4.5 Hz,
1H), 3.07 (dd, J-�-10.5, 10.5 Hz, 1 H), 2.69 (ddd, J-�-13.0, 10.0, 3.0 Hz, 1H),
2.45-±-2.39 (m, 1 H), 2.27 (ddd, J-�-13.5, 6.5, 3.0 Hz, 1H), 2.14-±-2.07 (m, 1H),
2.04 (s, 3H, CH3), 1.61-±-1.54 (m, 1H), 1.51 (ddd, J-�-11.5, 11.5, 11.5 Hz, 1H),
1.15 (s, 9 H, tBu); 13C NMR (125.7 MHz, CDCl3): d-�-177.5, 171.0, 133.8,
125.8, 79.4, 78.9, 78.8, 75.4, 68.2, 66.3, 61.2, 38.6, 36.7, 32.9, 32.6, 26.9, 20.9;
HRMS (FAB) calcd for C19H30O7 ([M-�-H�]) 371.2070, found 371.2083.


Ketone 84 : A solution of alcohol 83 (0.55 g, 1.5 mmol) in CH2Cl2 (20 mL)
was treated with NMO (0.52 g, 4.5 mmol) and TPAP (50 mg, 0.14 mmol) at
25 8C for 30 min. After filtering the mixture through a pad of silica gel, the
filtrate was concentrated and purified by flash column chromatography to
afford ketone 84 (506 mg, 93%). 84 : Rf-�-0.60 (silica gel, 3:7, EtOAc:hex-
anes); [a]25


D -�- �283.3 (c-�-1.14, CH3OH); IR (thin film): nÄmax-�-2968, 1724,
1241, 1154, 1100, 1038, 751 cmÿ1; 1H NMR (500 MHz, CDCl3): d-�-5.73 (dd,
J-�-11.0, 4.5 Hz, 1H), 5.63-±-5.54 (m, 1H), 4.78 (dddd, J-�-11.0, 10.0, 6.0,
5.0 Hz, 1 H), 4.19-±-4.07 (m, 3 H), 4.02-±-3.96 (m, 2 H), 3.94 (dd, J-�-10.0,
10.0 Hz, 1H), 3.30 (ddd, J-�-11.5, 9.0, 5.0 Hz, 1 H), 3.12 (dd, J-�-10.5,
10.5 Hz, 1H), 2.81 (dd, J-�-11.0, 7.5 Hz, 1H), 2.55-±-2.47 (m, 1H), 2.15-±-2.05
(m, 1H), 2.01 (s, 3 H, CH3), 1.76-±-1.68 (m, 1H), 1.63 (ddd, J-�-11.5, 11.5,
11.5 Hz, 1H), 1.15 (s, 9H, tBu); 13C NMR (125.7 MHz, CDCl3); d-�-210.1,
177.5, 170.8, 135.1, 122.3, 81.4, 81.3, 79.3, 68.2, 66.2, 60.3, 41.4, 38.7, 37.0, 31.0,
27.1, 20.9; HRMS (FAB) calcd for C19H28O7 ([M-�-H�]) 369.1913, found
369.1924.


Dithioketal 85 : A solution of ketone 84 (0.49 g, 1.3 mmol) and ethanethiol
(1.5 mL, 20 mmol) in CH2Cl2 (5.0 mL) was treated with Zn(OTf)2 (50 mg,
0.14 mmol) at 25 8C for 16 h. After addition of Et3N (200 mL), the solvent


was removed and the residue was subjected to flash column chromatog-
raphy (silica gel, 2:8, EtOAc:hexanes) to afford the dithioketal 85 (0.56 g,
89%). 85 : Rf-�-0.80 (silica gel, 2:8, EtOAc:hexanes); [a]25


D -�- �99.6 (c-�-


0.98, CH3OH); IR (thin film): nÄ max-�-2967, 2930, 2870, 1732, 1456, 1365,
1237, 1158, 1101, 1037, 987 cmÿ1; 1H NMR (500 MHz, CDCl3): d-�-5.81-±-


5.74 (m, 1 H, �CH), 5.70 (dd, J-�-11.0, 4.5 Hz, 1 H, �CH), 4.76 (dddd, J-�-


11.0, 10.5, 5.5, 5.0 Hz, 1 H), 4.27 (ddd, J-�-12.0, 5.0, 5.0 Hz, 1 H), 4.04 (ddd,
J-�-10.5, 7.5, 7.5 Hz, 1 H), 4.02-±-3.96 (m, 1 H), 3.89 (dd, J-�-9.0, 4.0 Hz, 1H),
3.81 (dd, J-�-7.0, 5.5 Hz, 1 H), 3.17-±-3.10 (m, 1 H), 3.08 (dd, J-�-10.5, 10.5 Hz,
1H), 3.02 (dd, J-�-13.0, 10.0 Hz, 1H), 2.82-±-2.64 (m, 4 H), 2.50 (dd, J-�-13.0,
6.0 Hz, 1H), 2.47-±-2.43 (m, 1H), 2.06 (s, 3H, CH3), 2.05-±-1.98 (m, 2H), 1.58
(ddd, J-�-11.5, 11.5, 11.5 Hz, 1H), 1.25 (dd, J-�-7.5, 7.5 Hz, 3H, CH3), 1.19
(dd, J-�-7.5, 7.5 Hz, 3 H, CH3), 1.16 (s, 9H, tBu); 13C NMR (125.7 MHz,
CDCl3): d-�-177.5, 171.0, 133.8, 125.8, 82.7, 79.3, 78.7, 68.3, 66.7, 66.4, 61.4,
38.6, 36.7, 36.0, 32.5, 27.1, 24.7, 23.7, 21.0, 14.2, 14.0; HRMS (FAB) calcd for
C23H38O6S2 ([M-�-Cs�]) 607.1164, found 607.1180.


Alcohol 86 : A solution of dithioketal 85 (0.45 g, 0.95 mmol) in CH3OH
(2 mL) was treated with K2CO3 (20 mg, 0.15 mmol) at 25 8C for 2 h. After
evaporation of the methanol, the resulting residue was purified by flash
column chromatography (silica gel, 1:1, EtOAc:hexanes) to afford alcohol
86 (381 mg, 93%). 86 ; Rf-�-0.20 (silica gel, 3:7, EtOAc:hexanes); [a]25


D -�-


�34.2 (c-�-0.84, CH3OH); IR (thin film): nÄmax-�-3501, 2930, 1732, 1456,
1283, 1161, 1101, 979, 733 cmÿ1; 1H NMR (500 MHz, CDCl3): d-�-5.78-±-5.70
(m, 1H), 5.67 (dd, J-�-11.0, 5.0 Hz, 1H), 4.74 (dddd, J-�-11.5, 10.0, 5.0,
5.0 Hz, 1H), 3.96-±-3.92 (m, 2H), 3.86 (dd, J-�-8.5, 4.5 Hz, 1 H), 3.76 (br m,
1H), 3.68-±-3.61 (m, 1 H), 3.25 (ddd, J-�-11.5, 9.5, 5.0 Hz, 1H), 3.08 (dd, J-�-


10.5, 10.5 Hz, 1H), 2.99 (dd, J-�-13.0, 10.0 Hz, 1H), 2.79-±-2.61 (m, 4H),
2.50-±-2.42 (m, 2H), 1.91-±-1.85 (m, 2 H), 1.78 (br m, 1H), 1.52 (ddd, J-�-11.5,
11.5, 11.5 Hz, 1 H), 1.21 (dd, J-�-7.5, 7.5 Hz, 3 H, CH3), 1.16 (dd, J-�-7.5,
7.5 Hz, 3 H, CH3), 1.13 (s, 9 H, tBu); 13C NMR (125.7 MHz, CDCl3): d-�-


177.6, 133.8, 125.7, 82.3, 79.4, 78.3, 68.3, 66.9, 66.5, 59.4, 38.7, 36.8, 36.3, 35.8,
27.0, 24.7, 23.7, 14.2, 14.0; HRMS (FAB) calcd for C21H36O5S2 ([M-�-Na�])
455.1902, found 455.1914.


Aldehyde 38 : A mixture of alcohol 86 (95 mg, 0.22 mmol), Et3N (250 mL),
and DMSO (250 mL) in CH2Cl2 (0.5 mL) was treated with SO3-´-pyridine
(105 mg, 0.66 mmol) at 0 8C for 1 h. After addition of a saturated aqueous
NH4Cl solution (2.0 mL), the mixture was extracted with CH2Cl2 (3-�-


5 mL), and the organic extracts were washed with brine (2-�-2 mL) and
dried (Na2SO4). The solvent was removed, and the residue was purified by
flash column chromatography (silica gel, 3:7, EtOAc:hexanes) to afford
aldehyde 38 (79 mg, 83%). 38 : Rf-�-0.75 (silica gel, 3:7, EtOAc:hexanes);
[a]25


D -�- �29.1 (c-�-0.61, CH3OH); IR (thin film): nÄmax-�-2966, 2991, 2870,
1732, 1458, 1282, 1159, 1101, 1082, 989 cmÿ1; 1H NMR (500 MHz, CDCl3):
d-�-9.82 (s, 1 H), 5.82-±-5.72 (m, 2H, �CH), 4.78 (dddd, J-�-10.5, 10.5, 5.0,
4.5 Hz, 1H), 4.30 (d, J-�-9.5 Hz, 1H), 4.00 (dd, J-�-10.5, 5.0 Hz, 1 H), 3.88
(dd, J-�-9.5, 3.5 Hz, 1H), 3.51 (ddd, J-�-11.0, 11.0, 4.5 Hz, 1 H), 3.11-±-3.00
(m, 3 H), 2.90-±-2.66 (m, 5 H), 2.50 (dd, J-�-12.5, 6.0 Hz, 1 H), 2.31-±-2.23 (m,
1H), 1.47 (ddd, J-�-11.5, 11.5, 11.5 Hz, 1 H), 1.24 (dd, J-�-7.5, 7.5 Hz, 3H,
CH3), 1.21 (dd, J-�-7.5, 7.5 Hz, 3H, CH3), 1.15 (s, 9H, tBu); 13C NMR
(125.7 MHz, CDCl3): d-�-200.1, 177.3, 134.2, 125.2, 80.0, 79.0, 78.3, 68.2,
66.3, 65.8, 48.3, 38.5, 36.6, 35.5, 26.9, 24.6, 23.6, 14.1, 13.9; HRMS (FAB)
calcd for C21H34O5S2 ([M-�-H�]) 431.1926, found 431.1942.


Olefin 87: To a solution of the phosphonium salt 37 (95 mg, 0.11 mmol) in
THF (5.0 mL) was added nBuLi (88 mL of 1.5m in hexanes, 0.13 mmol) at
ÿ78 8C, and the resulting mixture was stirred at ÿ78 8C for 20 min. After
addition of HMPA (0.2 mL, 1.1 mmol) to the reaction mixture, a solution of
aldehyde 38 (57 mg, 0.13 mmol) in THF (4 mL) was added, and the mixture
was stirred atÿ78 8C for 20 min and at 25 8C for 1.5 h. The reaction mixture
was quenched by addition of a saturated aqueous NH4Cl solution (1 mL)
and extracted with EtOAc (3-�-3 mL). The combined organic extracts were
dried (Na2SO4), concentrated, and purified by flash column chromatog-
raphy (silica gel, 3:7, ether:hexanes) to afford olefin 87 (81 mg, 82 %). 87:
Rf-�-0.45 (silica gel, 3:7, ether:hexanes); [a]25


D -�- �4.42 (c-�-1.04, CH3OH);
IR (thin film): nÄmax-�-2956, 1734, 1459, 1157, 1079, 1041, 837 cmÿ1; 1H NMR
(500 MHz, CDCl3): d-�-5.77-±-5.68 (m, 1H,�CH), 5.65 (dd, J-�-11.0, 5.0 Hz,
1H, �CH), 5.58-±-5.45 (m, 2H, �CH), 4.77 (d, J-�-7.5 Hz, 1H), 4.76-±-4.68
(m, 1 H), 4.64 (d, J-�-7.0 Hz, 1H), 3.96-±-3.91 (m, 1H), 3.85-±-3.80 (m, 1H),
3.69-±-3.62 (m, 3H), 3.53-±-3.49 (m, 3H), 3.45-±-3.40 (m, 3 H), 3.36 (s, 3H,
CH3), 3.12-±-2.96 (m, 4 H), 2.82-±-2.60 (m, 6 H), 2.49-±-2.31 (m, 6 H), 2.21
(ddd, J-�-12.0, 5.0, 5.0 Hz, 1H), 2.12-±-2.04 (m, 1 H), 2.00-±-1.93 (m, 2H),
1.58-±-1.48 (m, 4H), 1.40-±-1.36 (m, 3 H), 1.22 (dd, J-�-7.5, 7.5 Hz, 3 H, CH3),
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1.16 (dd, J-�-7.5, 7.5 Hz, 3H, CH3), 1.13 (s, 9 H, tBu) 1.09 (m, 6H, CH3), 0.84
(s, 9H, tBuSi), 0.01 (s, 3H, CH3Si), ÿ0.02 (s, 3 H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d-�-177.4, 133.8, 128.9, 127.4, 125.7, 94.2, 87.5, 86.4,
80.4, 79.3, 78.7, 78.5, 76.6, 75.3, 71.6, 69.7, 68.3, 67.0, 66.8, 66.4, 59.0, 42.5,
38.6, 36.8, 36.5, 36.0, 34.0, 33.2, 33.1, 31.5, 27.1, 25.8, 24.7, 23.7, 17.9, 17.1, 16.2,
15.6, 14.6, 14.2, 13.9, ÿ4.4, ÿ4.5; HRMS (FAB) calcd for C47H84O10SiS2


([M-�-Cs�]) 1033.4330, found 1033.4368.


Hydroxy dithioketal 88 : A solution of silyl ether 87 (77 mg, 0.085 mmol) in
THF (1.5 mL) was treated with TBAF (170 mL of 1m in THF, 0.17 mmol) at
25 8C for 36 h. After addition of a saturated aqueous NH4Cl solution
(2 mL), the mixture was extracted with EtOAc (5-�-5 mL). The combined
organic extracts were dried (Na2SO4), concentrated, and purified by flash
column chramotography (silica gel, 3:7, EtOAc:hexanes) to afford hydroxy
dithioketal 88 (58.5 mg, 89%). 88 : Rf-�-0.60 (silica gel, 3:7, EtOAc:hex-
anes); [a]25


D -�- ÿ5.72 (c-�-1.52, CH3OH); IR (thin film): nÄmax-�-3504, 2958,
1734, 1458, 1157, 1100, 1043, 735 cmÿ1; 1H NMR (500 MHz, CDCl3): d-�-


5.76-±-5.71 (m, 1H, �CH), 5.69-±-5.63 (m, 2H, �CH), 5.54-±-5.47 (m, 1H,
�CH), 4.77 (d, J-�-7.5 Hz, 1H), 4.73 (dddd, J-�-11.0, 10.5, 5.5, 5.0 Hz, 1H),
4.64 (d, J-�-7.5 Hz, 1 H), 3.95 (dd, J-�-10.5, 4.0 Hz, 1 H), 3.84 (dd, J-�-9.0,
4.0 Hz, 1 H), 3.71-±-3.64 (m, 3 H), 3.53 (dd, J-�-4.5, 4.5 Hz, 2 H), 3.44 (dd, J-�-


11.5, 4.5 Hz, 1H), 3.42-±-3.33 (m, 2 H), 3.37 (s, 3 H, CH3), 3.23 (dd, J-�-7.0,
7.0 Hz, 1H), 3.15-±-3.00 (m, 3 H), 2.99 (dd, J-�-13.5, 10.0 Hz, 1 H), 2.84-±-2.63
(m, 4H), 2.58-±-2.22 (m, 8 H), 2.00-±-1.90 (m, 1H), 1.81 (ddd, J-�-14.5, 8.0,
3.5 Hz, 1 H), 1.71-±-1.64 (m, 1 H), 1.59-±-1.46 (m, 2H), 1.42-±-1.32 (m, 4H),
1.24 (dd, J-�-7.5, 7.5 Hz, 3H, CH3), 1.19 (dd, J-�-7.5, 7.5 Hz, 3 H, CH3), 1.14
(s, 9 H, tBu), 1.09 (d, J-�-6.0 Hz, 3 H, CH3), 1.08 (s, 3 H, CH3), 0.89-±-0.84 (m,
3H); 13C NMR (125.7 MHz, CDCl3): d-�-177.6, 133.8, 128.4, 127.7, 125.7,
94.3, 86.3, 85.3, 80.3, 79.3, 79.1, 78.7, 76.9, 75.7, 71.6, 70.0, 68.2, 67.1, 66.5,
59.0, 53.8, 42.5, 37.5, 36.5, 36.1, 36.0, 33.2, 32.6, 31.3, 27.1, 24.7, 23.8, 20.8,
19.4, 16.2, 15.7, 14.6, 14.3, 14.0; HRMS (FAB) calcd for C41H70O10S2 ([M-�-


Cs�]) 919.3465, found 919.3430.


Attempted cylization of hydroxydithioketal 88 : A heterogeneous mixture
of hydroxy dithioketal 88 (52 mg, 0.066 mmol), powdered 4 � molcular
sieves (freshly activated, 200 mg), silica gel (dried under vacuum, 200 mg),
sodium bicarbonate (55 mg, 0.65 mmol), silver perchlorate (41 mg,
0.2 mmol), and dry nitromethane (distilled from CaH2) was stirred
vigorously at 25 8C for 3 h. The reaction mixture was treated with Et3N
(1.0 mL), diluted with ether (30 mL), and filtered through a pad of celite.
The filtrate was concentrated, and the residue was purified by flash column
chromatography (silica gel, 3:7, EtOAc:hexanes) to afford diene 90 (27 mg,
56%) and ketone 91 (14 mg, 31%). Diene 90 : Rf-�-0.40 (silica gel, 3:7,
EtOAc:hexanes); [a]25


D -�- ÿ140.5 (c-�-1.52, CH3OH); IR (thin film): nÄmax-�-


3509, 2957, 1732, 1157, 1097, 1039 cmÿ1; 1H NMR (500 MHz, CDCl3): d-�-


6.07 (ddd, J-�-11.0, 3.5, 1.5 Hz, 1H, �CH), 5.87 (d, J-�-4.0 Hz, 1 H, �CH),
5.67-±-5.60 (m, 1H,�CH), 5.52 (dd, J-�-11.0, 5.5 Hz, 1 H,�CH), 5.39-±-5.33
(m, 1H, �CH), 4.85-±-4.77 (m, 1 H), 4.79 (d, J-�-7.5 Hz, 1H), 4.66 (d, J-�-


7.5 Hz, 1 H), 4.01 (dd, J-�-10.0, 4.5 Hz, 1H), 3.97 (ddd, J-�-10.5, 5.0, 2.0 Hz,
1H), 3.72-±-3.64 (m, 2 H), 3.55 (dd, J-�-5.0, 5.0 Hz, 2 H), 3.47-±-3.34 (m, 4H),
3.38 (s, 3H, CH3), 3.18 (br m, 1H), 3.08-±-3.00 (m, 2 H), 2.80-±-2.66 (m, 3H),
2.62-±-2.55 (m, 1H), 2.52-±-2.44 (m, 1H), 2.40-±-2.30 (m, 1 H), 2.24 (ddd, J-�-


12.0, 4.5, 4.5 Hz, 1H), 2.22-±-2.15 (m, 1H), 2.00-±-1.92 (m, 1H), 1.83 (ddd,
J-�-14.5, 8.0, 4.0 Hz, 1 H), 1.68-±-1.61 (m, 3 H), 1.60-±-1.32 (m, 6H), 1.30 (dd,
J-�-7.0, 7.0 Hz, 3 H, CH3), 1.14 (s, 9H, tBu), 1.10 (s, 3 H, CH3), 1.08 (d, J-�-


7.0 Hz, 3H, CH3), 0.87 (dd, J-�-7.0, 7.0 Hz, 3H, CH3); 13C NMR (125.7 MHz,
CDCl3): d-�-177.6, 142.3, 132.8, 128.1, 127.1, 126.1, 121.7, 94.3, 84.1, 81.1, 80.3,
78.8, 76.8, 75.7, 71.7, 70.3, 69.9, 68.0, 67.0, 66.8, 59.0, 42.5, 38.8, 36.6, 36.0,
35.6, 33.2, 32.3, 31.9, 29.5, 27.1, 26.1, 20.0, 16.1, 15.7, 14.6, 13.0; HRMS
(FAB) calcd for C39H64O10S ([M-�-Cs�]) 857.3275, found 857.3299. Ketone
91: Rf-�-0.30 (silica gel, 3:7, EtOAc:hexanes); [a]25


D -�- �194.2 (c-�-0.82,
CH3OH); IR (thin film): nÄmax-�-3493, 2958, 1727, 1157, 1102, 1041 cmÿ1;
1H NMR (500 MHz, CDCl3): d-�-5.78-±-5.66 (m, 2H,�CH), 5.64-±-5.56 (m,
1H, �CH), 5.48-±-5.42 (m, 1 H, �CH), 4.83-±-4.75 (m, 1 H), 4.78 (d, J-�-


7.0 Hz, 1 H), 4.66 (d, J-�-7.0 Hz, 1H), 4.11 (dd, J-�-9.5, 3.5 Hz, 1 H), 4.05-±-


3.97 (m, 2 H), 3.95 (dd, J-�-10.0, 10.0 Hz, 1 H), 3.73-±-3.63 (m, 2H), 3.55 (dd,
J-�-4.5, 4.5 Hz, 2H), 3.45 (dd, J-�-11.5, 4.5 Hz, 1 H), 3.42-±-3.30 (m, 3H), 3.38
(s, 3H, CH3), 3.19-±-3.14 (m, 1H), 3.14 (dd, J-�-10.5, 10.5 Hz, 1 H), 3.08-±-


3.00 (m, 1H), 2.82 (dd, J-�-11.5, 7.0 Hz, 1 H), 2.57-±-2.45 (m, 2 H), 2.44-±-2.28
(m, 3 H), 2.27-±-2.21 (m, 1H), 2.17-±-2.11 (m, 1 H), 2.00-±-1.93 (m, 1H), 1.87-±-


1.78 (m, 1 H), 1.72-±-1.63 (m, 2 H), 1.59-±-1.49 (m, 2H), 1.43-±-1.34 (m, 3H),
1.18 (s, 9 H, tBu), 1.10 (d, J-�-7.5 Hz, 3 H, CH3), 1.09 (s, 3H, CH3), 0.87 (dd,
J-�-7.0, 7.0 Hz, 3 H, CH3); 13C NMR (125.7 MHz, CDCl3): d-�-210.1, 177.6,


135.1, 128.9, 126.3, 122.4, 94.3, 84.7, 84.6, 81.4, 80.3, 79.2, 79.1, 76.9, 75.7, 71.7,
70.0, 68.2, 67.0, 66.4, 59.0, 42.5, 41.6, 38.6, 37.1, 36.4, 35.9, 33.2, 32.3, 30.2,
27.1, 19.8, 16.1, 15.7, 14.6; HRMS (FAB) calcd for C37H60O11 ([M-�-Cs�])
813.3190, found 813.3169.


Molcular dynamics and minimization calculations (CV Force Field) were
performed on a SGI Indigo-2 workstation using Insight II (Biosym
Technologies, Inc., San Diego, CA). Pictures were created using AVS
(AVS Inc., Waltham, MA) and locally developed modules running on a
DEC Alpha 3000/500 with a Kubota Pacific Denali graphics card (we thank
John Trujillo for his assistance in these modeling studies).
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Total Synthesis of Brevetoxin A: Part 2: Second Generation Strategy and
Construction of EFGH Model System


K. C. Nicolaou,* Paul A. Wallace, Shuhao Shi, Michael A. Ouellette, Mark E. Bunnage,
Janet L. Gunzner, Konstantinos A. Agrios, Guo-qiang Shi, Peter Gärtner, and Zhen Yang[a]


Abstract: Our second generation strat-
egy for the total synthesis of brevetoxin
A involved dissection of the molecule at
the ring F oxocene. Synthetically, the F
ring formation was expected to occur
through Wittig coupling of requisite
polycyclic fragments 2 and 3, followed
by a hydroxy dithioketal cyclization. In
order to test this synthetic plan, model
phosphonium salt 9 and aldehyde 10


were successfully synthesized and cou-
pled. The deprotected product (46) was
shown to undergo an efficient hydroxy
dithioketal cyclization and the product
(47) was selectively reduced to the
EFGH ring system of brevetoxin A (8).


The synthesis of phosphonium salt 9
utilized our cyclic ketene acetal phos-
phate methodology and a [4� 2] addi-
tion of singlet oxygen to generate inter-
mediate endoperoxide 11. The success of
this model study facilitated a synthetic
plan to form and functionalize ring E
nonacene and ring F oxocene for the
total synthesis of brevetoxin A.


Keywords: brevetoxin A ´ synthetic
methods ´ total synthesis


Introduction


In the preceding paper,[1] we presented our first generation
strategy towards the total synthesis of brevetoxin A (1,
Scheme 1) and model studies assessing the validity of that
strategy. Failure of the key step for generating the nine-
membered ring, by a late-stage hydroxy dithioketal cycliza-
tion, led us to abandon that approach. In this article, we
describe the emergence of a second generation strategy for
the total synthesis of brevetoxin A and its validation by the
successful construction of an EFGH model system.[2]


Results and Discussion


Second generation retrosynthetic analysis and strategy


The first generation strategy towards brevetoxin A (1) called
for a convergent approach in which two fragments represent-
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Scheme 1. Second generation retrosynthetic analysis and strategic bond
disconnections of brevetoxin A (1).


ing the ABCD[3] and FGHIJ[4] segments were to be built
separately and brought together by a Wittig coupling, setting
the stage for the nine-membered ring (E ring) construction.
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Our model studies cast doubts upon the feasibility of a late
stage hydroxy dithioketal ring closure to form ring E. This
forced us to redesign the strategy by moving the convergency
point to ring F. Thus, the modified strategy (Scheme 1)
postulated intermediates 3 (BCDE ring system) and 2 (GHIJ
ring system) as requisite precursors by disassembling the
structure at ring F through a retro-Wittig type coupling and a
retro-hydroxy dithioketal ring closure. Our previous success
with the latter cyclization in constructing oxocene systems[5]


was encouraging for the new strategy, even though the
formation of the nine-membered ring remained a severe
challenge.[6] Overcoming this problem at an earlier stage of
the synthetic scheme, and the determination to develop a new
method to solve it, became prime objectives of the new
approach. The synthesis of fragment 2 was traced to d-
mannose (4) through hydroxy epoxide openings[7] and a
hydroxy dithioketal cyclization.[5] The construction of 3
defined BCDE lactone 5 as the required precursor whose
origin was further traced back to bis(lactone) 6[3] and
eventually to d-glucose (7). This strategy of using lactones
as precursors of cyclic ethers meant the requirement for a
reliable method to convert medium-sized lactones to cyclic
ethers. To this end a number of methods were developed in
this and in other laboratories. Among them are the nucleo-
philic addition to lactone-derived thionolactones followed by
desulfurization,[8] the Murai cuprate coupling with lactone-
derived cyclic ketene acetal triflates,[9] the Holmes ± Tebbe
methylenation of lactones followed by hydroboration,[10] the
Nozaki ± Takai ± Hiyama ± Kishi Cr/Ni-induced coupling of
cyclic ketene acetal triflates with aldehydes[11] and others.[12]


None of these methods, however, proved suitable for the task
at hand and, therefore, a new method was deemed necessary.
As part of the search for such a method, a program was
launched to investigate the chemistry of cyclic ketene acetal


phosphates. As described elsewhere,[13] these phosphates
proved to be quite accessible, stable enough for isolation,
and highly reactive towards palladium-catalyzed coupling
reactions. They were found to be particularly useful for the
construction of medium-sized ring ethers within complex
frameworks as will be discussed in this and the following
papers.


Construction of EFGH model system 8


Our experience so far has clearly demonstrated that the most
challenging aspect in synthesizing brevetoxin A (1) would be
the EFG region with its fused medium-sized rings. To explore
a path for its construction we targeted model system 8
(Scheme 2), which represents the EFGH ring system of 1.
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Scheme 2. Retrosynthetic analysis of EFGH model system (8).


Disassembling ring F at the indicated sites (Scheme 2)
allows the generation of key building blocks 9 (phosphonium
salt) and 10 (dithioketal aldehyde). While fragment 10 can
easily be traced to intermediates 12 and 13, the E ring 9 was
simplified stepwise as outlined in Scheme 2. Thus, the
intermediacy of endoperoxide 11 was invoked as a possible
precursor to 9 through O ± O bond cleavage and appropriate
functionalizations. Endoperoxide 11 could, in turn, be traced
to conjugated diene 14 (singlet oxygen addition)[14] whose
origin could be traced to lactone 16 via phosphate 15
(palladium-catalyzed C ± C bond formation).


The novel strategy towards the EFGH framework 8 derived
from the above analysis was set in motion as outlined in
Schemes 3 ± 6. Phosphonium salt 9 was synthesized from
compound 20 (derived from 2-deoxy-d-ribose, 17) as shown in
Scheme 3. Thus, 2-deoxy-d-ribose (17) was subjected to a
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Scheme 3. Synthesis of phosphonium salt 9. Reagents and conditions: a) 1.1 equiv of Ph3PCHCO2Me, DMF, 25 8C,
15 h; 1.1 equiv of PhCH(OMe)2, 25 8C, 15 h, 78%; b) 1.5 equiv of TBSCl, 2.0 equiv of imidazole, CH2Cl2, 25 8C, 12 h,
90%; c) ozone, CH2Cl2,ÿ78 8C, 10 min; 2.0 equiv of Ph3P, 25 8C, 3 h, 85%; d) 1.2 equiv of 21, 1.2 equiv of LiHMDS in
THF, toluene, 0 8C; then 1.0 equiv of 20, 8 h, 84 %; e) 2.4 equiv of TBAF, THF, 25 8C , 7 h, 82%; f) 1.2 equiv of Dess ±
Martin reagent, CH2Cl2, 25 8C, 4.5 h, 87%; g) 3.0 equiv of NaClO2, 1.2 equiv of NaH2PO4, 3.3 equiv of 2-methyl-2-
butene, tBuOH:H2O (5:1), 25 8C, 3 h, 96%; h) 1.1 equiv of 2,4,6-trichlorobenzoyl chloride, 1.1 equiv of Et3N, THF,
0 8C, 20 min; then 1.5 equiv of 4-DMAP, benzene, 80 8C, 1 h, 70 %; i) 2.7 equiv of KHMDS, 3.2 equiv of (PhO)2POCl,
4.0 equiv of HMPA, THF, ÿ78 8C, 1 h, 90%; j) 2.2 equiv of nBu3SnCH�CH2, 0.05 equiv of [Pd(PPh3)4], 3.0 equiv of
LiCl, THF, 80 8C, 1.5 h, 95 %; k) 0.045 equiv of TPP, CCl4, O2, hn, 0 8C, 3 h, 85%; l) H2, Lindlar's catalyst, MeOH,
25 8C, 20 min, 99%; m) 1.05 equiv of TBSCl, 1.2 equiv of imidazole, CH2Cl2, 25 8C, 0.5 h, 93%; n) 0.05 equiv of TPAP,
1.5 equiv of NMO, CH2Cl2, 25 8C, 1 h, 85%; o) 0.67 equiv of [(Ph3P)CuH]6, benzene, 25 8C, 3 h, 96%; p) 1.4 equiv of
DIBAL, CH2Cl2, ÿ78 8C, 20 min, 87%; q) 3.1 equiv of PivCl, 4.1 equiv of 4-DMAP, CH2Cl2, 25 8C, 8 h, 91%;
r) 1.5 equiv of TBAF, THF, 25 oC, 4 h, 91 %; s) 1.7 equiv of imidazole, 1.7 equiv of Ph3P, 1.1 equiv of I2, CH2Cl2, 25 oC,
10 min; t) 10.0 equiv of Ph3P, fusion (90 oC), 3 h, 87 % for two steps. DIBAL�diisobutylaluminum hydride;
4-DMAP� 4-N-dimethylaminopyridine; DMF�N,N-dimethylformamide; HMPA� hexamethylphosphoramide;
KHMDS� potassium bis(trimethylsilyl)amide; LiHMDS� lithium bis(trimethylsilyl)amide; NMO� 4-methylmor-
pholine-N-oxide; PivCl� trimethylacetyl chloride (pivaloyl); TBAF� tetra-n-butylammonium fluoride; TBS� tert-
butyldimethylsilyl ; TPAP� tetra-n-propylammonium perruthenate; TPP�meso-tetraphenylporphyrin.


Wittig homologation followed by benzylidene acetal forma-
tion to give 18. The alcohol was protected as a silyl ether, then
ozonolysis yielded aldehyde 20.[4] The ylide obtained from
21[2] by basic treatment (LiHMDS) was treated with aldehyde
20 leading to olefinic compound 22 in 84 % yield. Compound
22 was desilylated by exposure to excess TBAF (82 % yield).
The resulting diol (23) was selectively oxidized with Dess ±
Martin periodinane[15] to the corresponding hydroxy aldehyde
(24, 87 % yield) and thence to carboxylic acid 25 (96 % yield).
Yamaguchi lactonization[16] of hydroxy acid 25 produced
lactone 16 in 70 % yield. Compound 16 was converted to
ketene acetal phosphate 15 by treatment with KHMDS in the
presence of (PhO)2POCl (90 % yield). Ketene acetal phos-
phate 15 entered into a smooth coupling with
nBu3SnCH�CH2 in the presence of [Pd(PPh3)4] catalyst and
LiCl, furnishing triene system 14 in 95 % yield. Of the three
double bonds in 14, those in the conjugated 1,3-diene system
required selective oxygenation at their termini. An excellent
solution to this problem was provided by singlet oxygen,[17]


which, upon generation from oxygen with light (halogen) in
the presence of meso-tetraphenylporphyrin,[18] reacted selec-
tively with the 1,3-diene system of 14 to form endoperoxide 11
(ca. 1:1 inconsequential mixture of diastereoisomers, 85 %
yield based on recovered starting material). In order to
elaborate 11 into intermediates with appropriate appendages
on ring E, we needed to effect a number of selective reduction
steps. To this end, the O ± O endoperoxide bond was cleaved
with H2 in the presence of Lindlar�s catalyst[14a] affording diol
26 (ca. 1:1 mixture of isomers) in 99 % yield. Selective
silylation of the primary hydroxyl group in 26 under standard
TBSCl/imidazole conditions gave hydroxy silyl ether 27 (93 %
yield), which was oxidized to enone 28 (85 %) by the action of
TPAP/NMO.[19] A highly selective reduction of the enone
C�C in 28 was achieved by reaction with [(Ph3P)CuH]6,[20]


which resulted in the formation of ketone 29 in 96 % yield as a
single stereoisomer. The configuration of the newly generated
stereogenic center was confirmed by X-ray crystallographic
analysis of compound 30 b (see Scheme 4). DIBAL reduction
of the ketone functionality in 29 proceeded selectively from
the top face of the molecule as drawn, furnishing hydroxy
compound 30 (87 % yield) which reacted with trimethylacetyl
chloride (PivCl) in the presence of 4-DMAP to afford pivaloate
31 (91 % yield). Deprotection at the primary position of 31


was effected by TBAF,
leading to alcohol 32
(91 %) which was con-
verted smoothly to the
desired phosphonium
salt 9 via iodide 33
(87 % yield for two
steps).


Assignments of the rel-
ative stereochemistries
within 30 and its relatives
were challenging due to
the slow conformational
changes on the NMR
time scale of the nine-
membered ring (reminis-
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cent to those of brevetoxin A).[21] They were eventually
secured by X-ray crystallographic analysis (see Figure 1) of
derivative 30 b (formed from 30 as shown in Scheme 4) and
2D NMR studies on dialdehyde 30 c. The latter compound was
obtained by ozonolysis of 30 b and, devoid of the nine-
membered ring, exhibited normal behavior with regards to
NMR spectroscopy. Thus, using ROSEY and COESY experi-
ments, all relevant NMR signals and stereogenic centers were
fully assigned. Furthermore, the information gained proved to
be extremely useful for subsequent assignments in related
compounds (vide infra).


Figure 1. X-Ray structure of compound 30 b.
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Scheme 4. Synthesis of crystalline derivative 30b and dialdehyde 30c.
Reagents and conditions: a) 1.3 equiv of TBAF, THF, 25 8C, 3 h, 92%;
b) 3.8 equiv of Me2C(OMe)2, 0.1 equiv of CSA, CH2Cl2, 25 8C, 20 min,
95%; c) O3, CH2Cl2, ÿ78 8C; 17 equiv of Ph3P, 25 8C, 30 min, 89%. CSA�
10-camphorsulfonic acid.


Phosphonium salt 12 was formed by reduction (NaBH4) of
aldehyde 20, followed by treatment with iodine and Ph3P to
yield the intermediate iodide 35 and subsequent reaction with
excess Ph3P (Scheme 5). Generation of the ylide from
phosphonium salt 12 (nBuLi) was followed by coupling with
aldehyde 13 in the presence of HMPA to afford, the cis-olefin
36 in 87 % yield. Desilylation of 36 was effected with TBAF
(82 % yield) and the resulting hydroxy dithioketal 37 was
subjected to the normal cyclization conditions (AgClO4,
NaHCO3, 4 � MS, silica gel, CH3NO2), leading to oxocene 38
(72 % yield). Radical-mediated desulfurization of 38
(Ph3SnH/AIBN, 110 8C) resulted in the formation of the
reduced product 39 (81%) with the desired stereochemistry,
while hydrogenation of 39 (H2, Pd/C) was accompanied by
cleavage of the benzylidene system furnishing diol 40 (94 %
yield). The primary hydroxyl group in the latter compound
(40) was temporarily blocked (TBSCl/imidazole, 90 %), while
the secondary hydroxyl group was oxidized to ketone 42
(TPAP/NMO, 89 %)[19] and converted to the dithioketal 43
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Scheme 5. Synthesis of aldehyde 10. Reagents and conditions: a) 1.3 equiv
of NaBH4, THF, 25 8C, 30 min, 93%; b) 1.4 equiv of imidazole, 1.4 equiv of
I2, 1.3 equiv of Ph3P, ether:acetonitrile (1:1.5), 25 8C, 30 min, 84%;
c) 1.1 equiv of Ph3P, MeCN, 80 8C, 48 h, 89 %; d) 1.0 equiv of 12, 1.1 equiv
of nBuLi,ÿ78 8C, then 10.0 equiv of HMPA, 1.2 equiv of 13,ÿ78 8C (0.5 h)
!25 8C (1 h), 87%; e) 1.4 equiv of TBAF, THF, 25 8C, 0.5 h, 82%;
f) 3.0 equiv of AgClO4, 10.0 equiv of NaHCO3, 4 � MS, silica gel,
CH3NO2, 25 oC, 3 h, 72%; g) 2.0 equiv of Ph3SnH, 0.1 equiv of AIBN,
PhCH3, 110 8C, 2 h, 81 %; h) H2, 10% Pd/C, CH3OH, 25 8C, 17 h, 94%;
i) 1.1 equiv of TBSCl, 1.2 equiv of imidazole, CH2Cl2, 25 8C, 30 min, 90%;
j) 0.1 equiv of TPAP, 1.5 equiv of NMO, CH2Cl2:CH3CN (1:1), 25 8C,
30 min, 89 %; k) 15 equiv of EtSH, CH2Cl2, 0.2 equiv of Zn(OTf)2, 25 8C,
4 h; l) 0.05 equiv of CSA, CH3OH:CH2Cl2 (1:1), 1 h, 87% for two steps;
m) 3.0 equiv of SO3 ´ pyr, DMSO, Et3N, CH2Cl2, 0 8C, 30 min, 89%.
DMSO�dimethyl sulfoxide; HMPA�hexamethylphosphoramide; NMO�
4-methylmorpholine-N-oxide; Ms�methanesulfonate; pyr.�pyridine;
Tf� trifluoromethanesulfonate.


(EtSH/Zn(OTf)2). Finally, the primary hydroxyl group was
liberated with CSA in CH2Cl2:MeOH (1:1) in 87 % yield
(from 42) and oxidized with SO3 ´ pyridine and DMSO[22] to
afford the targeted aldehyde 10 (89 % yield).


Coupling of building blocks 9 and 10 proceeded smoothly
through the ylide of 9 (nBuLi) affording cis-olefin 45 in 77 %
yield (Scheme 6). DIBAL-induced removal of the pivaloate
group from 45 led to hydroxy dithioketal 46 in 83 % yield,
which upon processing through the standard ring-closure
conditions, furnished pentacyclic system 47 in 81 % yield. The
radical pathway described above for 38 (Ph3SnH/AIBN) also
served well in this instance, leading to the desired system 8
(80 % yield, single stereoisomer).


The relative stereochemistry within 8 was secured by 1H-
COSY, 1H ROESY, 1H 13C HMQC, and HMBC NMR experi-
ments. Thus, having established the configurations at C-3,
C-23, C-4, C-18 (ring E), C-9, and C-13 (ring G) stereocenters
by X-ray crystallography (vide supra, compound 30 b) and by
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Scheme 6. Construction of EFGH ring system 8. Reagents and conditions:
a) 1.0 equiv of 9, 1.1 equiv of nBuLi, THF,ÿ78 8C, 20 min; then 6.5 equiv of
HMPA, 1.3 equiv of 10, ÿ78 8C, 30 min; then 25 8C, 20 min, 77%;
b) 1.05 equiv of DIBAL, CH2Cl2, ÿ78 oC, 1 h, 83 %; c) 3.0 equiv of
AgClO4, 10 equiv of NaHCO3, 4 � MS, SiO2, MeNO2, 25 8C, 1 h, 81%;
d) 10 equiv of Ph3SnH, 0.1 equiv of AIBN, toluene, reflux, 2 h, 80%.
AIBN� 2,2'-azobisisobutyronitrile; MS�molecular sieves.


virtue of the compound�s origins (i.e. 2-deoxy-d-ribose and
tri-O-acetyl-d-glucal), the only remaining centers to be
determined were those at C-8 and C-17. The NMR experi-
ments proved revealing, not only for establishing the config-
urations at these centers, but also for confirming other
stereochemical assignments. Thus, the 1H ROESY spectrum[2]


revealed a strong NOE between H-8 (d� 4.08) and H-9 (d�
3.09) pointing to a syn relationship between these protons,
while the absence of NOE between H-8 (d� 4.08) and H-17
(d� 3.33), H-9 (d� 3.09) and H-13 (d� 2.99) gave some
evidence towards a trans relationship at those fusions
(Figure 2). The trans arrangement between H-8 and H-17
was also evident from the 10.0 Hz coupling constant between
these protons as determined from 1H COSY experiments. A
number of additional NOEs were in agreement with struc-
ture 2.[2]
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Figure 2. NOE correlations for 8.


Conclusion


The feasibility of a second generation strategy proposed for
the total synthesis of brevetoxin A (1) (see Scheme 1) was
supported by the important model study described above.
Specifically, a powerful sequence of reactions was developed
for the construction of the most challenging region of the
target molecule containing the medium-sized rings E, F and G.
The most important developments employed during the
construction of this successful model system were: a) the
conversion of a nine-membered ring lactone to its ether
counterpart via the corresponding cyclic enol acetal phos-
phate and a subsequent palladium-catalyzed process;[13] b) a


singlet oxygen-mediated functionalization of a conjugated
diene system;[2] and c) a hydroxy dithioketal cyclization to
form the oxocene ring F.[5]


The chemistry described here sets the stage for the
implementation of the final strategy towards brevetoxin A
(1). In the following article, we present the construction of the
required building blocks for brevetoxin A (1).


Experimental Section


General techniques : See paper 1 in this series.[1]


Bis-silyl ether 22 : The phosphonium salt 21 (4.32 g, 7.5 mmol) was
suspended in toluene (50 mL), and the mixture was cooled to 0 8C. After
treatment with LiHMDS (7.5 mL of 1m in THF, 7.5 mmol), the yellow
solution was stirred at 0 8C for 20 min. A solution of aldehyde 20 (2.1 g,
6.25 mmol) in toluene (15 mL) was added at 0 8C, and the reaction mixture
was stirred at this temperature for 1 h and at 25 8C for 7 h. It was quenched
by addition of saturated aqueous ammonium chloride solution (15 mL).
The layers were separated and the aqueous phase was extracted with
EtOAc (3� 10 mL). The combined organic extracts were dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 3:17, ether:hexanes) to afford olefin 22 (2.65 g, 84%). 22 :
colorless oil; Rf� 0.75 (silica gel, 1:6, ether:hexanes); IR (thin film): nÄmax�
2928, 2856, 1462, 1390, 1256, 1106, 1029, 836 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.50 ± 7.48 (m, 2H, ArH), 7.38 ± 7.32 (m, 3 H, ArH), 5.67 ± 5.59
(m, 1 H,�CH), 5.56 ± 5.51 (m, 1H,�CH), 5.48 (s, 1H, PhCH), 4.19 (dd, J�
9.5, 3.5 Hz, 1 H), 3.65 ± 3.55 (m, 5 H), 2.67 (dd, J� 14.5, 7.0 Hz, 1 H), 2.27
(ddd, J� 14.5, 7.5, 7.5 Hz, 1H), 2.18 ± 2.07 (m, 2 H), 1.66 ± 1.55 (m, 2 H), 0.92
(s, 9 H, tBuSi), 0.91 (s, 9H, tBuSi), 0.13 (s, 3 H, CH3Si), 0.12 (s, 3H, CH3Si),
0.04 (2 s, 6H, CH3Si); 13C NMR (100.6 MHz, CDCl3): d� 138.0, 131.4,
128.7, 128.0, 125.9, 125.4, 100.8, 82.4, 71.7, 66.6, 62.3, 32.7, 29.5, 26.0, 25.7,
24.0, 18.4, 17.9, ÿ4.2, ÿ4.8, ÿ5.3, ÿ5.3; HRMS (FAB) calcd for
C28H50O4Si2 ([M�Na�]) 529.3145, found 529.3132.


Diol 23 : A solution of bis-silyl ether 22 (13.1 g, 26.0 mmol) in THF
(150 mL) was treated with TBAF (62.0 mL of 1m in THF, 62.0 mmol) at
25 8C for 7 h. The mixture was diluted with saturated aqueous ammonium
chloride solution (100 mL) and extracted with EtOAc (3� 150 mL). The
combined organic extracts were dried (Na2SO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 9:1,
EtOAc:hexanes) to afford diol 23 (5.92 g, 82 %). 23 : colorless oil; Rf� 0.5
(silica gel, 1:9, EtOAc:hexanes); IR (thin film): nÄmax� 3388, 2931, 1454,
1396, 1072, 1028, 698 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.54 ± 7.44 (m,
2H, ArH), 7.40 ± 7.30 (m, 3 H, ArH), 5.73 ± 5.64 (m, 1 H, �CH), 5.52 ± 5.44
(m, 1 H,�CH), 5.46 (s, 1H, PhCH), 4.21 (dd, J� 10.5, 4.5 Hz, 1H), 4.12 (br
m, 1 H, OH), 3.65 ± 3.53 (m, 5H), 2.72 (br s, 1 H), 2.57 (br m, 2H), 2.38 ± 2.27
(m, 1H), 2.17 ± 2.06 (m, 1H), 1.68 ± 1.50 (m, 2 H); 13C NMR (100.6 MHz,
CDCl3): d� 137.8, 131.2, 128.9, 128.3, 126.0, 125.7, 101.0, 81.7, 71.1, 64.3,
61.3, 31.6, 29.1, 23.0; MS (electrospray) calcd for C16H22O4 ([M�H�]) 279,
found 279.


Hydroxy aldehyde 24 : A solution of diol 23 (6.63 g, 24.0 mmol) in CH2Cl2


(100 mL) was treated with Dess ± Martin reagent (12.2 g, 28.8 mmol) at
25 8C for 4.5 h. The reaction mixture was quenched by addition of saturated
aqueous sodium bicarbonate solution (50 mL). The aqueous phase was
separated and extracted with CH2Cl2 (5� 40 mL). The combined organic
extracts were dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 7:3, EtOAc:hexanes) to afford the
hydroxy aldehyde 24 (5.74 g, 87%). 24 : colorless oil; Rf� 0.65 (silica gel,
7:3, EtOAc:hexanes); IR (thin film): nÄmax� 3429, 2924, 2855, 1715, 1458,
1396, 1075, 1028, 753, 699 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.72 (s,
1H, CH(O)), 7.53 ± 7.42 (m, 2 H, ArH), 7.40 ± 7.30 (m, 3H, ArH), 5.69 ± 5.62
(m, 1 H,�CH), 5.48 ± 5.40 (m, 1H,�CH), 5.47 (s, 1H, PhCH), 4.26 (dd, J�
10.5, 4.5 Hz, 1 H), 3.70 ± 3.60 (m, 2H), 3.58 (dd, J� 10.0, 10.0 Hz, 1H), 2.70
(d, J� 5.0 Hz, 1 H, OH), 2.63 ± 2.54 (m, 4H), 2.53 ± 2.43 (m, 1H), 2.40 ± 2.28
(m, 1 H); 13C NMR (100.6 MHz, CDCl3): d� 202.7, 137.8, 130.0, 128.9,
128.2, 126.1, 101.0, 81.3, 71.1, 64.9, 43.6, 29.6, 20.0; HRMS (FAB) calcd for
C16H20O4 ([M�Na�]) 299.1259, found 299.1265.







Total Synthesis of Brevetoxin A: Part 2: 618 ± 627


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0623 $ 17.50+.50/0 623


Hydroxy acid 25 : A solution of aldehyde 24 (5.74 g, 21.0 mmol), NaClO2


(5.7 g, 62.0 mmol), NaH2PO4 (3.02 g, 25.2 mmol), and 2-methyl-2-butene
(35 mL of 2m in THF) in tBuOH (40 mL) and water (8 mL) was vigorously
stirred at 25 8C for 3 h. The reaction mixture was concentrated, and the
residue was purified by flash column chromatography (silica gel, EtOAc) to
afford hydroxy acid 25 (5.83 g, 96 %). 25 : colorless oil; Rf� 0.35 (silica gel,
1:49 acetic acid:EtOAc); IR (thin film): nÄmax� 3409, 1709, 1399, 1073, 1028,
698 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.51 ± 7.41 (m, 2 H, ArH), 7.40 ±
7.28 (m, 3H, ArH), 5.71 ± 5.65 (m, 1 H, �CH), 5.49 ± 5.43 (m, 1H, �CH),
5.46 (s, 1 H, PhCH), 4.23 (dd, J� 10.5, 4.5 Hz, 1H), 3.70 ± 3.60 (m, 2 H), 3.55
(dd, J� 10.0, 10.0 Hz, 1 H), 2.62 ± 2.56 (m, 2 H), 2.50 ± 2.41 (m, 3 H), 2.39 ±
2.29 (m, 1H); 13C NMR (100.6 MHz, CDCl3): d� 178.4, 137.7, 129.8, 129.0,
128.3, 126.3, 126.1, 101.0, 81.2, 70.8, 64.7, 33.7, 29.5, 22.5 ; HRMS (FAB)
calcd for C16H20O5 ([M�Na�]) 315.1208, found 315.1219.


Lactone 16 : A solution of hydroxy acid 25 (2.2 g, 7.53 mmol) and Et3N
(1.15 mL, 8.28 mmol) in THF (15 mL) was treated with 2,4,6-trichloroben-
zoyl chloride (1.24 mL, 7.91 mmol) at 0 8C for 20 min. The reaction mixture
was diluted with benzene (100 mL) and added by cannula to a solution of
DMAP (1.39 g, 11.3 mmol) in benzene (300 mL) at 80 8C over 1 h. It was
stirred at 80 8C for an additional 1 h, cooled to room temperature, and
treated with saturated aqueous ammonium chloride solution (50 mL). The
aqueous phase was separated and extracted with ether (3� 50 mL). The
combined organic extracts were dried (Na2SO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 3:7,
ether:hexanes) to afford lactone 16 (1.43 g, 70%). 16 : colorless oil; Rf�
0.35 (silica gel, 3:7 ether:hexanes); IR (thin film): nÄmax� 2959, 2868, 1738,
1456, 1383, 1334, 1252, 1206, 1147, 1094, 1000, 699 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.55 ± 7.47 (m, 2 H, ArH), 7.42 ± 7.30 (m, 3 H,
ArH), 5.81 ± 5.73 (m, 1H, �CH), 5.71 ± 5.64 (m, 1H, �CH), 5.53 (s, 1H,
PhCH), 4.87 (br m, 1 H), 4.36 (dd, J� 10.5, 5.0 Hz, 1H), 3.85 (dd, J� 10.5,
10.5 Hz, 1H), 3.78 (ddd, J� 9.5, 5.0, 5.0 Hz, 1H), 2.50 ± 2.40 (m, 4H), 2.39 ±
2.30 (m, 1H), 2.26 ± 2.19 (m, 1 H); 13C NMR (125.7 MHz, CDCl3): d� 175.4,
137.3, 129.2, 128.6, 128.4, 126.2, 102.2, 80.4, 73.2, 69.2, 34.2, 31.5, 24.6;
HRMS (FAB) calcd for C16H18O4 ([M�Na�]) 297.1103, found 297.1108.


Ketene acetal phosphate 15 : A solution of lactone 16 (2.1 g, 7.66 mmol),
HMPA (5.1 mL, 31.0 mmol), and diphenyl chlorophosphate (5.1 mL,
24.5 mmol) in THF (50 mL) was treated with KHMDS (42 mL, 0.5m in
toluene, 21 mmol) at ÿ78 8C for 1 h. The reaction mixture was diluted with
ether (50 mL) and quenched by the addition of 5% aqueous ammonium
hydroxide solution (20 mL). The resulting biphasic solution was stirred at
25 8C for 30 min, whereupon the aqueous phase was separated and
extracted with ether (2� 50 mL). The combined organic extracts were
dried (Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 1:4, EtOAc:hexanes) to afford ketene acetal
phosphate 15 (3.5 g, 90%). 15 : colorless oil; Rf� 0.42 (silica gel, 1:4,
EtOAc:hexanes); IR (thin film): nÄmax� 1682, 1590, 1489, 1299, 1187, 1109,
770, 688 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.51 ± 7.23 (m, 15 H, ArH),
5.83 (ddd, J� 10.5, 10.5, 7.0 Hz, 1H,�CH), 5.73 (ddd, J� 10.5, 10.5, 7.0 Hz,
1H, �CH), 5.46 (s, 1H, PhCH), 5.11 (ddd, J� 8.0, 8.0, 2.5 Hz, 1 H, �CH),
4.30 (dd, J� 10.5, 5.0 Hz, 1H), 4.11 (ddd, J� 10.0, 10.0, 5.0 Hz, 1H), 3.99
(ddd, J� 9.0, 4.0, 4.0 Hz, 1 H), 3.66 (dd, J� 10.5, 10.5 Hz, 1 H), 3.26 ± 3.17
(m, 2H), 2.45 ± 2.34 (m, 2H); 13C NMR (125.7 MHz, CDCl3): d� 153.3,
150.2, 137.2, 131.1, 129.7, 128.9, 128.1, 126.0, 125.5, 124.9, 119.9, 101.4, 96.9,
80.0, 77.8, 69.1, 29.1, 21.6; HRMS (FAB) calcd for C28H27O7P ([M�Cs�]):
639.0549, found 639.0526.


Diene 14 : A solution of ketene acetal phosphate 15 (3.5 g, 6.9 mmol), tri-n-
butyl(vinyl)tin (4.85 g, 15.4 mmol), LiCl (877 mg, 20.7 mmol), and
[Pd(Ph3P)4] (440 mg, 0.38 mmol) in THF (35 mL) was heated at 80 8C for
1.5 h. The reaction mixture was concentrated, and the residue was purified
by flash column chromatography (silica gel, 1:4, EtOAc:hexanes) to afford
diene 14 (1.88 g, 95%). 14 : colorless oil; Rf� 0.78 (silica gel, 1:4,
EtOAc:hexanes); IR (thin film): nÄmax� 2920, 2866, 1597, 1450, 1387, 1094,
1031, 749, 696 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.52 ± 7.48 (m, 2H,
ArH), 7.41 ± 7.35 (m, 3H, ArH), 6.24 (dd, J� 17.0, 11.0 Hz, 1H, �CH),
5.81 ± 5.70 (m, 2H, �CH), 5.52 (s, 1H, PhCH), 5.32 (d, J� 17.0 Hz, 1H,
�CH), 5.29 (dd, J� 8.0, 8.0 Hz, 1 H,�CH), 5.01 (d, J� 11.0 Hz, 1H,�CH),
4.40 ± 4.33 (m, 1 H), 4.03 ± 3.98 (m, 1H), 3.85 ± 3.79 (m, 2 H), 3.24 ± 3.12 (m,
2H), 2.61 (ddd, J� 13.0, 7.0, 7.0 Hz, 1H), 2.51 (ddd, J� 13.5, 6.5, 5.0 Hz,
1H); 13C NMR (125.7 MHz, CDCl3): d� 157.5, 137.7, 135.2, 129.5, 129.0,
128.3, 126.1, 125.0, 116.5, 112.5, 101.2, 79.4, 76.4, 70.4, 30.0, 23.7; HRMS
(FAB) calcd for C18H20O3 ([M�H�]) 285.1491, found 285.1498.


Endoperoxide 11: Oxygen (gas) was bubbled through a solution of diene 14
(512 mg, 1.8 mmol) and meso-tetraphenylporphyrin (50 mg, 0.082 mmol) in
CCl4 (50 mL) for 5 min. The reaction mixture was irradiated with a 150 W
projection lamp at 25 8C for 3 h. The solvent was removed in vacuo, and the
residue was purified by flash column chromatography (silica gel, benzene)
to afford endoperoxide 11 (410 mg, 72%) as a mixture of diastereoisomers
(ca. 1:1 ratio) and recovered starting material 14 (82 mg, 16 %). 11a (polar
isomer): colorless oil; Rf� 0.35 (silica gel, benzene); IR (thin film): nÄmax�
2927, 2857, 1726, 1676, 1677, 1452, 1294, 1209, 1116, 1088, 1028, 753,
698 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.50 ± 7.40 (m, 2 H, ArH), 7.40 ±
7.30 (m, 3 H, ArH), 5.94 (ddd, J� 10.5, 10.5, 7.5 Hz, 1H,�CH), 5.76 (ddd,
J� 10.5, 10.5, 6.5 Hz, 1 H,�CH), 5.48 (s, 1H, PhCH), 5.35 (br m, 1H), 4.82
(br d, J� 10.5 Hz, 1H), 4.79 (ddd, J� 15.5, 2.0, 2.0 Hz, 1 H), 4.46 (ddd, J�
15.5, 3.5, 2.0 Hz, 1H), 4.31 (dd, J� 10.0, 4.0 Hz, 1 H), 3.88 ± 3.80 (m, 2H),
3.72 (dd, J� 10.0, 10.0 Hz, 1 H), 2.93 (dd, J� 11.5, 11.5 Hz, 1 H), 2.75 (ddd,
J� 14.0, 10.0, 8.0 Hz, 1H), 2.38 (ddd, J� 14.0, 6.5, 2.5 Hz, 1H), 2.18 ± 2.10
(m, 1 H); 13C NMR (125.7 MHz, CDCl3): d� 152.3, 137.3, 129.0, 128.9,
128.2, 127.1, 126.0, 104.5, 101.5, 78.0, 77.7, 69.6, 68.6, 68.3, 27.8.


Diols 26 a and 26 b : A solution of diastereomeric endoperoxides 11
(340 mg, 1.08 mmol) in methanol (20 mL) was treated with Lindlar catalyst
(40 mg) under an atmosphere of hydrogen at 25 8C for 20 min. The reaction
mixture was concentrated, and the residue was purified by flash column
chromatography (silica gel, EtOAc) to afford diols 26 a (165 mg, 48 %) and
26b (173 mg, 51%). 26a : colorless oil; Rf� 0.52 (silica gel, EtOAc); IR
(thin film): nÄmax� 3360, 2964, 2928, 1661, 1452, 1397, 1079, 1024, 750,
691 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.52 ± 7.43 (m, 2 H, ArH), 7.41 ±
7.30 (m, 3 H, ArH), 5.81 (ddd, J� 10.5, 10.5, 7.5 Hz, 1H,�CH), 5.54 (ddd,
J� 10.5, 10.5, 6.0 Hz, 1 H, �CH), 5.50 (s, 1 H, PhCH), 5.29 (dd, J� 8.0,
8.0 Hz, 1 H,�CH), 4.73 (dd, J� 10.5, 4.5 Hz, 1H), 4.46 (dd, J� 10.5, 4.5 Hz,
1H), 4.21 (dd, J� 12.5, 8.5 Hz, 1H), 4.09 (dd, J� 12.5, 7.5 Hz, 1H), 3.95
(ddd, J� 8.5, 5.0, 3.0 Hz, 1 H), 3.87 (dd, J� 10.5, 10.5 Hz, 1H), 3.74 (ddd,
J� 10.0, 10.0, 4.5 Hz, 1 H), 3.25 (br m, 1H, OH), 3.05 ± 2.96 (m, 1H), 2.75
(ddd, J� 12.0, 11.0, 11.0 Hz, 1 H), 2.40 ± 2.31 (m, 2H); 13C NMR
(125.7 MHz, CDCl3): d� 163.4, 137.2, 129.0, 128.4, 128.2, 127.3, 126.0,
109.7, 101.7, 80.1, 79.5, 70.8, 66.4, 57.1, 31.4, 30.2; HRMS (FAB) calcd for
C18H22O5 ([M�Na�]) 341.1365, found 341.1360. 26 b : colorless oil; Rf�
0.62 (silica gel, EtOAc); IR (thin film): nÄmax� 3296, 2928, 2867, 1659, 1452,
1394, 1127, 1085, 1024, 983, 737 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.52 ± 7.45 (m, 2H, ArH), 7.45 ± 7.32 (m, 3H, ArH), 5.83 ± 5.73 (m, 2H,
�CH), 5.48 (s, 1 H, PhCH), 5.27 (dd, J� 7.5, 7.5 Hz, 1 H), 4.43 ± 4.39 (m,
1H), 4.39 (dd, J� 10.5, 5.0 Hz, 1 H), 4.29 (dd, J� 12.0, 7.5 Hz, 1 H), 4.21 (dd,
J� 12.0, 7.5 Hz, 1H), 4.09 (ddd, J� 10.0, 10.0, 5.0 Hz, 1H), 3.79 (br m, 1H,
OH), 3.76 (dd, J� 11.0, 11.0 Hz, 1H), 3.75 ± 3.72 (m, 1 H), 2.80 (br m, 1H,
OH), 2.63 ± 2.52 (m, 4H); 13C NMR (125.7 MHz, CDCl3): d� 164.5, 137.3,
129.0, 128.3, 128.2, 127.9, 126.0, 107.4, 101.5, 79.0, 78.4, 70.9, 69.9, 56.6, 34.2,
31.2; HRMS (FAB) calcd for C18H22O5 ([M�Na�]) 341.1365, found
341.1358.


Silyl ether 27b : A solution of diol 26 b (500 mg, 0.95 mmol) in CH2Cl2


(30 mL) was treated with imidazole (78 mg, 1.14 mmol) and TBSCl
(150 mg, 1.0 mmol) at 25 8C for 30 min. The reaction mixture was quenched
by the addition of saturated aqueous ammonium chloride solution (5 mL),
and the aqueous phase was separated and extracted with ether (3� 10 mL).
The combined organic extracts were dried (Na2SO4) and concentrated, and
the residue was purified by flash column chromatography to afford alcohol
27b (566 mg, 93 %). Rf� 0.47 (silica gel, 1:4, ether:hexanes); IR (thin film):
nÄmax� 3423, 2928, 1654, 1254, 1083, 1028, 836, 696 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.52 ± 7.46 (m, 2 H, ArH), 7.40 ± 7.31 (m, 3 H,
ArH), 5.83 (ddd, J� 10.5, 8.5, 8.5 Hz, 1 H, �CH), 5.75 (ddd, J� 10.5, 8.5,
8.5 Hz, 1H,�CH), 5.47 (s, 1H, PhCH), 5.19 (dd, J� 7.0, 7.0 Hz, 1H), 4.44
(d, J� 5.5 Hz, 1 H), 4.40 ± 4.34 (m, 1 H), 4.38 (dd, J� 10.5, 5.0 Hz, 1 H), 4.30
(d, J� 7.0 Hz, 2H), 4.08 (ddd, J� 10.0, 10.0, 5.0 Hz, 1 H), 3.75 (dd, J� 10.5,
10.5 Hz, 1 H), 3.75 ± 3.70 (m, 1 H), 2.66 ± 2.50 (m, 4 H), 0.93 (s, 9H, tBuSi),
0.13 (s, 3 H, CH3Si), 0.13 (s, 3 H, CH3Si); 13C NMR (100.6 MHz, CDCl3):
d� 164.8, 137.5, 129.2, 129.1, 128.3, 127.4, 126.2, 107.1, 101.7, 79.2, 78.4, 70.9,
70.0, 57.7, 34.3, 31.3, 25.9, 18.1, ÿ5.0, ÿ5.1; HRMS (FAB) calcd for
C24H36O5Si ([M�Cs�]) 565.1386, found 565.1395.


a,b-Unsaturated ketone 28 : A solution of hydroxy silyl ether 27 (550 mg,
1.27 mmol) and 4-methylmorpholine N-oxide (225 mg, 1.9 mmol) in
CH2Cl2 (25 mL) was treated with tetrapropylammonium perruthenate
(23 mg, 0.064 mmol) at 25 8C for 1 h. The reaction mixture was filtered
through a short silica gel pad, eluting with ether. The filtrate was
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concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 1:3, ether:hexanes) to afford a,b-unsaturated ketone 28
(462 mg, 85%). 28 : colorless oil; Rf� 0.47 (silica gel, 1:3, ether:hexanes);
IR (thin film): nÄmax� 2928, 2855, 1694, 1614, 1462, 1325, 1257, 1066, 1028,
837, 777, 697, 604 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.50 ± 7.42 (m, 2H,
ArH), 7.38 ± 7.32 (m, 3H, ArH), 5.89 (ddd, J�10.0, 10.0, 6.0 Hz, 1H,�CH),
5.78 (dd, J� 5.0, 5.0 Hz, 1 H), 5.70 (ddd, J� 10.5, 10.5, 6.0 Hz, 1 H,�CH),
5.49 (s, 1 H, PhCH), 4.61 ± 4.51 (m, 2H), 4.41 (dd, J� 10.5, 4.5 Hz, 1 H), 4.00
(dd, J� 10.5, 10.5 Hz, 1H), 3.97 ± 3.95 (m, 1H), 3.81 (dd, J� 10.5, 10.5 Hz,
1H), 3.69 (ddd, J� 10.0, 10.0, 5.0 Hz, 1H), 3.11 (ddd, J� 15.0, 11.0, 4.5 Hz,
1H), 2.82 (dd, J� 10.5, 6.0 Hz, 1 H), 2.47 (dd, J �14.0, 5.0 Hz, 1H), 0.92 (s,
9H, tBuSi), 0.09 (s, 3 H, CH3Si), 0.09 (s, 3 H, CH3Si); 13C NMR (125.7 MHz,
CDCl3): d� 197.3, 149.3, 137.3, 133.8, 129.0, 128.8, 128.2, 126.1, 125.0, 101.6,
78.2, 73.8, 68.5, 59.7, 40.4, 29.3, 25.8, 18.1, ÿ5.3, ÿ5.3; HRMS (FAB) calcd
for C24H34O5Si ([M�Cs�]) 563.1230, found 563.1218.


Ketone 29 : A solution of a,b-unsaturated ketone 28 (460 mg, 1.07 mmol) in
benzene (10 mL) was treated with hydrido(triphenylphosphane)copper(i)
hexamer (1.4 g, 0.72 mmol). After stirring the reaction mixture at 25 8C for
3 h, it was concentrated, and the residue was purified by flash column
chromatography (silica gel, 2:5, ether:hexanes) to furnish ketone 29
(443 mg, 96 %). 29 : colorless oil; Rf� 0.86 (silica gel, 2:5, ether:hexanes);
IR (thin film): nÄmax� 2928, 2857, 1715, 1464, 1257, 1103, 837, 776 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.49 ± 4.43 (m, 2 H, ArH), 7.40 ± 7.30 (m,
3H, ArH), 5.85 (ddd, J� 10.5, 10.5, 6.5 Hz, 1H,�CH), 5.66 (ddd, J� 10.5,
10.5, 6.5 Hz, 1H,�CH), 5.45 (s, 1H, PhCH), 4.34 (dd, J� 10.5, 4.5 Hz, 1H),
4.07 (dd, J� 10.5, 10.5 Hz, 1 H), 3.99 (dd, J� 8.5, 4.5 Hz, 1 H), 3.85 (ddd,
J� 9.0, 4.0, 2.5 Hz, 1 H), 3.71 ± 3.67 (m, 2 H), 3.63 (dd, J� 10.5, 10.5 Hz,
1H), 3.43 (ddd, J� 10.0, 10.0, 4.5 Hz, 1H), 3.06 (ddd, J� 14.5, 10.5, 4.0 Hz,
1H), 2.69 (dd, J� 10.0, 6.5 Hz, 1 H), 2.41 (ddd, J� 14.0, 6.5, 2.0 Hz, 1H),
1.80 ± 1.68 (m, 2 H), 0.90 (s, 9 H, tBuSi), 0.06 (s, 3H, CH3Si), 0.06 (s, 3H,
CH3Si); 13C NMR (100.6 MHz, CDCl3): d� 211.3, 137.5, 129.1, 128.5, 128.3,
126.2, 124.9, 101.8, 82.3, 78.3, 71.2, 68.5, 58.0, 37.9, 35.6, 29.1, 25.8, 18.3,
ÿ5.3, ÿ5.4; HRMS (FAB) calcd for C24H36O5Si ([M�H�]) 433.2410,
found 433.2420.


Secondary alcohol 30 : A solution of ketone 29 (120 mg, 0.28 mmol) in
CH2Cl2 (5 mL) was treated with DIBAL-H (0.4 mL, 1.0m CH2Cl2,
0.4 mmol) at ÿ78 8C for 20 min. The reaction mixture was quenched by
the addition of EtOAc (1.5 mL), followed by a saturated aqueous sodium
potassium tartrate solution (2 mL). The resulting mixture was stirred for
4 h, whereupon the aqueous layer was separated and extracted with EtOAc
(3� 5 mL). The combined organic extracts were dried (Na2SO4), concen-
trated, and the residue was purified by flash column chromatography (silica
gel, 2:5, EtOAc:hexanes) to afford alcohol 30 (105 mg, 87%). 30 : colorless
oil; Rf� 0.47 (silica gel, 2:5, EtOAc:hexanes); IR (thin film): nÄmax� 3446,
2929, 2859, 1456, 1456, 1392, 1255, 1105, 1028, 836, 778, 698 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.47 ± 7.42 (m, 2H, ArH), 7.38 ± 7.32 (m, 3H, ArH),
5.85 (ddd, J� 9.5, 9.0, 9.0 Hz, 1 H, �CH), 5.78 (ddd, J� 10.0, 9.0, 9.0 Hz,
1H, �CH), 5.43 (s, 1H, PhCH), 4.23 (br d, J� 8.5 Hz, 1 H), 3.98 (d, J�
3.0 Hz, 1H), 3.83 (ddd, J� 10.5, 6.0, 3.5 Hz, 1 H), 3.73 (ddd, J� 11.5, 8.5,
3.0 Hz, 1 H), 3.69 ± 3.55 (m, 4H), 3.47 ± 3.40 (m, 1 H), 2.63 (br m, 2H), 2.56
(br m, 2H), 1.92 ± 1.80 (m, 2H), 0.91 (s, 9 H, tBuSi), 0.10 (s, 3H, CH3Si), 0.10
(s, 3H, CH3Si); 13C NMR (100.6 MHz, CDCl3): d� 137.7, 130.2, 128.9,
128.3, 126.2, 126.1, 101.3, 88.2, 80.4, 79.9, 73.3, 70.4, 59.9, 39.8, 33.7, 31.8,
25.8, 18.2, ÿ5.4, ÿ5.5; HRMS (FAB) calcd for C24H38O5Si ([M�H�])
435.2567, found 435.2552.


Silyl ether 31: A solution of secondary alcohol 30 (40 mg, 0.09 mmol) in
CH2Cl2 (3 mL) was treated with 4-DMAP (45 mg, 0.37 mmol) and PivCl
(34 mL, 0.28 mmol) at 25 8C for 8 h. The reaction mixture was quenched
with a saturated aqueous ammonium chloride solution (1 mL) and
extracted with EtOAc (3� 40 mL). The combined organic extracts were
dried (Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 2:5, ether:hexanes) to afford silyl ether 31
(44 mg, 91%). 31: colorless oil; Rf� 0.78 (silica gel, 3:7, ether:hexanes); IR
(thin film): nÄmax� 2929, 2856, 1729, 1458, 1395, 1157, 1028, 836 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.51 ± 7.42 (m 2H, ArH), 7.40 ± 7.32 (m,
3H, ArH), 5.81 (ddd, J� 9.0, 9.0, 9.0 Hz, 1H,�CH), 5.72 (ddd, J� 10.5, 9.0,
9.0 Hz, 1H,�CH), 5.43 (s, 1 H, PhCH), 4.76 (br m, 1H), 4.43 (dd, J� 10.5,
4.5 Hz, 1 H), 3.78 ± 3.62 (m, 5 H), 3.58 (dd, J� 10.5, 10.5 Hz, 1 H), 2.72 (br
m, 1 H), 2.58 (br m, 2 H), 2.49 (br m, 1H), 1.72 ± 1.53 (m, 2H), 1.21 (s, 9H,
OC(O)tBu), 0.90 (s, 9H, tBuSi), 0.06 (s, 3H, CH3Si), 0.05 (s, 3 H, CH3Si);
13C NMR (100.6 MHz, CDCl3): d� 177.5, 137.8, 129.0, 128.9, 128.3, 126.9,


126.2, 101.2, 80.8, 78.5, 77.7, 75.7, 69.6, 58.2, 37.9, 31.3, 29.5, 27.1, 26.5, 25.8,
18.2, ÿ5.3, ÿ5.4; HRMS (FAB) calcd for C29H46O6Si ([M�H�]) 519.3142,
found 519.3164.


Primary alcohol 32 : A solution of silyl ether 31 (100 mg, 0.2 mmol) in THF
(2 mL) was treated with TBAF (300 mL, 1m in THF, 0.3 mmol) at 25 8C for
4 h. The reaction mixture was concentrated, and the residue was purified by
flash column chromatography (silica gel, 2:5, EtOAc:hexanes) to afford
primary alcohol 32 (71 mg, 91%). 32 : colorless oil; Rf� 0.45 (silica gel, 2:5,
EtOAc:hexanes); IR (thin film): nÄmax� 3499, 2960, 1727, 1396, 1282, 1159,
1102, 698 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.49 ± 7.42 (m, 2 H, ArH),
7.39 ± 7.32 (m, 3H, ArH), 5.81 (ddd, J� 9.5, 9.5, 8.5 Hz, 1 H, �CH), 5.73
(ddd, J� 10.5, 8.5, 8.5 Hz, 1 H,�CH), 5.43 (s, 1H, PhCH), 4.89 (br m, 1H),
4.38 (dd, J� 10.5, 4.5 Hz, 1H), 3.79 ± 3.65 (m, 6H), 3.60 (dd, J� 10.0,
10.0 Hz, 1 H), 2.78 (br m, 1 H), 2.53 (br m, 3 H), 1.82 ± 1.75 (m, 1H), 1.70 ±
1.62 (m, 1H), 1.22 (s, 9 H, OC(O)tBu); 13C NMR (100.6 MHz, CDCl3): d�
177.5, 137.8, 128.9, 128.7, 128.2, 127.2, 126.0, 101.3, 82.2, 78.5, 77.1, 74.7, 69.6,
58.7, 38.7, 36.3, 30.9, 28.9, 26.9; HRMS (FAB) calcd for C23H32O6 ([M�
Cs�]) 537.1253, found 537.1273.


Phosphonium salt 9 : A solution of primary alcohol 32 (71 mg, 0.18 mmol),
imidazole (24 mg, 0.31 mmol), and triphenylphosphane (92 mg, 0.31 mmol)
in CH2Cl2 (5 mL) was treated with iodine (50 mg, 0.2 mmol) at 25 8C for
10 min. The reaction mixture was concentrated, and the residue was
purified by flash column chromatography (silica gel, 2:5, EtOAc:hexanes)
to afford iodide 33. Iodide 33 and triphenylphosphane (470 mg, 1.80 mmol)
were fused at 90 8C for 3 h. The mixture was purified by flash column
chromatography (silica gel, 2:5, acetone:CH2Cl2) to afford phosphonium
salt 9 (118 mg, 87% for two steps). Iodide 33 : colorless oil ; Rf� 0.92 (silica
gel, 2:5, EtOAc:hexanes); IR (thin film): nÄmax� 2946, 2858, 1730, 1454,
1396, 1281, 1156, 1103, 1028, 975, 734 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.54 ± 7.45 (m, 2 H, ArH), 7.40 ± 7.30 (m, 3H, ArH), 5.83 (ddd, J� 9.0,
9.0, 9.0 Hz, 1 H, �CH), 5.72 (ddd, J� 10.0, 9.0, 9.0 Hz, 1H, �CH), 5.44 (s,
1H, PhCH), 4.79 (br m, 1 H), 4.39 (dd, J� 10.0, 4.5 Hz, 1H), 3.78 ± 3.60 (m,
3H), 3.59 (dd, J� 10.0, 10.0 Hz, 1 H), 3.25 (ddd, J� 9.5, 6.0, 6.0 Hz, 1H),
3.10 (ddd, J� 9.0, 9.0, 9.0 Hz, 1 H), 2.75 (br m, 1H), 2.54 (br m, 3 H), 2.00 ±
1.95 (m, 2H), 1.25 (s, 9 H, OC(O)tBu); 13C NMR (125.7 MHz, CDCl3): d�
177.3, 137.6, 128.9, 128.6, 128.2, 127.1, 126.1, 101.1, 83.4, 78.3, 76.2, 74.7, 69.8,
38.7, 38.6, 30.9, 28.9, 27.1, 1.9; HRMS (FAB) calcd for C23H31O5I ([M�
Cs�]) 647.0271, found 647.0247. Phosphonium salt 9 : white solid; Rf� 0.32
(silica gel, 1:4, acetone:CH2Cl2); IR (thin film): nÄmax� 2930, 2865, 1724,
1439, 1156, 1097, 1028, 917, 723 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.80 ± 7.64 (m, 15H, ArH), 7.42 ± 7.32 (m, 2H, ArH), 7.28 ± 7.19 (m, 3H,
ArH), 5.76 (ddd, J� 9.0, 9.0, 8.5 Hz, 1 H, �CH), 5.64 (ddd, J� 9.0, 9.0,
8.5 Hz, 1 H,�CH), 5.42 (s, 1H, PhCH), 4.86 (br m, 1 H), 3.95 (br m, 1H),
3.85 ± 3.64 (m, 5 H), 3.28 ± 3.17 (m, 1 H), 2.70 (br m, 1H), 2.51 (br m, 1H),
2.39 (br m, 2H), 1.80 ± 1.68 (m, 1H), 1.60 ± 1.50 (m, 1H), 1.03 (s, 9H,
OC(O)tBu); 13C NMR (125.7 MHz, CDCl3): d� 177.8, 137.5, 135.4, 133.4,
132.2, 130.7, 128.7, 128.0, 126.2, 117.5, 116.8, 101.1, 83.4, 77.9, 72.6, 69.5, 46.5,
38.6, 31.2, 28.7, 26.8, 17.9.


Dialdehyde 30c : A solution of secondary alcohol 30 (50 mg, 0.115 mmol) in
THF (2 mL) was treated with TBAF (150 mL, 1m in THF, 0.15 mmol) at
25 8C for 3 h. The reaction mixture was concentrated, and the residue was
purified by flash column chromatography (silica gel, EtOAc) to afford diol
30a (33 mg, 90 %). A solution of diol 30a (33 mg, 0.104 mmol) in CH2Cl2


(2.0 mL) was treated with 2,2-dimethoxypropane (50 mL, 0.4 mmol) and
CSA (2 mg) at 25 8C for 20 min. The reaction mixture was quenched by the
addition of Et3N (5 mL) and concentrated. The residue was purified by flash
column chromatography (silica gel, 2:5, EtOAc:hexanes) to afford ketal
30b (35 mg, 95 %). Ketal 30 b (35 mg, 0.099 mmol) was dissolved in CH2Cl2


(3 mL) and cooled to ÿ78 8C. Ozone was bubbled through the solution
until a blue color persisted (ca. 3 min.). The excess ozone was then removed
by bubbling oxygen through the solution until the blue color dissipated.
After addition of Ph3P (45 mg, 1.70 mmol), the reaction mixture was stirred
at 25 8C for 30 min and then concentrated. The residue was purified by flash
column column chromatography (silica gel, 2:5, EtOAc:hexanes) to
provide dialdehyde 30c (34 mg, 89%). 30c : colorless oil; Rf� 0.32 (silica
gel, 2:5, EtOAc:hexanes); IR (thin film): nÄmax� 2942, 1725, 1379, 1220,
1102, 1027 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 9.85 (s, 1H, CH(O)),
9.75 (s, 1H, CH(O)), 7.48 ± 7.40 (m, 2H, ArH), 7.40 ± 7.32 (m, 3H, ArH),
5.50 (s, 1 H, PhCH), 4.29 (dd, J� 11.0, 5.0 Hz, 1H), 4.23 (ddd, J� 8.5, 8.5,
4.5 Hz, 1 H), 4.14 (ddd, J� 8.5, 8.5, 3.5 Hz, 1H), 3.71 (dd, J� 12.0, 12.0 Hz,
1H), 3.65 ± 3.58 (m, 2 H), 3.42 (ddd, J� 10.0, 10.0, 5.0 Hz, 1 H), 3.30 (ddd,







Total Synthesis of Brevetoxin A: Part 2: 618 ± 627


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0625 $ 17.50+.50/0 625


J� 9.5, 9.5, 5.0 Hz, 1 H), 2.86 (ddd, J� 16.0, 4.0, 1.0 Hz, 1 H), 2.77 (ddd, J�
16.0, 5.0, 2.5 Hz, 1H), 2.71 (ddd, J� 16.0, 8.0, 2.5 Hz, 1H), 2.54 (ddd, J�
16.0, 8.5, 2.5 Hz, 1 H), 2.03 (ddd, J� 13.5, 4.0, 4.0 Hz, 1H), 1.65 ± 1.58 (m,
1H), 1.34 (s, 3H, CH3), 1.29 (s, 3H, CH3); 13C NMR (125.7 MHz, CDCl3):
d� 200.6, 200.1, 137.0, 129.1, 128.3, 126.0, 102.1, 100.9, 81.0, 76.1, 71.8, 70.4,
69.4, 65.8, 47.2, 45.7, 36.3, 24.9, 24.6.


Primary alcohol 34 : A solution of aldehyde 20 (5.0 g, 14.8 mmol) in
methanol (50 mL) was treated with NaBH4 (0.75 g, 19.5 mmol) at 25 8C for
30 min. The reaction mixture was concentrated, and the residue was
dissolved in ether (150 mL) and washed with saturated aqueous ammonium
chloride solution (2� 20 mL). The organic phase was dried (Na2SO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 3:2, ether:hexanes) to afford alcohol 34 (4.68 g, 93 %). 34 :
colorless oil; Rf� 0.8 (silica gel, 4:1, ether:hexanes); IR (thin film): nÄmax�
3450, 3040, 2940, 2875, 1470, 1140 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.51 ± 7.40 (m, 2H, ArH), 7.39 ± 7.30 (m, 3H, ArH), 5.50 (s, 1H, PhCH), 4.19
(dd, J� 10.0, 4.5 Hz, 1 H), 3.84 (dd, J� 6.0, 6.0 Hz, 2H), 3.79 (ddd, J� 9.0,
9.0, 3.0 Hz, 1H), 3.63 (ddd, J� 10.0, 10.0, 4.5 Hz, 1H), 3.58 (dd, J� 10.0,
10.0 Hz, 1H), 2.26 (br m, 1H, OH), 2.18 ± 2.09 (m, 1H), 1.87 ± 1.76 (m, 1H),
0.89 (s, 9H, tBuSi), 0.10 (s, 3 H, CH3Si), 0.09 (s, 3H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d� 137.6, 129.0, 128.3, 126.0, 101.0, 81.8, 71.8, 66.4,
60.4, 34.0, 25.7, 17.9, ÿ4.2, ÿ4.8; HRMS (FAB) calcd for C18H30O4Si ([M�
H�]) 339.1992, found 339.2003.


Phosphonium salt 12 : To a solution of primary alcohol 34 (27.6 g, 82 mmol),
imidazole (7.8 g, 114 mmol), and triphenylphosphane (27.7 g, 106 mmol) in
ether (110 mL) and acetonitrile (160 mL) at 25 8C was added iodine (28.9 g,
114 mmol) in three equal portions over 30 min. The reaction mixture was
quenched with a saturated aqueous sodium thiosulfate solution (20 mL)
and diluted with ether (700 mL). The organic phase was washed with
NaHCO3 (3� 100 mL) and brine (100 mL), dried (MgSO4), and concen-
trated. Flash chromatography (silica gel, 1:19, ether:petroleum ether)
furnished pure iodide 35. A solution of iodide 35 (31 g, 69.2 mmol) and
triphenylphosphane (19.9 g, 76.0 mmol) in acetonitrile (140 mL) was
heated at 80 8C for 48 h. The reaction mixture was cooled to room
temperature, and the solvent was removed under vacuum. Flash chroma-
tography of the resulting oil (silica gel, 1:9, acetone:CH2Cl2) afforded pure
phosphonium salt 12 (43.6 g, 89%). 12 : white solid; Rf� 0.5 (silica gel, 1:19,
acetone:CH2Cl2); IR (thin film): nÄmax� 3050, 3040, 2980, 2860, 1600, 1450,
1114 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.78 ± 7.32 (m, 20 H, ArH), 5.67
(s, 1H, PhCH), 4.20 ± 4.00 (m, 3H), 3.60 ± 3.51 (m, 1 H), 3.51 ± 3.32 (m, 2H),
2.22 (br m, 1 H), 1.65 ± 1.50 (m, 1 H), 0.72 (s, 9 H, tBuSi), ÿ0.1 (s, 3H,
CH3Si), ÿ0.2 (s, 3 H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 137.6,
135.2, 133.5, 130.7, 128.9, 128.2, 126.4, 118.1, 117.4, 101.0, 80.1, 71.1, 67.2,
25.5, 25.4, 19.0, 17.7, ÿ4.3, ÿ4.9; elemental analysis calcd for C36H44O3SiPI
(%): C 69.11, H 6.81; found C 68.47, H 6.75.


Olefin 36 : Phosphonium salt 12 (8.0 g, 11.3 mmol) was suspended in THF
(100 mL) and cooled to ÿ78 8C. After addition of nBuLi (7.5 mL, 1.6m
solution in hexanes, 12.0 mmol), the yellow-colored solution was stirred at
ÿ78 8C for 20 min. Then, HMPA (20 mL, 0.113 mol), and a solution of
aldehyde 13 (3.4 g, 13.6 mmol) in THF (15 mL) were added successively at
ÿ78 8C, and the reaction mixture was stirred at this temperature for 30 min
and at 25 8C for 1 h. It was quenched with a saturated aqueous ammonium
chloride solution (15 mL), and the separated aqueous layer was extracted
with EtOAc (3� 10 mL). The combined organic extracts were dried
(Na2SO4) and concentrated, and the residue was purified by flash column
chromatography (silica gel, 1:9, ether:hexanes) to afford olefin 36 (6.46 g,
87%). 36 : colorless oil, Rf� 0.65 (silica gel, 1:6, ether:hexanes); IR (thin
film): nÄmax� 3002, 2960, 2857, 1460, 1258, 1106, 1035, 840, 778 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.52 ± 7.43 (m, 2H, ArH), 7.40 ± 7.29 (m,
3H, ArH), 5.94 ± 5.87 (m, 1H,�CH), 5.73 ± 5.67 (m, 1H,�CH), 5.48 (s, 1H,
PhCH), 4.29 (d, J� 8.5 Hz, 1H), 4.22 ± 4.14 (m, 1 H), 4.07 ± 3.98 (m, 1H),
3.66 ± 3.53 (m, 2H), 3.45 (ddd, J� 11.5, 11.5, 3.0 Hz, 1H), 3.06 ± 2.94 (m,
1H), 2.68 ± 2.54 (m, 4 H), 2.36 ± 2.11 (m, 4H), 1.78 ± 1.70 (m, 1 H), 1.57 ± 1.48
(m, 1H), 1.24 (t, J� 7.5 Hz, 3H), 1.10 (t, J� 7.5 Hz, 3H), 0.93 (s, 9 H, tBuSi),
0.16 (s, 3 H, CH3Si), 0.11 (s, 3 H, CH3Si); 13C NMR (125.7 MHz, CDCl3):
d� 137.8, 130.8, 128.6, 128.0, 127.8, 126.0, 100.7, 82.2, 81.3, 71.6, 67.6, 66.8,
62.9, 35.1, 30.6, 25.7, 23.6, 22.7, 22.0, 17.8, 14.0, 13.8, ÿ4.3, ÿ4.8; HRMS
(FAB) calcd for C28H46O4S2Si ([M�Na�]) 561.2505, found 561.2517.


Hydroxy dithioketal 37: A solution of olefin 36 (4.65 g, 7.1 mmol) in THF
(40 mL) was treated with TBAF (10.0 mL, 1m solution in THF, 10.0 mmol)
at 25 8C for 0.5 h. The reaction mixture was diluted with a saturated


aqueous ammonium chloride solution (20 mL), and the aqueous phase was
extracted with EtOAc (3� 20 mL). The combined organic extracts were
dried (Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 1:1, EtOAc:hexanes) to afford alcohol 37
(3.15 g, 82%). 37: colorless oil; Rf� 0.52 (silica gel, 1:1, EtOAc:hexanes);
IR (thin film): nÄmax� 3428, 2927, 2855, 1455, 1395, 1085, 1027, 733 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.50 ± 7.45 (m, 2H, ArH), 7.38 ± 7.27 (m,
3H, ArH), 6.00 ± 5.93 (m, 1H,�CH), 5.88 ± 5.83 (m, 1H,�CH), 5.49 (s, 1H,
PhCH), 4.38 (d, J� 8.0 Hz, 1H), 4.24 (dd, J� 10.5, 4.0 Hz, 1H), 4.10 ± 4.04
(m, 1H), 3.67 (br m, 2H), 3.61 ± 3.57 (m, 1 H), 3.55 (ddd, J� 11.5, 11.5,
2.5 Hz, 1H), 3.45 (br m, 1H, OH), 2.79 ± 2.64 (m, 2 H), 2.67 (q, J� 7.5 Hz,
2H), 2.59 (q, J� 7.5 Hz, 2 H), 2.30 ± 2.15 (m, 2H), 1.84 ± 1.76 (m, 1H), 1.60 ±
1.55 (m, 1 H), 1.26 (t, J� 7.5 Hz, 3 H), 1.18 (t, J� 7.5 Hz, 3 H); 13C NMR
(125.7 MHz, CDCl3): d� 137.7, 131.7, 128.8, 128.1, 127.4, 126.0, 100.9, 81.0,
80.8, 70.6, 67.7, 66.2, 62.1, 34.6, 32.4, 23.9, 22.6, 22.0, 13.9, 13.8; HRMS
(FAB) calcd for C22H32O4S2 ([M�Na�]) 447.1640, found 447.1652.


Mixed thioketal 38 : A heterogeneous mixture of hydroxy dithioketal 37
(3.1 g, 5.7 mmol), powdered 4 � molecular sieves (freshly activated, 3.0 g),
silica gel (dried under vacuum, 3.0 g), sodium bicarbonate (4.8 g,
57.0 mmol), and silver perchlorate (3.5 g, 17.0 mmol) in dry nitromethane
(50 mL) was vigorously stirred at 25 8C for 3 h. The reaction mixture was
treated with Et3N (10 mL), diluted with ether (200 mL), and filtered
through a pad of celite. The filtrate was washed with a saturated aqueous
ammonium chloride solution (3� 30 mL), dried (Na2SO4), and concen-
trated. The residue was purified by flash column chromatography (silica
gel, 1:3, EtOAc:hexanes) to afford mixed thioketal 38 (1.97 g, 72%). 38 :
colorless oil; Rf� 0.35 (1:3, EtOAc:hexanes); 1H NMR (500 MHz, CDCl3):
d� 7.50 ± 7.45 (m, 2 H, ArH), 7.42 ± 7.34 (m, 3 H, ArH), 5.96 ± 5.90 (m, 1H,
�CH), 5.73 (dd, J� 11.0, 7.0 Hz, 1 H,�CH), 5.43 (s, 1 H, PhCH), 4.65 (ddd,
J� 10.0, 10.0, 5.0 Hz, 1 H), 4.09 (dd, J� 10.0, 4.0 Hz, 1H), 4.05 (dd, J� 6.5,
1.0 Hz, 1H), 4.01 ± 3.96 (m, 2 H), 3.59 (dd, J� 10.5, 10.5 Hz, 1H), 3.42 (ddd,
J� 12.0, 12.0, 2.5 Hz, 1 H), 2.80 (dddd, J� 15.5, 9.5, 5.5, 1.0 Hz, 1 H), 2.61 ±
2.53 (m, 1H), 2.50 ± 2.41 (m, 2 H), 2.23 ± 2.15 (m, 2 H), 1.74 ± 1.59 (m, 2H),
1.29 (t, J� 7.5 Hz, 3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 137.5,
132.2, 128.9, 128.6, 128.2, 126.1, 101.4, 91.7, 83.2, 81.8, 69.9, 68.1, 64.4, 34.9,
30.7, 24.1, 20.6, 14.1; HRMS (FAB) calcd for C20H26O4S ([M�H�])
363.1630, found 363.1638.


Oxocene 39 : A solution of mixed ketal 38 (1.9 g, 4.0 mmol) and triphenyltin
hydride (2.06 mL, 8.0 mmol) in toluene (30 mL) was treated with AIBN
(120 mg in 3 mL of toluene) and stirred at 110 8C over a period of 1 h. The
resulting black solution was stirred at the same temperature for an
additional 1 h. It was concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:3, EtOAc:hexanes) to afford oxocene
39 (1.27 g, 81%). 39 : colorless oil; Rf� 0.35 (silica gel, 1:3, EtOAc:hex-
anes); IR (thin film): nÄmax� 2940, 2856, 1463, 1390, 1218, 1093, 1028, 969,
699 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.49 ± 7.42 (m, 2 H, ArH), 7.40 ±
7.31 (m, 3 H, ArH), 5.83 ± 5.75 (m, 2 H,�CH), 5.42 (s, 1H, PhCH), 4.17 (dd,
J� 10.0, 4.5 Hz, 1 H), 3.92 ± 3.87 (m, 1 H), 3.85 (dd, J� 8.5, 4.0 Hz, 1H),
3.82 ± 3.77 (m, 2H), 3.65 ± 3.58 (m, 1H), 3.30 ± 3.20 (m, 2 H), 2.81 (ddd, J�
13.5, 8.5, 4.0 Hz, 1H), 2.44 (dd, J� 14.5, 6.0 Hz, 1 H), 2.12 ± 2.06 (m, 1H),
1.70 ± 1.62 (m, 2 H), 1.48 ± 1.40 (m, 1H); 13C NMR (125.7 MHz, CDCl3): d�
137.6, 135.5, 128.8, 128.1, 126.1, 125.8, 101.5, 82.0, 79.9, 78.3, 71.2, 69.6, 67.0,
31.2, 30.3, 25.3; HRMS (FAB) calcd for C18H22O4 ([M�H�]) 303.1596,
found 303.1580.


Diol 40 : A solution of oxocene 39 (1.25 g, 4.1 mmol) in methanol (20 mL)
was treated with 10% Pd/C (250 mg) and stirred under an atmosphere of
hydrogen at 25 8C for 17 h. The reaction mixture was filtered through a pad
of celite, the filtrate was concentrated, and the residue was purified by flash
column chromatography (silica gel, EtOAc) to afford diol 40 (840 mg,
94%). 40 : colorless oil; Rf� 0.45 (silica gel, EtOAc); IR (thin film): nÄmax�
3417, 2932, 2860, 1636, 1456, 1272, 1118, 1094, 1032 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 3.83 (br d, J� 9.0 Hz, 1 H), 3.78 ± 3.70 (m, 1H),
3.68 ± 3.60 (m, 2 H), 3.43 (ddd, J� 9.0, 4.5, 4.5 Hz, 1H), 3.30 ± 3.23 (m, 1H),
3.17 (ddd, J� 10.0, 10.0, 4.5 Hz, 1H), 3.03 (ddd, J� 9.5, 9.5, 1.0 Hz, 1H),
2.74 (br m, 1 H, OH), 2.63 (br m, 1 H, OH), 2.12 ± 1.90 (m, 4H), 1.68 ± 1.55
(m, 5 H), 1.48 ± 1.40 (m, 1H); 13C NMR (125.7 MHz, CDCl3): d� 86.0, 84.0,
81.7, 72.5, 67.4, 65.1, 36.3, 35.8, 32.0, 25.8, 20.1; HRMS (FAB): calcd for
C11H20O4 ([M�Na�]) 239.1259, found 239.1257.


Primary silyl ether 41: A solution of diol 40 (800 mg, 3.7 mmol) and
imidazole (300 mg, 4.4 mmol) in CH2Cl2 (10 mL) was treated with TBSCl
(590 mg, 3.9 mmol) at 25 8C for 30 min. After addition of a saturated
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aqueous ammonium chloride solution (3 mL), the aqueous phase was
separated, and extracted with CH2Cl2 (3� 3 mL). The combined organic
extracts were dried (Na2SO4), concentrated, and the residue was purified by
flash column chromatography (silica gel, 1:1, ether:hexanes) to afford
primary silyl ether 41 (1.1 g, 90 %). 41: colorless oil; Rf� 0.40 (silica gel, 1:1,
ether:hexanes); IR (thin film): nÄmax� 2931, 2858, 1459, 1255, 1134, 1095,
837, 778 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 3.79 (br d, J� 11.5 Hz, 1H),
3.67 (dd, J� 10.0, 6.0 Hz, 1H), 3.64 ± 3.57 (m, 2 H), 3.40 (ddd, J� 9.0, 6.5,
6.5 Hz, 1H), 3.25 ± 3.18 (m, 1 H), 3.16 (br s, 1H, OH), 3.11 (ddd, J� 11.0,
9.5, 4.5 Hz, 1 H), 2.99 (dd, J� 9.0, 9.0 Hz, 1 H), 2.06 ± 1.95 (m, 2 H), 1.95 ±
1.85 (m, 2H),1.72 ± 1.62 (m, 1H), 1.61 ± 1.50 (m, 4 H), 1.40 ± 1.30 (m, 1H),
0.85 (s, 9H, tBuSi), 0.04 (s, 3 H, CH3Si), 0.04 (s, 3H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d� 84.4, 83.6, 81.5, 74.1, 67.4, 67.0, 35.4, 33.9, 31.8,
25.8, 25.7, 19.8, 18.0, ÿ5.7, ÿ5.8; HRMS (FAB) calcd for C17H34O4Si ([M�
H�]) 331.2305, found 331.2302.


Ketone 42 : A solution of alcohol 41 (270 mg, 0.82 mmol) and 4-methyl-
morpholine N-oxide (144 mg, 1.23 mmol) in CH2Cl2 (5 mL) and acetoni-
trile (5 mL) was treated with tetrapropylammonium perruthenate (29 mg,
0.08 mmol) and stirred at 25 8C for 30 min. The reaction mixture was
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 1:1, ether:hexanes) to afford ketone 42 (240 mg, 89%). 42 :
colorless oil; Rf� 0.52 (silica gel, 1:1, ether:hexanes); IR (thin film): nÄmax�
2935, 2857, 1715, 1256, 1125, 835, 778 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 3.90 ± 3.85 (m, 1 H), 3.80 (d, J� 4.5 Hz, 2 H), 3.72 (t, J� 4.5 Hz, 1H),
3.31 (ddd, J� 11.0, 11.0, 3.0 Hz, 1H), 3.28 ± 3.23 (m, 1H), 3.20 (dd, J� 9.0,
9.0 Hz, 1H), 2.98 (ddd, J� 10.5, 9.0, 4.0 Hz, 1 H), 2.16 ± 2.06 (m, 2H),
1.96 ± 1.83 (m, 3 H), 1.70 ± 1.54 (m, 4 H), 0.87 (s, 9H, tBuSi), 0.05 (s, 3H,
CH3Si), 0.04 (s, 3H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 218.1,
89.5, 83.5, 81.8, 67.7, 65.4, 37.2, 33.7, 31.4, 25.8, 25.7, 23.5, 18.0, ÿ5.5, ÿ5.5;
HRMS (FAB) calcd for C17H32O4Si ([M�Cs�]) 461.1124, found
461.1136.


Aldehyde 10 : A solution of ketone 42 (282 mg, 0.87 mmol) and EtSH
(1.0 mL, 13.5 mmol) in CH2Cl2 (1 mL) was treated with Zn(OTf)2 (20 mg,
0.06 mmol) and stirred at 25 8C for 4 h. After evaporation of the solvent, the
residue was filtered through a pad of silica gel, and the filtrate was
concentrated to afford an oil identified as a mixture of the primary TBS
silyl ether and the primary free alcohol. This mixture was dissolved in
MeOH (2 mL) and treated with CSA (20 mg, 0.08 mmol) at 25 8C for
20 min. After addition of Et3N (20 mL, 0.14 mmol), the solvent was
removed under vacuum, and the residue was purified by flash column
chromatography to afford hydroxy dithioketal 44 (242 mg, 87%). A
solution of hydroxy dithioketal 44 (220 mg, 0.68 mmol) and Et3N (2 mL) in
DMSO (2 mL) and CH2Cl2 (4 mL) was treated with SO3 ´ pyr (330 mg,
2.1 mmol) at 0 8C for 30 min. The reaction mixture was quenched by the
addition of a saturated aqueous ammonium chloride solution (5 mL) and
extracted with ether (3� 10 mL). The combined organic extracts were
dried (Na2SO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 1:1, ether:hexanes) to afford aldehyde 10
(194 mg, 89%). 10 : colorless oil; Rf� 0.48 (silica gel, 1:1, ether:hexanes);
IR (thin film): nÄmax� 2930, 2856, 1720, 1673, 1449, 1267, 1092 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 9.62 (s, 1H, CH(O)), 4.01 (s, 1H), 3.81 (br d, J�
11.0 Hz, 1 H), 3.25 (ddd, J� 11.5, 11.5, 3.0 Hz, 1H), 3.07 (dd, J� 9.0, 9.0 Hz,
1H), 2.94 (ddd, J� 10.0, 10.0, 4.0 Hz, 1H), 2.73 ± 2.58 (m, 4 H), 2.48 ± 2.40
(m, 1 H), 2.16 (br d, J� 12.0 Hz, 1H), 2.07 ± 1.98 (m, 1H), 1.90 ± 1.48 (m,
7H), 1.21 (t, J� 7.5 Hz, 3H, CH3), 1.11 (t, J� 7.5 Hz, 3H, CH3); 13C NMR
(125.7 MHz, CDCl3): d� 196.0, 91.2, 84.5, 80.9, 67.7, 60.9, 34.8, 33.2, 31.0,
25.8, 23.6, 22.6, 21.8, 13.8, 13.7; HRMS (FAB) calcd for C15H26O3S2 ([M�
Cs�]) 451.0378, found 451.0381.


Olefin 45 : A solution of phosphonium salt 9 (200 mg, 0.26 mmol) and
HMPA (360 mL, 1.7 mmol) in THF (15 mL) was treated dropwise with n-
butyllithium (178 mL, 1.6m in hexanes, 0.29 mmol) atÿ78 8C and stirred for
20 min. A solution of aldehyde 10 (106 mg, 0.33 mmol) in THF (5 mL) was
added at ÿ78 8C, and the reaction mixture was stirred at this temperature
for 30 min and at 25 8C for 20 min. It was quenched with a saturated
aqueous ammonium chloride solution (5 mL) and extracted with ether (3�
10 mL). The combined organic extracts were dried (Na2SO4), concentrated,
and the residue was purified by flash column chromatography (silica gel,
3:7, ether:hexanes) to afford olefin 45 (136 mg, 77%). 45 : colorless oil;
Rf� 0.8 (silica gel, 1:1, ether:hexanes); IR (thin film): nÄmax� 2931, 2849,
1729, 1453, 1280, 1156, 1100, 1027, 912, 733 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.48 ± 7.44 (m, 2H, ArH), 7.38 ± 7.33 (m, 3 H, ArH), 5.86 ± 5.78


(m, 1H,�CH), 5.77 ± 5.70 (m, 2H,�CH), 5.56 ± 5.51 (m, 1 H,�CH), 5.43 (s,
1H, PhCH), 4.81 (br m, 1H), 4.40 (d, J� 9.0 Hz, 1H), 4.37 (dd, J� 10.0,
4.5 Hz, 1H), 3.85 (br m, 1H), 3.75 ± 3.70 (m, 1H), 3.67 (ddd, J� 10.0, 10.0,
4.5 Hz, 1H), 3.64 ± 3.57 (m, 2H), 3.32 ± 3.25 (m, 1 H), 3.13 (dd, J� 9.0,
9.0 Hz, 1H), 3.07 ± 3.00 (m, 1 H), 2.79 (br m, 1H), 2.70 ± 2.40 (m, 8 H), 2.34 ±
2.28 (m, 1 H), 1.98 (br m, 4H), 1.82 ± 1.75 (m, 2H), 1.70 ± 1.62 (m, 3H),
1.50 ± 1.41 (m, 1 H), 1.24 (s, 9H, OC(O)tBu), 1.19 (t, J� 7.5 Hz, 3 H, CH3),
1.18 (t, J� 7.5 Hz, 3H, CH3); 13C NMR (125.7 MHz, CDCl3); d� 177.2,
137.6, 131.4, 128.8, 128.7, 128.2, 127.1, 126.5, 126.0, 101.2, 84.3, 83.1, 82.7,
80.9, 78.7, 77.8, 77.1, 75.7, 70.0, 67.7, 34.9, 33.9, 31.7, 30.9, 28.9, 27.0, 26.0, 23.7,
23.2, 21.0, 13.9, 13.9; HRMS (FAB) calcd for C38H56O7S2 ([M�Cs�])
821.2522, found 821.2554.


Hydroxy dithioketal 46 : A solution of olefin 45 (136 mg, 0.2 mmol) in
CH2Cl2 (5 mL) was treated with DIBAL-H (0.21 mL, 1m in CH2Cl2,
0.21 mmol) at ÿ78 8C for 1 h. After addition of EtOAc (5 mL) and a
saturated sodium potassium tartrate solution (2 mL) at ÿ78 8C, the
reaction mixture was stirred at 25 8C for 1 h. The layers were separated,
and the aqueous layer was extracted with EtOAc (3� 5 mL). The
combined organic extracts were dried (Na2SO4) and concentrated, and
the residue was purified by flash chromatography (silica gel, 1:1, ether:-
hexanes) to afford alcohol 46 (99.1 mg, 83 %). 46 : colorless oil; Rf� 0.3
(silica gel, 1:1, ether:hexanes); IR (thin film): nÄmax� 3461, 2928, 2855, 1453,
1099, 699 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.48 ± 7.43 (m, 2 H, ArH),
7.38 ± 7.30 (m, 3 H, ArH), 5.88 ± 5.75 (m, 3 H, �CH), 5.74-5.66 (m, 1 H,
�CH), 5.44 (s, 1H, PhCH), 4.48 (d, J� 9.5 Hz, 1 H), 4.35 ± 4.28 (m, 1H),
3.85 (br d, J� 11.0 Hz, 1 H), 3.69 (br m, 2H), 3.66 ± 3.59 (m, 2 H), 3.48 ± 3.42
(m, 1H), 3.31 ± 3.26 (m, 1H), 3.15 ± 3.06 (m, 2H), 2.74 ± 2.40 (m, 12 H), 1.98
(br m, 4 H), 1.83 ± 1.75 (m, 2H), 1.50 ± 1.43 (m, 1H), 1.26 (br m, 2H), 1.22
(dd, J� 7.5, 7.5 Hz, 3H), 1.21 (dd, J� 7.5, 7.5 Hz, 3 H); 13C NMR
(125.7 MHz, CDCl3); d� 137.6, 131.1, 129.4, 128.8, 128.2, 127.1, 126.8,
126.0, 101.2, 87.5, 83.0, 82.5, 81.0, 80.1, 78.5, 72.1, 70.5, 67.7, 67.5, 34.8, 33.7,
33.4, 31.7, 31.2, 26.0, 23.6, 21.0, 13.9, 13.6; HRMS (FAB) calcd for
C33H48O6S2 ([M�Cs�]) 737.1947, found 737.1981.


Mixed thioketal 47: A heterogeneous mixture of hydroxy dithioketal 46
(20.0 mg, 0.033 mmol), powdered 4 � molecular sieves (freshly activated,
200 mg), silica gel (dried under vacuum, 200 mg), sodium bicarbonate
(28 mg, 0.33 mmol), and silver perchlorate (20.0 mg, 0.099 mmol) in dry
nitromethane (3 mL) was stirred vigorously at 25 8C for 1 h. The reaction
mixture was treated with Et3N (20 mL), diluted with ether (20 mL), and
filtered through a pad of celite. The filtrate was washed with a saturated
aqueous ammonium chloride solution (3� 3 mL), dried (Na2SO4), and
concentrated. The residue was purified by flash column chromatography
(silica gel, 1:1, ether:hexanes) to afford mixed thioketal 47 (14.5 mg, 81%).
Rf� 0.70 (silica gel, 1:1, ether:hexanes); IR (thin film): nÄmax� 2931, 2857,
1453, 1392, 1294, 1104, 1023, 732, 698 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.49 ± 7.41 (m, 2 H, ArH), 7.37 ± 7.27 (m, 3H, ArH), 5.92 ± 5.60 (m, 4H,
CH�CH), 5.44 (s, 1 H, PhCH), 4.36 (br m, 1H), 4.28 (br m, 1H), 4.17 (br m,
1H), 3.89 (br m, 1H), 3.82 (d, J� 10.5 Hz, 1 H), 3.70 ± 3.58 (m, 2H), 3.49 (br
m, 1H), 3.32 ± 3.23 (m, 1H), 3.20 ± 3.07 (m, 2H), 2.84 (br m, 2 H), 2.67 (br m,
1H), 2.56 ± 2.48 (m, 2H), 2.33 ± 2.20 (m, 2 H), 2.13 ± 1.87 (m, 6H), 1.82 ± 1.75
(m, 2H), 1.60 ± 1.48 (m, 3 H), 1.26 (br m, 3 H); 13C NMR (125.7 MHz,
CDCl3): d� 137.5, 135.0, 129.3, 128.8, 128.2, 127.1, 126.0, 101.1, 97.2, 93.8,
87.1, 85.2, 83.5, 80.4, 77.2, 70.6, 69.7, 67.3, 42.5, 36.5, 34.2, 33.6, 31.9, 25.6, 21.2,
20.4, 13.5, 12.7; HRMS (FAB), calcd for C31H42O6S ([M�Cs�]): 675.1756,
found 675.1730.


EFGH Ring system 8 : A mixture of mixed thioketal 47 (65 mg, 0.12 mmol),
AIBN (2.0 mg, 0.012 mmol) and triphenyltin hydride (420 mg, 1.2 mmol) in
toluene (2 mL) was heated at 110 8C for 2 h. The reaction mixture was
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 1:1, ether:hexanes) to afford compound 8 (46.2 mg, 80%)
as an amorphous solid. Rf� 0.6 (silica gel, 1:1, ether:hexanes); IR (thin
film): nÄmax� 2929, 2857, 1455, 1285, 1106, 1026, 731, 698 cmÿ1; 1H NMR
(600 MHz, CD3CN, 78 8C): d� 7.41 ± 7.32 (m, 2 H, ArH), 7.29 ± 7.25 (m, 3H,
ArH), 5.65 (ddd, J� 11.1, 5.3, 1.1 Hz, 1 H), 5.63 ± 5.55 (m, 2H), 5.52 ± 5.46
(m, 1 H), 5.40 (s, 1H, PhCH), 4.23 ± 4.17 (m, 1 H), 4.10 ± 4.05 (m, 1H), 3.71 ±
3.66 (m, 2H), 3.55 ± 3.47 (m, 2 H), 3.47 ± 3.40 (m, 1 H), 3.34 ± 3.30 (m, 1H),
3.28 (br m, 1H), 3.18 (ddd, J� 11.3, 11.3, 3.2 Hz, 1 H), 3.08 (ddd, J� 10.7,
9.1, 4.6, Hz, 1H), 2.99 (ddd, J� 9.3, 9.3, 2.8 Hz, 1H), 2.73 ± 2.67 (m, 1H),
2.62 (br m, 1 H), 2.23 (br m, 1 H), 2.09 ± 2.02 (m, 2 H), 1.96 ± 1.75 (m, 7H),
1.67 ± 1.46 (m, 3H), 1.37 ± 1.28 (m, 1 H); 13C NMR (150 MHz, CD3CN,
78 8C): d� 139.9, 139.2, 130.7, 129.9, 129.3, 128.2, 127.4, 125.9, 102.3, 85.9,
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84.3, 83.8, 82.2, 80.3, 71.8, 68.3, 37.1, 35.5, 35.0, 33.2, 27.0, 21.3; HRMS
(FAB), calcd for C29H38O6 ([M�Cs�]): 615.1723, found 615.1744.
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Total Synthesis of Brevetoxin A: Part 3: Construction of GHIJ and BCDE
Ring Systems


K. C. Nicolaou,* Guo-qiang Shi, Janet L. Gunzner, Peter Gärtner, Paul A. Wallace,
Michael A. Ouellette, Shuhao Shi, Mark E. Bunnage, Konstantinos A. Agrios,
Chris A. Veale, Chan-Kou Hwang, John Hutchinson, C. V. C. Prasad, William W. Ogilvie,
and Zhen Yang[a]


Abstract: Successful syntheses of highly complex intermediates 2 (GHIJ ring
system) and 3 (BCDE ring system) for the total synthesis of brevetoxin A (1) are
described. Several of our methodologies were utilized to achieve this goal: i) hydroxy
epoxide cyclizations of intermediates 22 and 30 (rings I and H, respectively); ii)
hydroxy dithioketal cyclization of 45 (ring G); and, iii) palladium-catalyzed coupling
with bis(cyclic ketene acetal phosphate) 68 (rings B and D). With the knowledge
gained from our previous model studies, 2 and 3 were expected to be pivotal
intermediates on the synthetic route to brevetoxin A.


Keywords: brevetoxin A ´ synthetic
methods ´ total synthesis


Introduction


In the preceding paper[1] we described chemistry which
provided support for our projected total synthesis of breve-
toxin A (1), and that this could be achieved by way of
intermediates 2 (GHIJ ring system) and 3 (BCDE ring
system) (Scheme 1). In this article, we present the construc-
tion of key intermediates 2 and 4 (a precursor of 3) in
enantiomerically and diastereomerically pure form from
readily available starting materials on multigram scale.


Results and Discussion


Synthesis of GHIJ ring system 2


The synthesis of the GHIJ ring system 2 proceeded along
similar lines to those already described by us for the HIJ ring
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Scheme 1. Structures of brevetoxin A (1) and intermediates 2, 3, and 4.


system[2] of brevetoxin B, and for the FGHIJ ring system3 of
brevetoxin A (1). However, the new sequence includes
sufficient modifications and improvements to warrant a full
discussion herein.
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Scheme 2 outlines the retrosynthetic analysis that led to the
design of the present construction of 2. Thus, functional group
manipulations allowed the generation of 5 as a possible
precursor to 2. The eight-membered ring (ring G) of 5 was
dismantled by sequential retro hydroxydithioketal cyclization,
and a Wittig coupling, unraveling phosphonium salt 6 and
dithioketal aldehyde 7 as viable precursors. Sequential
hydroxyepoxide ring closures then traced intermediate 7 to
d-mannose (9) via bicyclic system 8.
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Scheme 2. Retrosynthetic analysis and strategic bond disconnections for
GHIJ ring system 2.


Construction of the GHIJ ring system 2 proceeded through
intermediates 8, 34, and 7, as summarized in Schemes 3 ± 6.
Thus d-mannose (9) was converted to bicyclic key intermedi-
ate 8 as shown in Scheme 3. The transformation of 9 to 10 has
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Scheme 3. Construction of IJ ring system 8. Reagents and conditions:
a) 2.0 equiv of NaH, 0.1 equiv of imidazole, THF, 0 8C, 0.5 h; 3.0 equiv of
CS2, 3.0 equiv of MeI, 0!25 8C, 4 h, 69 %; b) 4.0 equiv of nBu3SnH,
0.4 equiv of AIBN, benzene, 80 8C, 5 min, 92 %; c) 0.05 equiv of CSA,
MeOH, 60 8C, 48 h; 1.0 equiv of TBDPSCl, 2.0 equiv of imidazole, CH2Cl2,
0 8C, 1 h, 91%; d) 1.1 equiv nBu2SnO, MeOH, 60 8C, 1 h, 1.5 equiv of BnBr,
1.5 equiv of nBu4NBr, benzene, 80 8C, 5 h, 81%; e) 1.2 equiv of TESOTf,
1.3 equiv of 2,6-lutidine, CH2Cl2, 0 8C, 4 h, 95 %; f) O3, CH2Cl2,ÿ78 8C, 2 h;
then 1.2 equiv of Ph3P, ÿ78!25 8C, 18 h; g) 1.5 equiv of Ph3PCH�CO2Me,
benzene, 25 8C, 17 h, 80% for two steps, h) 2.7 equiv of DIBAL, CH2Cl2,
ÿ78 8C, 3 h, 100 %; i) 0.3 equiv of (�)-DET, 0.25 equiv of Ti(iOPr)4


1.5 equiv of tBuOOH, 4 �, MS CH2Cl2, ÿ25 8C, 19 h, 89 %; j) 5.0 equiv
of SO3 ´ pyr, 5.0 equiv of Et3N, CH2Cl2:DMSO (1:1), 0 8C, 2 h; k) 1.5 equiv
of Ph3P�CH3Brÿ, 1.4 equiv of NaHMDS, THF, 0!25 8C, 1 h, 88 % for two
steps; l) 1.1 equiv of TBAF, THF, ÿ20!0 8C, 1 h; 1.1 equiv of TBDPSCl,
1.5 equiv of imidazole, CH2Cl2:DMF (20:1), 0 8C, 3 h, 88 %; m) 0.24 equiv
of TBSOTf, CH2Cl2, ÿ78 8C, 10 min; then 1.4 equiv of 2,6-lutidine,
1.05 equiv of TBSOTf, ÿ78!25 8C, 30 min, 88%. AIBN� 2,2'-azobisiso-
butyronitrile; CSA� 10-camphorsulfonic acid, DET� diethyl tartrate,
DIBAL�diisobutylaluminum hydride, DMSO� dimethylsulfoxide,
MS�molecular sieves, NaHMDS� sodium bis(trimethylsilyl) amide,
SAE�Sharpless Asymmetric Epoxidation; TBAF� tetra-n-butylammo-
nium fluoride, TBDPS� tert-butyldiphenylsilyl, TBS� tert-butyldimethyl-
silyl, TES� triethylsilyl, Tf� trifluoromethane sulfonate, DMF�N,N-
dimethylformamide.


previously been described by us.[4] Compound 10 was then
deoxygenated by conversion to xanthate ester 11 (NaH-CS2;
then MeI, 69 % yield), and reduction of the latter compound
(nBu3SnH, AIBN, PhH, 80 8C) to afford 12 (92 % yield).[5] The
yield for the reduction step was remarkably increased over the
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standard experimental protocol by adding a benzene solution
of 11 and AIBN to a refluxing solution of excess nBu3SnH.
The acetonide group was removed from 12 by the action of
CSA in methanol at 60 8C, conditions that led to concomitant
removal of the silyl group. The triol so obtained was
selectively silylated at the primary position with TBDPSCl-
imidazole in CH2Cl2, furnishing diol 13 in 91 % yield from 12.
Selective monobenzylation of 13 was achieved by using the
method of Nashed[6] (nBu2SnO, BnBr, nBu4NBr) to yield 14 in
81 % yield (plus 14 % of the regioisomer of 14 which could be
refunneled back into the sequence by i) ozonolysis; ii)
hydrogenolysis; iii) reaction with Ph3P�CHCO2Me; iv) mon-
obenzylation; and, v) TES protection, 36 % yield of 17).
Protection of the remaining hydroxyl group in 14 with
TESOTf and 2,6-lutidine (95 %), followed by ozonolysis and
exposure to Ph3P, furnished aldehyde 16 via intermediate 15.
Wittig reaction of aldehyde 16 with Ph3P�CHCO2Me yielded
smoothly the E-olefin 17 (80 % yield from 15), together with
10 % of the corresponding Z-olefin. The latter compound was
recycled by an ozonolysis ± olefination sequence to provide an
additional 8 % yield of 17. The ester group in 17 was reduced
with DIBAL to afford allylic alcohol 18 (100%) which was
subjected to Sharpless asymmetric epoxidation[7] [(�)-DET,
Ti(OiPr)4, tBuOOH] leading to epoxide 19 in 89 % yield (only
trace amounts, less than 2 %, of the epimeric epoxide was
observed). Oxidation of the hydroxyl group in 19 with SO3 ´
pyridine[8] in the presence of DMSO and Et3N furnished
aldehyde 20, which reacted with the ylide generated from
Ph3P�CH3Brÿ and NaHMDS to afford vinyl epoxide 21 in
88 % overall yield from 19. Removal of the TES group from
21 by exposure to TBAF afforded hydroxy epoxide 22 (88 %
after selective mono-reprotection of the primary hydroxyl
group in the fully desilylated by-product: TBDPSCl, imida-
zole, DMF), which set the stage for closure of ring I. The
anticipated cyclization and subsequent protection was carried
out using a one-pot procedure. This involved initial addition
of 0.24 equivalents of TBSOTf, which in situ generated a
catalytic amount of TfOH, thereby initiating the ring clo-
sure.[9] Subsequently, an excess amount of 2,6-lutidine and
an additional 1.05 equivalents of TBSOTf were added to
ensure complete silylation, furnishing IJ ring system 8 in 88 %
yield.


The transformation of intermediate 8 to the tricyclic system
(HIJ) 34 is summarized in Scheme 4. Thus, hydroboration of 8
with 9-BBN, followed by the usual basic H2O2 workup gave
alcohol 23 (89% yield), which was oxidized to aldehyde 24 by
the action of SO3 ´ pyridine activated by DMSO. Treatment of
24 with Ph3P�CHCO2Me (86 % yield of 25 from 23), followed
by DIBAL reduction (88 % yield of 26) and Sharpless
asymmetric epoxidation[7] [(�)-DET, Ti(OiPr)4, tBuOOH,
97 % yield, ca. 7:1 ratio of diastereomeric epoxides by
1H NMR] afforded 27. A second oxidation with SO3 ´ pyri-
dine activated by DMSO afforded aldehyde 28, which was
reacted with Ph3P�CH2 to give vinyl epoxide 29 in 84 %
overall yield from 27. Selective removal of the TBS group was
effected with TBAF, leading to hydroxy epoxide 30 (72 %,
plus 26 % dihydroxy compound; silylating the dihydroxy
material with TBDPSCl-imidazole raised the total yield of 30
to 94 %). At this stage, the unwanted minor epoxide isomer,
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Scheme 4. Construction of HIJ ring system 36. Reagents and conditions:
a) 5.5 equiv of 9-BBN, THF, 0 8C, 4 h; 22 equiv of NaHCO3, 15 equiv of
30% H2O2, 0 8C, 4 h, 89%; b) 5.0 equiv of SO3 ´ pyr, 5.0 equiv of Et3N,
CH2Cl2:DMSO (1:1), 0 8C, 2 h; c) 1.5 equiv of Ph3PCHCOOMe, benzene,
25 8C, 11 h, 86 % for two steps; d) 2.9 equiv of DIBAL, CH2Cl2,ÿ78 8C, 3 h,
88%; e) 0.30 equiv of (�)-DET, 0.25 equiv of Ti(iOPr)4, 2.4 equiv of tert-
BuOOH, 4 � MS, CH2Cl2, ÿ25 8C, 18 h, 97%; f) 5.0 equiv of SO3 ´ pyr,
5.0 equiv of Et3N, CH2Cl2:DMSO (1:1), 0 8C, 1 h; g) 2.0 equiv of
CH3P�Ph3Brÿ, 1.5 equiv of NaHMDS, THF, 0 8C, 15 min, 84% for two
steps; h) 1.7 equiv of TBAF, THF, 0 8C, 3 h; 1.2 equiv of TBDPSCl,
2.0 equiv of imidazole, CH2Cl2, 0 8C, 1 h, 94%; i) 0.57 equiv of PPTS, 4 �
MS, CH2Cl2, 25 8C, 18 h; j) O3, CH2Cl2:MeOH (1:3), ÿ78 8C, 1 h; then
4.1 equiv of NaBH4, ÿ78!25 8C, 2 h; k) 15 equiv of 2,2-dimethoxypro-
pane, 0.05 equiv of PPTS, CH2Cl2, 25 8C, 28 h; l) 1.4 equiv of TBAF, THF,
25 8C, 3 h, 81% for four steps. 9-BBN�borabicyclo[3.3.1]nonane, PPTS�
pyridinium p-toluenesulfonate, pyr� pyridine.


and other impurities were removed by flash column chroma-
tography (silica gel).


Exposure of hydroxy epoxide 30 to PPTS in CH2Cl2


resulted in clean ring closure, furnishing tricyclic system 31,
which was subjected to ozonolysis with NaBH4 workup to
afford diol 32. Acetonide formation [Me2C(OMe)2, PPTS]
gave compound 33, from which the TBDPS group was
removed by exposure to TBAF, furnishing primary alcohol
34 in 81 % overall yield from 30. Two-carbon extension of the
side chain on ring J was accomplished by the following
sequence (Scheme 5): i) oxidation of 34 with SO3 ´ pyridine
and DMSO to aldehyde 35 ; ii) olefination of 35 with
Ph3P�CHCO2Me furnishing a,b-unsaturated ester 36 (90 %
yield for two steps); iii) selective reduction of the conjugated
double bond with Raney Ni(W2) to give ester 37; iv) LAH
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Scheme 5. Construction of HIJ ring system 7. Reagents and conditions:
a) 5.0 equiv of SO3 ´ pyr, 5.0 equiv of Et3N, CH2Cl2:DMSO (1:1), 0 8C, 1 h;
b) 1.5 equiv of Ph3P�PCHCO2Me, toluene, 25 8C, 5 h, 90% for three steps;
c) H2, Raney-Ni (W2), EtOAc, 25 8C, 1 h; d) 1.2 equiv of LAH, Et2O, 0 8C,
1.5 h; e) 1.8 equiv of TBDPSCl, 4.5 equiv of imidazole, CH2Cl2, 25 8C, 4 h,
90% for two steps; f) 0.1 equiv of PPTS, MeOH:CH2Cl2 (20:1), 25 8C, 6 h;
g) 1.1 equiv of TBSCl, 2.8 equiv of imidazole, CH2Cl2, 0 8C, 4.5 h; (h)
1.5 equiv of NMO, 0.1 equiv of TPAP, 4 � MS, CH2Cl2, 0 8C, 2 h, 85% for
three steps; i) 2.5 equiv of EtSH, 1.2 equiv of BF3 ´ Et2O, CH2Cl2,
ÿ78!0 8C, 1.5 h, 94%; j) 5.0 equiv of SO3 ´ pyr, 5.0 equiv of Et3N,
CH2Cl2:DMSO (1:1), 0 8C, 1 h, 91%. LAH� lithium aluminum hydride;
NMO� 4-methylmorpholine-N-oxide; TPAP� tetra-n-propylammonium
perruthenate;


reduction of ester 37 to alcohol 38 ; and, v) silylation of 38 with
TBDPSCl-imidazole (90 % yield for three steps). We were
now ready to continue the elaboration on the left side of the
molecule as drawn. The acetonide protecting group was
removed from 39 by treatment with PPTS in methanol, and
the resulting diol 40 was selectively silylated with TBSCl-
imidazole to afford the hydroxy silyl ether 41, which was
oxidized with TPAP-NMO furnishing ketone 42 in 85 %
overall yield from 39. The dithioketal was installed on ring H
by exposure of 42 to EtSH and BF3 ´ Et2O in CH2Cl2


(ÿ78!0 8C), and was accompanied by cleavage of the TBS
group to afford primary alcohol 43. Oxidation of 43 with SO3 ´
pyridine and DMSO then gave aldehyde 7 in 85 % overall
yield from 42.


Our next goal was the construction of ring G. Scheme 6
details the sequence that was used to convert 7 to 2. Previous
conditions for Wittig couplings involving b,b'-dithioketal
aldehydes, such as 7, suffered from b-elimination side-
products. Adding an excess of HMPA (12 equivalents) to
the reaction mixture of 7 and the ylide derived from
phosphonium iodide 6 and nBuLi (THF, ÿ78 8C), however,
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Scheme 6. Construction of GHIJ ring system 2. Reagents and conditions:
a) 1.1 equiv of 6, 1.2 equiv of nBuLi, THF, ÿ78 8C, 20 min; then 12 equiv of
HMPA, 1.0 equiv of 7,ÿ78!25 8C, 1.5 h, 88 %; b) 1.1 equiv of TBAF, THF,
25 8C, 7 h, 83%; c) 2.0 equiv of AgClO4, 10.0 equiv of NaHCO3, SiO2, 4 �
MS, MeNO2, 25 8C, 3 h, 92 %; d) 2.0 equiv of mCPBA, 3.0 equiv of
NaHCO3, CH2Cl2, 0 8C, 2 h, 94%; e) 3.0 equiv of AlMe3, CH2Cl2, ÿ78 8C,
1 h, 94 %; f) 4.5 equiv of EtSH, 0.1 equiv of Zn(OTf)2, 1.6 equiv of
NaHCO3, CH2Cl2, 25 8C, 4 h, 92 %; g) 1.1 equiv of TBSCl, 1.3 equiv of
imidazole, CH2Cl2, 25 8C, 1 h, 92%; h) 1.1 equiv of Ac2O, 1.2 equiv of Et3N,
0.2 equiv of 4-DMAP, CH2Cl2, 25 8C, 2 h, 95 %; i) H2, 20% Pd(OH)2/C,
AcOH, 25 8C, 48 h; j) 2.1 equiv of TBSOTf, 2.2 equiv of 2,6-lutidine,
CH2Cl2, 0 8C, 0.5 h, 87% for two steps; k) 0.5 equiv of K2CO3, MeOH,
25 8C, 4 h, 93%; l) 0.05 equiv of TPAP, 2.0 equiv of NMO, CH2Cl2, 25 8C,
1 h, 94 %; m) 38 equiv of EtSH, 0.3 equiv of Zn(OTf)2, 0.8 equiv of
NaHCO3, CH2Cl2, 25 8C, 2.5 h; 0.6 equiv of PPTS, MeOH, 25 8C, 4 h, 92%;
n) 4.0 equiv of SO3 ´ pyr, 5.0 equiv of Et3N, DMSO:CH2Cl2 (1:7), CH2Cl2,
0 8C, 1.5 h, 85%. mCPBA�m-chloroperbenzoic acid; 4-DMAP� 4-N,N-
dimethylaminopyridine; HMPA�hexamethyphosphoramide.


resulted in a pleasant increase in yield to 88 % for the desired
Z-olefin 44. The silyl group was then removed from the
coupling product 44 (1.1 equivalents of TBAF, THF, 83 %
yield), and the resulting hydroxy dithioketal (45) was
subjected to the standard ring-closure conditions[10] (AgClO4,
NaHCO3, SiO2, 4 � MS, MeNO2) to afford the desired
oxocene system 46 (92 % yield). Activation of the sulfur
towards nucleophilic attack by oxidation to the corresponding
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sulfone (2.0 equivalents of mCPBA, CH2Cl2, 0 8C, 94 % yield)
was followed by reaction with AlMe3 to afford the oxocene
system 48 (94% yield), in which the methyl group was
delivered from the bottom face of the molecule as drawn, and
presumably through the intermediacy of an oxocarbonium
ion. The assignment of stereochemistry at the methyl-bearing
center was based on NMR data for 48, and those of closely
related compounds previously synthesized in these laborato-
ries. The action of Zn(OTf)2/EtSH/NaHCO3 on 48 resulted in
the removal of the benzylidene group and formation of the
diol 49 (92 %), which was differentially protected by sequen-
tial treatment with TBSCl/imidazole (primary silyl ether 50,
92 %), and Ac2O/4-DMAP (secondary acetate 51, 95 %).
Hydrogenation of the double bond in ring G of 51 was carried
out in the presence of 20 % Pd(OH)2/C, which resulted in
concomitant debenzylation (ring J), furnishing hydroxy com-
pound 52. The newly liberated hydroxyl group was now
available for masking with a more suitable protecting group
for the steps ahead. A TBS group was, therefore, introduced
by treatment with TBSOTf and 2,6-lutidine, and the product
(53, 87 % yield for two steps) was deacetylated with K2CO3 in
MeOH, furnishing secondary alcohol 54 (93 % yield). Oxida-
tion of 54 (TPAP/NMO, 94 % yield), followed by simulta-
neous dithioketal formation and primary TBS cleavage
[EtSH/Zn(OTf)2] resulted in the formation of hydroxydithio-
ketal 56 (92 % yield) via ketone 55. Finally, SO3 ´ pyridine and
DMSO-mediated oxidation of 56 gave the desired GHIJ
fragment 2 in 87 % yield.


Construction of BCDE system 4


The synthesis of the desired BCDE ring system 4 (Scheme 1)
began with d-glucose and proceeded through key intermedi-
ates 67 (see Scheme 7) and 73 (see Scheme 8). A first
generation synthesis of the BCD key intermediate 67 was
described in paper 1[11] of this series. The second-generation
approach discussed here (Scheme 7), and partially in paper 1
of this series[11] , includes a number of more practical steps
that, along with the new synthetic technology developed for
the construction of ring E, allowed the production of BCDE
ring system 4 in multigram quantities.


The elaboration of rings B and D as lactones around ring C
is shown in Scheme 7 . Thus, 57 (51, paper 1, Scheme 7) was
subjected to Wacker-type oxidation ([Hg(OAc)2], followed by
addition of PdCl2, LiCl and CuCl2) to furnish methyl ketone
58 in 84 % yield.[12] Regioselective enol triflate formation
(NaHMDS/Tf2NPh, 86 % yield), followed by Pd-catalyzed
coupling with the homoenolate equivalent IZn(CH2)2-


CO2Me[13] gave compound 60 in 94 % yield. Hydrolysis of
the methyl esters in 60 with LiOH afforded dicarboxylic acid
61, from which the benzyl groups were cleaved by the action
of lithium in liquid ammonia, leading to dihydroxydicarbox-
ylic acid 62. Double Yamaguchi lactonization[14] of 62 (2,4,6-
trichlorobenzoyl chloride/Et3N; 4-DMAP, 80 8C) then led
smoothly to bis(lactone) 63 in 78 % overall yield form 60. The
TBS group was removed from 63 by the action of HF in
pyridine (CH2Cl2, 0 8C), and the resulting tertiary alcohol (64)
was subjected to dehydration with Martin�s sulfurane[15]


([PhC(CF3)2O]2SPh2) to afford compound 65 (89 % yield for
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Scheme 7. Synthesis of BCDE fragment 3. Second-generation construction
of BCD bis-lactone 67. Reagents and conditions: a) 1.2 equiv of Hg(OAc)2,
MeOH, 25 8C, 2 h; then 0.1 equiv of PdCl2, 0.2 equiv of LiCl, 3.0 equiv of
CuCl2, MeOH, 65 8C, 2 h, 84 %; b) 1.2 equiv of NaHMDS, 1.2 equiv of
PhNTf2, THF, ÿ78!0 8C, 1.5 h, 86%; c) 2.0 equiv of IZn(CH2)2CO2Me,
0.05 equiv of [Pd(PPh3)4], DMA:benzene (1:9), 25 8C, 2 h, 94%;
d) 10.0 equiv of LiOH, THF:H2O:MeOH (3:1:1), 60 8C, 9 h; e) 12.0 equiv
of Li, liq. NH3, EtOH, ÿ78 8C, 15 min; f) 2.1 equiv of 2,4,6-trichloroben-
zoyl chloride, 4.0 equiv of Et3N, THF, 0 8C, 1 h; then 6.0 equiv of 4-DMAP,
benzene, 80 8C, 5 h, 78% for three steps; g) HF ´ pyr, CH2Cl2, 0 8C, 2 h;
h) 1.5 equiv of [PhC(CF3)2O]2SPh2 (Martin�s sulfurane), CH2Cl2, 0 8C,
15 min, 89% for two steps; i) H2, 0.05 equiv of (Ph3P)3RhCl, benzene,
25 8C, 5 h, 99 %, ca. 4:1 ratio of diastereoisomers in favor of 66 ; j) H2, 10%
Pd/C, EtOAc, 25 8C, 12 h, 95%, ca. 19:1 ratio of diastereoisomers in favor
of 67. DMA�N,N-dimethylacetamide.


two steps). The next task was the reduction of the two C�C
bonds, with control over the configurations at the resulting
methyl-bearing stereocenters. Semiempirical calculations on
65 (Figure 1) revealed a minimum energy conformation


Figure 1. Computer-generated, minimized structure of 65. The atoms are
colored according to the following code: carbon, green; hydrogen, white;
oxygen, red.
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(Figure 2) that suggested facial differentiation of the two
double bonds. An adaptation of a very similar conformation
was later verified by X-ray crystallographic analysis. Specif-
ically, it was anticipated that the lactone moiety may, through
chelation, direct delivery of hydrogen from the bottom face of


Figure 2. X-Ray structure of 65.


the exocyclic double bond as drawn, through the use of the
appropriate catalyst. Based on this conformation, we also
made the prediction that catalytic hydrogenation of the other
endocyclic double bond may proceed from the top face of the
molecule as drawn, due to steric factors, thus setting the
correct stereochemistry at that center as well. To our delight,
this goal was achieved by a stepwise hydrogenation sequence,
first, in the presence of Wilkinson�s catalyst[16] [(Ph3P)3RhCl]
to afford 66 with satisfactory facial selectivity (ca. 4:1 ratio of
diastereoisomers in favor of 66, 99 % combined yield), and
then in the presence of 10 % Pd/C, to give compound 67
with even higher facial selectivity (ca. 19:1 in favor of
67, 95 % combined yield). Compound 67 was secured in
diastereomerically pure form by flash column chromatogra-
phy (silica gel).


Scheme 8 depicts the new strategy for the conversion of the
bis(lactone) 67 to the desired bis(enol ether) 73 which proved
greatly superior to our previous strategy which utilized
bis(thionolactone) intermediates corresponding to 67.[17] Thus,
application of the cyclic ketene acetal phosphate technology
for transforming lactones to cyclic ethers,[18] resulted in an
efficient sequence for accomplishing this objective:
i) KHMDS/(PhO)2P(O)Cl, 67! 68 (85%); ii) Me3SnSnMe3,
[Pd(PPh3)4] cat., LiCl, 68! 69 (81 % yield); and, iii) nBuLi,
then CuC�CnPr, HMPT; then TfOCH2CH2OBn, 69!70
(65 % yield). The conversion of 70 to 73 via 71 and 72 has
already been described in paper 1[11] of this series.


In Scheme 9, the final drive towards the targeted BCDE
intermediate 4 is presented. Engagement of the two hydroxyl
groups branching from ring D as a ketal with cyclohexanone
dimethylketal and PPTS, furnished compound 74 (87 % yield)
which was treated with PivCl and 4-DMAP to afford 75
(100 % yield). Cleavage of the ketal with CSA in methanol
regenerated the diol system on the right side of the molecule
(97 % yield), which was easily differentiated by reaction with
TrCl ´ 4-DMAP[19] at 40 8C, furnishing trityl ether 77 (99 %
yield) via 76. The secondary hydroxyl group in 77 was
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Scheme 8. Synthesis of the BCDE fragment 4. Construction of compound
73. Reagents and conditions: a) 4.0 equiv of KHMDS, 6.0 equiv of
(PhO)2P(O)Cl, 6.0 equiv of HMPA, THF, ÿ78 8C, 1 h, 85%; b) 8.0 equiv
of Me3SnSnMe3, 6.0 equiv of LiCl, 0.15 equiv of Pd(PPh3)4, THF, 75 8C, 2 h,
81%; c) 3.2 equiv of nBuLi, 3.5 equiv of CuC�CnPr, 7.1 equiv of HMPT,
THF, ÿ78!ÿ 40 8C, 1 h; then 6.8 equiv of TfOCH2CH2OBn, THF,
ÿ78!25 8C, 14 h, 65%; d) 4.0 equiv of thexylborane, THF, ÿ20!0 8C,
17 h; then 20.0 equiv of 30 % H2O2, 20.0 equiv of aq. NaOH, 0 8C, 2 h, 86%;
e) 1.3 equiv of TBDPSCl, 3.0 equiv of imidazole, DMF, 25 8C, 24 h, 90%
(five recycles); f) H2, 10 % Pd/C, MeOH, 25 8C, 24 h, 97%. DMF�N,N-
dimethylformamide; HMPT� hexamethylphosphorous triamide;
KHMDS� potassium bis(trimethylsilyl) amide.


acetylated (Ac2O, 4-DMAP, 99 % yield), and the trityl ether
was removed with TFA, furnishing primary alcohol 79 (96 %
yield). Oxidation of 79 with TPAP/NMO[20] allowed the
generation of aldehyde 80 (87 % yield), which reacted with
the ylide generated from phosphonium salt BrÿPPh3


�-
(CH2)3CO2Me[21] and KHMDS in THF to afford Z-olefin 81
(94 % yield). Exposure of 81 to LiOH cleaved the ester and
acetate protecting groups, furnishing hydroxy acid 82 in high
yield. Finally, Yamaguchi lactonization[14] (2,4,6-trichloroben-
zoyl chloride, Et3N; then 4-DMAP, 80 8C) led to BCDE
fragment 4 in 86 % overall yield from 81.


Conclusion


The efficient synthetic routes developed for the construction
of the brevetoxin A (1) key fragments GHIJ (2) and BCDE
(4) made available these key intermediates in multigram
quantities. With these compounds in hand, and with the
knowledge gained from the model studies presented in papers
1[11] and 2[1] of this series, the stage was now set for our final
journey towards brevetoxin A (1). In the following article,[22]


we describe the closing stages of the total synthesis of
brevetoxin A, that were more complex than anticipated, and
required even further model studies to map out the very final
pathway.
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Scheme 9. Synthesis of the BCDE fragment 4. Final stages. Reagents and
conditions: a) 1.1 equiv of cyclohexanone dimethylketal, 0.1 equiv of PPTS,
DMF, 25 8C, 13 h, 87 %; b) 1.3 equiv of PivCl, 1.4 equiv of 4-DMAP,
CH2Cl2, 25 8C, 2 h, 100 %; c) 0.1 equiv of CSA, MeOH:CH2Cl2 (2:1), 25 8C,
1 h, 97%; d) 1.5 equiv of TrCl ´ 4-DMAP, CH2Cl2, 40 8C, 36 h, 99%;
e) 2.0 equiv of Ac2O, 3.0 equiv of Et3N, 0.1 equiv of 4-DMAP, CH2Cl2,
25 8C, 1 h, 99%; f) 1.5 equiv of TFA, MeOH:CH2Cl2 (1:25), 25 8C, 30 min,
96%; g) 0.1 equiv of TPAP, 2.0 equiv of NMO, CH2Cl2, 25 8C, 1 h, 87%;
h) 2.5 equiv of ÿBr�PPh3(CH2)3CO2Me, 2.0 equiv of KHMDS, THF,
ÿ78 8C, 2 h, 94%; i) 11.5 equiv of LiOH, THF:H2O:MeOH (5:1:1), 0 8C,
4 h; j) 1.8 equiv of 2,4,6-trichlorobenzoyl chloride, 4.0 equiv of Et3N, THF,
0 8C, 1 h; then 4.0 equiv of 4-DMAP, benzene, 80 8C, 2 h, 86 % for two steps.
Tr� triphenylmethyl.


Experimental Section


General techniques : See paper 1 in this series.[1]


Olefin 15 : A solution of alcohol 14 (118.2 g, 0.229 mol) in CH2Cl2 (1.5 L)
was cooled to 0 8C and treated with 2,6-lutidine (34.8 mL, 0.299 mol) and
TESOTf (72.6 g, 0.275 mol) for 4 h. The mixture was concentrated, and the
residue was dissolved in ether (1.5 L), and washed with water (0.5 L), 10%


aqueous potassium bisulfate solution (0.5 L), saturated aqueous NaHCO3


solution (0.5 L), and brine (0.5 L). The organic layer was dried (MgSO4)
and concentrated to afford 15 (136.6g, 95%). 15 : colorless oil; Rf� 0.78
(silica gel, 1:1, ether:hexanes); [a]25


D ��19.7 (c� 1.0, CH2Cl2); IR (thin
film): nÄmax� 2953, 1462, 1109, 817, 738, 500 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.65 ± 7.63 (m, 4 H, ArH), 7.40 ± 7.24 (m, 11H, ArH), 5.80 (ddd,
J� 17.0, 10.0, 7.0 Hz, 1H, �CH), 5.06 ± 5.01 (m, 2 H, �CH2), 4.56 (s, 2H,
OCH2Ph), 3.89 ± 3.85 (m, 2H, OCH), 3.74 ± 3.66 (m, 3H, OCH), 3.63 (dt,
J� 8.5, 3.5 Hz, 1 H, OCH), 2.32 ± 2.19 (m, 2H, CH2CH�CH2), 1.98 (dt, J�
13.0, 8.5 Hz, 1 H, CHH), 1.76 (dt, J� 13.0, 3.5 Hz, 1 H, CHH), 1.04 (s, 9H,
tBuSi), 0.93 (t, J� 8.5 Hz, 9 H, (CH3CH2)3Si), 0.59 (q, J� 8.5 Hz, 6H,
(CH3CH2)3Si); 13C NMR (125.7 MHz, CDCl3): d� 138.6, 135.6, 134.9,
133.7, 129.5, 128.2, 127.6, 127.4, 116.7, 75.7, 74.1, 71.3, 70.4, 65.9, 35.1, 28.6,
26.8, 19.2, 6.9, 5.0; HRMS, calcd for C38H54O4Si2 ([M �Cs�]) 763.2615,
found 763.2631.


Aldehyde 16 : Ozone was bubbled through a solution of olefin 15 (137.5 g,
0.218 mol) in CH2Cl2 (1.5 L) atÿ78 8C until a pale blue color appeared (ca.
2 h). Triphenylphosphane (69.0 g, 0.263 mol) was added, and the mixture
was stirred for 18 h at 25 8C. The solvent was distilled off, and the residue
was coevaporated with benzene to give crude 16 (211 g) which was used for
the next step without further purification. For analytical purposes, a small
amount of this mixture was purified by flash chromatography (silica gel, 3:7,
ether:hexanes). 16 : colorless oil; Rf� 0.18 (silica gel, 1:9, EtOAc:hexanes);
[a]25


D � �30.3 (c� 0.5, CH2Cl2); IR (thin film): nÄmax� 3067, 2953, 1727
(CO), 1463, 1426, 1242, 1112, 817, 737, 504 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 9.51 (dd, J� 3.5, 2.0 Hz, 1 H, CHO), 7.62 ± 7.59 (m, 4H, ArH),
7.39 ± 7.24 (m, 11H, ArH), 4.54 (AB, J� 6.5 Hz, 2H, OCH2Ph), 4.36 (ddd,
J� 9.5, 7.5, 4.5 Hz, 1 H, OCH), 3.81 ± 3.75 (m, 3H, OCH), 3.67 (dt, J� 3.0,
3.0 Hz, 1 H, OCH), 3.56 (dd, J� 7.0, 2.5 Hz, 1H, OCH), 2.58 (ddd, J� 16.0,
4.5, 2.0 Hz, 1 H, CHHCHO), 2.41 (ddd, J� 16.0, 9.0, 3.5 Hz, 1 H,
CHHCHO), 2.10 (ddd, J� 14.0, 5.5, 4.0 Hz, 1H, CHH), 1.75 (ddd, J�
14.0, 5.0, 3.5 Hz, 1H, CHH), 1.02 (s, 9 H, tBu), 0.92 (t, J� 8.0 Hz, 9H,
(CH2CH3)3Si), 0.57 (q, J� 8.0 Hz, 6 H, (CH2CH3)3Si); 13C NMR
(125.7 MHz, CDCl3): d� 201.3, 138.3, 135.6, 133.7, 129.6, 128.3, 127.7,
127.6, 127.5, 76.8, 74.7, 72.3, 71.3, 68.7, 64.7, 45.7, 28.6, 26.8, 19.2, 6.9, 5.0;
HRMS, calcd for C37H52O5Si2Cs ([M �Cs�]) 765.2408, found 765.2385.


a,b-Unsaturated ester 17: A solution of crude aldehyde 16 (211 g) in
benzene (1.5 L) was treated with Ph3PCHCO2Me (109.5 g, 0.327 mol) at
25 8C for 17 h. The mixture was concentrated, and the residue was dissolved
in a minimum amount of CH2Cl2 followed by ether (1 L) and hexanes (1 L).
The precipitate (Ph3PO) was filtered, washed with a mixture of ether:-
hexanes (1:1), and the filtrate was concentrated and purified by flash
column chromatography (silica gel, 3:7, ether:hexanes) to afford trans-17
(120.2 g, 80% from 15) and cis-17 (15.0 g, 10% from 15). trans-17: colorless
oil; Rf� 0.34 (silica gel, 3:1, ether:hexanes); [a]25


D � �17.7 (c� 1.3,
CH2Cl2); IR (thin film): nÄmax� 2950, 1724 (CO), 1658, 1431, 1110, 817,
737, 612, 500 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.65 ± 7.63 (m, 4H,
ArH), 7.41 ± 7.26 (m, 11H, ArH), 6.97 (dt, J� 15.5, 7.5 Hz, 1H,
CH�CHCO2CH3), 5.87 (d, J� 15.5 Hz, 1H, CH�CHCO2CH3), 4.58, 4.54
(AB, J� 12.0 Hz, 2 H, OCH2Ph), 3.96 ± 3.91 (m, 2H, OCH), 3.78 ± 3.60 (m,
4H, OCH), 3.68 (s, 3 H, CO2CH3), 2.49 ± 2.44 (m, 1 H, CHHCH�CH),
2.39 ± 2.33 (m, 1H, CHHCH�CH), 2.04 (ddd, J� 13.5, 7.0, 6.5 Hz, 1H,
CHH), 1.76 (dt, J� 13.5, 4.5 Hz, 1H, CHH), 1.05 (s, 9 H, tBuSi), 0.94 (t, J�
8.0 Hz, 9H, (CH3CH2)3Si), 0.60 (q, J� 8.0 Hz, 6H, (CH3CH2)3Si); 13C NMR
(125.7 MHz, CDCl3): d� 166.6, 145.6, 138.4, 135.6, 133.7, 133.6, 129.6, 129.5,
128.3, 128.2, 127.7, 127.6, 127.5, 127.4, 122.9, 74.4, 73.5, 71.8, 71.5, 70.8, 65.3,
51.3, 33.8, 28.6, 26.8, 19.2, 6.9, 5.0; HRMS, calcd for C40H56O6Si2 ([M
�Cs�]) 821.2670, found 821.2637. cis-17: colorless oil; Rf� 0.45 (silica gel,
3:7, ether:hexanes); [a]25


D � �22.7 (c� 5.5, CH2Cl2); IR (thin film): nÄmax�
3043, 2932, 1722 (CO), 1648, 1433, 1113, 819, 737, 702, 612, 504 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.69 ± 7.67 (m, 4H, ArH), 7.44 ± 7.27 (m,
11H, ArH), 6.36 (dt, J� 11.5, 6.5 Hz, 1 H, CH�CHCO2CH3), 5.86 (d, J�
6.5 Hz, 1H, CH�CHCO2CH3), 4.59 (AB, J� 11.4 Hz, 2H, OCH2Ph), 3.99 ±
3.90 (m, 2 H, OCH), 3.83 ± 3.68 (m, 7H, OCH and CO2CH3), 3.07 ± 3.01 (m,
1H, CHHCH�CH), 2.90 ± 2.83 (m, 1H, CHHCH�CH), 2.00 (dt, J� 13.0,
8.0 Hz, 1H, CHH), 1.79 ± 1.73 (m, 1 H, CHH), 1.07 (s, 9 H, tBu), 0.97 (t, J�
8.0 Hz, 9H, (CH3CH2)3Si) 0.63 (q, J� 8.0 Hz, 6H, (CH3CH2)3Si); 13C NMR
(125.7 MHz, CDCl3): d� 166.7, 146.9, 138.6, 135.6, 133.7, 133.6, 129.5, 128.2,
127.6, 127.5, 127.3, 120.3, 75.5, 74.6, 71.4, 71.0, 70.7, 65.9, 51.0, 30.2, 28.7, 26.8,
19.2, 6.9, 5.0; HRMS, calcd for C40H56O6Si2 ([M �Na�]) 711.3513, found
711.3533.
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Allylic alcohol 18 : A solution of trans-17 (18.8 g, 0.027 mol) in CH2Cl2 was
cooled to ÿ78 8C, treated with DIBAL (74 mL, 1.0m solution in CH2Cl2,
0.074 mol) and stirred for 3 h. The reaction mixture was poured into a
mixture of ice (100 g), saturated aqueous sodium potassium tartrate
solution (100 mL), and ether (400 mL), while vigorously stirring. The
resulting mixture was stirred for an additional 4 h, the layers were
separated, and the aqueous layer was extracted with ether (400 mL). The
combined organic extracts were dried (MgSO4) and concentrated to afford
allylic alcohol 18 (18.0 g, 0.027 mol, 100 %). 18 : oil ; Rf� 0.35 (silica gel, 1:1,
ether:hexanes); [a]25


D � �15.9 (c� 0.6, CH2Cl2); IR (thin film): nÄmax� 3421
(OH), 3066, 2951, 2879, 1462, 1427, 1365, 1240, 1110, 1009, 972, 818, 738,
703, 613, 504 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.66 ± 7.64 (m, 4 H
ArH), 7.41 ± 7.24 (m, 11H, ArH), 5.71 ± 5.63 (m, 2 H, CH�CHCH2OH), 4.56
(s, 2H, OCH2Ph), 4.03 (d, J� 4.5 Hz, 2 H, HOCH2), 3.91 (dd, J� 10.0,
6.0 Hz, 1 H, OCH), 3.86 (dt, J� 9.0, 5.0 Hz, 1 H, OCH), 3.78 ± 3.63 (m, 4H,
OCH), 2.31 (dt, J� 14.0, 6.5 Hz, 1H, CH�CHCHH), 2.22 (ddd, J� 14.0,
9.0, 4.0 Hz, 1 H, CH�CHCHH), 1.98 (dt, J� 13.0, 7.5 Hz, 1 H, CHH), 1.76
(dt, J� 13.0, 3.5 Hz, 1 H, CHH), 1.51 (br s, 1H, OH), 1.05 (s, 9 H, tBu), 0.94
(t, J� 8.0 Hz, 9H, (CH3CH2)3Si), 0.59 (q, J� 8.0 Hz, 6 H, (CH3CH2)3Si);
13C NMR (125.7 MHz, CDCl3): d� 138.5, 135.6, 133.7, 131.2, 129.6, 129.1,
128.2, 127.6, 127.4, 75.4, 74.3, 71.4, 71.0, 70.6, 65.7, 63.6, 33.5, 28.7, 26.8, 19.2,
6.9, 5.0; HRMS, calcd for C39H56O5Si2 ([M �Cs�]) 793.2721, found
793.2750.


Epoxide 19 : tert-Butyl hydroperoxide (48.8 mL, 5.0m solution in isooctane,
0.244 mol) was added to a mixture of (�)-diethyl-d-tartrate (10.1 g,
0.049 mol), 4 � molecular sieves (21 g), and titanium isopropoxide
(11.6 g, 0.041 mol) in CH2Cl2 (400 mL) at ÿ25 8C. The reaction mixture
was stirred for 30 min. A solution of allylic alcohol 18 (108 g, 0.163 mol) in
CH2Cl2 (200 mL) was treated with 4 � molecular sieves (11 g) for 0.5 h at
25 8C and added to the peroxide-tartrate mixture at ÿ25 8C. The resulting
mixture was stirred at ÿ25 8C for 19 h. After addition of EtOAc (500 mL)
and saturated aqueous sodium sulfate (500 mL), the mixture was stirred for
1 h, filtered through Celite 545, and the layers were separated. The aqueous
layer was extracted with EtOAc (500 mL), and the combined organic
extracts were dried (MgSO4) and concentrated. The residue was purified by
flash column chromatography (silica gel, 2:1, ether:hexanes) to afford
epoxide 19 (98.2 g, 89%). 19 : oil ; Rf� 0.39 (silica gel, 2:1, ether:hexanes);
[a]25


D � �16.4 (c� 0.5, CH2Cl2); IR (thin film): nÄmax 3450 (OH), 2954, 2872,
1455, 1428, 1361, 1240, 1112, 823, 738, 701, 613 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.64 ± 7.62 (m, 4H ArH), 7.40 ± 7.24 (m, 11H, ArH), 4.55, 4.52
(AB, J� 12.0 Hz, 2 H, OCH2Ph), 3.96 ± 3.91 (m, 2H, OCH), 3.80 ± 3.74 (m,
2H, OCH), 3.69 (dd, J� 10.0, 5.5 Hz, 1 H, OCH), 3.62 ± 3.58 (m, 2H,
OCH), 3.52 (ddd, J� 12.0, 7.0, 4.5 Hz, 1H, OCH), 3.05 ± 3.03 (m, 1H,
OCH), 2.92 (dt, J� 4.5, 2.5 Hz, 1 H, OCH), 1.98 (dt, J� 14.0, 7.0 Hz, 1H,
CHH), 1.88 (ddd, J� 14.0, 9.5, 5.0 Hz, 1H, CHH), 1.72 (dt, J� 14.0, 4.0 Hz,
1H, CHH), 1.66 (ddd, J� 14.0, 6.0, 4.0 Hz, 1H, CHH), 1.55 (br s, 1H, OH),
1.03 (s, 9 H, tBu), 0.91 (t, J� 8.0 Hz, 9H, (CH3CH2)3Si), 0.57 (q, J� 8.0 Hz,
6H, (CH3CH2)3Si); 13C NMR (125.7 MHz, CDCl3): d� 138.5, 135.6, 133.7,
129.6, 128.3, 127.6, 127.5, 74.4, 72.6, 71.6, 71.5, 70.8, 65.6, 61.9, 57.7, 53.6, 32.5,
28.6, 26.9, 19.2, 6.9, 5.0; HRMS, calcd for C39H56O6Si2 ([M�Cs�]) 809.9495,
found 809.9484.


Epoxy aldehyde 20 : To a solution of epoxide 19 (144.3 g, 0.213 mol) in
CH2Cl2 (600 mL) at 0 8C was added DMSO (600 mL), Et3N (107.9 g,
1.066 mol), and SO3 ´ pyridine complex (169.6 g, 1.066 mol) in three
portions. The reaction mixture was stirred for 2 h, poured into H2O
(600 mL), and extracted with EtOAc (2 L). The combined organic extracts
were washed with 10% aqueous potassium bisulfate solution (1 L),
saturated aqueous NaHCO3 solution (1 L), and brine (1 L), dried (MgSO4),
concentrated, and coevaporated (2� ) with benzene to give crude aldehyde
20 (143.9 g) which was used in the next step without further purification.
For analytical purposes, a small amount of the crude aldehyde 20 was
purified by flash column chromatography (silica gel, 1:1, ether:hexanes) to
afford aldehyde 20. 20 : oil ; Rf� 0.67 (silica gel, 2:1, ether:hexanes); [a]25


D �
�47.3 (c� 3.2, CH2Cl2); IR (thin film): nÄmax� 3066, 2916, 1729 (CO), 1590,
1462, 1362, 1240, 1111, 817, 740, 614, 494 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 8.89 (d, J� 6.5 Hz, 1 H, CHO), 7.64 (d, J� 7.0 Hz, 4 H ArH), 7.41 ± 7.24
(m, 11 H, ArH), 4.57, 4.53 (AB, J� 11.5 Hz, 2H, OCH2Ph), 4.02 ± 3.95 (m,
2H, OCH), 3.84 (dt, J� 12.0, 6.0 Hz, 1H, OCH), 3.73 (dd, J� 10.5, 5.5 Hz,
1H, OCH), 3.65 (dt, J� 6.5, 3.0 Hz, 1H, OCH), 3.57 (dd, J� 6.5, 2.5 Hz,
1H, OCH), 3.36 (dt J� 5.5, 1.5 Hz, 1 H, OCH), 3.16 (dd, J� 6.5, 1.5 Hz, 1H,
OCH), 2.08 ± 2.02 (m, 1 H, CHH), 1.86 (t, J� 5.8 Hz, 2 H, CHH), 1.76 (ddd,


J� 13.5, 5.0, 3.0 Hz, 1 H, CHH), 1.04 (s, 9 H, tBu), 0.93 (t, J� 8.0 Hz, 9H,
(CH3CH2)3Si), 0.59 (q, J� 8.0 Hz, 6 H, (CH3CH2)3Si); 13C NMR
(125.7 MHz, CDCl3): d� 198.2, 138.3, 135.5, 133.6, 129.6, 128.3, 127.6,
127.5, 74.5, 72.0, 71.9, 71.1, 65.0, 58.5, 54.5, 32.6, 28.5, 26.8, 19.2, 6.9, 5.0.


Olefin 21: A mixture of triphenylmethylphosphonium bromide (114.3 g,
0.320 mol) in THF (600 mL) was treated with NaHMDS (298 mL, 1m
solution in THF, 0.298 mol) at 0 8C for 1 h. To the yellow suspension was
added a solution of crude aldehyde 20 (143.9 g) in THF (600 mL), and the
mixture was stirred for 1 h at 25 8C. Acetone (150 mL) was added, and the
mixture was poured into H2O (600 mL) and ether (600 mL). The layers
were separated, the aqueous layer was extracted with ether (600 mL), and
the combined organic extracts were dried (MgSO4), concentrated, and
purified by flash column chromatography (silica gel, 2:8, ether:hexanes) to
afford olefin 21 (125.9 g, 88% for two steps). 21: oil ; Rf� 0.73 (silica gel,
1:1, ether:hexanes); [a]25


D � �16.5 (c� 3.8, CH2Cl2); IR (thin film): nÄmax�
2954, 2877, 1461, 1427, 1361, 1240, 1110, 819, 737, 701, 611, 504 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.63 ± 7.62 (m, 4 H ArH), 7.39 ± 7.24 (m,
11H, ArH), 5.47 (ddd, J� 17.5, 10.0, 7.5 Hz, 1H, CH2�CH), 5.39 (dd, J�
17.5, 2.0 Hz, 1H, CHH�CH), 5.19 (dd, J� 10.0, 2.0 Hz, 1H, CHH�CH),
4.54 (s, 2H, OCH2Ph), 3.95 (dt, J� 9.5, 5.0 Hz, 1 H, OCH), 3.89 (dd, J�
10.0, 6.5 Hz, 1H, OCH), 3.75 (dt, J� 10.5, 4.5 Hz, 1 H, OCH), 3.70 (dd, J�
10.0, 6.0 Hz, 1 H, OCH), 3.61 ± 3.59 (m, 2 H, OCH), 3.07 (dd, J� 7.5, 2.0 Hz,
1H, OCH), 2.96 (ddd, J� 6.5, 4.5, 2.0 Hz, 1 H, OCH), 2.00 (dt, J� 14.0,
7.0 Hz, 1 H, CHH), 1.89 (ddd, J� 14.0, 9.5, 4.5 Hz, 1H, CHH), 1.73 (dt, J�
14.0, 4.2 Hz, 1H, CHH), 1.62 (ddd, J� 14.0, 6.0, 4.5 Hz, 1 H, CHH), 1.02 (s,
9H, tBu), 0.91 (t, J� 8.0 Hz, 9H, (CH3CH2)3Si), 0.57 (q, J� 8.0 Hz, 6H,
(CH3CH2)3Si); 13C NMR (125.7 MHz, CDCl3): d� 138.4, 135.6, 133.7,
129.5, 128.2, 127.6, 119.1, 74.3, 72.8, 71.5, 71.4, 70.7, 65.5, 58.3, 57.8, 33.0, 28.4,
26.8, 19.2, 6.9, 5.0; HRMS, calcd for C40H56O5Si2 ([M �Cs�]) 805.2721,
found 805.2739.


Hydroxy epoxide 22 : A solution of epoxide 21 (125 g, 0.186 mol) in THF
(1.2 L) was treated with TBAF (204 mL, 1.0m solution in THF, 0.204 mol)
atÿ20 8C. The reaction mixture was warmed to 0 8C over 1 h, concentrated,
and diluted with EtOAc (1 L). The solution was washed successively with
H2O, 5 % aqueous potassium bisulfate solution (500 mL), saturated
aqueous NaHCO3 solution (500 mL), and brine (500 mL), dried (MgSO4),
and concentrated. The residue was purified by flash column chromatog-
raphy (silica gel, 3:7, ether:hexanes) to afford hydroxy epoxide 22 (73.6 g,
71%) and a dihydroxy epoxide (10.8 g, 0.034 mol) in which both silyl ethers
were cleaved. A solution of the dihydroxy epoxide (10.8 g, 0.034 mol) and
imidazole (3.5 g, 0.051 mol) in DMF (50 mL) and CH2Cl2 (1 L) was treated
with TBDPSCl (10.2 g, 0.037 mol) at 0 8C for 3 h. The reaction mixture was
concentrated, dissolved in ether, and washed with H2O (500 mL), 5%
aqueous potassium bisulfate solution (500 mL), saturated aqueous NaH-
CO3 solution (500 mL), and brine (500 mL), dried (MgSO4), and concen-
trated. Flash chromatography (silica gel, 1:9, ether:hexanes, gradient with
ether) provided an additional amount of 22 (18.0 g, 17 %). 22 : oil ; Rf� 0.26
(silica gel, 1:1, ether:hexanes); [a]25


D � �22.5 (c� 0.4, CH2Cl2); IR (thin
film): nÄmax� 3464 (OH), 2931, 2860, 1428, 1110, 740, 702, 612, 504 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.67 ± 7.66 (m, 4 H ArH), 7.44 ± 7.27 (m,
11H, ArH), 5.56 ± 5.49 (m, 1H, CH2�CH), 5.42 (d, J� 17.0 Hz, 1H,
CHH�CH), 5.22 (d, J� 10.0 Hz, 1 H, CHH�CH), 4.63, 4.49 (AB, J�
12.0 Hz, 2 H, OCH2Ph), 3.97 (dt, J� 8.5, 4.0 Hz, 1 H, OCH), 3.94 ± 3.91
(m, 1 H, OCH), 3.83 (dt, J� 11.0, 6.0 Hz, 1 H, OCH), 3.77 (dt, J� 7.5,
3.5 Hz, 1H, OCH), 3.72 ± 3.69 (m, 1H, OCH), 3.61 (dd, J� 8.5, 5.5 Hz, 1H,
OCH), 3.13 (d, J� 7.5 Hz, 1 H, OCH), 3.02 ± 2.99 (m, 1H, OCH), 2.48 (t,
J� 4.5 Hz, 1 H, CHH), 1.99 ± 1.92 (m, 2H, CHH, OH), 1.86 (dt, J� 14.0,
4.0 Hz, 1H, CHH), 1.71 (dt, J� 14.5, 5.0 Hz, 1H, CHH), 1.07 (s, 9 H, tBu);
13C NMR (125.7 MHz, CDCl3): d� 137.6, 135.7, 135.5, 135.4, 133.5, 133.4,
129.6, 128.5, 127.9, 127.8, 127.7, 127.6, 127.5, 119.1, 73.5, 71.9, 70.8, 70.5, 69.1,
65.3, 58.3, 57.4, 32.7, 28.1, 26.8, 19.2; HRMS, calcd for C34H42O5Si ([M
�Cs�]) 691.1856, found 691.1869.


TBS-protected alcohol 8 : A solution of hydroxy epoxide 22 (79.2 g,
0.142 mol) in CH2Cl2 (1 L) was treated with TBSOTf (8 mL, 0.034 mol) at
ÿ78 8C. After stirring for 10 min, 2,6-lutidine (23.3 mL, 0.199 mol) was
added, followed by TBSOTf (34.8 mL, 0.150 mol), and the mixture was
warmed to 25 8C. After 30 min, the mixture was diluted with ether (2 L),
washed with H2O, 5 % aqueous potassium bisulfate solution (1 L),
saturated aqueous NaHCO3 solution (1 L), and brine (1 L), dried (MgSO4),
and concentrated. The residue was purified by flash column chromatog-
raphy (silica gel, 3:7, ether:hexanes) to afford TBS-protected alcohol 8
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(83.9 g, 88%). 8 : oil ; Rf� 0.77 (silica gel, 1:2, EtOAc:benzene); [a]25
D �


�52.4 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 2930, 2857, 1471, 1428, 1253,
1104, 836, 777, 737, 702, 613, 506 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.66 ± 7.64 (m, 4H, ArH), 7.39 ± 7.24 (m, 11H, ArH), 5.92 (ddd, J� 17.0, 10.5,
5.5 Hz, 1H, CH2�CH), 5.33 (d, J� 17.0 Hz, 1 H, CHH�CH), 5.18 (d, J�
10.5 Hz, 1H, CHH�CH), 4.73, 4.59 (AB, J� 12.5 Hz, 2 H, OCH2Ph), 4.07 ±
3.92 (m, 4H, OCH), 3.67 (dt, J� 11.0, 4.5 Hz, 1 H, OCH), 3.58 (dd, J� 9.0,
5.5 Hz, 1H, OCH), 3.37 (ddd, J� 10.5, 9.0, 4.5 Hz, 1 H, OCH), 3.13 (dd, J�
9.5, 2.5 Hz, 1H, OCH), 2.23 ± 2.17 (m, 2H, CHH), 1.82 (ddd, J� 15.0, 7.0,
2.5 Hz, 1H, CHH), 1.47 (q, J� 11.5 Hz, 1H, CHH), 1.05 (s, 9 H, tBuSi), 0.85
(s, 9H, tBuSi), 0.04 (s, 3 H, CH3Si), 0.01 (s, 3H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d� 139.1, 136.1, 135.5, 133.8, 129.5, 128.2, 127.6, 127.1,
116.2, 83.0, 80.0, 73.1, 72.5, 72.2, 70.5, 64.2, 63.3, 40.0, 29.9, 26.8, 25.7, 19.2,
17.9,ÿ4.2,ÿ4.6; HRMS, calcd for C40H56O5Si2 ([M�Cs�]) 805.2721, found
805.2737.


Alcohol 23 : A solution of olefin 8 (98 g, 0.146 mol) in THF (300 mL) was
treated with 9-BBN (804 mL, 1.0m solution in THF, 0.804 mol) at 0 8C for
4 h. The mixture was added to a solution of NaHCO3 (275 g, 3.274 mol) in
H2O (3.8 L) followed by careful addition of hydrogen peroxide (223 mL,
30% w/w solution in H2O, 2.184 mol). After the mixture was stirred for 4 h,
ether (1 L) was added, the layers were separated, and the aqueous layer
was extracted with ether (500 mL). The combined organic extracts were
dried (MgSO4), concentrated, and purified by flash column chromatog-
raphy (silica gel, 3:7, ether:hexanes) to afford alcohol 23 (105.7 g, contains
about 15 % w/w of an impurity derived from 9-BBN, 0.130 mol, 89%)
which was used without further purification in the next step. For analytical
purposes, a small amount of crude alcohol 23 was purified by flash column
chromatography (silica gel, 3:7, ether:hexanes). 23 : oil ; Rf� 0.44 (silica gel,
1:2, EtOAc:hexanes); [a]25


D � �55.2 (c� 0.8, CH2Cl2); IR (thin film):
nÄmax� 3454 (OH), 2923, 2857, 1470, 1428, 1253, 1103, 837, 777, 737, 702, 613,
506 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.65 ± 7.62 (m, 4 H, ArH), 7.45 ±
7.19 (m, 11H, ArH), 4.58 (s, 2H, OCH2Ph), 4.03 ± 3.93 (m, 3H, OCH),
3.87 ± 3.74 (m, 3 H, OCH), 3.65 (ddd, J� 11.0, 6.5, 4.5 Hz, 1 H, OCH), 3.44 ±
3.39 (m, 1H, OCH), 3.34 (dt, J� 9.0, 2.5 Hz, 1H, OCH), 3.09 (dd, J� 9.5,
3.0 Hz, 1 H, OCH), 2.24 (dd, J� 15.0, 3.5 Hz, 1H, CHH), 2.18 (dt, J� 11.5,
4.5 Hz, 1H, CHH), 2.06 ± 1.87 (m, 2 H, CHH, OH), 1.77 (ddd, J� 15.0, 6.0,
3.0 Hz, 1 H, CHH), 1.73 ± 1.63 (m, 1H, CHH), 1.38 (q, J� 11.5 Hz, 1H,
CHH), 1.05 (s, 9H, tBuSi), 0.85 (s, 9 H, tBuSi), 0.06 (s, 3 H, CH3Si), 0.04 (s,
3H, CH3Si); 13C NMR (100.6 MHz, CDCl3): d� 138.4, 135.4, 133.6, 133.5,
129.5, 129.4, 128.1, 127.5, 127.2, 82.9, 79.8, 72.8, 72.1, 71.8, 69.6, 63.9, 63.0,
61.0, 39.6, 33.6, 28.9, 26.7, 25.6, 19.1, 17.7, ÿ4.2, ÿ4.9; HRMS, calcd for
C40H58O6Si2 ([M �Cs�]) 823.2826, found 823.2858.


Aldehyde 24 : To a solution of crude alcohol 23 (110.8 g, content ca. 85 % w/
w, 0.136 mol), DMSO (400 mL), and Et3N (95.4 mL, 0.682 mol) in CH2Cl2


(400 mL) at 0 8C was added SO3 ´ pyridine complex (108.5 g, 0.682 mol) in
three portions. The reaction mixture was stirred for 2 h, diluted with EtOAc
(2 L), washed successively with H2O, 10% aqueous potassium bisulfate
solution, saturated aqueous NaHCO3 solution, and brine, dried (MgSO4),
and concentrated. The residue was coevaporated twice with benzene to
give crude aldehyde 24 (110.5 g) which was used in the next step without
further purification. For analytical purposes, a small amount of crude
aldehyde 24 was purified by flash column chromatography (silica gel, 1:9,
ether:hexanes, gradient with ether). 24 : oil ; Rf� 0.68 (silica gel, 2:1,
ether:hexanes); [a]25


D � �47.6 (c� 0.7, CH2Cl2); IR (thin film): nÄmax� 2954,
2930, 2857, 1730 (CO), 1472, 1428, 1253, 1104, 837, 777, 738, 702, 613,
506 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 9.78 (dd, J� 3.0, 2.0 Hz, 1H,
CHO), 7.68 ± 7.65 (m, 4 H, ArH), 7.40 ± 7.21 (m, 11 H, ArH), 4.61, 4.58 (AB,
J� 12.5 Hz, 2H, OCH2Ph), 4.08 ± 4.03 (m, 1 H, OCH), 4.00 ± 3.94 (m, 2H,
OCH), 3.86 (d, J� 3.0 Hz, 1 H, OCH), 3.69 ± 3.64 (m, 2H, OCH), 3.41 (ddd,
J� 11.0, 9.0, 4.5 Hz, 1H, OCH), 3.13 (dd, J� 10.0, 3.0 Hz, 1H, OCH), 2.77
(ddd, J� 16.0, 3.5, 1.5 Hz, 1 H, CHH), 2.46 (ddd, J� 16.0, 10.0, 3.5 Hz, 1H,
CHH), 2.23 (dt, J� 11.5, 4.5 Hz, 1 H, CHH), 2.18 (dd, J� 14.5, 3.0 Hz, 1H,
CHH), 1.83 ± 1.77 (m, 1 H, CHH), 1.47 (q, J� 11.5 Hz, 1 H, CHH), 1.07 (s,
9H, tBuSi), 0.87 (s, 9H, tBuSi), 0.08 (s, 3H, CH3Si), 0.06 (s, 3 H, CH3Si);
13C NMR (125.7 MHz, CDCl3): d� 201.2, 138.8, 135.5, 133.8, 133.7, 129.5,
128.2, 127.6, 127.1, 127.0, 80.3, 78.1, 73.1, 72.0, 69.9, 64.0, 63.1, 46.2, 39.6, 29.5,
26.8, 25.7, 19.2, 17.8, ÿ4.1, ÿ4.8; HRMS, calcd for C40H56O6Si2 ([M �Cs�])
821.2670, found 821.2694.


a,b-Unsaturated ester 25 : A solution of crude aldehyde 24 (110.5 g) in
benzene (1 L) was treated with methyl (triphenylphosphoranylidene)ace-
tate (68.3 g, 0.204 mol) at 25 8C for 11 h. The reaction mixture was


concentrated and purified by flash column chromatography (silica gel, 1:49,
ether:hexanes, gradient with ether) to afford ester 25 (97.9 g, 86 % for two
steps). 25 : colorless oil; Rf� 0.51 (silica gel, 3:7, ether:hexanes); [a]25


D �
�69.7 (c� 0.6, CH2Cl2); IR (thin film): nÄmax� 2952, 2930, 2857, 1726 (CO),
1658, 1470, 1429, 1255, 1102, 1046, 837, 777, 738, 702, 613, 506 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.67 ± 7.66 (m, 4 H, ArH), 7.41 ± 7.23 (m, 11H, ArH),
7.04 (dt, J� 16.0, 8.0 Hz, 1H, CH�CHCO2Me), 5.91 (d, J� 16.0 Hz, 1H,
CH�CHCO2Me), 4.67 (dd, J� 12.5 Hz, 1H, OCHHPh), 4.58 (dd, J�
12.5 Hz, 1 H, OCHHPh), 4.06 ± 4.03 (m, 1H, OCH), 4.00 ± 3.92 (m, 2H,
OCH), 3.90 ± 3.84 (m, 1 H, OCH), 3.74 (s, 3 H, CO2CH3), 3.66 ± 3.60 (m, 1H,
OCH), 3.40 ± 3.35 (m, 1H, OCH), 3.20 (t, J� 8.5 Hz, 1H, OCH), 3.06 (d,
J� 9.5 Hz, 1H, OCH), 2.70 ± 2.64 (m, 1 H, CHH), 2.30 (dt, J� 15.0, 7.5 Hz,
1H, CHH), 2.22 ± 2.14 (m, 2H, CHH), 1.84 ± 1.75 (m, 1 H, CHH), 1.42 (q,
J� 11.5 Hz, 1 H, CHH), 1.07 (s, 9H, tBuSi), 0.88 (s, 9H, tBuSi), 0.07 (s, 3H,
CH3Si), 0.07 (s, 3 H, CH3Si); 13C NMR (125.7 MHz, CDCl3) d 166.9, 146.2,
139.0, 135.6, 133.8, 129.6, 129.5, 128.2, 127.6, 127.1, 122.8, 81.3, 80.3, 73.1,
72.0, 71.9, 69.9, 64.1, 63.3, 51.4, 39.8, 34.7, 29.6, 26.9, 25.7, 19.3, 17.9, ÿ3.9,
ÿ4.7; HRMS, calcd for C43H60O7Si2 ([M �Cs�]) 877.2932, found 877.2904.


Allylic alcohol 26 : A solution of ester 25 (96.4 g, 0.115 mol) in CH2Cl2 (1 L)
was treated with DIBAL (328 mL, 1.0m solution in CH2Cl2, 0.328 mol) at
ÿ78 8C for 3 h. The reaction mixture was poured into a mixture of ice
(750 g), saturated aqueous sodium potassium tartrate (750 mL) and EtOAc
(1.5 L) and stirred vigorously for 4 h. The organic layer was separated,
washed with 10 % aqueous potassium bisulfate (500 mL), saturated
aqueous NaHCO3 (500 mL), and brine (500 mL), dried (MgSO4), and
concentrated. The residue was purified by flash column chromatography
(silica gel, 1:9, ether:hexanes, gradient with ether) to afford allylic alcohol
26 (80.6 g, 88 %). 26 : colorless oil; Rf� 0.33 (silica gel, 1:1, ether:hexanes);
[a]25


D ��61.6 (c� 3.2, CH2Cl2); IR (thin film): nÄmax� 3438 (OH), 2930,
2856, 1470, 1428, 1254, 1102, 1050, 836, 776, 737, 702 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.67 ± 7.66 (m, 4 H, ArH), 7.41 ± 7.26 (m, 11H, ArH),
5.80 ± 5.69 (m, 2H, CH�CH), 4.70 (d, J� 13.0 Hz, 1H, OCHHPh), 4.60 (d,
J� 13.0 Hz, 1 H, OCHHPh), 4.10 ± 3.97 (m, 5 H, OCH), 3.89 (d, J� 3.0 Hz,
1H, OCH), 3.65 (dt, J� 10.5, 4.5 Hz, 1H, OCH), 3.39 (ddd, J� 10.5, 9.0,
5.0 Hz, 1H, OCH), 3.13 (dt, J� 8.5, 3.0 Hz, 1 H, OCH), 3.06 (dd, J� 9.5,
3.0 Hz, 1H, OCH), 2.56 ± 2.52 (m, 1H, CHH), 2.22 ± 2.15 (m, 3 H, CHH),
1.80 (ddd, J� 15.0, 6.0, 3.0 Hz, 1H, CHH), 1.60 (br s, 1 H, OH), 1.42 (q, J�
11.5 Hz, 1 H, CHH), 1.06 (s, 9H, tBuSi), 0.88 (s, 9H, tBuSi), 0.07 (s, 3H,
CH3Si), 0.07 (s, 3H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 139.0,
135.5, 133.7, 131.1, 129.5, 129.1, 128.1, 127.5, 127.1, 127.0, 82.1, 80.1, 73.0, 71.9,
69.6, 64.0, 63.6, 63.4, 39.7, 34.5, 29.5, 26.8, 25.7, 19.2, 17.8, ÿ4.0, ÿ4.7;
HRMS, calcd for C42H60O6Si2 ([M �Cs�]) 849.2983, found 849.2961.


Epoxide 27: A solution of allylic alcohol 26 (74.7 g, 93.8 mmol) in CH2Cl2


(300 mL) was treated with 4 � molecular sieves (40 g) for 0.5 h at 258C. This
mixture was added to a mixture of (�)-diethyl-d-tartrate (5.7 g, 27.6 mmol),
4 � molecular sieves (41 g), titanium isopropoxide (6.7 g, 23.6 mmol), and
tert-butyl hydroperoxide (45 mL, 5.0m solution in isooctane, 225 mmol) in
CH2Cl2 (300 mL) at ÿ25 8C for 18 h. After addition of EtOAc (350 mL)
and saturated aqueous sodium sulfate (135 mL), the reaction mixture was
stirred for 1 h and filtered through celite 545. The aqueous layer was
separated and extracted with EtOAc (2� 250 mL), and the combined
organic extracts were dried (MgSO4) and concentrated. The residue was
purified by flash column chromatography (silica gel, 1:9, ether:hexanes,
gradient with ether) to afford epoxide 27 (74.1 g, 97%) as a mixture of two
isomers (ca. 7:1 by 1H NMR). 27: oil ; Rf� 0.29 (silica gel, 2:1, ether:-
hexanes); [a]25


D � �56.1 (c� 1.8, CH2Cl2); IR (thin film): nÄmax� 3449 (OH),
2954, 2930, 2857, 1472, 1428, 1252, 1104, 1052, 837, 777, 737, 702, 613,
505 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.67 ± 7.65 (m, 4 H, ArH), 7.42 ±
7.25 (m, 11H, ArH), 4.68 (d, J� 13.0 Hz, 1H, OCHHPh), 4.61 (d, J�
13.0 Hz, 1 H, OCHHPh), 4.06 ± 3.84 (m, 5H, OCH), 3.70 ± 3.58 (m, 2H,
OCH), 3.48 ± 3.40 (m, 1 H, OCH), 3.25 ± 3.18 (m, 1 H, OCH), 3.17 ± 3.14 (m,
1H, OCH), 3.10 ± 3.05 (m, 1H, OCH), 2.94 ± 2.90 (m, 1 H, OCH), 2.25 ± 2.18
(m, 2 H, CHH), 1.92 ± 1.75 (m, 3H, CHH), 1.56 (br s, 1 H, OH), 1.41 (q, J�
11.5 Hz, 1 H, CHH), 1.06 (s, 9H, tBuSi), 0.86 (s, 9H, tBuSi), 0.07 (s, 3H,
CH3Si), 0.05 (s, 3H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 138.9,
135.5, 135.4, 133.7, 133.6, 129.5, 128.2, 128.1, 127.5, 127.1, 127.0, 80.3, 80.0,
73.0, 72.1, 71.9, 69.6, 64.0, 63.2, 61.7, 57.9, 53.3, 39.7, 33.6, 29.4, 26.8, 25.7, 19.2,
17.8,ÿ4.1,ÿ4.8; HRMS, calcd for C42H60O7Si2 ([M�Cs�]) 865.2932, found
865.2954.


Epoxy aldehyde 28 : To a solution of epoxide 27 (82.0 g, 0.101 mol), DMSO
(500 mL), and Et3N (72 mL, 0.504 mol) in CH2Cl2 (500 mL) at 0 8C was
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added SO3 ´ pyridine complex (80.0 g, 0.503 mol) in three portions. The
reaction mixture was stirred at 0 8C for 1 h, diluted with EtOAc (1 L), and
washed successively with H2O (500 mL), 10% aqueous potassium bisulfate
(500 mL), saturated aqueous NaHCO3 (500 mL), and brine (500 mL). The
organic layer was dried (MgSO4) and concentrated, and the residue was
coevaporated twice with toluene to give crude aldehyde 28 (81.8 g) which
was used in the next step without further purification. For analytical
purposes a small amount of crude aldehyde 28 was purified by flash column
chromatography (silica gel, 1:9, ether:hexanes, gradient with ether). 28 :
colorless oil; Rf� 0.53 (silica gel, 2:1, ether:hexanes); [a]25


D � �79.2 (c�
1.5, CH2Cl2); IR (thin film): nÄmax� 2954, 2930, 2857, 1730 (CO), 1471, 1428,
1254, 1103, 1051, 837, 778, 738, 703, 506 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 8.96 (d, J� 6.0 Hz, 1H, CHO), 7.68 ± 7.65 (m, 4 H, ArH), 7.42 ± 7.24 (m,
11H, ArH), 4.67 (d, J� 13.0 Hz, 1 H, OCHHPh), 4.62 (d, J� 13.0 Hz, 1H,
OCHHPh), 4.07 ± 3.94 (m, 3 H, OCH), 3.90 ± 3.89 (m, 1 H, OCH), 3.67 (dt,
J� 11.0, 4.5 Hz, 1 H, OCH), 3.45 (ddd, J� 10.5, 9.0, 4.5 Hz, 1 H, OCH), 3.41
(dt, J� 5.5, 1.5 Hz, 1H, OCH), 3.25 (dt, J� 8.5, 3.0 Hz, 1 H, OCH), 3.14
(dd, J� 6.0, 2.0 Hz, 1H, OCH), 3.09 (dd, J� 9.5, 3.0 Hz, 1H, OCH), 2.23 ±
2.19 (m, 2 H, CHH), 2.06 (ddd, J� 14.5, 5.5, 3.0 Hz, 1H, CHH), 1.90 ± 1.79
(m, 2 H, CHH), 1.42 (q, J� 11.5 Hz, 1 H, CHH), 1.07 (s, 9 H, tBuSi), 0.86 (s,
9H, tBuSi), 0.08 (s, 3 H, CH3Si), 0.05 (s, 3 H, CH3Si); 13C NMR (125.7 MHz,
CDCl3): d� 198.4, 138.9, 135.6, 135.5, 133.7, 129.6, 129.5, 128.2, 127.6, 127.2,
127.1, 127.0, 80.1, 80.0, 73.0, 72.1, 70.0, 69.6, 64.0, 63.2, 58.4, 54.3, 39.7, 33.4,
29.5, 26.8, 25.7, 19.2, 17.8, ÿ4.0, ÿ4.8.


Olefin 29 : A solution of aldehyde 28 (81.8 g, 0.101 mol) in THF (500 mL)
was added to a mixture of triphenylmethylphosphonium bromide (72.2 g,
0.202 mol) and NaHMDS (152 mL, 1m solution in THF, 0.152 mol) in THF
(500 mL) at 0 8C. The reaction mixture was stirred for 15 min and quenched
by pouring into a mixture of ice (250 g), H2O (250 mL), and EtOAc
(500 mL). The organic layer was separated, washed with 10% aqueous
potassium bisulfate (250 mL), saturated aqueous NaHCO3 (250 mL), and
brine (250 mL), dried (MgSO4), and concentrated. The residue was purified
by flash column chromatography (silica gel, 1:9, ether:hexanes, gradient
with ether) to afford olefin 29 (68.6 g, 84 % for two steps). 29 : colorless oil;
Rf� 0.44 (silica gel, 3:7, ether:hexanes); [a]25


D � �61.7 (c� 2.7, CH2Cl2); IR
(thin film): nÄmax� 2954, 2931, 2857, 1471, 1428, 1254, 1104, 1052, 837, 777,
738, 702, 612, 506 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.68 ± 7.66 (m, 4H,
ArH), 7.42 ± 7.26 (m, 11H, ArH), 5.57 (ddd, J� 17.5, 10.0, 7.5 Hz, 1H,
CH�CH2), 5.45 (d, J� 17.5 Hz, 1 H, CH�CHH), 5.26 (d, J� 10.0 Hz, 1H,
CH�CHH), 4.70 (d, J� 13.0 Hz, 1 H, OCHHPh), 4.61 (d, J� 13.0 Hz, 1H,
OCHHPh), 4.09 ± 4.04 (m, 1 H, OCH), 4.01 ± 3.96 (m, 2 H, OCH), 3.90 (d,
J� 2.5 Hz, 1H, OCH), 3.68 (dt, J� 10.5, 4.5 Hz, 1 H, OCH), 3.45 (dt, J�
10., 4.5 Hz, 1 H, OCH), 3.25 (dt, J� 8.5, 3.0 Hz, 1 H, OCH), 3.13 ± 3.06 (m,
3H, OCH), 2.34 ± 2.19 (m, 2 H, CHH), 1.93 (ddd, J� 14.0, 5.5, 2.5 Hz, 1H,
CHH), 1.86 ± 1.80 (m, 2 H, CHH), 1.43 (q, J� 11.5 Hz, 1 H, CHH), 1.07 (s,
9H, tBuSi), 0.87 (s, 9H, tBuSi) 0.08 (s, 3H, CH3Si), 0.07 (s, 3H, CH3Si);
13C NMR (125.7 MHz, CDCl3): d� 139.0, 135.9, 135.6, 135.5, 133.8, 133.7,
129.5, 128.1, 127.6, 127.1, 127.0, 119.0, 80.4, 80.1, 73.0, 72.1, 72.0, 69.8, 64.1,
63.3, 58.1, 57.8, 39.8, 34.2, 29.6, 26.8, 25.7, 19.2, 17.9, ÿ4.1, ÿ4.7; HRMS,
calcd for C43H60O6Si2 ([M �Cs�]) 861.2983, found 861.2953.


Hydroxy epoxide 30 : A solution of epoxide 29 (69.8 g, 86.2 mmol) in THF
(500 mL) was treated with TBAF (145 mL, 1.0m solution in THF,
0.145 mol) at 0 8C for 3 h. The reaction mixture was diluted with EtOAc
(1 L), washed with H2O (250 mL), 10% aqueous potassium bisulfate
(250 mL), saturated aqueous NaHCO3 (250 mL), and brine (250 mL), dried
(MgSO4), and concentrated. The residue was purified by flash column
chromatography (silica gel, 1:9, EtOAc:hexanes, gradient with EtOAc) to
afford hydroxy epoxide 30 (38.5 g, 72 %) and a dihydroxy epoxide (both
silyl protecting groups were cleaved) (8.6 g, 26%) which was reprotected to
yield additional hydroxy epoxide 30 (11.7 g, 22 %). 30 : colorless oil; Rf�
0.57 (silica gel, 2:1, EtOAc:hexanes); [a]25


D � �60.0 (c� 0.4, CH2Cl2); IR
(thin film): nÄmax� 3432 (OH), 2933, 2855, 1461, 1425, 1107, 1035, 823, 737,
702 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.68 ± 7.64 (m, 4 H, ArH), 7.42 ±
7.22 (m, 11H, ArH), 5.55 (ddd, J� 17.0, 10.0, 7.5 Hz, 1 H, CH�CH2), 5.47
(dd, J� 17.0, 2.0 Hz, 1H, CH�CHH), 5.28 (dd, J� 10.0, 2.0 Hz, 1H,
CH�CHH), 4.68 (d, J� 12.5 Hz, 1 H, OCHHPh), 4.58 (d, J� 12.5 Hz, 1H,
OCHHPh), 4.15 ± 4.10 (m, 1 H, OCH), 4.00 (q, J� 7.0 Hz, 1H, OCH),
3.91 ± 3.88 (m, 2H, OCH), 3.64 ± 3.56 (m, 2H, OCH), 3.27 (ddd, J� 9.0, 5.5,
3.0 Hz, 1H, OCH), 3.16 (dd, J� 7.5, 2.5 Hz, 1H, OCH), 3.11 (dd, J� 9.5,
2.5 Hz, 1H, OCH), 3.04 (dt, J� 6.5, 4.5 Hz, 1 H, OCH), 2.25 (dt, J� 11.5,
4.0 Hz, 1H, CHH), 2.19 ± 2.11 (m, 1 H, CHH), 1.90 ± 1.73 (m, 3 H, CHH),


1.58 (br s, 1H, OH), 1.41 (q, J� 11.5 Hz, 1H, CHH), 1.06 (s, 9 H, tBuSi);
13C NMR (125.7 MHz, CDCl3): d� 139.1, 135.5, 135.3, 133.8, 133.7, 129.6,
129.5, 128.1, 127.6, 127.1, 127.0, 126.9, 119.5, 80.5, 80.0, 73.2, 72.4, 72.3, 68.4,
63.9, 63.5, 58.3, 57.2, 38.6, 34.2, 30.1, 26.9, 19.2; HRMS, calcd for C37H46O6Si
([M �Cs�]) 747.2118, found 747.2146.


Alcohol 31: To a solution of hydroxy epoxide 30 (47.5 g, 77.3 mmol) in
CH2Cl2 (1.5 L) and 4 � molecular sieves (5 g) was added pyridinium p-
toluenesulfonate (11.0 g, 43.8 mmol), and the reaction mixture was stirred
at 25 8C for 18 h. After concentration, the residue was treated with EtOAc
(500 mL) and filtered through celite 545. The filtrate was washed with H2O
(250 mL), 10 % aqueous potassium bisulfate solution (250 mL), saturated
aqueous NaHCO3 (250 mL) and brine (250 mL). The organic layer was
dried (MgSO4) and concentrated to give alcohol 31 (44.8 g). For analytical
purposes, a small amount of the crude material was purified by flash
column chromatography (silica gel, 1:9, ether:hexanes, gradient with
ether). 31: colorless oil; Rf� 0.30 (silica gel, 1:1, EtOAc:hexanes); [a]25


D �
�40.9 (c� 2.6, CH2Cl2); IR (thin film): nÄmax� 3431 (OH), 2934, 2859, 1460,
1427, 1106, 1042, 930, 825, 737 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.67 ±
7.63 (m, 4 H, ArH), 7.41 ± 7.22 (m, 11H, ArH), 5.84 (ddd, J� 17.5, 10.5,
7.0 Hz, 1 H, CH�CH2), 5.45 (d, J� 17.5 Hz, 1 H, CH�CHH), 5.38 (d, J�
10.5 Hz, 1H, CH�CHH), 4.67 (d, J� 12.0 Hz, 1 H, OCHHPh), 4.58 (d, J�
12.0 Hz, 1 H, OCHHPh), 4.12 (dd, J� 10.5, 7.5 Hz, 1 H, OCH), 4.00 (q, J�
7.0 Hz, 1 H, OCH), 3.90 ± 3.86 (m, 2 H, OCH), 3.68 (ddd, J� 11.5, 9.5,
4.5 Hz, 1 H, OCH), 3.55 (dd, J� 9.0, 7.5 Hz, 1H, OCH), 3.47 ± 3.42 (m, 1H,
OCH), 3.16 ± 3.01 (m, 3 H, OCH), 2.44 (dt, J� 11.5, 4.0 Hz, 1 H, CHH), 2.25
(dt, J� 11.5, 4.0 Hz, 1 H, CHH), 2.15 (dt, J� 14.5, 3.0 Hz, 1H, CHH), 1.84
(ddd, J� 15.0, 7.5, 3.0 Hz, 1H, CHH), 1.57 (br s, 1H, OH), 1.54 (q, J�
11.5 Hz, 1 H, CHH), 1.43 (q, J� 11.0 Hz, 1H, CHH), 1.05 (s, 9H, tBuSi);
13C NMR (125.7 MHz, CDCl3): d� 138.9, 135.5, 135.3, 133.8, 133.7, 129.6,
129.5, 128.1, 127.6, 127.1, 119.9, 83.8, 80.6, 76.6, 76.1, 73.2, 72.4, 72.1, 68.8,
63.8, 63.7, 37.4, 35.6, 29.9, 26.8, 19.2.


Diol 32 : A solution of crude alcohol 31 (44.8 g) in CH2Cl2 (150 mL) and
MeOH (450 mL) was treated with ozone at ÿ78 8C until a pale blue color
appeared (ca. 1 h). Sodium borohydride (12.0 g, 317.2 mmol) was added in
small portions, and the mixture was stirred at 25 8C for 2 h. The reaction
mixture was concentrated, and the residue was dissolved in EtOAc
(500 mL) and washed with 10 % aqueous potassium bisulfate (250 mL),
saturated aqueous NaHCO3 (250 mL), and brine (250 mL). The solution
was dried (MgSO4) and concentrated to afford crude diol 32 (44.7 g) which
was used in the next step without further purification. For analytical
purposes, a small amount of the crude material was purified by flash
column chromatography (silica gel, 1:9, ether:hexanes, gradient with
ether). 32 : colorless foam; mp� 80 ± 100 8C; Rf� 0.27 (silica gel, 2:1,
EtOAc:hexanes); [a]25


D � �42.1 (c� 0.7, CH2Cl2); IR (thin film): nÄmax�
3406 (OH), 2933, 2860, 1461, 1428, 1108, 1042, 910, 825, 735, 702, 612,
505 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.67 ± 7.64 (m, 4 H, ArH), 7.44 ±
7.21 (m, 11H, ArH), 4.67 (d, J� 12.0 Hz, 1H, OCHHPh), 4.57 (d, J�
12.0 Hz, 1 H, OCHHPh), 4.13 (dd, J� 10.5, 7.5 Hz, 1H, OCH), 4.00 (q,
J� 6.5 Hz, 1H, OCH), 3.89 ± 3.86 (m, 3 H, OCH), 3.82 ± 3.78 (m, 1H,
OCH), 3.74 ± 3.64 (m, 2H, OCH), 3.23 (dt, J� 9.0, 4.5 Hz, 1 H, OCH), 3.12
(dd, J� 9.5, 2.5 Hz, 1 H, OCH), 3.06 ± 2.98 (m, 2 H, OCH), 2.45 (br s, 1H,
OH), 2.40 (dt, J� 11.5, 4.5 Hz, 1H, CHH), 2.26 (br s, 1H, OH), 2.20 (dt, J�
11.5, 4.0 Hz, 1H, CHH), 2.14 (dd, J� 15.0, 3.5 Hz, 1 H, CHH), 1.84 (ddd,
J� 15.0, 7.5, 3.0 Hz, 1 H, CHH), 1.53 (q, J� 11.5 Hz, 1 H, CHH), 1.39 (q, J�
11.5 Hz, 1 H, CHH), 1.06 (s, 9H, tBuSi); 13C NMR (125.7 MHz, CDCl3):
d� 138.8, 135.5, 133.7, 129.6, 129.5, 128.1, 127.6, 127.1, 81.3, 80.5, 76.5, 76.2,
73.2, 72.4, 72.1, 66.3, 63.8, 63.6, 62.7, 38.1, 35.5, 29.8, 26.8, 19.2; HRMS, calcd
for C36H46O7Si ([M �Cs�]) 751.2067, found 751.2044.


Acetonide 33 : A solution of crude diol 32 (44.7 g), 2,2 ± dimethoxypropane
(139 mL, 1.15 mol) and pyridinium p ± toluenesulfonate (1.0 g, 4.0 mmol) in
CH2Cl2 (1 L) was stirred at 25 8C for 28 h. The reaction mixture was
concentrated, and the residue was dissolved in EtOAc (500 mL) and
washed successively with 10 % aqueous potassium bisulfate (250 mL),
saturated aqueous NaHCO3 (250 mL), and brine (250 mL). The organic
layer was dried (MgSO4) and concentrated to furnish crude acetonide 33
(47.2 g) which was used in the next step without further purification. For
analytical purposes, a small amount of the crude material was purified by
flash column chromatography (silica gel, 1:9, ether:hexanes, gradient with
ether). 33 : colorless foam; mp� 55 ± 60 8C; Rf� 0.70 (silica gel, 2:1,
EtOAc:hexanes); [a]25


D � �39.3 (c� 0.6, CH2Cl2); IR (thin film): nÄmax�
2937, 2878, 1461, 1428, 1377, 1270, 1200, 1105, 1026, 860, 826, 738, 702, 612,







FULL PAPER K. C. Nicolaou et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0638 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2638


506 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.67 ± 7.63 (m, 4 H, ArH), 7.43 ±
7.21 (m, 11H, ArH), 4.65 (d, J� 12.5 Hz, 1H, OCHHPh), 4.57 (d, J�
12.5 Hz, 1 H, OCHHPh), 4.14 ± 4.11 (m, 1 H, OCH), 4.00 (q, J� 6.5 Hz,
1H, OCH), 3.94 ± 3.85 (m, 3H, OCH), 3.76 ± 3.61 (m, 3 H, OCH), 3.24 ± 3.03
(m, 4H, OCH), 2.25 (dt, J� 11.5, 4.0 Hz, 1H, CHH), 2.19 (dt, J� 12.0,
4.5 Hz, 1H, CHH), 2.13 (dd, J� 15.0, 3.0 Hz, 1H, CHH), 1.86 ± 1.80 (m, 1H,
CHH), 1.59 ± 1.30 (m, 2H, CHH), 1.50 (s, 3H, CH3), 1.42 (s, 3 H, CH3), 1.06
(s, 9 H, tBuSi); 13C NMR (125.7 MHz, CDCl3): d� 138.9, 135.5, 133.6, 129.5,
128.1, 127.6, 127.5, 127.1, 127.0, 99.2, 80.8, 77.2, 76.9, 74.8, 73.2, 72.3, 72.1,
69.3, 63.8, 63.6, 62.6, 35.5, 35.2, 29.9, 29.1, 26.8, 19.2, 19.0; HRMS, calcd for
C39H50O7Si ([M �Cs�]) 791.2380, found 791.2356.


Alcohol 34 : A solution of crude acetonide 33 (47.2 g) in THF (500 mL) was
treated with TBAF (107.5 mL, 1.0m solution in THF, 107.5 mmol) at 25 8C
for 3 h. The reaction mixture was concentrated, and the residue was
dissolved in EtOAc (500 mL) and washed with H2O (250 mL), 10%
aqueous potassium bisulfate solution (250 mL), saturated aqueous NaH-
CO3 (250 mL), and brine (250 mL). The organic layer was dried (MgSO4)
and concentrated, and the residue was purified by flash column chroma-
tography (silica gel, 1:1, EtOAc:hexanes, gradient with EtOAc) to provide
alcohol 34 (26.3 g, 62.5 mol, 81% from 30). 34 : colorless oil ; Rf� 0.30 (silica
gel, 2:1, EtOAc:hexanes); [a]25


D � �53.5 (c� 0.5, CH2Cl2); IR (thin film):
nÄmax� 3453 (OH), 2932, 2879, 1458, 1378, 1270, 1202, 1100, 1061, 1025, 915,
860, 734, 698 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.34 ± 7.26 (m, 5H,
ArH), 4.78 (d, J� 12.0 Hz, 1H, OCHHPh), 4.61 (d, J� 12.0 Hz, 1H,
OCHHPh), 4.22 (dd, J� 12.0, 9.0 Hz, 1H, OCH), 4.05 ± 3.90 (m, 4H,
OCH), 3.73 ± 3.63 (m, 2 H, OCH), 3.51 (dd, J� 11.5, 3.0 Hz, 1H, OCH),
3.27 ± 3.14 (m, 4H, OCH), 2.35 ± 2.27 (m, 3 H, CHH and OH), 2.01 (ddd,
J� 15.0, 7.5, 3.0 Hz, 1H, CHH), 1.88 (dd, J� 15.0, 3.5 Hz, 1 H, CHH), 1.64 ±
1.36 (m, 2 H, CHH) 1.51 (s, 3 H, CH3), 1.42 (s, 3H, CH3); 13C NMR
(125.7 MHz, CDCl3): d� 138.5, 128.3, 127.5, 127.4, 99.3, 80.8, 77.4, 77.0, 74.8,
73.0, 72.9, 71.9, 69.3, 63.5, 63.3, 62.6, 35.5, 35.3, 31.2, 29.1, 19.1; HRMS, calcd
for C23H32O7 ([M �H�]) 421.2226, found 421.2242.


Aldehyde 35 : To a solution of alcohol 34 (26.3 g, 62.5 mmol), DMSO
(150 mL), and Et3N (45.0 mL, 0.313 mol) in CH2Cl2 (150 mL) at 0 8C was
added SO3 ´ pyridine complex (49.8 g, 0.313 mol) in three portions. The
reaction mixture was stirred for 1 h, diluted with EtOAc (500 mL), and
washed with H2O (250 mL), 10 % aqueous potassium bisulfate (250 mL),
saturated aqueous NaHCO3 (250 mL), and brine (250 mL). The organic
layer was dried (MgSO4) and concentrated to give crude aldehyde 35
(26.2 g) which was used in the next step without further purification. For
analytical purposes, a small amount of the crude material was purified by
flash column chromatography (silica gel, 1:9, EtOAc:hexanes, gradient
with EtOAc). 35 : colorless foam; mp� 190 ± 193 8C; Rf� 0.65 (silica gel,
2:1, EtOAc:hexanes); [a]25


D � �106.0 (c� 2.1, CH2Cl2); IR (thin film):
nÄmax� 2875, 1742 (CO), 1453, 1375, 1270, 1203, 1103, 954, 863, 739, 698,
599 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 9.83 (d, J� 0.5 Hz, 1 H, CHO),
7.34 ± 7.26 (m, 5 H, ArH), 4.57 (s, 2H, OCH2Ph), 4.16 (ddd, J� 11.5, 10.0,
4.5 Hz, 1H, OCH), 4.09 (d, J� 6.5 Hz, 1H, OCH), 3.95 ± 3.94 (m, 1H,
OCH), 3.92 (dd, J� 11.0, 5.5 Hz, 1 H, OCH), 3.70 (t, J� 11.0 Hz, 1H,
OCH), 3.65 (ddd, J� 11.5, 9.5, 4.0 Hz, 1 H, OCH), 3.27 ± 3.15 (m, 4H,
OCH), 2.51 (ddd, J� 14.5, 3.5, 1.0 Hz, 1H, CHH), 2.47 (dt, J� 11.5, 4.5 Hz,
1H, CHH), 2.28 (dt, J� 11.5, 4.5 Hz, 1 H, CHH), 1.97 (ddd, J� 14.0, 7.0,
1.5 Hz, 1H, CHH), 1.61 (q, J� 11.0 Hz, 1H, CHH), 1.53 (q, J� 11.0 Hz,
1H, CHH), 1.51 (s, 3H, CH3), 1.42 (s, 3 H, CH3); 13C NMR (125.7 MHz,
CDCl3): d� 138.1, 128.1, 127.3, 127.1, 99.1, 79.7, 77.3, 76.7, 76.0, 74.7, 71.3,
71.1, 69.1, 66.4, 62.4, 35.2, 35.0, 30.9, 29.0, 18.9; HRMS, calcd for C23H30O7


([M �H�]) 419.2070, found 419.2086.


a,b-Unsaturated ester 36 : A solution of crude aldehyde 35 (26.2 g) in
toluene (600 mL) was treated with methyl (triphenylphosphoranylidene)a-
cetate (31.4 g, 93.9 mmol) at 25 8C for 5 h. The reaction mixture was
concentrated, and the residue was dissolved in EtOAc (250 mL) and
washed with 10 % aqueous potassium bisulfate (150 mL), saturated
aqueous NaHCO3 (150 mL), and brine (150 mL). The organic layer was
dried (MgSO4) and concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:9, EtOAc:hexanes, gradient with
EtOAc) to afford 36 (26.8 g, 56.5 mmol, 90% from 34). 36 : colorless foam;
m.p.� 165 ± 182 8C; Rf� 0.41 (silica gel, 1:1 EtOAc:hexanes); [a]25


D �
�64.8 (c� 0.9, CH2Cl2); IR (thin film): nÄmax� 2945, 2880, 1722 (CO),
1439, 1376, 1273, 1176, 1096, 1061, 861, 740, 699 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.31 ± 7.22 (m, 6H, ArH, CH�CHCO2Me), 5.96 (dd, J� 16.0,
2.0 Hz, 1 H, CH�CHCO2Me), 4.73 (d, J� 12.5 Hz, 1H, OCHHPh), 4.61 (d,


J� 12.5 Hz, 1H, OCHHPh), 4.56 ± 4.52 (m, 1H, OCH), 4.05 (ddd, J� 11.5,
9.5, 4.5 Hz, 1H, OCH), 3.98 (d, J� 2.5 Hz, 1H, OCH), 3.91 (dd, J� 11.0,
5.5 Hz, 1H, OCH), 3.73 ± 3.62 (m, 5H, OCH), 3.25 ± 3.15 (m, 4 H, OCH),
2.34 (dt, J� 11.0, 4.5 Hz, 1H, CHH), 2.27 (dt, J� 11.5, 4.5 Hz, 1H, CHH),
2.14 ± 2.02 (m, 2 H, CHH), 1.59 (q, J� 11.0 Hz, 1 H, CHH), 1.52 ± 1.44 (m,
1H, CHH) 1.51 (s, 3H, CH3), 1.42 (s, 3 H, CH3); 13C NMR (125.7 MHz,
CDCl3): d� 166.6, 148.8, 138.6, 128.0, 127.0, 126.9, 119.6, 99.1, 80.4, 77.2,
76.7, 74.7, 72.0, 71.9, 70.5, 69.2, 64.0, 62.4, 51.4, 35.1, 34.2, 29.0, 18.9; HRMS,
calcd for C26H34O8 ([M �H�]) 475.2332, found 475.2347.


Saturated ester 37: Raney-Nickel W2 (45 g) was washed with methanol and
EtOAc and added to a solution of 36 (26.4 g, 55.6 mmol) in EtOAc (1 L).
The reaction mixture was stirred under hydrogen atmosphere at 25 8C for
1 h, filtered through celite 545, and concentrated to give crude ester 37
(26.4 g) which was used without further purification in the next step. For
analytical purposes, a small amount of the crude material was purified by
flash column chromatography (silica gel, 1:9, ether:hexanes, gradient with
ether). 37: colorless foam; m.p. 109 ± 111 8C; Rf� 0.48 (silica gel, 1:1,
EtOAc:hexanes); [a]25


D � �53.7 (c� 1.1, CH2Cl2); IR (thin film): nÄmax�
2944, 2878, 1737 (CO), 1454, 1373, 1268, 1200, 1176, 1095, 1065, 1022, 860,
736 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.34 ± 7.26 (m, 5H, ArH), 4.75
(d, J� 12.5 Hz, 1 H, OCHHPh), 4.64 (d, J� 12.5 Hz, 1H, OCHHPh), 3.93 ±
3.82 (m, 4H, OCH), 3.73 ± 3.63 (m, 5H, OCH), 3.28 ± 3.15 (m, 4H, OCH),
2.73 ± 2.65 (m, 1 H CHH), 2.37 (t, J� 7.5 Hz, 2 H, CH2), 2.31 ± 2.23 (m, 2H,
CHH), 1.98 ± 1.87 (m, 2H, CHH), 1.80 ± 1.71 (m, 1H, CHH), 1.62 (q, J�
11.0 Hz, 1 H, CHH), 1.51 (s, 3H, CH3), 1.48 ± 1.41 (m, 1 H, CHH), 1.42 (s,
3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 174.0, 139.0, 128.2, 127.2,
127.1, 99.2, 80.9, 77.2, 77.0, 74.8, 72.6, 72.3, 71.8, 69.3, 62.6, 62.5, 51.5, 35.5,
35.3, 33.1, 31.4, 29.1, 27.7, 19.0; HRMS, calcd for C26H36O8 ([M �Cs�])
609.1465, found 609.1484.


Alcohol 38 : A solution of crude ester 37 (26.4 g) in ether (500 mL) was
treated with lithium aluminum hydride (2.5 g, 65.9 mmol) at 0 8C for 1.5 h.
The reaction mixture was poured into a mixture of ice (250 g) and 10%
aqueous potassium bisulfate (250 mL) and stirred for 1 h. The organic layer
was washed with saturated aqueous NaHCO3 (250 mL) and brine
(250 mL). The organic layer was dried (MgSO4) and concentrated to give
crude alcohol 38 (23.7 g) which was used in the next step without further
purification. For analytical purposes, a small amount of this material was
purified by flash column chromatography (silica gel, 1:9, EtOAc:hexanes,
gradient with EtOAc). 38 : colorless oil; Rf� 0.20 (silica gel, 1:1, EtOAc:
hexanes); [a]25


D � �45.4 (c� 1.1, CH2Cl2); IR (thin film): nÄmax� 3452 (OH),
2940, 1455, 1374, 1273, 1200, 1178, 1105, 1064, 1014, 912, 860, 734, 698 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.32 ± 7.22 (m, 5H, ArH), 4.69 (d, J�
12.5 Hz, 1 H, OCHHPh), 4.61 (d, J� 12.5 Hz, 1H, OCHHPh), 3.92 ± 3.82
(m, 4H, OCH), 3.67 (t, J� 10.5 Hz, 1H, OCH), 3.62 (ddd, J� 11.5, 9.5,
4.0 Hz, 1H, OCH), 3.57 (dd, J� 6.0, 4.5 Hz, 1H, OCH), 3.23 ± 3.11 (m, 4H,
OCH), 2.47 (m, 1 H, OCH), 2.27 ± 2.21 (m, 3H, CHH), 1.92 ± 1.82 (m, 2H,
CHH), 1.64 ± 1.39 (m, 6H, CHH) 1.47 (s, 3 H, CH3), 1.39 (s, 3H, CH3);
13C NMR (125.7 MHz, CDCl3): d� 138.8, 128.0, 127.1, 127.0, 99.1, 80.7, 77.1,
76.8, 74.6, 72.6, 72.3, 72.0, 69.1, 62.4, 62.3, 35.3, 35.1, 32.6, 30.0, 29.0, 28.9,
18.9; HRMS, calcd for C25H36O7 ([M �Cs�]) 581.1515, found 581.1531.


TPS-protected alcohol 39 : A solution of crude alcohol 38 (23.7 g) and
imidazole (17.1 g, 251.2 mmol) in CH2Cl2 (500 mL) was treated with
TBDPSCl (26 mL, 100.0 mmol) at 25 8C for 4 h. The reaction mixture was
concentrated, and the residue was dissolved in EtOAc (250 mL), washed
with H2O (150 mL), 10% aqueous potassium bisulfate (150 mL), saturated
aqueous NaHCO3 (150 mL), and brine (150 mL). The organic layer was
dried (MgSO4) and concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:49, ether:hexanes, gradient with
ether) to provide TPS-protected alcohol 39 (34.5 g, 50.2 mmol, 90% from
36). 39 : oil ; Rf� 0.33 (silica gel, 4:6, ether:hexanes); [a]25


D � �32.7 (c� 1.0,
CH2Cl2); IR (thin film): nÄmax� 2935, 2863, 1460, 1428, 1379, 1270, 1200,
1104, 1017, 860, 823, 735, 702, 504 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.67 ± 7.65 (m, 4H, ArH), 7.41 ± 7.25 (m, 11 H, ArH), 4.71 (d, J� 13.0 Hz,
1H, OCHHPh), 4.63 (d, J� 13.0 Hz, 1 H, OCHHPh), 3.94 ± 3.86 (m, 3H,
OCH), 3.82 ± 3.80 (m, 1 H, OCH), 3.74 ± 3.64 (m, 4 H, OCH), 3.26 ± 3.13 (m,
4H, OCH), 2.33 ± 2.23 (m, 3 H, CHH), 1.90 ± 1.89 (m, 2H, CHH), 1.67 ± 1.40
(m, 5H, CHH), 1.51 (s, 3 H, CH3), 1.43 (s, 3H, CH3), 1.04 (s, 9 H, tBuSi);
13C NMR (125.7 MHz, CDCl3): d� 139.1, 135.5, 134.0, 129.5, 128.2, 128.1,
127.6, 127.5, 127.2, 127.1, 99.2, 80.9, 77.2, 77.1, 76.7, 74.8, 72.8, 72.4, 69.3, 63.7,
62.6, 62.4, 35.6, 35.3, 32.8, 29.8, 29.2, 28.6, 26.8, 19.1; HRMS, calcd for
C41H54O7Si ([M �Cs�]) 819.2693, found 819.2669.
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Diol 40 : A solution of 39 (5.8 g, 8.44 mmol) in CH2Cl2 (20 mL) and MeOH
(380 mL) was treated with pyridinium p-toluenesulfonate (0.25 g,
0.99 mmol) at 25 8C for 6 h. The reaction mixture was poured into H2O
(400 mL) and EtOAc (400 mL). The organic layer was separated, washed
with 10% aqueous potassium bisulfate (250 mL), saturated aqueous
NaHCO3 (250 mL), and brine (250 mL), dried (MgSO4), and concentrated
to afford crude diol 40 (5.2 g). 40 : oil ; Rf� 0.39 (silica gel, 3:97,
methanol:ether); [a]25


D � �30.5 (c� 1.0, CHCl3); IR (thin film): nÄmax�
3400, 3060, 2920, 2860, 1650, 1455, 1420, 1100, 1040, 900, 840 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.70 ± 7.20 (m, 15 H, ArH), 4.73 (d, J�
12.5 Hz, 1 H, OCHHPh), 4.60 (d, J� 12.5 Hz, 1H, OCHHPh), 3.89 ± 3.71
(m, 6H, OCH), 3.68 (t, J� 6.0 Hz, 2H, OCH), 3.21 (dt, J� 9.0, 4.5 Hz, 1H,
OCH), 3.13 (dd, J� 9.5, 3.0 Hz, 1H, OCH), 3.08 (dd, J� 6.5, 4.0 Hz, 1H,
OCH), 3.04 (dd, J� 9.0, 4.0 Hz, 1H, OCH), 2.85 (br s, 1 H, OH), 2.54 (br s,
1H, OH), 2.41 (dt, J� 11.5, 4.5 Hz, 1H, CHH), 2.31 (br m, 1H, CHH), 2.24
(dt, J� 11.0, 4.0 Hz, 1 H, CHH), 1.88 (d, J� 3.0 Hz, 2H, CHH), 1.80 (br s,
1H, CHH), 1.68 ± 1.53 (m, 3 H, CHH), 1.42 (q, J� 11.0 Hz, 1H, CHH), 1.05
(s, 9 H, tBuSi); HRMS, calcd for C38H50O7Si ([M �H�]) 647.3404, found
647.3381.


Secondary alcohol 41: A solution of crude diol 40 (5.2 g) in CH2Cl2 (30 mL)
was treated with imidazole (1.6 g, 23.5 mmol) and TBSCl (1.44 g, 9.6 mmol)
at 0 8C for 4.5 h. The solvent was evaporated, and the residue was dissolved
in EtOAc (50 mL) and washed with H2O (25 mL), 10 % aqueous potassium
bisulfate (25 mL), saturated aqueous NaHCO3 (25 mL), and brine (25 mL).
The organic layer was dried (MgSO4) and concentrated to give crude
secondary alcohol 41 (6.3 g). 41: oil ; Rf� 0.47 (silica gel, 1:1, ether:-
hexanes); [a]25


D � �14.6 (c� 1.1, CHCl3); IR (thin film): nÄmax� 3450, 3080,
2920, 2860, 1450, 1250, 1110, 1090, 1040, 840, 700 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.70 ± 7.20 (m, 15 H, ArH), 4.74 (d, J� 12.5 Hz, 1H, OCHHPh),
4.60 (d, J� 12.5 Hz, 1H, OCHHPh), 3.97 (dd, J� 10.0, 4.5 Hz, 1H, OCH),
3.92 (d, J� 3.0 Hz, 1 H, OH), 3.88 (dt, J� 11.0, 4.5 Hz, 1H, OCH), 3.82 ±
3.74 (m, 3H, OCH), 3.71 (d, J� 1.5 Hz, 1H, OCH), 3.68 (t, J� 5.5 Hz, 2H,
OCH), 3.63 (d, J� 2.0 Hz, 1H, OCH), 3.28 (dt, J� 8.5, 4.5 Hz, 1H, OCH),
3.14 (dd, J� 9.5, 3.0 Hz, 1H, OCH), 3.07 (m, 1 H, OCH), 2.42 (dt, J� 11.5,
4.5 Hz, 1H, CHH), 2.33 (m, 1 H, CHH), 2.21 (dt, J� 11.0, 3.5 Hz, 1H,
CHH), 1.88 (t, J� 3.5 Hz, 2H, CHH), 1.53 ± 1.68 (m, 4 H, CHH), 1.39 (q,
J� 11.0 Hz, 1 H, CHH), 1.04 (s, 9H, tBuSi), 0.91 (s, 9H, tBuSi), 0.11 (s, 3H,
CH3), 0.11 (s, 3 H, CH3); HRMS, calcd for C44H64O7Si2 ([Mÿ tBuÿ)
703.3486, found 703.3448.


Dithioketal 43 : To a solution of alcohol 41 (6.3 g) in CH2Cl2 (100 mL) at
0 8C was added 4 � molecular sieves (2 g), TPAP (0.3 g, 0.85 mmol), and
NMO (1.5 g, 12.8 mmol). The reaction mixture was stirred at 0 8C for 2 h
and filtered through celite 545. The filtrate was concentrated, and the
residue was purified by flash column chromatography (silica gel, 1:9,
ether:hexanes, gradient with ether) to afford ketone 42 (5.42 g, 85% for
three steps). A solution of ketone 42 (4.9 g, 6.46 mmol) in CH2Cl2 (50 mL)
was treated with EtSH (1.2 mL, 16.1 mmol) and BF3 ´ Et2O (1.0 mL,
7.75 mmol) at ÿ78 8C. The reaction mixture was warmed to 0 8C over
1.5 h and diluted with EtOAc (200 mL). The solution was washed with
saturated aqueous NaHCO3 (100 mL) and brine (100 mL). The organic
layer was dried (MgSO4) and concentrated, and the residue was purified by
flash column chromatography (silica gel, 4:6, ether:hexanes) to afford
dithioketal 43 (4.56 g, 94%). 43 : oil ; Rf� 0.50 (silica gel, 1:1, ether:-
hexanes); [a]25


D � �33.8 (c� 1.0, CHCl3); IR (thin film): nÄmax� 3450, 3080,
2960, 2920, 2860, 1490, 1440, 1430, 1100, 910, 840, 700 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.70 ± 7.20 (m, 15 H, ArH), 4.70 (d, J� 12.5 Hz, 1H,
OCHHPh), 4.59 (d, J� 12.5 Hz, 1 H, OCHHPh), 3.99 (dd, J� 10.0, 10.0 Hz,
1H, OCH), 3.89 (d, J� 3.0 Hz, 1H, OCH), 3.86 (dt, J� 11.0, 4.5 Hz, 1H,
OCH), 3.79 ± 3.71 (m, 3H, OCH), 3.67 (t, J� 6.0 Hz, 2H, OCH), 3.60 (dt,
J� 11.0, 4.0 Hz, 1H, OCH), 3.18 (dd, J� 9.5, 2.5 Hz, 1 H, OCH), 3.12 (dt,
J� 12.0, 4.0 Hz, 1H, OCH), 2.69 ± 2.61 (m, 4 H, CH2S), 2.44 (dd, J� 13.0,
4.0 Hz, 1H, CHH), 2.26 (m, 2H, CHH), 2.17 (d, J� 8.5 Hz, 1H, CHH), 1.87
(m, 2 H, CHH), 1.66 ± 1.52 (m, 4H, CHH), 1.24 (t, J� 7.0 Hz, 6 H,
CH3CH2S), 1.03 (s, 9 H, tBuSi); 13C NMR (125.7 MHz, CDCl3): d� 139.1,
135.5, 134.0, 129.5, 128.1, 127.5, 127.1, 96.1, 85.4, 80.9, 77.7, 74.9, 73.0, 72.3,
63.7, 62.5, 62.1, 59.7, 40.3, 35.4, 32.7, 29.9, 28.6, 26.8, 23.8, 23.2, 19.2, 14.2,
13.8; HRMS, calcd for C42H58O6S2Si ([M �H�]) 751.3522, found 751.3549.


Aldehyde 7: A solution of alcohol 43 (2.16 g, 2.87 mmol) in CH2Cl2 (14 mL)
was treated with DMSO (14 mL), Et3N (2.0 mL, 14.3 mmol), and SO3 ´
pyridine complex (2.28 g, 14.3 mmol) at 0 8C for 1 h. The mixture was
diluted with EtOAc (500 mL) and washed with H2O (250 mL) and brine


(250 mL). The organic layer was dried (MgSO4) and concentrated, and the
residue was purified by flash column chromatography (silica gel, 3:1,
ether:hexanes) to afford aldehyde 7 (1.95 g, 91%). 7: Rf� 0.30 (silica gel,
3:7, ether:hexanes); [a]25


D � �40.2 (c� 2.1, CHCl3); IR (thin film): nÄmax�
3080, 3020, 2960, 2620, 2850, 2720, 1740, 1590, 1440, 1430, 1100, 910, 820,
740, 710 cmÿ1; 1H NMR (CDCl3, 500 MHz) d� 9.98 (d, J� 1.5 Hz, 1H,
CHO), 7.70 ± 7.20 (m, 15H, ArH), 4.68 (d, J� 12.5 Hz, 1 H, OCHHPh), 4.58
(d, J� 12.5 Hz, 1H, OCHHPh), 4.04 (d, J� 1.5 Hz, 1 H, OCH), 3.89 (d, J�
3.0 Hz, 1H, OCH), 3.85 (dt, J� 11.0, 4.5 Hz, 1H, OCH), 3.82 ± 3.71 (m, 1H,
OCH), 3.66 (t, J� 6.0 Hz, 2H, OCH), 3.64 ± 3.61 (m, 1H, OCH), 3.19 (dd,
J� 9.5, 3.0 Hz, OCH), 3.14 ± 3.08 (m, 1H, OCH), 2.72 ± 2.62 (m, 4H, CH2S),
2.45 (dd, J� 13.0, 4.0 Hz, 1 H, CHH), 2.28 (m, 2 H, CHH), 1.91 (dd, J� 13.0,
11.0 Hz, 1H, CHH), 1.87 (t, J� 2.5 Hz, 2 H, CH2), 1.70 ± 1.50 (m, 4H,
CHH), 1.25 (t, J� 7.5 Hz, 3H, CH3), 1.24 (t, J� 7.5 Hz, 3H, CH3), 1.02 (s,
9H, tBuSi); HRMS calcd for C42H56O6S2Si ([M �H�]) 749.3366, found
749.3315.


Olefin 44 : A solution of phosphonium salt 5 (18.1 g, 0.025 mol) in THF
(600 mL) was treated dropwise with n-butyllithium (16 mL, 1.6m in
hexanes, 0.026 mol) at ÿ78 8C and stirred for 20 min. After addition of
HMPA (46 mL, 0.257 mol), and a solution of aldehyde 7 (16 g, 0.022 mol) in
THF (200 mL) atÿ78 8C, the mixture was stirred atÿ78 8C for 30 min, and
then at 25 8C for 1 h. The reaction mixture was quenched with a saturated
aqueous NH4Cl solution (300 mL) and extracted with EtOAc (3� 100 mL).
The combined organic extracts were dried (Na2SO4) and concentrated, and
the residue was purified by flash column chromatography (silica gel, 1:1,
ether:hexanes) to give olefin 44 (19.8 g, 88%). 44 : oil ; Rf� 0.75 (silica gel,
1:1, ether:hexanes); [a]25


D �ÿ4.1 (c� 1.1, CH2Cl2); IR (film) nÄmax� 2955,
2929, 2856, 1456, 1428, 1389, 1360, 1259, 1106, 1049, 838, 778, 735, 700, 613,
505 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.68 ± 7.66 (m, 4 H, ArH), 7.49 ±
7.26 (m, 16H, ArH), 5.98 ± 5.92 (m, 1H, CH�CH ± CH2), 5.73 (dd, J� 9.0,
8.5 Hz, 1H, CH ± CH�CH), 5.48 (s, 1 H, PhCH), 4.74 (d, J� 12.5 Hz, 1H,
OCHHPh), 4.63 (d, J� 12.5 Hz, 1H, OCHHPh), 4.40 (d, J� 8.5 Hz, 1 H
OCH), 4.19 (d, J� 6.0 Hz, 1 H, OCH), 3.94 ± 3.80 (m, 3H, OCH), 3.69 ± 3.56
(m, 5H, OCH), 3.22 (dd, J� 9.5, 2.5 Hz, 1H, OCH), 3.17 (ddd, J� 11.5, 9.0,
4.0 Hz, 1H, OCH), 2.97 (dd, J� 15.0, 8.5 Hz, 1 H, OCH), 2.71 ± 2.58 (m,
4H, CH2S), 2.48 (dd, J� 13.0, 4.0 Hz, 1H, CHH), 2.35 ± 2.26 (m, 3H,
CHH), 1.91 (s, 2 H, CHH), 1.77 (dd, J� 13.0, 11.0 Hz, 1H, CHH), 1.69 ± 1.56
(m, 5H, CHH), 1.28 (t, J� 7.5 Hz, 3H, C(SCH2CH3)2), 1.09 (t, J� 7.5 Hz,
3H, C(SCH2CH3)2), 1.06 (s, 9 H, tBuSi), 0.91 (s, 9H, tBuSi), 0.15 (s, 3H;
CH3Si), 0.10 (s, 3H; CH3Si); 13C NMR (125 MHz, CDCl3): d� 137.8, 135.5,
134.0, 132.0, 129.5, 128.7, 128.2, 128.1, 127.6, 127.2, 127.1, 127.0, 126.0, 100.8,
82.3, 81.8, 81.0, 77.6, 74.8, 73.1, 72.3, 71.6, 66.9, 63.7, 62.8, 62.7, 40.9, 35.6,
32.7, 30.7, 29.8, 28.7, 26.8, 25.7, 23.4, 22.6, 19.2, 17.9, 14.0, 13.8, ÿ4.2, ÿ4.7;
HRMS, calcd for C60H84O8S2Si2 ([M �Cs�]) 1185.4201, found
1185.4249.


Hydroxy dithioketal 45 : A solution of dithioketal 44 (10 g, 9.5 mmol) in
THF (100 mL) was treated with TBAF (10.5 mL of 1.0m in THF,
10.5 mmol) and stirred at 25 8C for 7 h. After addition of a saturated
aqueous NH4Cl solution (100 mL), the mixture was extracted with EtOAc
(4� 100 mL). The combined organic extracts were dried (Na2SO4) and
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 3:7, EtOAc:hexanes) to afford hydroxy dithioketal 45
(7.38 g, 83%). 45 : Rf� 0.54 (silica gel, 3:7, EtOAc:hexanes); [a]25


D � �30.1
(c� 3.5, CH2Cl2); IR (thin film): nÄmax� 3447, 2929, 1097, 734, 700 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.72 ± 7.65 (m, 4H, ArH), 7.52 ± 7.24 (m,
16H, ArH), 6.04 ± 5.98 (m, 1H,�CH), 5.85 (dd, J� 11.0, 8.0 Hz, 1H,�CH),
5.49 (s, 1 H, PhCH), 4.73 (d, J� 12.5 Hz, 1H, PhCHHO), 4.64 (d, J�
12.5 Hz, 1 H, PhCHHO), 4.47 (d, J� 8.0 Hz, 1 H), 4.24 (dd, J� 11.0,
4.0 Hz, 1H), 3.96 ± 3.89 (m, 2 H), 3.85 ± 3.79 (m, 1 H), 3.74 ± 3.64 (m, 5H),
3.62 ± 3.56 (m, 1H), 3.27 ( ddd, J� 12.0, 8.0, 4.0 Hz, 1 H), 3.21 (dd, J� 9.5,
2.5 Hz, 1H), 3.04 (d, J� 4.0 Hz, 1 H), 2.83 ± 2.75 (m, 1H), 2.72 ± 2.61 (m,
6H), 2.51 (dd, J� 13.0, 4.0 Hz, 1 H), 2.37 ± 2.26 (m, 2 H), 1.91 (br s, 2H),
1.86 ± 1.79 (m, 1H), 1.72 ± 1.55 (m, 3 H), 1.30 (t, J� 7.5 Hz, 3 H), 1.19 (t, J�
7.5 Hz, 3H), 1.06 (s, 9 H); 13C NMR (125.7 MHz, CDCl3): d� 139.1, 137.7,
135.5, 134.0, 133.9, 132.6, 129.4, 129.2, 128.8, 128.1, 127.5, 127.1, 127.0, 126.5,
126.0, 100.9, 81.4, 80.9, 80.8, 77.7, 74.5, 73.0, 72.2, 72.2, 70.6, 66.3, 63.6, 62.5,
62.0, 40.4, 35.4, 32.6, 32.5, 29.7, 28.6, 26.8, 23.7, 22.6, 19.1, 13.8, 13.7; HRMS
(FAB) calcd for C54H70O8S2Si ([M �Cs�]) 1071.3336, found 1071.3377.


Mixed thioketal 46 : A heterogeneous mixture of hydroxy dithioketal 45
(5.7 g, 6.1 mmol), powdered 4 � molecular sieves (freshly activated, 5.0 g),
silica gel (dried under vacuum, 5.0 g), sodium bicarbonate (dried under
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vacuum, 5.2 g, 61 mmol), and silver perchlorate (2.5 g, 12.2 mmol) in dry
CH3NO2 (distilled from CaH2, 200 mL) was stirred vigorously at 25 8C for
3 h. After addition of Et3N (20 mL), the mixture was diluted with ether
(300 mL) and filtered through a pad of celite. The filtrate was concentrated,
and the residue was purified by flash column chromatography (silica gel,
1:1, ether:hexanes) to afford mixed thioketal 46 (4.94 g, 92 %). 46 : Rf� 0.62
(silica gel, 1:1, ether:hexanes); [a]25


D � �134.3 (c� 1.5, CH2Cl2); IR (thin
film): nÄmax� 2930, 2856, 1455, 1385, 1111, 735, 700 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.74 ± 7.65 (m, 4H, ArH), 7.57 ± 7.25 (m, 16H,
ArH), 6.00 (ddd, J� 10.5, 10.5, 7.0 Hz, 1 H,�CH), 5.78 (dd, J� 10.5, 7.0 Hz,
1H, �CH), 5.46 (s, 1 H, PhCH), 4.76 (d, J� 12.5 Hz, 1H, PhCHHO), 4.69
(ddd, J� 9.5, 9.5, 5.0 Hz, 1H), 4.65 (d, J� 12.5 Hz, 1H, PhCHHO), 4.18 (d,
J� 7.0 Hz, 1 H), 4.05 ± 4.00 (m, 1 H), 4.01 (dd, J� 10.5, 5.0 Hz, 1H), 3.95 (br
d, J� 2.5 Hz, 1H), 3.91 (ddd, J� 10.0, 10.0, 4.5 Hz, 1 H), 3.88 ± 3.82 (m,
1H), 3.72 (dd, J� 6.0, 6.0 Hz, 2 H), 3.62 (dd, J� 10.5, 10.5 Hz, 1 H), 3.57
(ddd, J� 12.5, 8.5, 4.0 Hz, 1 H), 3.23 (dd, J� 9.5, 2.5 Hz, 1 H), 3.17 (ddd, J�
12.5, 8.5, 4.0 Hz, 1 H), 2.82 (ddd, J� 15.0, 9.0, 6.0 Hz, 1H), 2.69 ± 2.60 (m,
1H), 2.56 ± 2.47 (m, 3 H), 2.40 ± 2.34 (m, 1H), 2.30 (ddd, J� 11.0, 4.0, 4.0 Hz,
1H), 1.93 (br s, 2H), 1.81 (dd, J� 12.0, 12.0 Hz, 1H), 1.71 ± 1.58 (m, 4H),
1.32 (t, J� 7.5 Hz, 3H), 1.08 (s, 9H); 13C NMR (125.7 MHz, CDCl3): d�
139.1, 137.5, 135.5, 134.0, 133.9, 131.4, 129.4, 129.3, 129.1, 128.9, 128.2, 128.1,
127.5, 127.1, 127.0, 126.1, 101.5, 91.2, 83.4, 81.8, 80.8, 77.6, 75.5, 73.0, 72.3,
72.2, 69.9, 64.0, 63.7, 62.6, 40.6, 35.4, 32.8, 30.7, 29.8, 28.6, 26.8, 20.7, 19.2,
14.1; HRMS (FAB) calcd for C52H64O8SSi ([M �Cs�]) 1009.3146, found
1009.3179.


Sulfone 47: A heterogeneous mixture of mixed thioketal 46 (3.5 g,
4.0 mmol) and sodium bicarbonate (1.0 g, 12 mmol) in CH2Cl2 (200 mL)
was treated with mCPBA (2.5 g of 50 ± 60 %, 8.0 mmol) and stirred at 0 8C
for 2 h. After addition of dimethyl sulfide (0.2 mL), the mixture was
washed with a saturated aqueous NH4Cl solution ( 20 mL). The organic
layer was dried (Na2SO4) and concentrated, and the residue was purified by
flash column chromatography (silica gel, 3:7, EtOAc:hexanes) to afford
sulfone 47 (3.41 g, 94%). 47: Rf� 0.35 (silica gel, 3:7, EtOAc:hexanes);
[a]25


D � �100.8 (c� 4.0, CH2Cl2); IR (thin film): nÄmax� 2931, 2857, 1455,
1305, 1097, 909, 734, 700 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.72 ± 7.65
(m, 4 H, ArH), 7.52 ± 7.25 (m, 16 H, ArH), 6.22 (dd, J� 10.0, 8.0 Hz, 1H,
�CH), 6.08 (ddd, J� 10.0, 10.0, 8.0 Hz, 1H,�CH), 5.42 (s, 1 H, PhCH), 5.16
(ddd, J� 9.5, 9.5, 5.0 Hz, 1H), 4.73 (d, J� 13.0 Hz, 1H, PhCHHO), 4.64 (d,
J� 13.0 Hz, 1H, PhCHHO), 4.43 (d, J� 8.0 Hz, 1H), 4.27 (dd, J� 10.5,
5.0 Hz, 1H), 3.95 ± 3.91 (m, 3H), 3.89 ± 3.82 (m, 2 H), 3.72 (dd, J� 6.0,
6.0 Hz, 2H), 3.64 (dd, J� 10.0, 10.0 Hz, 1 H), 3.26 (dd, J� 10.0, 2.5 Hz, 1H),
3.23 ± 3.12 (m, 3H), 2.84 (ddd, J� 15.0, 7.0, 7.0 Hz, 1H), 2.64 (dd, J� 14.0,
4.5 Hz, 1 H), 2.56 (dd, J� 15.0, 7.5 Hz, 1 H), 2.40 ± 2.31 (m, 2H), 1.94 ± 1.88
(m, 3 H), 1.74 ± 1.56 (m, 4H), 1.47 (t, J� 7.5 Hz, 3 H), 1.07 (s, 9 H); 13C NMR
(125.7 MHz, CDCl3): d� 139.0, 137.2, 135.5, 134.0, 133.9, 131.1, 129.5, 129.4,
129.0, 129.0, 128.2, 128.2, 127.5, 127.2, 127.0, 126.2, 101.4, 94.2, 82.6, 81.2,
80.9, 78.4, 74.0, 72.9, 72.3, 72.1, 69.1, 67.2, 63.6, 62.6, 45.6, 39.7, 35.2, 32.6,
31.2, 29.8, 28.5, 26.8, 19.2; HRMS (FAB) calcd for C52H64O10SSi ([M
�Cs�]) 1041.3044, found 1041.3076.


Benzylidene ketal 48 : A solution of sulfone 47 (3.0 g, 3.3 mmol) in CH2Cl2


(100 mL) was treated with AlMe3 (5.0 mL, 2.0m in toluene, 10.0 mmol) at
ÿ78 8C and stirred for 1 h. The reaction mixture was quenched with MeOH
(10 mL) at ÿ78 8C and warmed up to 25 8C over a period of 20 min. After
addition of a saturated sodium potassium tartrate solution (50 mL), the
mixture was stirred at 25 8C for 2 h and extracted with EtOAc (3� 50 mL).
The combined organic extracts were dried (Na2SO4) and concentrated, and
the residue was purified by flash column chromatography (silica gel, 3:7,
EtOAc:hexanes) to afford compound 48 (2.58 g, 94%). 48 : Rf� 0.75 (silica
gel, 4:6, EtOAc:hexanes); [a]25


D � �93.8 (c� 2.9, CH2Cl2); IR (thin film):
nÄmax� 2930, 2856, 1380, 1090, 909, 734, 699 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.70 ± 7.63 (m, 4 H, ArH), 7.52 ± 7.23 (m, 16H, ArH), 5.95 (ddd,
J� 10.5, 10.5, 7.0 Hz, 1H,�CH), 5.79 (dd, J� 10.5, 7.0 Hz, 1 H,�CH), 5.44
(s, 1H, PhCH), 4.73 (d, J� 12.5 Hz, 1H, PhCHHO), 4.64 (d, J� 12.5 Hz,
1H, PhCHHO), 4.04 ± 4.01 (m, 2 H), 3.98 ± 3.86 (m, 4 H), 3.86 ± 3.80 (m,
1H), 3.71 ± 3.68 (m, 2 H), 3.62 (dd, J� 10.0, 10.0 Hz, 1 H), 3.25 ± 3.16 (m,
2H), 3.13 ± 3.05 (m, 1H), 2.89 ± 2.80 (m, 1H), 2.46 (dd, J� 14.0, 7.0 Hz, 1H),
2.37 ± 2.27 (m, 2H), 2.12 (dd, J� 12.0, 4.5 Hz, 1H), 1.91 (br s, 2H), 1.73 ±
1.56 (m, 4 H), 1.48 (ddd, J� 11.5, 11.5, 11.5 Hz, 1H), 1.34 (s, 3 H), 1.06 (s,
9H); 13C NMR (125.7 MHz, CDCl3): d� 139.1, 137.5, 135.4, 133.9, 133.9,
132.7, 129.4, 128.9, 128.3, 128.2, 128.1, 127.5, 127.1, 127.0, 126.0, 101.4, 83.6,
81.7, 80.9, 77.4, 77.2, 76.7, 76.4, 72.8, 72.3, 72.1, 70.5, 63.6, 62.5, 44.1, 35.5, 32.8,


30.5, 29.8, 28.6, 26.8, 19.1, 17.2; HRMS (FAB) calcd for C51H62O8Si ([M
�Cs�]) 963.3268, found 963.3235.


Diol 49 : A heterogeneous mixture of benzylidene ketal 48 (12.2 g,
15 mmol), EtSH (5 mL, 67.5 mmol), NaHCO3 (2 g, 24.0 mmol), and
Zn(OTf)2 (0.5 g, 1.4 mmol) in CH2Cl2 (50 mL) was stirred at 25 8C for
4 h. The reaction mixture was concentrated, and the residue was purified by
flash column chromatography (silica gel, 3:1, EtOAc:hexanes) to give diol
49 (10.0 g, 92 %). 49 : Rf� 0.25 (silica gel, 3:1, EtOAc:hexanes); [a]25


D �
�84.9 (c� 3.4, CH2Cl2); IR (thin film): nÄmax� 3410, 2933, 2863, 1101, 1039,
734, 702 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.70 ± 7.61 (m, 4H, ArH),
7.45 ± 7.22 (m, 11 H, ArH), 5.96 ± 5.88 (m, 1 H, �CH), 5.74 (dd, J� 11.0,
6.0 Hz, 1H, �CH), 4.73 (d, J� 13.0 Hz, 1H, PhCHHO), 4.61 (d, J�
13.0 Hz, 1H, PhCHHO), 4.06 ± 4.04 (m, 2 H), 3.93 ± 3.90 (m, 1 H), 3.88
(ddd, J� 11.0, 11.0, 4.5 Hz, 1 H), 3.85 ± 3.78 (m, 1 H), 3.71 ± 3.64 (m, 6H),
3.24 ± 3.17 (m, 1H), 3.17 (dd, J� 9.5, 2.5 Hz, 1H), 3.12 ± 3.05 (m, 1H),
2.73 ± 2.65 (m, 1 H), 2.50 (d, J� 4.5 Hz, 1H), 2.36 ± 2.24 (m, 4H), 2.11 (dd,
J� 12.0, 4.5 Hz, 1 H), 1.89 (dd, J� 3.0, 3.0 Hz, 2H), 1.73 (dd, J� 12.0,
12.0 Hz, 1H), 1.69 ± 1.53 (m, 2 H), 1.47 (ddd, J� 11.5, 11.5, 11.5 Hz, 1H),
1.29 (s, 3H), 1.05 (s, 9H); 13C NMR (125.7 MHz, CDCl3): d� 139.1, 135.4,
134.0, 133.9, 132.4, 129.4, 128.1, 127.7, 127.5, 127.1, 127.0, 81.9, 80.9, 77.7, 77.4,
76.6, 74.7, 72.8, 72.3, 72.2, 71.7, 65.0, 63.6, 62.5, 44.4, 35.6, 32.8, 29.8, 28.6,
26.8, 19.1, 17.0; HRMS (FAB) calcd for C44H58O8Si ([M �Cs�]) 875.2955,
found 875.2979.


TBS-protected alcohol 50 : A solution of diol 49 (10.0 g, 13.5 mmol) in
CH2Cl2 (200 mL) was treated with imidazole (1.2 g, 17.5 mmol) and TBSCl
(2.14 g, 14.2 mmol) and stirred at 25 8C for 1 h. After addition of a saturated
aqueous NH4Cl solution (50 mL), the mixture was extracted with EtOAc
(3� 50 mL). The combined organic extracts were dried (Na2SO4) and
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 4:6, EtOAc:hexanes) to provide TBS-protected alcohol 50
(10.67 g, 92%). 50 : Rf� 0.72 (silica gel, 4:6, EtOAc:hexanes); [a]25


D �
�74.1 (c� 3.8, CH2Cl2); IR (thin film): nÄmax� 3459, 2933, 2860, 1463,
1254, 1106, 836, 702, 505; 1H NMR (500 MHz, CDCl3): d� 7.71 ± 7.64 (m,
4H, ArH), 7.45 ± 7.22 (m, 11 H, ArH), 5.96 (ddd, J� 11.0, 11.0, 6.0 Hz, 1H,
�CH), 5.73 (dd, J� 11.0, 6.0 Hz, 1H, �CH), 4.74 (d, J� 12.5 Hz, 1H,
CHHOPh), 4.62 (d, J� 12.5 Hz, 1 H, CHHOPh), 4.05 (br d, J� 5.5 Hz,
1H), 4.04 ± 3.99 (m, 1H), 3.95 ± 3.86 (m, 2H), 3.85 ± 3.80 (m, 1 H), 3.73 ± 3.63
(m, 4 H), 3.63 ± 3.57 (m, 1H), 3.46 (br s, 1 H), 3.25 ± 3.15 (m, 2H), 3.13 ± 3.05
(m, 1H), 2.66 (dd, J� 11.0, 11.0 Hz, 1 H), 2.38 ± 2.25 (m, 4H), 2.09 (dd, J�
12.0, 4.5 Hz, 1H), 1.90 (br s, 2H), 1.75 ± 1.55 (m, 3 H), 1.48 (ddd, J� 11.5,
11.5, 11.5 Hz, 1H), 1.29 (s, 3 H), 1.06 (s, 9H), 0.93 (s, 9 H); ); 13C NMR
(125.7 MHz, CDCl3): d� 139.1, 135.4, 134.0. 133.9, 131.6, 129.4, 128.5, 128.1,
127.5, 127.0, 127.0, 82.0, 80.9, 77.7, 77.6, 77.4, 76.7, 72.8, 72.3, 72.2, 70.6, 67.5,
63.6, 62.6, 44.3, 35.6, 32.8, 32.0, 29.8, 28.6, 26.8, 25.8, 19.1, 18.1, 16.7, ÿ5.6,
ÿ5.8; HRMS (FAB) calcd for C50H72O8Si2 ([M �Cs�]) 989.3820, found
989.3859.


Acetate 51: A solution of secondary alcohol 50 (10.5 g, 12.3 mmol),
4-DMAP (0.26 g, 2.11 mmol) and Et3N (2.1 mL, 15 mmol) in CH2Cl2


(200 mL) was treated with acetic anhydride (1.27 mL, 13.5 mmol) and
stirred at 25 8C for 2 h. After addition of a saturated aqueous NaHCO3


solution (30 mL), the mixture was extracted with CH2Cl2 (3� 40 mL). The
combined organic extracts were dried (Na2SO4) and concentrated, and the
residue was purified by flash column chromatography (silica gel, 3:7,
EtOAc:hexanes) to afford acetate 51 (10.5 g, 95 %). 51: Rf� 0.73 (silica gel,
3:7, EtOAc:hexanes); [a]25


D � �94.5 (c� 2.9, CH2Cl2); IR (thin film):
nÄmax� 2933, 2859, 1740, 1236, 1105, 1035, 838, 734 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.72 ± 7.62 (m, 4H, ArH), 7.45 ± 7.22 (m, 11H,
ArH), 5.75 (br s, 2H), 4.93 (d, J� 9.0 Hz, 1 H), 4.74 (d, J� 12.5 Hz, 1H),
4.61 (d, J� 12.5 Hz, 1H), 4.05 (br s, 1 H), 3.97 ± 3.86 (m, 2H), 3.81 (br m,
2H), 3.68 (br m, 2 H), 3.54 ± 3.39 (m, 2H), 3.27 ± 3.04 (m, 3 H), 2.71 ± 2.62
(m, 1H), 2.39 ± 2.23 (m, 3H), 2.20 ± 2.13 (m, 1 H), 2.05 (s, 3H, CO2CH3),
1.90 (br s, 2H), 1.78 ± 1.53 (m, 5H), 1.47 (ddd, J� 11.0, 11.0, 11.0 Hz, 1H),
1.32 (s, 3 H), 1.22 (dd, J� 7.0, 7.0 Hz, 1H), 1.04 (s, 9H), 0.91 (s, 9H), 0.06 (s,
6H); 13C NMR (125.7 MHz, CDCl3): d� 170.0, 139.1, 135.4, 134.0, 133.9,
133.1, 129.4, 128.1, 127.5, 127.0, 127.0, 126.7, 82.2, 80.9, 77.9, 77.3, 76.8, 75.6,
72.9, 72.3, 72.2, 71.8, 65.2, 63.6, 62.5, 44.1, 35.6, 32.9, 29.8, 29.3, 28.6, 26.8,
25.9, 21.1, 19.1, 18.3, 17.2, ÿ5.3, ÿ5.6; HRMS (FAB) calcd for C52H74O9Si2


([M �Cs�]) 1031.3926, found 1031.3973.


TBS-protected secondary alcohol 53 : A heterogeneous mixture of acetate
51 (10.0 g, 11.1 mmol) and Pd(OH)2 (20 % w/w on carbon, 2.0 g) in acetic
acid (200 mL) was stirred vigorously under hydrogen atmosphere at 25 8C
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for 48 h. The reaction mixture was concentrated, and the residue was
filtered through a pad of celite and washed with EtOAc. The filtrate was
concentrated to provide crude secondary alcohol 52. A solution of crude
secondary alcohol 52 in CH2Cl2 (220 mL) was treated with 2,6-lutidine
(2.8 mL, 24.0 mmol) and TBSOTf (5.3 mL, 23.0 mmol) at 0 8C for 30 min.
After addition of a saturated aqueous NH4Cl solution (50 mL), the mixture
was extracted with CH2Cl2 (2� 50 mL). The combined organic extracts
were dried (Na2SO4) and concentrated, and the residue was purified by
flash column chromatography (silica gel, 1:4, ether:hexanes) to afford TBS-
protected secondary alcohol 53 (8.95 g, 87% for two steps). 53 : Rf� 0.53
(silica gel, 1:3, ether:hexanes); [a]25


D � �54.6 (c� 1.0, CH2Cl2); IR (thin
film): nÄmax� 2933, 2858, 1739, 1380, 1246, 1102, 777 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.70 ± 7.63 (m, 4 H, ArH), 7.45 ± 7.34 (m, 6 H,
ArH), 4.69 (dd, J� 7.5, 7.5 Hz, 1H), 4.14 (br d, J� 2.5 Hz, 1 H), 3.91
(ddd, J� 7.0, 7.0, 2.0 Hz, 1H), 3.83 ± 3.73 (m, 2H), 3.67 (dd, J� 6.0, 6.0 Hz,
2H), 3.49 (dd, J� 10.5, 2.0 Hz, 1H), 3.38 (dd, J� 10.5, 8.0 Hz, 1H), 3.25 (d,
J� 9.0 Hz, 1H), 3.20 (ddd, J� 12.5, 8.5, 4.5 Hz, 1H), 3.05 ± 2.95 (m, 2H),
2.29 (ddd, J� 9.5, 9.5, 9.5 Hz, 1H), 2.22 (ddd, J� 10.5, 4.0, 4.0 Hz, 1 H), 2.14
(dd, J� 12.0, 4.0 Hz, 1H), 2.09 ± 1.93 (m, 3H), 2.04 (s, 3 H), 1.83 ± 1.53 (m,
9H), 1.43 (ddd, J� 11.5, 11.5, 11.5 Hz, 1H), 1.32 (s, 3 H), 1.05 (s, 9 H), 0.90 (s,
9H), 0.87 (s, 9H), 0.06 (s, 3 H), 0.05 (s, 3H), 0.04 (s, 3 H), 0.03 (s, 3H);
13C NMR (125.7 MHz, CDCl3): d� 170.1, 135.4, 134.0, 129.4, 127.5, 83.8,
80.1, 78.3, 76.7, 76.2, 73.4, 73.1, 72.6, 66.9, 66.0, 63.7, 61.9, 44.6, 35.6, 30.0,
29.0, 28.2, 27.3, 26.8, 25.9, 25.8, 25.5, 21.1, 20.0, 19.1, 18.4, 18.1, 16.9, ÿ3.7,
ÿ4.3, ÿ5.3, ÿ5.6; HRMS (FAB) calcd for C51H84O9Si3 ([M �Cs�])
1057.4478, found 1057.4515.


Secondary alcohol 54 : A solution of acetate 53 (6.5 g, 7.0 mmol) in MeOH
(25 mL) was treated with K2CO3 (0.5 g) and stirred at 25 8C for 4 h. The
reaction mixture was concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:4, EtOAc:hexanes) to afford
secondary alcohol 54 (5.8 g, 93 %). 54 : Rf� 0.62 (silica gel, 1:4, EtOAc:
hexanes); [a]25


D � �53.6 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3473, 2933,
2859, 1465, 1102, 836, 780, 505 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.73 ± 7.65 (m, 4 H, ArH), 7.45 ± 7.33 (m, 6H, ArH), 4.13 (br d, J� 2.5 Hz,
1H), 3.82 ± 3.72 (m, 4 H), 3.70 ± 3.64 (m, 3H), 3.55 ± 3.50 (m, 1H), 3.32 (s,
1H), 3.27 (d, J� 9.0 Hz, 1H), 3.22 ± 3.15 (m, 1H), 3.03 ± 2.95 (m, 2 H), 2.29
(ddd, J� 9.5, 9.5, 9.5 Hz, 1 H), 2.23 (ddd, J� 11.0, 4.5, 4.5 Hz, 1H), 2.05 (dd,
J� 12.0, 4.0 Hz, 1 H), 2.02 ± 1.84 (m, 4H), 1.78 ± 1.50 (m, 8 H), 1.42 (ddd, J�
11.0, 11.0, 11.0 Hz, 1H), 1.30 (s, 3H), 1.05 (s, 9H), 0.92 (s, 9 H), 0.87 (s, 9H),
0.04 (s, 3H), 0.03 (s, 3H), 0.02 (s, 6 H); 13C NMR (125.7 MHz, CDCl3): d�
135.4, 134.0, 129.4, 127.5, 83.5, 80.1, 78.3, 76.6, 75.9, 74.4, 72.6, 72.3, 68.2,
66.9, 63.7, 61.9, 44.8, 35.7, 35.6, 30.0, 29.6, 29.0, 28.3, 27.3, 26.8, 25.8, 25.6,
19.1, 18.1, 16.4, ÿ4.3, ÿ5.3, ÿ5.6, ÿ5.8; HRMS (FAB) calcd for
C49H82O8Si3 ([M �Cs�]) 1015.4372, found 1015.4411.


Ketone 55 : Secondary alcohol 54 (2.9 g, 3.3 mmol) was dissolved in CH2Cl2


(100 mL) and treated with NMO (0.77 g, 6.6 mmol) and TPAP (60 mg,
0.17 mmol) at 25 8C for 1 h. The reaction mixture was filtered through a pad
of silica gel. The filtrate was concentrated, and the residue was purified by
flash column chromatography (silica gel, 1:3, EtOAc:hexanes) to provide
ketone 55 (2.78g, 94%). 55 : Rf� 0.64 (silica gel, 1:3, EtOAc:hexanes);
[a]25


D � �56.8 (c� 0.2, CH2Cl2); IR (thin film): nÄmax� 2932, 1713, 1463,
1250, 1104, 835 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.70 ± 7.63 (m, 4H,
ArH), 7.45 ± 7.32 (m, 6H, ArH), 4.15 (br d, J� 2.5 Hz, 1H), 4.02 (dd, J� 5.0,
3.5 Hz, 1 H), 3.90 ± 3.70 (m, 3 H), 3.68 (dd, J� 6.0, 6.0 Hz, 2 H), 3.39 (dd, J�
5.0, 3.5 Hz, 1 H), 3.30 (ddd, J� 10.5, 8.5, 8.5 Hz, 1H), 3.19 (ddd, J� 11.5,
8.0, 4.0 Hz, 1 H), 3.07 ± 2.98 (m, 1H), 3.01 (dd, J� 9.0, 3.0 Hz, 1H), 2.28
(ddd, J� 10.0, 9.0, 9.0 Hz, 1H), 2.23 (ddd, J� 11.0, 4.0, 4.0 Hz, 1 H), 2.14
(dd, J� 12.0, 4.5 Hz, 1H), 2.04 ± 1.99 (m, 1H), 1.96 (ddd, J� 14.5, 7.0, 3.0 Hz,
1H), 1.92 ± 1.82 (m, 2H), 1.80 ± 1.54 (m, 6 H), 1.77 (dd, J� 12.0, 12.0 Hz,
1H), 1.70 (dd, J� 14.0, 3.0 Hz, 1 H), 1.47 ± 1.38 (m, 1 H), 1.24 (s, 3 H), 1.05 (s,
9H), 0.89 (s, 9 H), 0.88 (s, 9H), 0.07 (s, 3 H), 0.06 (s, 3H), 0.05 (s, 3 H), 0.04
(s, 3H); 13C NMR (125.7 MHz, CDCl3): d� 218.6, 135.4, 134.7, 134.0, 129.4,
128.7, 127.5, 127.3, 84.4, 80.2, 80.0, 78.4, 77.2, 76.4, 72.6, 66.9, 65.8, 63.7, 61.9,
44.8, 35.7, 35.5, 35.2, 30.0, 29.0, 27.9, 27.3, 26.8, 25.8, 25.7, 25.0, 19.1, 18.2,
16.0, ÿ4.5, ÿ5.2, ÿ5.5, ÿ5.5; HRMS (FAB) calcd for C49H80O8Si3 ([M
�Cs�]) 1013.4215, found 1013.4257.


Hydroxy dithioketal 56 : A heterogeneous mixture of ketone 55 (1.27 g,
1.44 mmol), powdered NaHCO3 (100 mg, 1.2 mmol), Zn(OTf)2 (150 mg,
0.4 mmol), and EtSH (4 mL, 54 mmol) in CH2Cl2 (4 mL) was stirred at
25 8C for 2.5 h. The reaction mixture was filtered through a pad of silica gel,
and the filtrate was concentrated. The residue was dissolved in MeOH


(10 mL) and treated with PPTS (0.2 g, 0.8 mmol) at 25 8C for 4 h. The
reaction mixture was concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:4, EtOAc:hexanes) to afford hydroxy
dithioketal 56 (1.16 g, 92%). 56 : Rf� 0.38 (silica gel, 1:4, EtOAc:hexanes);
IR (thin film): nÄmax� 3427, 1452, 1085, 1027, 733 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.67 ± 7.36 (m, 10H, ArH), 4.13 (br s, 1H), 3.98 (br s, 1H), 3.85
(br s, 1 H), 3.79 ± 3.70 (m, 3H), 3.67 (m, 2 H), 3.33 (d, J� 10.0 Hz, 1H), 3.18
(br s, 1 H), 3.03 ± 2.97 (m, 2 H), 2.83 (br s, 1 H), 2.62 ± 2.74 (br s, 3H), 2.47 (br
s, 1 H), 2.32 ± 2.21 (m, 2 H), 2.10 (br s, 1H), 1.94 (m, 1H), 1.86 (br s, 1H),
1.62 ± 1.53 (m 7 H), 1.41 (m, 1 H), 1.32 ± 1.18 (m, 11 H), 1.05 (s, 9 H), 0.87 (s,
9H), 0.02 (s, 6H); 13C NMR (125.7 MHz, CDCl3): d� 135.4, 134.0, 129.4,
127.5, 82.4, 80.15, 78.3, 76.5, 72.6, 66.8, 65.5, 64.6, 63.7, 61.9, 44.8, 35.6, 30.0,
29.6, 29.0, 27.3, 26.8, 25.8, 24.8, 23.1, 20.9, 19.1, 18.1, 16.5, 13.7, 13.6, ÿ4.3,
ÿ5.2; HRMS (FAB) calcd for C47H76O7S2Si2 ([M �Cs�]) 1005.3625, found
1005.3670.


Aldehyde 2 : To a solution of primary alcohol 56 (400 mg, 0.46 mmol) in
CH2Cl2 (10 mL) at 0 8C was added DMSO (1.5 mL, 21.1 mmol), Et3N
(0.32 mL, 2.3 mmol), and SO3 ´ pyridine complex (293 mg, 1.84 mmol). The
reaction mixture was stirred at 0 8C for 3 h, poured into H2O (50 mL), and
extracted with EtOAc (2� 25 mL). The combined organic extracts were
washed with saturated aqueous NH4Cl solution (25 mL) and brine (25 mL),
dried (MgSO4), and concentrated. The residue was purified by flash column
chromatography (silica gel, 2:8, EtOAc:hexanes) to afford aldehyde 2
(340 mg, 85%): Rf� 0.15 (silica gel, 3:7, ether:hexanes); [a]25


D � �90.4 (c�
1.0, CHCl3); IR (thin film): nÄmax� 2931, 2857, 1733, 1468, 1384, 1251, 1103,
831, 705, 505 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 9.68 (s, 1 H), 7.68 ± 7.64
(m, 4H), 7.44 ± 7.34 (m, 6H), 4.29 (s, 1 H), 4.14 (br s, 1 H), 3.83 ± 3.73 (m,
2H), 3.67 (dd, J� 6.0, 6.0 Hz, 2 H), 3.30 (d, J� 8.5 Hz, 1 H), 3.25 ± 3.15 (m,
1H), 3.05 ± 2.95 (m, 2 H), 2.82 ± 2.71 (m, 2H), 2.71 ± 2.62 (m, 2H), 2.50 (br t,
J� 12.5 Hz, 1H), 2.34 ± 2.25 (m, 2H), 2.23 (ddd, J� 11.5, 3.5, 3.5 Hz, 1H),
2.13 ± 2.01 (m, 1 H), 1.94 (ddd, J� 14.0, 7.0, 2.5 Hz, 1H), 1.85 ± 1.60 (m, 8H),
1.60 ± 1.50 (m, 1H), 1.41 (ddd, J� 11.5, 11.0, 11.0 Hz, 1H), 1.26 (dd, J� 7.0,
7.0 Hz, 3 H), 1.16 (s, 3H), 1.16 (dd, J� 7.0, 7.0 Hz, 3 H), 1.05 (s, 9H), 0.88 (s,
9H), 0.05 (s, 3 H), 0.04 (s, 3 H); 13C NMR (CDCl3, 125.7 MHz): d� 197.3,
135.5, 134.0, 129.4, 127.5, 82.9, 82.2, 80.3, 78.7, 76.8, 72.7, 66.9, 63.8, 62.0, 61.2,
44.0, 35.7, 35.6, 30.1, 29.1, 26.8, 25.8, 24.4, 22.6, 21.9, 19.2, 18.2, 15.9, 14.0,
13.8, ÿ4.2, ÿ5.2; HRMS calcd for C47H74O7S2Si2 ([M �Cs�]) 1003.3469,
found 1003.3422.


Bis-methyl ester 60 : A solution of methyl ester 57 (90.5 g, 0.152 mol) in
MeOH (600 mL) was treated with Hg(OAc)2 (57.93 g, 0.182 mol). The
reaction mixture was stirred at 25 8C for 2 h and transferred to a mixture of
LiCl (1.29 g, 0.030 mol), PdCl2 (2.69 g, 0.015 mol), and CuCl2 (61.16 g,
0.455 mol) in MeOH (200 mL). The reaction mixture was stirred at 65 oC
for 2 h, cooled to room temperature, and concentrated. The residue was
diluted with ether (4.0 L) and poured into a saturated aqueous NaHCO3


solution (1.0 L) (note: vigorous bubbling). The layers were separated, and
the ether layer was washed with brine (500 mL), dried (MgSO4), and
concentrated. Flash column chromatography (silica gel, 12:1!6:1, hex-
anes:EtOAc) furnished pure methyl ketone 58 as a mixture of two
diastereomers (78.3 g, 84 %).


A solution of methyl ketone 58 (78.2 g, 0.128 mol) in THF (400 mL) was
added dropwise to a solution of NaHMDS (153.5 mL, 1.0m in THF,
0.1535 mol) in THF (600 mL) at ÿ78 8C. After stirring for 10 min, a
solution of N-phenyltrifluoromethanesulfonimide (54.7 g, 0.153 mol) in
THF (300 mL) was added by cannula at ÿ78 8C, and the reaction mixture
was stirred for 1 h, warmed up to 0 8C over a period of 30 min, and poured
into a saturated aqueous NaHCO3 solution (1.0 L). After addition of ether
(700 mL), the organic layer was separated, and washed successively with
H2O (200 mL) and brine (500 mL), dried (MgSO4) and concentrated. Flash
column chromatography (silica gel, hexanes, 20:1!4:1, hexanes: EtOAc
(1% Et3N)) provided pure enol triflate 59 as a mixture of two
diastereomers (81.7 g, 86%).


A solution of methyl-3-iodopropionate (47.0 g, 0.220 mol) in PhH (250 mL)
was added to a suspension of Zn(Cu) couple (21.55 g, 0.330 mol) in DMA
(50 mL) and PhH (250 mL). The reaction mixture was stirred at 90 8C until
TLC showed completion of the reaction (ca. 1 h) and then allowed to cool
to room temperature. A solution of enol triflate 59 (81.72 g, 0.110 mol) in
PhH (200 mL) and [Pd(Ph3P)4] (6.32 g, 5.47 mmol) were added successively.
The reaction mixture was stirred at 25 8C for 2 h and filtered through a short
pad of silica gel (elution with ether). The filtrate was concentrated, and the
residue was purified by flash column chromatography (silica gel, hexanes,
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20:1!10:1, hexanes:EtOAc) to provide pure bis-methyl ester 60 (major
diastereomer). 60 : Rf� 0.72 (silica gel, 3:7, EtOAc:hexanes); [a]25


D �ÿ66.5
(c� 1.0, CHCl3); IR (thin film): nÄmax� 2950, 2856, 1739, 1457, 1437, 1350,
1253, 1211, 1159, 1095, 1033, 1006, 898, 836, 774, 737, 698 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.37 ± 7.27 (m, 10H, ArH), 4.83 (br s, 1H, �CH),
4.76 (br s, 1 H, �CH), 4.63 (d, J� 12.0 Hz, 1H, CHHPh), 4.60 (d, J�
13.0 Hz, 1H, CHHPh), 4.43 (d, J� 12.0 Hz, 1H, CHHPh), 4.38 (d, J�
12.0 Hz, 1H, CHHPh), 3.71 (dd, J� 9.0, 9.0 Hz, 1 H, OCH), 3.64 (s, 3H,
CO2CH3), 3.61 (s, 3 H, CO2CH3), 3.37 (dd, J� 12.0, 5.0 Hz, 1H, OCH), 2.99
(ddd, J� 11.0, 9.5, 4.5 Hz, 1 H, OCH), 2.69 (d, J� 14.0 Hz, 1H, CHH), 2.54
(ddd, J� 12.0, 5.0, 5.0 Hz, 1 H, CHH), 2.50 ± 2.36 (m, 5H, CHH), 2.37 (d,
J� 14.0 Hz, 1H, CHH), 2.29 (d, J� 14.0 Hz, 1H, CHH), 2.18 (d, J�
14.0 Hz, 1H, CHH), 1.55 (dd, J� 14.0, 9.0 Hz, 1H, CHH), 1.50 (ddd, J�
12.0, 12.0, 12.0 Hz, 1H, CHH), 1.42 (s, 3H, CH3), 1.24 (s, 3 H, CH3), 0.84 (s,
9H, tBuSi), 0.04 (s, 3 H, CH3Si), 0.03 (s, 3 H, CH3Si); 13C NMR (125.7 MHz,
CDCl3): d� 173.7, 171.7, 144.9, 138.7, 138.3, 128.2, 128.2, 127.7, 127.5, 127.4,
127.2, 114.0, 77.0, 76.5, 76.1, 73.9, 70.7, 70.2, 69.9, 51.4, 51.0, 46.2, 45.9, 45.0,
32.6, 32.4, 30.2, 29.0, 25.7, 18.0, 17.0, ÿ2.1, ÿ2.3; HRMS calcd for
C39H58O8Si ([M �Cs�]) 815.2955, found 815.2978.


Bis-lactone 63 : A solution of bis-methyl ester 60 (70.3 g, 0.103 mol) in THF
(1.39 L) and MeOH (470 mL) was added to an aqueous solution of LiOH ´
H2O (43.27 g, 1.03 mol, 470 mL of H2O). The reaction mixture was stirred
at 60 8C until TLC showed completion of the reaction (ca. 9 h). After
concentration, the residue was diluted with H2O (800 mL) and acidified
with CH3COOH (120 mL). Ether (500 mL) was added, and the layers were
separated. The aqueous layer was saturated with NaCl(s) and extracted
with ether (1.0 L). The combined organic extracts were dried (MgSO4) and
concentrated to provide crude diacid 61 (66.51 g, 99%).


A solution of diacid 61 (66.51 g, 0.102 mol) in EtOH (460 mL) was added to
liquid NH3 (3.1 L). Lithium metal (8.46 g, 1.22 mol), cut into small pieces
(0.5 cm), was added in four equal portions, and the reaction mixture was
stirred at ÿ78 8C for 10 min. After addition of NH4Cl(s) (326 g), the
reaction mixture was concentrated over a period of 12 h, and the residue
was diluted with H2O (2 L) and acidified with CH3COOH to pH 4. The
aqueous solution was saturated with NaCl(s) and extracted with ether (3�
750 mL). The ether layer was washed with brine (1 L), dried (MgSO4) and
concentrated. The residue was coevaporated with toluene (4� ) and ether
(4� ) to provide crude bis-hydroxyacid 62 (47.2 g, 98%) as a white powder.
A solution of bis-hydroxyacid 62 (47.2 g, 0.10 mol) in THF (525 mL) at 0 8C
was treated with Et3N (55.5 mL, 0.398 mol), followed by the addition of
2,4,6-trichlorobenzoyl chloride (32.7 mL, 0.209 mol) over a period of
20 min. The reaction mixture was stirred at 0 8C for 1 h, and at 25 8C for
30 min, diluted with PhH (3.1 L), and transferred by cannula over 5 h to a
solution of 4-DMAP (73.01 g, 0.598 mol) in PhH (1.4 L) at 80 8C. The
reaction mixture was stirred overnight and concentrated. The residue was
extracted with EtOAc (3� 1 L) and filtered. The filtrate was concentrated,
and the residue was purified by flash column chromatography (silica gel,
hexanes, 6:1:3, hexanes:CH2Cl2:EtOAc (elution of less polar isomer), 1:4,
hexanes:EtOAc, (elution of more polar isomer)) to afford bis-lactone 63
(33.9 g, 78 % for three steps), two diastereomers. 63 (major diastereomer):
Rf� 0.32 (silica gel, 1:1, EtOAc:hexane); [a]25


D ��3.0 (c� 1.0, CH2Cl2); IR
(thin film): nÄmax� 2930, 2855, 1739, 1313, 1258, 1234, 1188, 1152, 1110, 1087,
1049, 1002, 840, 774 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.10 (br s, 1H,
�CHH), 4.93 (d, J� 1.5 Hz, 1 H, �CHH), 4.34 (dd, J� 12.5, 4.5 Hz, 1H,
OCH), 4.12 (ddd, J� 11.0, 9.5, 6.0 Hz, 1 H, OCH), 3.93 (ddd, J �10.5, 10.5,
4.0 Hz, 1 H, OCH), 2.80 (s, 2 H), 2.79 ± 2.70 (m, 1H), 2.65 ± 2.55 (m, 2H),
2.43 (ddd, J� 14.5, 14.5, 5.0 Hz, 1H), 2.41 (d, J� 14.0 Hz, 1 H), 2.33 (ddd,
J� 12.5, 5.5, 5.5 Hz, 1H), 2.22 ± 2.08 (m, 3 H), 1.58 (dd, J� 14.0, 11.0 Hz,
1H), 1.40 (s, 3H, CH3), 1.28 (s, 3 H, CH3), 0.86 (s, 9 H, tBuSi), 0.15 (s, 3H,
CH3Si), 0.12 (s, 3H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d� 173.4,
169.9, 140.7, 119.0, 76.1, 75.9, 74.8, 71.3, 67.6, 49.8, 48.7, 45.5, 37.5, 32.3, 31.9,
31.5, 25.7, 18.2, 15.9, ÿ2.2; HRMS calcd for C23H38O6Si ([M �H�])
439.2516, found 439.2502.


Bis-olefin 65 : A solution of bis-lactone 63 (11.19 g, 0.026 mol) in CH2Cl2


(515 mL) was cooled to 0 8C and treated dropwise with HF ´ pyridine
(51.5 mL). The reaction mixture was stirred at 0 8C until TLC showed
completion of the reaction (ca. 20 min). The reaction mixture was diluted
with CH2Cl2 (200 mL) and poured into an aqueous NaHCO3 solution (1.6 g
of NaHCO3/1 mL HF ´ pyridine) at 0 8C. The organic layer was separated,
washed with brine (300 mL), dried (MgSO4), and concentrated to afford
crude tertiary alcohol 64. A solution of crude tertiary alcohol 64 (24.7 g,


0.076 mol) in CH2Cl2 (285 mL) at 0 8C was treated with a solution of
Martin�s sulfurane (76.9 g, 0.114 mol) in CH2Cl2 (105 mL) for 15 min. The
reaction mixture was concentrated and filtered through a pad of silica gel
(1:1, hexanes:CH2Cl2). The filtrate was concentrated, and the residue was
purified by flash column chromatography (silica gel, 1:9, CH2Cl2:
hexane! 1:9, CH2Cl2:EtOAc) to provide bis-olefin 65 (20.8 g, 89% for
two steps). 65 : Rf� 0.41 (silica gel, 3:2, EtOAc:hexanes); [a]25


D �� 9.4 (c�
1.0, CHCl3); IR (thin film): nmax� 2981, 2930, 1729, 1713, 1644, 1452, 1381,
1266, 1145, 1106, 1053, 913, 870, 733, 607 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 5.85 (s, 1H,�CH), 5.11 (s, 1 H,�CH), 4.94 (s, 1 H,�CH), 4.34
(dd, J� 12.5, 4.5 Hz, 1H, OCH), 4.25 (ddd, J� 11.0, 9.0, 6.5 Hz, 1H, OCH),
3.97 ± 3.90 (m, 1H, OCH), 2.85 (dd, J� 19.5, 6.5 Hz, 1 H, CHH), 2.78 ± 2.69
(m, 1 H, CHH), 2.66 ± 2.55 (m, 2 H, CHH), 2.47 ± 2.37 (m, 2 H, CHH), 2.43
(d, J� 15.0 Hz, 1 H, CHH), 2.32 (dd, J� 19.5, 8.0 Hz, 1H, CHH), 2.17 (ddd,
J� 12.0, 12.0, 12.0 Hz, 1 H, CHH), 2.12 (d, J� 15.0 Hz, 1H, CHH), 1.95 (s,
3H), 1.30 (s, 3H); 13C NMR (125.7 MHz, CDCl3): d� 173.4, 166.2, 151.3,
140.5, 119.1, 117.3, 76.2, 74.5, 74.1, 68.4, 45.2, 41.4, 37.4, 32.3, 31.1, 26.8, 16.0;
HRMS calcd for C17H22O5 ([M �H�]) 307.1545, found 307.1554.


Olefin 66 : A solution of bis-olefin 65 (20.8 g, 0.068 mol) in PhH (475 mL)
was degassed under freeze-thaw conditions twice. After addition of
Wilkinson�s catalyst (3.14 g, 3.39 mmol), the reaction mixture was vigo-
rously stirred under hydrogen atmosphere at 25 8C for 5 h. After concen-
tration, the residue was filtered through a pad of silica gel (1:4,
EtOAc:hexanes!1:1, EtOAc:hexanes). The filtrate was concentrated to
afford olefin 66 (20.7 g, 99%, ca. 4:1 ratio of diastereomers). 66 (major
diastereomer): Rf� 0.32 (silica gel, ether); [a]25


D � �29.2 (c� 1.0, CHCl3);
IR (thin film): nÄmax� 2956, 2927, 1733, 1704, 1461, 1381, 1254, 1222, 1167,
1116, 1051, 917, 732 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.85 (s, 1 H,
�CH), 4.35 (dd, J� 12.0, 4.5 Hz, 1 H, OCH), 4.24 (ddd, J� 11.0, 9.0, 6.0 Hz,
1H, OCH), 3.93 (ddd, J� 9.5, 7.0, 7.0 Hz, 1 H, OCH), 2.90 ± 2.80 (m, 2H),
2.47 ± 2.35 (m, 2 H), 2.30 (dd, J� 19.0, 7.5, Hz, 1 H), 2.15 (ddd, J� 12.0, 12.0,
12.0 Hz, 1 H), 2.02 ± 1.95 (m, 1H), 1.95 (s, 3H, CH3), 1.68 ± 1.51 (m, 3H),
1.47 ± 1.38 (m, 1 H), 1.30 (s, 3H, CH3), 1.01 (d, J� 6.5 Hz, 3 H, CH3);
13C NMR (125.7 MHz, CDCl3): d� 173.7, 166.2, 151.0, 117.5, 78.4, 76.0, 74.1,
68.2, 49.3, 41.4, 35.1, 32.4, 28.8, 26.8, 26.6, 25.3, 14.5; HRMS calcd for
C17H24O5 ([M �Na�]) 309.1702, found 309.1711.


Bis-lactone 67: A solution of olefin 66 (16.5 g, 0.054 mol) in EtOAc
(630 mL) was treated with 10% Pd/C (2.82 g) under an atmosphere of
argon. The reaction mixture was stirred under hydrogen atmosphere at
25 8C for 12 h, filtered through a pad of silica gel (EtOAc), and
concentrated. Flash column chromatography (silica gel, 3:2, EtOAc:hex-
anes) afforded bis-lactone 67 (15.8 g, 95%, ca. 19:1 ratio of diastereomers).
67 (major diastereomer): Rf� 0.22 (silica gel, 3:2, EtOAc:hexanes); [a]25


D �
�18.0 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 2927, 2874, 1736, 1459, 1378,
1327, 1251, 1172, 1077, 1044 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.34
(dd, J� 12.0, 5.0 Hz, 1H, OCH), 4.08 (ddd, J� 11.5, 9.5, 6.0 Hz, 1H, OCH),
3.71 (ddd, J� 10.0, 10.0, 4.0 Hz, 1 H, OCH), 2.87 (ddd, J� 12.5, 12.5, 7.0 Hz,
1H), 2.79 (dd, J� 14.0, 2.0 Hz, 1H), 2.63 (ddd, J� 13.5, 5.5, 1.0 Hz, 1H),
2.43 (ddd, J� 12.5, 7.0, 2.0 Hz, 1H), 2.33 ± 2.26 (m, 2 H), 2.11 (ddd, J� 12.0,
12.0, 12.0 Hz, 1H), 2.03 ± 1.93 (m, 2H), 1.69 ± 1.51 (m, 4H), 1.43 (ddd, J�
12.0, 7.0, 5.0 Hz, 1H), 1.29 (s, 3H, CH3), 1.09 (d, J� 7.5 Hz, 3H, CH3), 1.00
(d, J� 7.0 Hz, 3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 173.9, 172.7,
78.5, 76.6, 75.6, 67.0, 49.3, 41.8, 40.4, 35.0, 32.4, 28.7, 26.5, 25.8, 25.3, 17.7,
14.5; HRMS calcd for C17H26O5 ([M �H�]) 311.1858, found 311.1848.


Bis-enol phosphate 68 : Bis-lactone 67 (2.50 g, 8.04 mmol) was dissolved in
THF (150 mL) and added to a solution of diphenyl chlorophosphate
(10.0 mL, 48.2 mmol), KHMDS (64.2 mL, 0.5m in toluene, 32.1 mmol), and
HMPA (8.35 mL, 48.2 mmol) in THF (100 mL) at ÿ78 8C. The reaction
mixture was stirred atÿ78 8C until TLC showed completion of the reaction
(ca. 1 h), whereupon it was quenched by pouring into a 10 % aqueous
NH4OH solution (450 mL). After stirring at 25 8C for 20 min, the solution
was saturated with NaCl(s) and extracted into ether (4� 400 mL). The
combined organic extracts were washed with brine (400 mL), dried
(MgSO4), and concentrated. Flash column chromatography (silica gel,
3:7, EtOAc:hexanes) provided bis-enol phosphate 68 (5.02 g, 85 %). 68 :
Colorless oil; Rf� 0.35 (silica gel, 2:8, EtOAc:hexanes); IR (thin film):
nÄmax� 2955, 1691, 1590, 1489, 1301, 1187, 957, 771 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.35 ± 7.17 (m, 20 H, ArH), 4.77 (ddd, J� 8.0, 5.5, 2.5 Hz, 1H,
�CH), 4.73 (dd, J� 7.0, 2.0 Hz, 1 H,�CH), 3.74 ± 3.69 (m, 2H, OCH), 3.59
(ddd, J� 11.5, 10.0, 5.0 Hz, 1 H, OCH), 2.48 (br m, 1 H, �CHCH), 2.36 ±
2.28 (m, 1 H,�CHCHH), 2.21 (dt, J� 12.0, 5.0 Hz, 1 H, OCHCHHCHO),
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2.10 ± 2.00 (m, 1 H, CH3CH), 1.87 ± 1.78 (m, 2 H, CH2), 1.76 (q, J� 12.0 Hz,
1H, OCHCHHCHO), 1.66 (dd, J� 14.0, 3.0 Hz, 1 H, CHH), 1.56 ± 1.48 (m,
2H, CHH), 1.30 (s, 3H, CH3), 1.06 (d, J� 7.0 Hz, 3H, CHCH3), 0.93 (d, J�
7.0 Hz, 3H, CHCH3); 13C NMR (125.7 MHz, CDCl3): d� 152.7 (d, JC-P�
7.8 Hz), 152.1 (d, JC-P� 7.5 Hz), 150.4, 129.8, 129.3, 125.6, 125.5, 120.2, 120.1,
120.0, 115.6, 97.2, 94.7, 86.7, 80.7, 75.7, 68.8, 50.3, 39.1, 32.7, 32.6, 27.5, 25.4,
24.8, 20.3, 14.0; HRMS (FAB), calcd for C41H44O11P2 ([M�Cs�]): 907.1413,
found 907.1378.


Bis-stannane 69 : To a suspension of flame-dried lithium chloride (2.03 g,
48.0 mmol) in THF (50 mL) was added hexamethylditin (21.0 g, 64 mmol),
a solution of bis-enol phosphate 68 (5.87 g, 8.0 mmol) in THF (150 mL),
and [Pd(PPh3)4] (1.39 g, 1.20 mmol). The reaction mixture was stirred at
75 8C for 2 h, diluted with hexanes, and filtered through a pad of silica gel
(ether). The filtrate was concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:7, CH2Cl2:hexanes, 2 % Et3N) to
afford bis-stannane 69 (3.91 g, 81%). 69 : Rf� 0.62 (silica gel, 1:9, ether:-
hexanes); [a]25


D � �24.5 (c� 1.0, CHCl3); IR (thin film): nÄmax� 2954, 2919,
1611, 1457, 1376, 1296, 1226, 1118, 1055, 769, 718, 528 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 5.14 (dd, J� 8.0, 6.0 Hz, 1 H, �CH), 4.78 (d, J�
5.0 Hz, 1 H, �CH), 3.76 (ddd, J� 10.0, 5.5, 5.5 Hz, 1H, OCH), 3.49 (ddd,
J� 12.0, 10.0, 5.0 Hz, 1H, OCH), 3.28 (dd, J� 12.0, 4.5 Hz, 1H, OCH), 2.68
(ddd, J� 14.5, 8.0, 4.5 Hz, 1 H), 2.65 ± 2.58 (m, 1 H), 2.11 ± 2.04 (m, 1 H), 2.02
(ddd, J� 7.0, 4.5, 4.5 Hz, 1 H), 1.93 (ddd, J� 14.0, 8.5, 5.5 Hz, 1H), 1.87
(ddd, J� 12.0, 12.0, 12.0 Hz, 1 H), 1.76 ± 1.68 (m, 1H), 1.64 (dd, J� 14.0,
4.0 Hz, 1H), 1.55 ± 1.45 (m, 2 H), 1.33 (s, 3H, CH3), 1.02 (d, J� 7.5 Hz, 3H,
CH3), 0.90 (d, J� 7.0 Hz, 3H, CH3), 0.19 (s, 9H, (CH3)3Sn), 0.15 (s, 9H,
(CH3)3Sn); 13C NMR (125.7 MHz, CDCl3): d� 167.6, 165.8, 127.0, 126.8,
83.1, 79.3, 77.0, 70.4, 49.5, 40.4, 34.4, 32.4, 28.9, 28.6, 23.7, 21.9, 14.6, ÿ9.3,
ÿ9.6; HRMS calcd for C23H42O3Sn2 ([M �Cs�]) 604.9656, found
604.9672.


Diol 71: Bis-stannane 69 (7.0 g, 11.6 mmol) was dissolved in THF (120 mL)
and added to a solution of nBuLi (24.0 mL, 1.55m in hexanes, 37.2 mmol) in
THF (60 mL) at ÿ78 8C. The resulting solution was stirred at ÿ78 8C for
30 min. A solution of CuC�CnPr (5.3 g, 40.6 mmol) and HMPT (15.0 mL,
82.5 mmol) in THF (90 mL) was prepared (after vigorously stirring at 25 8C
for 1.5 h) and added to the solution above at ÿ78 8C. The reaction mixture
was allowed to warm up to ÿ40 8C over 1 h, cooled to ÿ78 8C again and
treated with freshly prepared TfOCH2CH2OBn (neat, 22.4 g, 78.9 mmol).
The resulting mixture was stirred atÿ78 8C for 1 h and allowed to warm up
to 25 8C over 12 h. Triethylamine (20 mL) was added, and the mixture was
stirred for 30 min, before the addition of ether (100 mL), followed by
filtration through a pad of silica gel (ether). The filtrate was concentrated,
and the residue was purified by flash column chromatography (silica gel,
1:9, EtOAc:hexanes, 2% Et3N) to provide bis-enol ether 70 (4.1 g, 65%).
2,3-Dimethyl-2-butene (60.3 mL, 1.0m solution in THF, 60.3 mmol) was
cooled to ÿ20 8C and treated with BH3 ´ THF (60.3 mL of 1m in THF,
60.3 mmol). The borane reagent was allowed to form by stirring at ÿ20 8C
for 2 h and 0 8C for 2 h. The solution was cooled to ÿ20 8C, and then a
solution of bis-enol ether 70 (8.25 g, 15.1 mmol) in THF (120 mL) was
added by cannula. The reaction mixture was stirred atÿ20 8C for 5 h and at
0 8C for 12 h. Then, an aqueous NaOH solution (100 mL, 3m) was added
slowly at 0 8C, followed by a 35% aqueous H2O2 solution (45 mL), and the
resulting mixture was stirred for 2 h. The aqueous layer was separated and
extracted with ether (2� 200 mL). The combined organic extracts were
dried (MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, hexanes!EtOAc) to afford diol 71 (7.55 g,
86%). 71: Rf� 0.34 (silica gel, 1:1, EtOAc:hexanes); [a]25


D �ÿ0.5 (c� 1.0,
CH2Cl2); IR (thin film): nmax� 3423, 2925, 2868, 1455, 1366, 1074, 1028, 912,
736, 699, 608 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.38 ± 7.28 (m, 10 H,
ArH). 4.53 (d, J� 12.0 Hz, 1 H, CHHPh), 4.52 (s, 2 H, CH2Ph), 4.46 (d, J�
12.0 Hz, 1 H, CHHPh), 3.67 (ddd, J� 10.5, 6.5, 4.5 Hz, 1 H, OCH), 3.64 ±
3.60 (m, 2 H, OCH), 3.57 (ddd, J� 9.5, 7.5, 4.5 Hz, 1 H, OCH), 3.48 (ddd,
J� 7.0, 7.0, 4.0 Hz, 1H, OCH), 3.44 ± 3.37 (m, 3H, OCH), 3.26 (ddd, J� 7.5,
7.5, 3.5 Hz, 1H, OCH), 3.22 (dd, J� 7.5, 6.5 Hz, 1 H, OCH), 2.98 (ddd, J�
11.5, 9.5, 4.5 Hz, 1 H, OCH), 2.15 ± 1.95 (m, 4H), 1.90 ± 1.82 (m, 3H), 1.78 ±
1.74 (m, 2 H), 1.74 ± 1.66 (m, 2 H), 1.61 (d, J� 13.5 Hz, 1 H), 1.53 ± 1.45 (m,
2H), 1.16 (s, 3 H, CH3), 1.14 (d, J� 7.0 Hz, 3H, CH3), 1.03 (d, J� 7.0 Hz, 3H,
CH3); 13C NMR (125.7 MHz, CDCl3): d� 138.1, 128.4, 127.7, 127.7, 85.0,
83.0, 82.4, 80.4, 79.7, 75.7, 75.5, 73.1, 73.0, 69.6, 66.8, 66.7, 54.5, 47.7, 36.5, 35.9,
35.0, 34.9, 34.7, 29.7, 28.5, 27.2, 19.9, 16.2; HRMS calcd for C35H50O7 ([M
�Cs�]) 715.2611, found 715.2632.


TPS-monoprotected diol 72 : A solution of diol 71 (3.00 g, 5.15 mmol) in
DMF (7.5 mL) was treated with imidazole (1.05 g, 15.4 mmol) and
TBDPSCl (1.67 mL, 6.42 mmol) at 25 8C for 24 h. The reaction mixture
was diluted with ether (50 mL), and washed with saturated aqueous NH4Cl
solution (25 mL) and brine (25 mL). The organic layer was dried (Na2SO4)
and concentrated, and the residue was purified by flash column chroma-
tography (silica gel, hexanes! ether) to provide mono-protected com-
pound 72 (2.54 g, 60%), bis-protected compound (1.80 g, 33%) and starting
diol (0.18 g, 6%). 72 : Rf� 0.23 (silical gel, 1:1, ether:hexanes); [a]25


D �
�26.9 (c� 1, CH2Cl2); IR (thin film): nmax� 3453, 2931, 2862, 1428, 1363,
1312, 1084, 914, 822, 739, 702, 610, 509 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.70 ± 7.67 (m, 4 H, ArH), 7.45 ± 7.28 (m, 16H, ArH), 4.52 (d, J� 12.0 Hz,
1H, CHHPh), 4.50 (s, 2H, CH2Ph), 4.43 (d, J� 12.0 Hz, 1 H, CHHPh),
3.69 ± 3.43 (m, 8 H, OCH), 3.37 (ddd, J� 9.0, 9.0, 4.5 Hz, 1 H, OCH), 3.21
(br m, 1 H, OCH), 2.94 (ddd, J� 12.0, 9.0, 4.0 Hz, 1H, OCH), 2.68 (br s, 1H,
OH), 2.39 ± 2.30 (m, 1H), 2.09 (ddd, J� 12.0, 5.0, 5.0 Hz, 1 H), 2.03 ± 1.93
(m, 2H), 1.88 ± 1.80 (m, 2H), 1.75 ± 1.63 (m, 2 H), 1.55 ± 1.35 (m, 6 H), 1.12
(d, J� 7.0 Hz, 3H, CH3), 1.06 (s, 3H, CH3), 1.04 (s, 9 H, tBuSi), 0.48 (d, J�
7.0 Hz, 3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 138.9, 138.2, 135.9,
134.5, 133.8, 129.6, 129.5, 128.4, 128.3, 127.7, 127.7, 127.6, 127.4, 127.4, 83.6,
82.5, 81.7, 80.5, 79.7, 78.0, 75.6, 73.1, 72.4, 69.6, 66.9, 66.7, 54.1, 46.9, 36.4,
36.0, 34.8, 34.6, 34.1, 27.3, 27.1, 26.6, 21.0, 19.9, 19.4, 16.4; HRMS calcd for
C51H68O7Si ([M �Cs�]) 953.3789, found 953.3757.


Triol 73 : A solution of bis-benzyl ether 72 (6.60 g, 8.04 mmol) in methanol
(75 mL) was treated with Pd (10 % w/w on carbon, 660 mg). The reaction
mixture was stirred under hydrogen atmosphere at 25 8C for 24 h, diluted
with EtOAc (200 mL) and filtered through a pad of silica gel. The filtrate
was concentrated, and the residue was purified by flash column chroma-
tography (silica gel, 1:9, methanol:EtOAc) to yield triol 73 (5.00 g, 97%).
73 : colorless oil; Rf� 0.14 (silica gel, EtOAc); [a]25


D � �26.1 (c� 1.0,
CHCl3); IR (thin film): nÄmax� 3381, 2932, 2866, 1461, 1428, 1386, 1313, 1080,
912, 820, 738, 704, 613, 508 cmÿ1; 1H NMR (CDCl3, 500 MHz): d �7.68 ±
7.64 (m, 4H, ArH), 7.46 ± 7.36 (m, 6 H, ArH), 3.87 ± 3.76 (m, 2 H, OCH),
3.74 ± 3.64 (m, 2H, OCH), 3.62 ± 3.49 (m, 4 H, OCH), 3.46 ± 3.40 (m, 1H,
OCH), 3.24 (br m, 1 H, OH), 3.16 ± 3.03 (m, 2H, OCH), 2.67 (br s, 1 H, OH),
2.57 (br s, 1H, OH), 2.24 (ddd, J� 12.0, 5.0, 5.0 Hz, 1H), 2.19 ± 2.12 (m,
1H), 2.04 ± 1.95 (m, 3H), 1.85 ± 1.75 (m, 2 H), 1.75 ± 1.65 (m, 2H), 1.58 ± 1.48
(m, 3H), 1.45 ± 1.38 (m, 2H), 1.10 (d, J� 7.5 Hz, 3 H, CH3), 1.07 (s, 3H,
CH3), 1.01 (s, 9 H, tBuSi), 0.47 (d, J� 7.0 Hz, 3H, CH3); 13C NMR (CDCl3,
125.7 MHz): d� 135.8, 134.2, 133.5, 129.8, 129.6, 127.7, 127.5, 85.5, 85.2, 81.9,
80.2, 79.7, 77.1, 75.6, 69.7, 60.6, 59.8, 53.7, 46.5, 36.8, 36.0, 35.9, 34.8, 27.3, 27.0,
26.5, 20.3, 19.4, 19.3, 16.4; MS (FAB) calcd for C37H56O7Si ([M �Cs�])
773.2850, found 773.2873.


Cyclohexylidene acetal 74 : A solution of triol 73 (5.0 g, 7.8 mmol) in DMF
(40 mL) was treated with pyridinium p-toluenesulfonic acid (200 mg,
0.80 mmol) and 1,1-dimethoxycyclohexane (1.3 mL, 8.6 mmol). The reac-
tion mixture was stirred at 25 8C for 13 h, diluted with ether (100 mL) and
washed with saturated aqueous NH4Cl (2� 50 mL). The organic layer was
dried (MgSO4) and concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:1, ether:hexanes) to provide cyclo-
hexylidene acetal 74 (4.9 g, 6.8 mmol, 87%). 74 : white foam; Rf� 0.35
(silica gel, 1:1, ether:hexanes); [a]25


D � �27.0 (c� 1.0, CHCl3); IR (thin
film): nÄmax� 3495, 2939, 2862, 1459, 1429, 1363, 1273, 1087, 947, 741, 708, 641,
611 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 7.68 ± 7.64 (m, 4H, ArH), 7.46 ±
7.36 (m, 6H, ArH), 3.73 ± 3.63 (m, 3 H, OCH), 3.60 ± 3.50 (m, 4 H, OCH),
3.44 (ddd, J� 9.5, 6.0, 6.0 Hz, 1 H, OCH), 3.40 ± 3.32 (m, 2 H, OCH), 3.09
(ddd, J� 11.5, 9.5, 4.0 Hz, 1H, OCH), 2.21 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H),
2.17 ± 2.03 (m, 2H), 2.00 ± 1.95 (m, 1 H), 1.93 ± 1.86 (m, 1H), 1.78 ± 1.37 (m,
19H), 1.05 (s, 3 H, CH3), 1.02 (d, J� 7.5 Hz, 3H, CH3), 1.01 (s, 9H, tBuSi),
0.47 (d, J� 7.0 Hz, 3 H, CH3); 13C NMR (CDCl3, 125.7 MHz): d� 135.8,
134.2, 133.5, 129.7, 129.5, 127.6, 127.4, 100.8, 85.6, 84.2, 82.1, 79.5, 78.9, 77.2,
75.7, 70.1, 60.1, 57.2, 53.7, 46.4, 36.9, 36.7, 36.2, 35.0, 35.0, 34.0, 33.2, 27.2, 26.9,
26.5, 25.6, 23.2, 23.0, 20.8, 19.4, 16.5; MS (FAB) calcd for C43H64O7Si ([M
�Cs�]) 853.3472, found 853.3504.


Pivaloate ester 75 : A solution of primary alcohol 74 (4.8 g, 6.7 mmol) in
CH2Cl2 (50 mL) was treated with 4-DMAP (1.14 g, 9.38 mmol) and
trimethyl acetyl chloride (1.03 mL, 8.33 mmol). The solution was stirred
at 25 8C for 2 h, and then washed with saturated aqueous NH4Cl (2�
50 mL). The organic layer was dried (MgSO4) and concentrated, and the
residue was purified by flash column chromatography (silica gel, 1:9,
EtOAc:hexanes) to afford 75 (5.4 g, 6.7 mmol, 100 %). 75 : white foam;
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Rf� 0.54 (silica gel, 4:6, ether:hexanes); [a]25
D � �33.5 (c� 1.0, CHCl3); IR


(thin film): nÄmax� 2937, 2863, 1729, 1458, 1364, 1282, 1157, 1104, 945, 817,
739, 703, 611, 508 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 7.68 ± 7.62 (m, 4H,
ArH), 7.45 ± 7.34 (m, 6 H, ArH), 4.26 (ddd, J� 10.5, 6.5, 3.5 Hz, 1 H, OCH),
4.03 (ddd, J� 10.5, 10.5, 5.0 Hz, 1 H, OCH), 3.66 (dd, J� 12.0, 12.0 Hz, 1H,
OCH), 3.56 (ddd, J� 12.5, 3.5, 3.5 Hz, 1 H, OCH), 3.51 ± 3.30 (m, 6H,
OCH), 3.07 (ddd, J� 12.5, 10.5, 4.0 Hz, 1 H, OCH), 2.38 ± 2.25 (m, 1H),
2.15 ± 2.02 (m, 1H), 1.90 ± 1.82 (m, 1 H), 1.79 ± 1.32 (m, 21 H), 1.23 (s, 9H,
COtBu), 1.21 (s, 3H, CH3), 1.05 (d, J� 6.5 Hz, 3H, CH3), 1.01 (s, 9H,
tBuSi), 0.48 (d, J� 7.0 Hz, 3H, CH3); 13C NMR (CDCl3, 125.7 MHz): d�
178.1, 135.8, 134.3, 133.5, 129.7, 129.5, 127.6, 127.4, 100.8, 84.3, 83.7, 82.3,
79.7, 78.9, 77.6, 75.9, 70.1, 60.9, 57.2, 54.0, 46.8, 36.9, 36.6, 35.0, 34.9, 34.1,
33.1, 33.2, 27.3, 27.2, 27.0, 26.9, 26.5, 25.6, 23.2, 23.0, 20.8, 19.3, 16.5; MS
(FAB) calcd for C48H72O8Si ([M �Cs�]) 937.4051, found 937.4085.


Diol 76 : A solution of cyclohexylidene acetal 75 (5.4 g, 6.7 mmol) in MeOH
(50 mL) and CH2Cl2 (25 mL) was treated with 10-camphorsulfonic acid
(100 mg, 0.43 mmol) at 25 8C for 1 h. The reaction mixture was neutralized
by addition of Et3N (1 mL) and concentrated. The residue was purified by
flash column chromatography (silica gel, 1:1, EtOAc:hexanes) to afford
diol 76 (4.7 g, 6.5 mmol, 97 %). 76 : white foam; Rf� 0.34 (silica gel, ether);
[a]25


D � �37.0 (c� 1.0, CHCl3); IR (thin film): nÄmax� 3390, 2933, 2868, 1726,
1461, 1428, 1370, 1286, 1158, 1082, 914, 819, 739, 704, 612, 507 cmÿ1;
1H NMR (CDCl3, 500 MHz): d� 7.66 ± 7.62 (m, 4 H, ArH), 7.45 ± 7.34 (m,
6H, ArH), 4.21 (ddd, J� 10.0, 6.5, 3.5 Hz, 1H, OCH), 4.15 ± 4.04 (m, 1H,
OCH), 3.85 ± 3.72 (m, 2 H, OCH), 3.55 ± 3.47 (m, 2 H, OCH), 3.46 ± 3.38 (m,
2H, OCH), 3.36 (dd, J� 8.5, 8.5 Hz, 1H, OCH), 3.25 (dd, J� 11.0, 6.5 Hz,
1H, OCH), 3.07 (ddd, J� 11.5, 9.5, 4.0 Hz, 1H, OCH), 2.75 (dd, J� 5.5,
4.0 Hz, 1H, OH), 2.69 (d, J� 5.0 Hz, 1H, OH), 2.35 ± 2.25 (m, 1H), 2.11
(ddd, J� 11.5, 4.5, 4.5 Hz, 1H), 2.03 ± 1.92 (m, 2H), 1.85 ± 1.65 (m, 4H),
1.56 ± 1.35 (m, 6H), 1.24 (s, 9 H, COtBu), 1.10 (d, J� 7.0 Hz, 3H, CH3), 1.05
(s, 3 H, CH3), 1.01 (s, 9H, tBuSi), 0.48 (d, J� 7.0 Hz, 3H, CH3); 13C NMR
(CDCl3, 125.7 MHz): d� 178.4, 135.8, 134.2, 133.5, 129.7, 129.5, 127.6, 127.4,
84.5, 83.7, 81.9, 80.3, 79.7, 77.5, 75.7, 69.7, 60.9, 60.1, 54.0, 46.8, 38.7, 37.0, 35.9,
35.8, 34.6, 33.1, 27.3, 27.2, 26.9, 26.4, 19.3, 16.4; MS (FAB) calcd for
C42H64O8Si ([M �Cs�]) 857.3425, found 857.3391.


Trityl ether 77: A solution of diol 76 (4.7 g, 6.5 mmol) in CH2Cl2 (30 mL)
was treated with TrCl ´ 4-DMAP complex (4.1 mg, 10 mmol) at 40 8C for
36 h. The reaction mixture was concentrated, and the residue was purified
by flash column chromatography (silica gel, 1:1, ether:hexanes) to afford
trityl ether 77 (6.2 g, 6.4 mmol, 99 %). 77: white foam; Rf� 0.40 (silica gel,
1:1, ether:hexanes); [a]25


D � �22.5 (c� 1.0, CHCl3); IR (thin film): nÄmax�
3486, 3055, 2931, 1726, 1596, 1449, 1428, 1390, 1285, 1155, 1075, 1002, 909,
823, 739, 705, 633, 613, 512 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 7.70 ±
7.66 (m, 4H, ArH), 7.49 ± 7.25 (m, 21 H, ArH), 4.28 ± 4.20 (m, 1 H, OCH),
4.08 ± 4.00 (m, 1 H, OCH), 3.55 ± 3.25 (m, 7H, OCH), 3.22 (dd, J� 6.5,
6.5 Hz, 1 H, OCH), 2.97 ± 2.89 (m, 1 H, OCH), 2.40 (br s, 1H, OH), 2.33 ±
2.24 (m, 1H), 2.03 ± 1.79 (m, 5 H), 1.78 ± 1.60 (m, 2H), 1.58 ± 1.34 (m, 6H),
1.21 (s, 9 H, COtBu), 1.10 (d, J� 7.0 Hz, 3 H, CH3), 1.06 (s, 3 H, CH3), 1.05 (s,
9H, tBuSi), 0.49 (d, J� 7.0 Hz, 3 H, CH3); 13C NMR (CDCl3, 125.7 MHz):
d� 178.0, 143.9, 135.7, 134.1, 133.4, 129.6, 129.5, 128.5, 127.7, 127.5, 127.4,
126.9, 86.8, 83.6, 82.6, 81.6, 80.3, 79.2, 77.4, 75.4, 69.4, 61.2, 60.1, 53.8, 46.6,
38.5, 35.8, 35.6, 35.0, 34.5, 33.2, 27.2, 27.1, 26.9, 26.3, 19.4, 19.3, 16.4; MS
(FAB) calcd for C61H78O8Si ([M �Cs�]) 1099.4520, found 1099.4569.


Acetate 78 : A solution of secondary alcohol 77 (6.2 g, 6.4 mmol) in CH2Cl2


(30 mL) was treated with Et3N (2.7 mL, 19 mmol), 4-DMAP (78 mg,
0.64 mmol), and acetic anhydride (1.2 mL, 13 mmol) at 25 8C for 1 h. The
reaction mixture was concentrated, and the residue was purified by flash
column chromatography (silica gel, 1:1, ether:hexanes) to afford acetate 78
(6.4 g, 6.4 mmol, 99%). 78 : white foam; Rf� 0.58 (silica gel, 1:1, ether:-
hexanes); [a]25


D � �20.5 (c� 1.0, CHCl3); IR (thin film): nÄmax� 3057, 2933,
1730, 1594, 1450, 1428, 1369, 1240, 1156, 1074, 911, 822, 738, 705, 612,
511 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 7.72 ± 7.67 (m, 4H, ArH), 7.50 ±
7.26 (m, 21H, ArH), 4.64 (dd, J� 6.0, 4.5 Hz, 1H, AcOCH), 4.21 (ddd, J�
11.5, 8.5, 4.0 Hz, 1H, PivOCH), 4.06 (ddd, J� 11.0, 7.5, 7.5 Hz, 1H,
PivOCH), 3.73 (ddd, J� 9.5, 6.0, 3.5 Hz, 1H, OCH), 3.55 ± 3.45 (m, 2H,
OCH), 3.45 ± 3.38 (m, 2 H, OCH), 3.26 ± 3.16 (m, 2H, OCH), 2.92 (ddd, J�
11.5, 9.5, 4.0 Hz, 1 H, OCH), 2.32 ± 2.22 (m, 1H), 2.18 ± 2.11 (m, 1 H), 2.09 (s,
3H, COCH3), 1.92 ± 1.78 (m, 3 H), 1.78 ± 1.64 (m, 3H), 1.59 ± 1.49 (m, 3H),
1.48 ± 1.32 (m, 3H), 1.20 (s, 9 H, COtBu), 1.10 (d, J� 7.0 Hz, 3H, CH3), 1.06
(s, 12H, tBuSi and CH3), 0.50 (d, J� 7.0 Hz, 3 H, CH3); 13C NMR (CDCl3,
125.7 MHz): d� 178.1, 170.2, 144.3, 135.8, 134.2, 133.5, 129.7, 129.6, 128.7,


127.7, 127.6, 127.5, 126.9, 86.3, 83.5, 81.3, 80.8, 80.6, 80.4, 77.4, 75.5, 69.3, 61.4,
59.9, 53.8, 46.6, 38.6, 35.8, 34.6, 34.4, 33.6, 33.3, 27.2, 26.9, 26.4, 21.3, 19.4,
17.7, 16.5; MS (FAB) calcd for C63H80O9Si ([M �Cs�]) 1141.4626, found
1141.4601.


Primary alcohol 79 : A solution of trityl ether 78 (5.2 g, 5.2 mmol) in CH2Cl2


(50 mL) and MeOH (2 mL) was treated dropwise with trifluoroacetic acid
(0.6 mL, 7.8 mmol) at 25 8C until a bright yellow color persisted (ca.
30 min). The reaction mixture was quenched by the addition of Et3N
(1 mL), diluted with CH2Cl2 (50 mL), and washed with saturated aqueous
NaHCO3 (2� 50 mL). The organic layer was dried (MgSO4) and concen-
trated, and the residue was purified by flash column chromatography (silica
gel, 3:1, ether:hexanes) to afford primary alcohol 79 (3.8 g, 5.0 mmol,
96%). 79 : white foam; Rf� 0.46 (silica gel, 3:1, ether:hexanes); [a]25


D �
�38.6 (c� 1.0, CHCl3); IR (thin film): nÄmax� 3506, 2934, 1732, 1462, 1428,
1370, 1240, 1156, 1109, 1085, 823, 756, 705 cmÿ1; 1H NMR (CDCl3,
500 MHz): d� 7.66 ± 7.62 (m, 4 H, ArH), 7.45 ± 7.34 (m, 6 H, ArH), 4.66 (dd,
J� 5.0, 5.0 Hz, 1 H, AcOCH), 4.22 ± 4.08 (m, 2H, OCH), 3.80 ± 3.68 (m, 3H,
OCH), 3.50 (dd, J� 12.0, 5.0 Hz, 1 H, OCH), 3.47 ± 3.40 (m, 2 H, OCH),
3.36 (dd, J� 9.0, 9.0 Hz, 1H, OCH), 3.07 (ddd, J� 11.5, 9.5, 4.5 Hz, 1H,
OCH), 2.34 ± 2.26 (m, 1H), 2.19 ± 2.11 (m, 2 H), 2.06 (s, 3 H, COCH3), 1.88 ±
1.64 (m, 5 H), 1.56 ± 1.48 (m, 3 H), 1.45 ± 1.36 (m, 3 H), 1.24 (s, 9 H, COtBu),
1.12 (d, J� 7.5 Hz, 3 H, CH3), 1.07 (s, 3 H, CH3), 1.01 (s, 9H, tBuSi), 0.48 (d,
J� 7.0 Hz, 3 H, CH3); 13C NMR (CDCl3, 125.7 MHz): d� 178.2, 170.2,
135.7, 134.2, 133.4, 129.6, 129.5, 127.5, 127.4, 83.7, 82.9, 81.6, 80.3, 80.2, 77.3,
75.5, 69.2, 60.8, 60.2, 53.8, 46.7, 38.7, 37.4, 34.7, 34.5, 33.3, 33.1, 27.2, 27.2, 26.8,
26.3, 21.2, 19.3, 17.3, 16.3; MS (FAB) calcd for C44H66O9Si ([M �Cs�])
899.3530, found 899.3563.


Aldehyde 80 : To a solution of primary alcohol 79 (4.2 g, 5.5 mmol) in
CH2Cl2 (50 mL) was added 4 � MS (5 g), and the mixture was treated with
NMO (1.3 g, 11 mmol) and TPAP (96 mg, 0.27 mmol) at 25 8C for 1 h. The
reaction mixture was filtered through a pad of silica gel (elution with ether).
The filtrate was concentrated to provide aldehyde 80 (3.7 g, 4.8 mmol,
87%). 80 : white foam; Rf� 0.32 (silica gel, 1:1, ether:hexanes); [a]25


D �
�35.9 (c� 1.0, CHCl3); IR (thin film): nÄmax� 2937, 1731, 1462, 1372, 1284,
1238, 1157, 1093, 819, 753, 704, 609 cmÿ1; 1H NMR (CDCl3, 500 MHz): d�
9.71 (br s, 1 H, CHO), 7.66 ± 7.62 (m, 4 H, ArH), 7.46 ± 7.34 (m, 6H, ArH),
4.59 (dd, J� 6.0, 6.0 Hz, 1 H, AcOCH), 4.25 (ddd, J� 10.0, 6.5, 3.5 Hz, 1H,
OCH), 4.06 (ddd, J� 10.0, 6.5, 3.5 Hz, 1H, OCH), 4.01 (ddd, J� 10.5, 10.5,
5.0 Hz, 1 H, OCH), 3.54 (dd, J� 11.5, 5.0 Hz, 1H, OCH), 3.48 ± 3.55 (m,
3H, OCH), 3.15 ± 3.08 (m, 1 H, OCH), 2.67 (ddd, J� 17.0, 10.0, 2.0 Hz, 1H,
CHHCHO), 2.54 (dd, J� 17.0, 3.0 Hz, 1 H, CHHCHO), 2.32 ± 2.24 (m, 1H),
2.18 ± 2.04 (m, 2H), 2.06 (s, 3H, COCH3), 1.85 (ddd, J� 13.0, 10.0, 3.0 Hz,
1H), 1.75 ± 1.65 (m, 2 H), 1.55 ± 1.34 (m, 6H), 1.23 (s, 9H, COtBu), 1.11 (d,
J� 7.0 Hz, 3 H, CH3), 1.06 (s, 3H, CH3), 1.01 (s, 9 H, tBuSi), 0.48 (d, J�
7.0 Hz, 3H, CH3); 13C NMR (CDCl3, 125.7 MHz): d� 199.7, 178.1, 170.1,
135.7, 134.2, 133.4, 129.6, 129.5, 127.5, 127.4, 83.2, 81.3, 80.9, 79.6, 78.5, 77.5,
75.5, 69.1, 60.7, 53.8, 48.5, 46.5, 38.6, 34.9, 34.3, 33.6, 33.2, 27.2, 27.1, 26.8,
26.3, 21.1, 19.3, 17.9, 16.4; MS (FAB) calcd for C44H64O9Si ([M �Cs�])
897.3374, found 897.3349.


Methyl ester 81: A solution of aldehyde 80 (3.7 g, 4.8 mmol) in THF
(75 mL) was added by cannula to a mixture of BrÿPh3P�(CH2)3CO2Me (5.3,
12 mmol) and KHMDS (19 mL, 0.5m solution in toluene, 9.5 mmol) in
THF (100 mL) at ÿ78 8C. The reaction mixture was stirred at ÿ78 8C for
2 h, warmed up to 0 8C, quenched by pouring into saturated aqueous NH4Cl
(200 mL), and extracted with CH2Cl2 (3� 100 mL). The combined organic
extracts were dried (MgSO4) and concentrated, and the residue was
purified by flash column chromatography (silica gel, 1:1, ether:hexanes) to
afford methyl ester 81 (3.8 g, 4.5 mmol, 94%). 81: white foam; Rf� 0.50
(silica gel, 1:1, ether:hexanes); [a]25


D � �39.1 (c� 1.0, CHCl3); IR (thin
film): nÄmax� 2956, 1735, 1458, 1430, 1368, 1284, 1239, 1159, 1107, 914, 822,
736, 705, 610 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 7.67 ± 7.62 (m, 4H,
ArH), 7.46 ± 7.34 (m, 6H, ArH), 4.50 ± 5.38 (m, 2H, CH�CH), 4.63 (dd, J�
5.0, 5.0 Hz, 1 H, AcOCH), 4.28 (ddd, J� 12.5, 8.0, 4.5 Hz, 1H, OCH), 4.03
(ddd, J� 10.5, 10.5, 5.0 Hz, 1H, OCH), 3.67 (s, 3H, CO2CH3), 3.51 (dd, J�
11.5, 5.0 Hz, 1H, OCH), 3.49 ± 3.35 (m, 4 H, OCH), 3.04 ± 2.96 (m, 1H,
OCH), 2.40 ± 2.07 (m, 9H), 2.06 (s, 3H, CH3CO), 1.83 ± 1.66 (m, 3H), 1.57 ±
1.32 (m, 6 H), 1.24 (s, 9H, COtBu), 1.12 (d, J� 7.0 Hz, 3 H, CH3), 1.07 (s, 3H,
CH3), 1.01 (s, 9 H, tBuSi), 0.48 (d, J� 7.0 Hz, 3H, CH3); 13C NMR (CDCl3,
125.7 MHz): d� 178.0, 173.4, 170.1, 135.7, 134.2, 133.4, 129.6, 129.5, 129.5,
127.6, 127.4, 126.9, 84.3, 83.3, 81.6, 80.8, 80.0, 77.5, 75.5, 69.3, 60.7, 53.9, 51.4,
46.6, 38.6, 34.7, 34.4, 33.8, 33.5, 33.2, 32.9, 27.3, 27.2, 26.9, 26.3, 22.9, 21.2,
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19.3, 17.6, 16.4; MS (FAB) calcd for C49H72O10Si ([M �Cs�]) 981.3949,
found 981.3977.


Lactone 4 : A solution of methyl ester 81 (3.95 g, 4.65 mmol) in THF
(120 mL), MeOH (25 mL), and H2O (25 mL) was treated with lithium
hydroxide (2.2 g, 53.5 mmol) at 0 8C for 4 h. The reaction mixture was
neutralized by the addition of HCl (53 mL, 1m) and extracted with ether
(3� 150 mL). The combined organic extracts were dried (MgSO4) and
concentrated, and the residue was azeotroped with toluene (3� 50 mL) to
afford crude hydroxy acid 82. A solution of crude hydroxy acid 82 in THF
(36 mL) was treated with Et3N (2.6 mL, 18.6 mmol) and 2,4,6-trichloro-
benzoylchloride (1.27 mL, 8.14 mmol) at 0 8C for 1 h. The reaction mixture
was slowly added to a solution of 4-DMAP (2.27 g, 18.6 mmol) in PhH
(1 L) at 80 8C over 2 h. The mixture was cooled and concentrated, and the
residue was purified by flash column chromatography (silica gel, 1:3,
EtOAc:hexanes) to afford lactone 4 (3.1 g, 86 % for two steps). 4 : Rf� 0.58
(silica gel, 1:1, EtOAc:hexanes); [a]25


D � �14.4 (c� 1.0, CHCl3); IR (thin
film): nÄmax� 2956, 2872, 1731, 1461, 1334, 1282, 1246, 1155, 1097, 1036, 1000,
913, 821, 757, 706 cmÿ1; 1H NMR (CDCl3, 500 MHz): d� 7.67 ± 7.63 (m, 4H,
ArH), 7.45 ± 7.34 (m, 6 H, ArH), 5.68 (ddd, J� 10.5, 8.0, 8.0 Hz, 1H,�CH),
5.59 (ddd, J� 10.5, 8.5, 8.5 Hz, 1H, �CH), 4.55 (dd, J� 8.5, 8.5 Hz, 1H,
OCH), 4.26 (ddd, J� 10.5, 6.5, 3.5 Hz, 1H, OCH), 4.06 (ddd, J� 10.5, 10.0,
5.0 Hz, 1 H, OCH), 3.70 ± 3.64 (m, 1H, OCH), 3.49 (dd, J� 11.5, 5.0 Hz,
1H, OCH), 3.47 ± 3.40 (m, 1H, OCH), 3.37 (dd, J� 9.5, 9.5 Hz, 1 H, OCH),
3.33 (dd, J� 9.5, 9.5 Hz, 1H, OCH), 3.00 (ddd, J� 12.0, 8.5, 4.5 Hz, 1H,
OCH), 2.49 ± 2.38 (m, 1 H), 2.39 ± 2.19 (m, 6H), 2.10 (ddd, J� 12.5, 4.5,
4.5 Hz, 1 H), 2.04 ± 1.89 (m, 2H), 1.68 (ddd, J� 14.5, 10.5, 5.0 Hz, 1 H), 1.61
(br d, J� 14.0 Hz, 1H), 1.57 ± 1.47 (m, 3 H), 1.47 ± 1.33 (m, 3H), 1.23 (s, 9H,
tBuCO), 1.06 (s, 3H, CH3), 1.05 (d, J� 7.5 Hz, 3H, CH3), 1.01 (s, 9 H, tBuSi),
0.47 (d, J� 7.0 Hz, 3 H, CH3); 13C NMR (CDCl3, 125.7 MHz): d� 178.1,
174.3, 135.8, 134.2, 133.5, 129.7, 129.6, 129.5, 127.6, 127.4, 84.0, 82.9, 81.7,
80.6, 80.5, 77.5, 75.5, 68.7, 61.0, 53.9, 46.8, 38.7, 38.1, 34.2, 33.9, 33.4, 33.2,
33.0, 27.3, 27.2, 26.9, 26.4, 23.7, 19.9, 19.3, 16.2; HRMS calcd for C46H66O8Si
([M �Cs�]) 907.3581, found 907.3540.


Molecular dynamics and minimization calculations (CV Force Field) were
performed on a SGI Indigo-2 workstation using Insight II (Biosym
Technologies, Inc., San Diego, CA). Pictures were created using AVS
(AVS Inc., Waltham, MA) and locally developed modules running on a
DEC Alpha 3000/500 with a Kubota Pacific Denali graphics card (we thank
John Trujillo for his assistance in these modeling studies).
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Total Synthesis of Brevetoxin A: Part 4: Final Stages and Completion


K. C. Nicolaou,* Janet L. Gunzner, Guo-qiang Shi, Konstantinos A. Agrios,
Peter Gärtner, and Zhen Yang[a]


Abstract: The total synthesis of breve-
toxin A is described. Our methodology
of palladium-catalyzed couplings with
cyclic ketene acetal phosphates was
utilized to functionalize nine-membered
ring lactone 4 followed by a [4� 2]
singlet oxygen addition to the resulting
1,3-diene (6). The product endoperoxide
(7) was transformed into coupling part-
ners 3 a and 3 b to be reacted with


aldehyde 2. Our first attempted union
of 3 a and aldehyde 2 failed, most
probably due to steric hindrance, which
led us to explore other olefination
coupling reactions. Horner ± Wittig type
coupling was found to be successful on


advanced model systems: diphenylphos-
phine oxides 21 and 28 were each
coupled with aldehyde 2. Key intermedi-
ates 3 b and 2 were successfully coupled
and ring F oxocene (44) was cyclized
through the hydroxy dithioketal cycliza-
tion methodology. The final manipula-
tions were then executed to complete
the first total synthesis of brevetoxin A.


Keywords: brevetoxin A ´ synthetic
methods ´ total synthesis


Introduction


In the preceding three papers,[1±3] we described strategies and
explorations that projected well for a final approach to the
total synthesis of brevetoxin A (1, Scheme 1). Besides
providing support for our convergent strategy shown in
Scheme 1, these studies rendered readily available key
intermediates 2 and 4 required for the adopted plan. In this
article, we describe the conversion of key intermediate 4 to 3 a
and 3 b, and the final maneuvers that led to the total synthesis
of brevetoxin A (1).


Results and Discussion


The plan


Having assessed all the information gathered during the
brevetoxin A project,[1±3] we were confident that the plan
shown in Scheme 1 would allow us to complete the total
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Scheme 1. Final strategy for the total synthesis of brevetoxin A (1).


synthesis of brevetoxin A (1). The ylide, derived from the
phosphonium iodide 3 a, was the first targeted intermediate.
As we will see below, this ylide did not perform as well as
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expected, and was later substituted for the less bulky, more
reactive anion derived from diphenylphosphine oxide 3 b,[4]


which allowed facile coupling of the two fragments of the
target molecule. The first task at hand, therefore, was the
functionalization of lactone 4 to an ether carrying the
appropriate appendages on ring E.


The first attempt: phosphonium salt 3 a


Schemes 2 and 4 present the constructions of BCDE
intermediates 12 and 3 a respectively. Thus, lactone 4 was
converted[5] to enol phosphate 5, by treatment with KHMDS
then (PhO)2P(O)Cl, and subsequently[5] to diene 6 by coupling
of the latter intermediate (5) with nBu3SnCH�CH2 in the
presence of [Pd(PPh3)4] catalyst and LiCl (81% yield for two
steps). Reaction of singlet oxygen (generated from oxygen,
halogen lamp and TPP) resulted in selective functionalization
of the diene system in 6 and formation of endoperoxide 7
(mixture of diastereoisomers) as the major product.[6] In
addition to 7, the ester aldehyde 15 (Scheme 3) was isolated
from this reaction (30 % yield). This product was presumably
formed by a rupture of ring E via the intermediacy of [2 �2]
cycloaddition product 14, as shown in Scheme 3. The O ± O
bond in endoperoxide 7 was easily cleaved by treatment with
aluminum amalgam,[7] leading to diol 8 a, b (mixture of
diastereoisomers, ca. 1:1, 58 % yield for two steps). The bulky
TBS group was then selectively attached onto the primary
hydroxyl (TBSCl/imidazole, 91 %), and the resulting mixture
of secondary alcohols (9 a, b) was oxidized to enone 10 by
exposure to TPAP/NMO[8] (82% yield). The enone double
bond in 10 was then selectively reduced[9] by the action of
Stryker�s reagent [Ph3PCuH]6 in benzene at 25 8C (72 h),
affording ketone 11 with the desired stereochemistry of the
ring E two-carbon appendage. Reduction of the carbonyl
group on ring E was carried out with DIBAL (CH2Cl2,


Scheme 2. Synthesis of key intermediate 13b. Reagents and conditions:
a) 5.0 equiv of (PhO)2P(O)Cl, 3.0 equiv of KHMDS (0.5m in toluene),
THF, ÿ78 8C, 3 h; b) 3.0 equiv of CH2�CHSnnBu3, 0.15 equiv of
[Pd(Ph3P)4], 5.0 equiv of LiCl, THF, reflux, 2 h, 81 % for two steps; c) O2,
hn, 0.01 equiv of TPP, CCl4, 25 8C, 15 min; d) Al(Hg) (excess), THF:H2O
(15:1), 25 8C, 2 h, 58% for two steps; e) 1.5 equiv of TBSCl, 10.0 equiv of
imidazole, CH2Cl2, 25 8C, 1 h, 91%; f) 0.1 equiv of TPAP, 2.0 equiv of
NMO, CH2Cl2, 25 8C, 3 h, 82%; g) 2.0 equiv of [Ph3PCuH]6, PhH, 25 8C,
72 h, 70%; h) 2.5 equiv of DIBAL, CH2Cl2, ÿ78 8C, 1 h, 90 %, ca. 12 b :12a
(4:1); i) 12 a, b, 15 equiv of TrCl ´ 4-DMAP, CH2Cl2, reflux, 24 h, 95% (13a
�13 b); j) 13a, 0.05 equiv of TPAP, 1.5 equiv of NMO, CH2Cl2, 25 8C, 1 h;
then DIBAL, CH2Cl2, ÿ78 8C, 30 min, 82%. DIBAL� diisobutylalumi-
num hydride; 4-DMAP� 4-N,N-dimethylaminopyridine; KHMDS�po-
tassium bis(trimethylsilyl) amide; NMO� 4-methylmorpholine-N-oxide;
Piv� trimethylacetyl (pivaloyl); TBDPS� tert-butyldiphenylsilyl ; TBS�
tert-butyldimethylsilyl; THF� tetrahydrofuran; TPP�meso-tetraphenyl-
porphyrin; TPAP� tetra-n-propylammonium perruthenate; Tr� triphe-
nylmethyl.
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Scheme 3. A side-reaction in the photooxygenation of diene 6.


ÿ78 8C) resulting in the formation of the desired a-hydroxyl
epimer 12 b as the major product (ca. 4:1 ratio with the b-
hydroxyl epimer 12 a, 90 % combined yield). Concomitantly,
the pivaloate ester group was cleaved from the ring B side-
chain, resulting in a free hydroxyl group at that position. Thus,
mixture 12 a b (12 a :12 b ca. 1:4) was converted to the mixture
of primary trityl ethers 13 a, b by treatment with TrCl and
4-DMAP (95 % yield, 13 a :13 b ca. 1:4). The desired epimer
13 b was separated by flash column chromatography (silica
gel) and the undesired isomer 13 a was recycled by oxidation
(TPAP, NMO)[5] and DIBAL reduction (82% overall yield).


The conversion of alcohol 13 b to phosphonium iodide 3 a is
depicted in Scheme 4. A pivaloate ester (PivCl, 4-DMAP, 92%
yield) was placed on the free secondary alcohol and the TBS


O


O O


Me H


HH


Me
Me


TBDPSO


TrO


H


H


O
H


H


OTBS
H


O


O O


Me H


HH


Me
Me


TBDPSO


TrO


H


H


O
H


H


R
H


O


O O


Me H


HH


Me
Me


TBDPSO


TrO


H


H


O
H


H


OPiv


PPh3 I
H


OR
H


H


H


OPiv


d. Ph3P


a. PivCl, 4-DMAP


b. TBAF, THF


c. I2, Ph3P


B C
E


D


13b: R = H
16:   R = Piv


17: R = OH
18: R = I


3a


B C
E


D


B C
E


D


Scheme 4. Synthesis of phosphonium salt 3a. Reagents and conditions:
a) 1.6 equiv of PivCl, 1.8 equiv of 4-DMAP, CH2Cl2, 25 8C, 2 h, 94%;
b) neutral alumina- 1% H2O, hexanes, 25 8C, 20 h, 89 % c) 1.1 equiv of I2,
1.7 equiv of Ph3P, 1.7 equiv of imidazole, CH2Cl2, 25 8C, 2 h; d) 10.0 equiv of
Ph3P, fusion (90 8C), 3 h, 83 % for two steps. 4-DMAP� 4-N,N-dimethyl-
aminopyridine; TBAF� tetra-n-butylammonium fluoride.


group was removed (TBAF, THF, 25 8C, 82 % yield), furnish-
ing primary alcohol 17 via intermediate 16. Finally, phospho-
nium salt 3 a was prepared by fusion of the corresponding
iodide (18, prepared by the action of I2 and Ph3P) with Ph3P at
90 8C (83% for two steps). With phosphonium salt 3 a and


aldehyde 2 [3] now available, the stage was set for an attempt to
couple them. To this end, the ylide from 3 a was generated by
addition of nBuLi in THF and in the presence of HMPA, or by
the action of KHMDS in THF, and aldehyde 2 was added.
However, no olefinic products (e.g. 19, see Scheme 5), were
obtained under these (or a number of other) conditions. Steric
congestion around the aldehyde group in 2 and the relatively
bulky ylide generated from 3 a were held responsible for the
inability of the two components to react. Clearly new
exploratory work was needed in order to overcome this latest
and unforeseen obstacle.
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Scheme 5. Unsuccessful attempts to couple phosphonium salt 3a with
GHIJ aldehyde 2. Reagents and conditions: a) 1.1 equiv of nBuLi, 10 equiv
of HMPA, THF,ÿ78 8C, 30 min; then add 2 ; b) 1.2 equiv of KHMDS, THF,
ÿ78 8C, 30 min; then add 2. HMPA� hexamethylphosphoramide.


Further model studies


Having concluded that the phosphorane derived from 3 a was
too bulky to break the steric barrier surrounding the aldehyde
functionality of 2, we decided to try a less hindered equiva-
lent. Using diphenylphosphine oxides as alternatives, the
study shown in Scheme 6 was thus undertaken. The simple
model diphenylphosphine oxide[10] 21, obtained in one step
from phosphonium iodide 20[11] by reaction with NaOH, was
converted to its lithioderivative (nBuLi, THF, ÿ78 8C), and
reacted with aldehyde 2,[3] affording a mixture of four
diastereomeric hydroxyphosphine oxides 22 (83 % combined
yield). This mixture was then treated with NaH in DMF at
25 8C to afford olefin 23 in 78 % yield and as an approximate
2:3 mixture of Z :E isomers. The overall yield of the coupling
was encouraging, but the lack of Z :E stereoselectivity[4] was of
some concern. A more realistic model representing the
BCDE fragment was, therefore, chosen to further explore
the coupling reaction and subsequent steps in preparation for
the final drive towards brevetoxin A.


Scheme 7 outlines these model studies which began with
compound 24.[6] Based on molecular modeling, backed by
experimental results with simple model systems, it was hoped
that a chelating protecting group would complex with the
lithium cation associated with the anion adjacent to the
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Scheme 6. Reaction of Horner ± Wittig reagent 21 with GHIJ aldehyde 2.
Reagents and conditions: a) aq. NaOH, EtOH, 45 8C, 1 h, 80 %; b) 2.0 equiv
of 21, 2.4 equiv of nBuLi, THF, ÿ78 8C, 10 min; then add 1.0 equiv of 2,
ÿ78 8C, 10 min, 83 %; c) 2.0 equiv of NaH, DMF, 25 8C, 1 h, 78%. DMF�
N,N-dimethylformamide.


phosphine oxide, and thus provide a rigid and well-defined
intermediate for a stereoselective attack on the GHIJ
aldehyde. To this end the mixed methoxy dimethylketal
group was installed on 24 (Scheme 7) by exposure to
2-methoxy propene and POCl3 catalyst in CH2Cl2 to afford
compound 25. The primary hydroxyl group was then formed
by desilylation (TBAF) to give 26 and mesylated (MsCl,
Et3N) to afford 27 (85 % overall yield from 24). Displacement
of the leaving group from 27 with LiPPh2, followed by H2O2


oxidation of the resulting diphenylphosphine derivative[10] led
to phosphine oxide 28 in 85 % overall yield. The reaction of 28
with 1.5 equivalents of nBuLi in THF at ÿ78 8C, followed by
addition of PhCHO and exposure of the resulting mixture of
hydroxy diphenylphosphine oxides to KH was very revealing.
Olefin 29 was produced from this reaction in a highly
stereoselective manner (Z :E> 97:3) and in 85 % yield. This
result encouraged us to attempt the coupling of the lithioder-
ivative of more advanced model system 28 (1.2 equiv nBuLi)
with GHIJ aldehyde 2[3] (Scheme 7) which resulted in the
formation of hydroxy phosphine oxides 30 (mixture of two
diastereoisomers). Treatment of 30 with KH in DMF at 25 8C
furnished Z-olefin 31 in 77 % yield from 28.


With the coupling reaction apparently secured with regards
to both efficiency and stereoselectivity, and with compound 31
at hand, we decided to proceed further ahead in order to
explore the anticipated pathway in the real brevetoxin A
system. In particular, we needed information regarding the
crucial hydroxydithioketal cyclization and desulfurization
steps. Thus, the protecting group was removed from the
C-21 hydroxyl group of compound 31 under mild acid
conditions (AcOH, THF) to afford 32 (100 % yield), which
cyclized[11] smoothly under the influence of AgClO4, NaH-
CO3, SiO2, and 4 � MS in MeNO2, leading to EFGHIJ system
33. Treatment of 33 with Ph3SnH and AIBN in refluxing
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Scheme 7. Construction of model Horner ± Wittig reagent 28 and its
coupling with benzaldehyde and GHIJ aldehyde 2. Reagents and con-
ditions: a) CH2�C(OMe)Me (excess), POCl3 (trace), 25 8C, 1 h; b) 2.0 equiv
of TBAF, THF, 25 8C, 1 h; c) 1.5 equiv of MsCl, 3.0 equiv of Et3N, CH2Cl2,
0 8C, 30 min, 85% for three steps; d) Ph2PLi (excess), 3.0 equiv of HMPA,
THF, 0 8C, 10 min; then 5% aq. H2O2, 85%; e) 1.0 equiv of 28, 1.5 equiv of
nBuLi, THF, ÿ78 8C, 10 min; then add 2.0 equiv of PhCHO, ÿ78 8C,
10 min; 2.0 equiv of KH, DMF, 25 8C, 30 min, 85% for two steps;
f) 1.0 equiv of 28, 1.2 equiv of nBuLi, THF, ÿ78 8C, 10 min; then add
1.5 equiv of 2, ÿ78 8C, 10 min, 88%; g) 2.0 equiv of KH, DMF, 25 8C,
30 min, 88%; h) 20 % aq. AcOH:THF (1:2), 25 8C, 3 h, 100 %; i) 3.0 equiv
of AgClO4, NaHCO3 (excess), SiO2, 4 � MS, MeNO2, 25 8C, 3 h, 77%;
j) 10 equiv of Ph3SnH, PhCH3, 110 8C, 3 h, 48%. Ms�methanesulfonate;
MS�molecular sieves.


toluene resulted in reductive removal of the EtS group, but
careful spectroscopic analysis of the product revealed that
rather serious changes had accompanied this radical-based
reduction. Based on NMR experiments, the spiro structure 34
was tentatively assigned to the product from this reaction.
Apparently, the double bond of ring F, positioned as it was,
interfered with the radical generated at C-27 initiating a
cascade that eventually leads to 34 via intermediates 35 a, 35 b
and 35c (see Scheme 8 for a presumed mechanism).
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Scheme 8. Proposed mechanism for the formation of spiro compound 34.


In order to circumvent this adverse participation of the ring
F double bond, a reductive desulfurization method based on
an ionic,[11] rather than a radical mechanism, was adopted
next, as shown in Scheme 9. Thus, oxidation of 33 to the
corresponding sulfone (36) was cleanly effected by the action
of mCPBA (CH2Cl2, 0 8C, 92 % yield), and the latter
compound was exposed to BF3 ´ Et2O and Et3SiH, leading
smoothly to the desired compound 38, presumably via
oxonium species 37. The formation of the assigned skeletal
framework was supported by NMR spectroscopy.
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Scheme 9. Successful reduction of mixed ketal 33 by a cationic pathway.
Reagents and conditions: a) 2.4 equiv of mCPBA, CH2Cl2, 0 8C, 1 h, 92%;
b) 5.0 equiv of BF3 ´ Et2O, Et3SiH:CH2Cl2 (1:6), ÿ78 8C, 1 h, 90 %.
mCPBA� 3-chloroperbenzoic acid.


These successful model studies pointed decisively to a
rather clear path towards brevetoxin A (1), and the final drive
was, therefore, undertaken with considerable confidence.


The final stages


Once the final strategy was adopted, our first task was the
preparation of BCDE diphenylphosphine oxide system 3 b
(Scheme 10). Installation of the mixed methoxydimethyl ketal
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Scheme 10. Synthesis of diphenylphosphine oxide 3b. Reagents and
conditions: a) CH2�C(OMe)Me (excess), POCl3 (trace), 25 8C, 15 h,
96%; b) neutral alumina-1 % H2O, hexanes, 25 8C, 20 h, 86%; c) 2.0 equiv
of MsCl, 4.0 equiv of Et3N, CH2Cl2, 0 8C, 15 min; d) Ph2PLi (0.38m solution
in THF), HMPA (excess), THF, 0 8C, 10 min; then H2O:30%H2O2 (2.5:1),
95% for two steps.


group (CH2�C(OMe)Me, POCl3 catalyst, 96 % yield) gave 39,
which was selectively desilylated at the primary position
(cleavage of TBS) by the action of activated alumina,[12]


leading to alcohol 40 (86 % yield). Mesylation of 40 (MsCl,
Et3N), followed by displacement with LiPPh2 and oxidation
with H2O2 afforded the desired diphenylphosphine oxide 3b
(95 % yield, for two steps).


As expected, reaction of the anion generated from BCDE
diphenylphosphine oxide 3 b and nBuLi in THF with GHIJ
aldehyde 2 proceeded smoothly to afford two diastereomeric
hydroxy phosphine oxides, 42 a and 42 b [presumed to be of
the anti arrangement on the basis of their conversion to a Z-
olefin (vide infra)] (Scheme 11). The mixture of 42 a and 42 b
was converted to a single olefin (43, 56 % yield for two steps)
by the action of KH in DMF, from which the acetonide group
at C-21 was cleaved with AcOH/THF, furnishing hydroxydi-
thioketal 44 (88 % yield). The cyclization of 44 was carried out
in the presence of AgClO4, NaHCO3, SiO2, and 4 � MS in
MeNO2, and led to mixed thioketal 45 in 80 % yield.
Following the protocol developed in previous model studies,
compound 45 was exposed to 2.2 equivalents of mCPBA in
CH2Cl2 at 0 8C, resulting in oxidation at the sulfur atom to
furnish sulfone 46. Treatment of 46 with BF3 ´ Et2O in the
presence of excess Et3SiH in CH2Cl2 resulted in the reductive
expulsion of both the ethylsulfonyl group and the trityl
protecting group. NMR spectroscopy confirmed the forma-
tion of compound 47 (68 % yield, for two steps) in which the
newly introduced hydrogen atom resided with the appropriate
configuration. The primary hydroxyl group in compound 47
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Scheme 11. Final stages of the total synthesis of brevetoxin A (1). Reagents and conditions: a) 1.0 equiv of 3b,
1.0 equiv of nBuLi (1.55m in hexane), THF,ÿ78 8C, 10 min; then add 1.5 equiv of 2, ÿ78 8C, 45 min; b) 1.4 equiv
of KH, DMF, 25 8C, 30 min, 56% for two steps; c) 20% AcOH:THF (1:3), 25 8C, 36 h, 88%; d) 3.0 equiv of
AgClO4, 3.0 equiv of NaHCO3, SiO2, 4 � MS, MeNO2, 25 8C, 3 h, 67 %; e) 2.0 equiv of mCPBA, CH2Cl2, 0 8C,
2 h; f) 11.4 equiv of BF3 ´ Et2O, Et3SiH:CH2Cl2 (1:2), ÿ78 8C, 1 h, 68 % for two steps; g) 0.1 equiv of TPAP,
2.0 equiv of NMO, CH2Cl2, 25 8C, 30 min; h) 1.5 equiv of NaClO2, 2.3 equiv of NaH2PO4, THF:tBuOH:H2O:2-
methyl-2-butene (10:5:5:1), 25 8C, 1 h; i) CH2N2 (excess), Et2O, 0 8C, 45 min, 71% for three steps; j) HF ´ pyr,
CH2Cl2, 0 8C, 1 h, 92%; k) 1.0 equiv of Dess ± Martin periodinane, CH2Cl2, 0 8C, 1 h; 3 equiv of CH2�N�(Me)2Iÿ


(Eschenmoser�s salt), Et3N:CH2Cl2 (1:25), 25 8C, 12 h, 57 % for two steps. pyr.� pyridine.


was then sequentially oxidized first to an aldehyde group
(Dess ± Martin periodinane)[8] and then to a carboxylic acid
group (NaClO2, NaH2PO2, 2-methyl-2-butene)[13] prior to
esterification (CH2N2), furnishing compound 50 in 71 %
overall yield from 47. It was anticipated that deprotection of
the hydroxyl groups would lead to a g-lactone moiety. This
expectation was fulfilled on exposure of 50 to excess HF in
pyridine which, indeed, led to the formation of dihydroxy
lactone 51 in 92 % yield. Of the two hydroxyl groups in
intermediate 51, the primary one was selectively converted to
the corresponding aldehyde by treatment with 1.0 equivalents
of Dess ± Martin periodinane[14] (CH2Cl2, 0 8C). Finally, reac-
tion of the aldehyde so obtained with Eschenmoser�s salt,[15]


CH2�N�(Me)2Iÿ, furnished brevetoxin A (1) in 57 % yield (for
two steps). Synthetic brevetoxin A (1) crystallized from warm
(45 8C) acetonitrile as colorless crystals, m.p. 197 ± 199 8C/
218 ± 220 8C (ref. m.p. 197 ± 199 8C/218 ± 220 8C, double melt-
ing point from acetonitrile)[16] and exhibited identical chro-
matographic and spectral data [TLC, HPLC, [a]22


D , 1H and
13C NMR and IR spectroscopy, and mass spectrometry] with
those of authentic natural samples very kindly provided by
Professors K. Nakanishi and I. Shimizu.


Conclusion


In this and the preceding three articles[1-3] we described the
campaign of our total synthesis of brevetoxin A (1) which
stretched over the decade from 1987 and 1997.[17, 18] This
architecturally beautiful molecule, with its 10 fused rings,
ranging in size from 5 to 9, and 22 stereogenic centers,
presented many challenges to synthetic chemistry and, thus,
stimulated new explorations in the fields of synthetic tech-
nology and strategy. Numerous new methods were discovered
and developed during this program as important and useful
spin-offs. In addition to the regio- and stereoselective
hydroxyepoxide openings[19] and hydroxydithioketal cycliza-
tions[11] used in this construction and amply discussed
previously in conjunction with the total synthesis of breve-
toxin B,[20±25] the generation and palladium-catalyzed coupling
reactions of cyclic ketene acetal phosphates[5] was, perhaps,
the most important and valuable process developed in this
endeavor. A more remote spin-off of this reaction (which
allows a facile conversion of a lactone to a cyclic ether) is the
related reactions of lactams[26] that led to various N-containing
heterocycles and unnatural amino acids via the corresponding
phosphate intermediates (a similar method for the synthesis
of dienes involving coupling of enol phosphates with Grignard
reagents in the presence of a nickel catalyst was also
developed by Claesson in the early 1980s).[27] The final


strategy utilized for this total
synthesis emerged as the proj-
ect evolved and as information
regarding resistance points
and opportunities accumulat-
ed. The devised strategy is
quite convergent and efficient
considering the complexity
and size of the target mole-
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cule. Its longest linear sequence from commercially available
d-mannose consisted of 66 steps. Despite its rewards and
excitements, this campaign reveals both the present power of
organic synthesis and at the same time its limitations in terms
of efficiency and speed of delivery, as compared to nature�s
version of the science. Indeed, the biosynthesis of the
brevetoxins must be highly admirable and remains, for the
most part, unknown.


Experimental Section


General techniques : See paper 1 in this series.[1]


Phosphate 5: A solution of lactone 4 (1 g, 1.29 mmol) in THF (35 mL) was
added to a solution of KHMDS (7.74 mL, 0.5m solution in toluene,
3.87 mmol) and diphenylphosphoryl chloride (1.34 mL, 6.45 mmol) in THF
(30 mL) at ÿ78 8C, and the reaction mixture was stirred at ÿ78 8C for 2 h.
The reaction mixture was quenched by pouring into a 10 % aqueous
solution of ammonium hydroxide (300 mL) and stirring at 25 8C for 30 min.
The solution was saturated with NaCl (solid), and the product was
extracted into ether (3� 200 mL). The combined organic extracts were
washed with brine (200 mL), dried (MgSO4), filtered, and concentrated.
The residue was purified by flash column chromatography (silica gel, 3:7,
ether:hexanes) to afford phosphate 5 (1.2 g, 90%). 5 Rf� 0.40 (silica gel,
2:8, EtOAc:hexanes); [a]25


D � �17.1 (c� 1.0, CH2Cl2); IR (thin film):
nÄmax� 2963, 2933, 2865, 1728, 1682, 1593, 1488, 1382, 1289, 1189, 1160, 1072,
961, 902, 821, 758, 704 cmÿ1; 1H NMR (500 MHz, C6D6): d� 7.82 ± 7.74 (m,
3H, ArH), 7.35-7.18 (m, 8H), 7.13 ± 7.08 (m, 1H, ArH), 6.99-6.74 (m, 8H,
ArH), 5.70 (ddd, J� 10.0, 10.0, 6.5 Hz, 1 H,�CH), 5.60 (ddd, J� 10.0, 10.0,
6.5 Hz, 1 H,�CH), 5.16 (ddd, J� 7.5, 7.5, 3.0 Hz, 1H,�CH), 4.31 (ddd, J�
11.0, 7.0, 4.0 Hz, 1H), 4.22 (ddd, J� 10.0, 10.0, 5.5 Hz, 1 H), 3.90 (dd, J� 9.5,
3.0 Hz, 1H), 3.71 (ddd, J� 9.5, 4.0, 4.0 Hz, 1 H), 3.56 (ddd, J� 11.0, 9.0,
2.5 Hz, 1 H), 3.52 ± 3.44 (m, 2H), 3.32 (br t, J� 10.0, 10.0 Hz, 1H), 3.12 ±
2.96 (m, 2 H), 2.76 (ddd, J� 12.0, 9.0, 4.0 Hz, 1H), 2.56 ± 2.45 (m, 1H),
2.44 ± 2.26 (m, 4 H), 2.20 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H), 2.02 ± 1.90 (m, 2H),
1.87 ± 1.78 (m, 1 H), 1.70 (d, J� 14.5 Hz, 1H), 1.64 ± 1.53 (m, 3 H), 1.47 ± 1.38
(m, 1H), 1.26 (s, 9H, tBu), 1.16 (d, J� 7.0 Hz, 3 H, CH3), 1.15 (s, 9H, tBu),
1.02 (s, 3H, CH3), 0.51 (d, J� 6.0 Hz, 3 H, CH3); 13C NMR (125.7 MHz,
C6D6): d� 177.6, 157.4, 154.5, 151.1, 136.2, 134.7, 134.0, 131.1, 130.1, 130.0,
129.8, 128.1, 127.9, 126.0, 125.6, 120.6, 120.5, 120.0, 115.9, 97.1, 92.0, 83.8,
82.5, 82.4, 78.3, 75.7, 69.4, 69.4, 61.3, 54.6, 47.3, 38.8, 36.4, 35.9, 35.0, 33.9,
32.4, 27.5, 27.4, 27.2, 26.8, 22.1, 21.2, 19.6, 16.6; HRMS (FAB) calcd for
C58H75O11PSi ([M �Cs�]) 1139.3871, found 1139.3809.


Diene 6 : A solution of flame-dried lithium chloride (273 mg, 6.45 mmol) in
THF (15 mL) was treated with vinyl tributyltin hydride (1.04 mL,
3.87 mmol), a solution of phosphate 5 (1.2 g, 1.16 mmol) in THF (30 mL)
and palladium tetrakistriphenylphosphane (234 mg, 0.194 mmol) at 70 8C
for 2 h. The reaction mixture was cooled, diluted with ether (30 mL), and
filtered through a plug of silica gel washing with ether. The filtrate was
concentrated and purified by flash column chromatography (silica gel, 1:9,
EtOAc:hexanes) to afford diene 6 (823 mg, 90%). 6: Rf� 0.36 (silica gel,
1:1, ether:hexanes); [a]25


D � �66.4 (c� 1.0, CH2Cl2); IR (thin film): nÄmax�
2931, 2862, 1728, 1595, 1458, 1283, 1157, 1108, 1078, 1046, 740, 704,
510 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.68 ± 7.62 (m, 4 H, ArH), 7.46 ±
7.35 (m, 6H, ArH), 6.13 (dd, J� 17.0, 10.5 Hz, 1H, �CH), 5.69 (ddd, J�
11.0, 10.5, 7.5 Hz, 1 H, �CH), 5.48 (ddd, J� 10.5, 10.5, 7.5 Hz, 1 H, �CH),
5.39 (d, J� 17.0 Hz, 1 H,�CHH), 5.08 (dd, J� 9.0, 5.0 Hz, 1H,�CH), 4.92
(d, J� 10.5 Hz, 1H,�CHH), 4.27 (ddd, J� 10.5, 6.5, 3.5 Hz, 1 H), 4.04 (ddd,
J� 10.0, 10.0, 5.0 Hz, 1 H), 3.91 (dd, J� 7.0, 1.5 Hz, 1H), 3.71 (ddd, J� 10.0,
7.0, 3.0 Hz, 1H), 3.52 (dd, J� 11.5, 5.0 Hz, 1H), 3.50 ± 3.35 (m, 3H), 3.05
(ddd, J� 13.5, 9.5, 4.0 Hz, 1H), 2.95 (ddd, J� 14.5, 9.5, 5.5 Hz, 1H), 2.69
(dddd, J� 8.0, 8.0, 8.0, 8.0 Hz, 1H), 2.60 (ddd, J� 13.5, 9.0, 9.0 Hz, 1H),
2.51 (ddd, J� 13.5, 7.0, 3.5 Hz, 1H), 2.35 ± 2.21 (m, 2 H), 2.14 (ddd, J� 12.0,
4.5, 4.5 Hz, 1 H), 2.05 (ddd, J� 12.5, 2.0 Hz, 1 H), 1.77 ± 1.62 (m, 2H), 1.60 ±
1.34 (m, 6H), 1.26 (s, 9 H, tBu), 1.07 (s, 3 H, CH3), 1.06 (d, J� 7.0 Hz, 3H,
CH3), 1.01 (s, 9H, tBuSi), 0.49 (d, J� 7.0 Hz, 3H, CH3); 13C NMR
(125.7 MHz, CDCl3): d� 178.2, 157.5, 135.8, 135.7, 134.3, 133.6, 129.7, 129.5,
127.6, 127.4, 127.2, 125.3, 113.0, 112.6, 90.0, 83.7, 83.4, 82.2, 77.7, 75.7, 69.1,


61.0, 54.1, 46.8, 36.0, 35.0, 35.0, 33.2, 27.3, 27.2, 26.9, 26.5, 25.1, 19.4, 18.8,
16.6; HRMS (FAB) calcd for C48H68O7Si ([M �Cs�]) 917.3789, found
917.3756.


Diols 8a and 8b : A solution of diene 6 (100 mg, 0.127 mmol) in carbon
tetrachloride (40 mL) was treated with tetraphenylporphyrin (�1 mg,
enough to turn the solution a light shade of pink), and was irradiated with a
halogen light source, while oxygen was bubbled through the solution at
25 8C for 15 min. The reaction mixture containing crude endoperoxide 7
was concentrated, redissolved in THF (30 mL), H2O (2 mL), and Et3N
(1 mL), and treated with aluminum amalgam. The aluminum amalgam was
prepared by successively dipping pieces (5, 7� 3 cm) of loosely rolled
aluminum foil into aqueous sodium hydroxide (3m, for 10 s), water,
aqueous mercury(ii) chloride (3 %, for 30 s), and water. The sequence was
repeated once followed by a final rinse with ethanol and ether. The
heterogeneous reaction mixture was stirred vigorously at 25 8C for 2 h,
during which time the foil broke into a fine suspension which was removed
by filtering through a plug of silica gel eluting with EtOAc. The
concentrated filtrate was purified by column chromatography (silica gel,
2:1, EtOAc:hexanes) to afford a mixture of diastereomeric diols 8 a and 8b
(70 mg, 58%). 8 (less polar): Rf� 0.59 (silica gel, 7:3, EtOAc:hexanes);
[a]25


D � ÿ1.14 (c� 1.0, CHCl3); 1H NMR (500 MHz, C6D6): d� 7.80 ± 7.74
(m, 4 H, ArH), 7.27 ± 7.19 (m, 6H, ArH), 5.70 ± 5.60 (m, 2H,�CH), 5.08 (dd,
J� 7.5, 7.5 Hz, 1 H, �CH), 4.43 (dd, J� 12.0, 8.0 Hz, 1H), 4.32 (ddd, J�
10.0, 6.0, 3.5 Hz, 1 H), 4.26 (ddd, J� 10.5, 10.5, 5.0 Hz, 1H), 4.19 ± 4.13 (m,
2H), 3.99 (dd, J� 8.0, 8.0 Hz, 1H), 3.60 ± 3.45 (m, 4 H), 3.42 (ddd, J� 9.0,
9.0, 3.0 Hz, 1 H), 2.91 (ddd, J� 12.0, 9.0, 4.0 Hz, 1H), 2.86 ± 2.72 (m, 2H),
2.56 ± 2.47 (m, 1 H), 2.44 ± 2.37 (m, 1H), 2.33 ± 2.25 (m, 2 H), 2.14 ± 2.05 (m,
1H), 1.95 (ddd, J� 16.5, 9.5, 6.5 Hz, 1H), 1.87 ± 1.77 (m, 1 H), 1.76 ± 1.63 (m,
3H), 1.61 ± 1.53 (m, 3 H), 1.49 ± 1.40 (m, 1H), 1.25 (s, 9H, tBu), 1.15 (s, 9H,
tBuSi), 1.12 (d, J� 7.0 Hz, 3H, CH3), 1.09 (s, 3H, CH3), 0.52 (d, J� 6.0 Hz,
3H, CH3); 13C NMR (125.7 MHz, C6D6): d� 177.7 165.4, 136.2, 136.2, 134.7,
134.0, 130.5, 130.1, 130.0, 128.3, 128.1, 127.9, 126.1, 102.0, 88.7, 84.1, 82.3,
81.3, 80.9, 78.2, 75.6, 71.7, 69.6, 61.3, 56.8, 47.4, 38.8, 38.5, 36.3, 35.2, 35.0,
34.4, 33.9, 27.6, 27.4, 27.2, 26.8, 20.8, 19.6, 16.5; HRMS (FAB) calcd for
C48H70O9Si ([M �Cs�]) 951.3843, found 951.3883.


8 (more polar): Rf� 0.34 (silica gel, 7:3, EtOAc:hexanes); [a]25
D � �9.3


(c� 1.0, CHCl3); IR (thin film): nÄmax� 3369, 2930, 2872, 1727, 1657, 1457,
1375, 1285, 1156, 1092, 1036, 743, 705 cmÿ1; 1H NMR (500 MHz, C6D6): d�
7.80 ± 7.72 (m, 4H, ArH), 7.27 ± 7.18 (m, 6H, ArH), 5.80 (ddd, J� 10.5, 10.5,
9.0 Hz, 1 H,�CH), 5.47 (ddd, J� 10.5, 10.5, 9.0 Hz, 1 H,�CH), 5.13 (dd, J�
8.0, 8.0 Hz, 1 H,�CH), 4.78 ± 4.71 (m, 1H), 4.31 (ddd, J� 6.5, 3.5 Hz, 1H),
4.23 (ddd, J� 10.0, 10.0, 5.5 Hz, 1 H), 4.16 (dd, J� 12.0, 8.5 Hz, 1H), 4.03
(dd, J� 12.0, 7.0 Hz, 1 H), 3.92 ± 3.70 (br m, 1H, OH), 3.81 (dd, J� 8.5,
8.5 Hz, 1H), 3.65 ± 3.59 (m, 1 H), 3.59 ± 3.37 (m, 5 H), 3.41 (br t, J� 10.0 Hz,
1H), 2.90 (ddd, J� 12.5, 9.5, 4.5 Hz, 1 H), 2.84 ± 2.73 (m, 1 H), 2.73 ± 2.63 (m,
1H), 2.55 ± 2.45 (m, 1H), 2.44 ± 2.34 (m, 2H), 2.26 (ddd, J� 12.0, 4.5, 4.5 Hz,
1H), 2.15 ± 2.04 (m, 1H), 2.04 ± 1.94 (m, 1H), 1.85 ± 1.60 (m, 6H), 1.49 ± 1.40
(m, 1 H), 1.24 (s, 9H, tBu), 1.20 (d, J� 7.0 Hz, 3 H, CH3), 1.13 (s, 9H, tBuSi),
1.08 (s, 3 H, CH3), 0.52 (br d, J� 5.5 Hz, 3H, CH3); 13C NMR (125.7 MHz,
C6D6): d� 177.7 162.9, 136.2, 134.7, 130.1, 130.0, 128.3, 128.1, 127.9, 103.0,
88.3, 84.1, 82.2, 82.0, 81.1, 78.3, 75.6, 69.5, 65.7, 61.4, 57.5, 54.5, 47.4, 38.8, 38.7,
35.7, 34.8, 33.9, 32.9, 30.3, 27.6, 27.4, 27.2, 26.8, 21.3, 19.6, 16.5; HRMS (FAB)
calcd for C48H70O9Si ([M �Cs�]) 951.3843, found 951.3883.


Alcohols 9a and 9b : A solution of diols 8a and 8b (500 mg, 0.610 mmol) in
CH2Cl2 (20 mL) was treated with imidazole (414 mg, 6.10 mmol), and
TBSCl (138 mg, 0.92 mmol) at 25 8C for 1 h. The reaction mixture was
diluted with ether (50 mL), washed with aqueous saturated sodium
bicarbonate solution (50 mL), brine (50 mL), and dried (MgSO4). The
organic solution was concentrated, and the residue was purified by flash
column chromatography (silica gel, 3:7, EtOAc:hexanes) to afford a
mixture of diastereomeric alcohols 9a and 9 b (520 mg, 91 %). 9 (less polar):
Rf� 0.42 (silica gel, 3:7, EtOAc:hexanes); [a]25


D � ÿ22.5 (c� 1.0, CH2Cl2);
IR (thin film): nÄmax� 3439, 2932, 2855, 1728, 1654, 1460, 1429, 1383, 1363,
1281, 1250, 1158, 1083, 836, 703, cmÿ1; 1H NMR (500 MHz, C6D6): d�
7.78 ± 7.72 (m, 4H, ArH), 7.26 ± 7.18 (m, 6H, ArH), 5.72 ± 5.60 (m, 2H,
�CH), 5.05 (dd, J� 7.0, 7.0 Hz, 1H, �CH), 4.53 (dd, J� 12.0, 7.5 Hz, 1H),
4.34 ± 4.17 (m, 4H), 4.00 (dd, J� 8.0, 8.0 Hz, 1H), 3.58 ± 3.44 (m, 4H), 3.39
(ddd, J� 9.0, 9.0, 2.0 Hz, 1H), 2.93 ± 2.85 (m, 1H), 2.84 ± 2.73 (m, 2H),
2.56 ± 2.44 (m, 2 H), 2.39 ± 2.30 (m, 2 H), 2.25 (ddd, J� 12.0, 4.5, 4.5 Hz, 1H),
2.14 ± 2.05 (m, 1 H), 1.94 (ddd, J� 15.0, 9.5, 6.0 Hz, 1 H), 1.84 ± 1.74 (m, 1H),
1.74 ± 158 (m, 3H), 1.57 ± 1.50 (m, 3 H), 1.47 ± 1.38 (m, 1H), 1.24 (s, 9H, tBu),
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1.13 (s, 9H, tBuSi), 1.12 (d, J� 7.0 Hz, 3H, CH3), 1.05 (s, 3 H, CH3), 0.93 (s,
9H, tBuSi), 0.50 (br d, J� 5.5 Hz, 3 H, CH3), 0.05 (s, 3 H, CH3Si), 0.04 (s,
3H, CH3Si); 13C NMR (125.7 MHz, C6D6): d� 177.6 165.3, 136.2, 134.7,
134.0, 130.3, 130.1, 130.0, 128.3, 128.1, 127.9, 126.4, 100.9, 88.8, 84.0, 82.3,
81.3, 81.0, 78.2, 75.6, 71.8, 69.6, 61.3, 58.1, 54.5, 47.3, 38.8, 38.5, 36.0, 35.1,
35.0, 34.4, 33.9, 27.6, 27.4, 26.8, 26.0, 25.9, 20.8, 19.6, 18.4, 16.4, ÿ4.9, ÿ5.0.


9 (more polar): Rf� 0.28 (silica gel, 3:7, EtOAc:hexanes); [a]25
D � �1.8 (c�


1.0, CH2Cl2); IR (thin film): nÄmax� 3468, 2955, 2860, 1729, 1657, 1460, 1428,
1389, 1283, 1255, 1156, 1082, 835, 776, 741, 704, 600 cmÿ1; 1H NMR
(500 MHz, C6D6): d� 7.77 ± 7.70 (m, 4H, ArH), 7.26 ± 7.18 (m, 6H, ArH),
5.72 (ddd, J� 9.5, 9.0, 9.0 Hz, 1H,�CH), 5.51 (ddd, J� 9.5, 9.5, 8.0 Hz, 1H,
�CH), 5.00 (dd, J� 7.0, 7.0 Hz, 1 H, �CH), 4.66 (d, J� 5.0 Hz, 1 H) 4.35 ±
4.25 (m, 1H), 4.20 (ddd, J� 10.0, 10.0, 5.5 Hz, 1 H), 4.12 (d, J� 7.0 Hz, 2H),
3.84 (dd, J� 8.0, 8.0 Hz, 1H), 3.57 ± 3.42 (m, 4 H), 3.34 (dd, J� 8.5, 8.5 Hz,
1H), 2.92 ± 2.84 (m, 1 H), 2.67 ± 2.34 (m, 6H), 2.28 ± 2.20 (m, 1 H), 2.02 ± 1.87
(m, 2H), 1.82 ± 1.73 (m, 1 H), 1.72 ± 1.48 (m, 5 H), 1.46 ± 1.36 (m, 1H), 1.23 (s,
9H, tBu), 1.12 (br s, 12H, tBuSi and CH3), 1.02 (s, 3H, CH3), 0.92 (s, 9H,
tBuSi), 0.49 (br d, J� 4.5 Hz, CH3), 0.04 (s, 3H, CH3Si), 0.04 (s, 3H, CH3Si);
13C NMR (125.7 MHz, C6D6): d� 177.5 161.7, 136.2, 136.2, 134.7, 134.0,
131.2, 130.1, 130.0, 128.3, 128.1, 127.9, 125.5, 102.0, 88.2, 84.1, 82.2, 81.6, 81.1,
78.2, 75.5, 69.4, 65.8, 61.3, 58.6, 54.5, 47.4, 38.8, 38.6, 35.4, 34.8, 33.9, 33.7,
27.6, 27.5, 27.2, 26.8, 26.1, 21.0, 19.6, 18.4, 16.4, ÿ4.8, ÿ4.9; HRMS (FAB)
calcd for C54H84O9Si2 ([M �Cs�]) 1065.4708, found 1065.4753.


Enone 10: A solution of alcohols 9a and 9b (520 mg, 0.557 mmol) in CH2Cl2


(35 mL) in the presence of 4 � MS (5 g), was treated with N-methylmor-
pholine oxide (131 mg, 1.1 mmol) and TPAP (20 mg, 0.056 mmol) at 25 8C
for 3 h. The reaction mixture was diluted with ether (50 mL), and filtered
through a plug of silica gel, while washing with ether (50 mL). The filtrate
was concentrated, and the residue was purified by flash column chroma-
tography (silica gel, 1:9, EtOAc:hexanes) to afford enone 10 (425 mg,
82%). 10 : Rf� 0.57 (silica gel, 1:9, EtOAc:hexanes); 1H NMR (400 MHz,
C6D6): d� 7.81 ± 7.74 (m, 4 H, ArH), 7.28 ± 7.17 (m, 6H, ArH), 5.88 (dd, J�
6.5, 5.0 Hz, 1 H, �CH), 5.79 (ddd, J� 10.0, 10.0, 6.0 Hz, 1 H, �CH), 5.54
(ddd, J� 10.0, 10.0, 8.0 Hz, 1H,�CH), 4.79 (dd, J� 16.0, 7.0 Hz, 1 H), 4.67
(dd, J� 16.0, 5.0 Hz, 1 H), 4.36 ± 4.19 (m, 2H), 3.68 (dd, J� 11.0, 11.0 Hz,
1H), 3.65 ± 3.44 (m, 5 H), 3.33 (dd, J� 9.5, 9.5 Hz, 1 H), 2.90 ± 2.74 (m, 2H),
2.64 (dd, J� 11.0, 7.0 Hz, 1 H), 2.57 ± 2.46 (m, 1H), 2.30 ± 2.18 (m, 3H),
2.06 ± 1.96 (m, 1 H), 1.84 (br t, J� 12.0 Hz, 1H), 1.74 ± 1.65 (m, 2H), 1.60 ±
1.52 (m, 4 H), 1.47 ± 1.38 (m, 1 H), 1.27 (s, 9H, tBu), 1.16 (s, 9H, tBuSi), 1.04
(s, 3H, CH3), 1.02 (d, J� 7.0 Hz, 3H, CH3), 0.94 (s, 9 H, tBuSi), 0.52 (br d,
J� 4.5 Hz, 3 H, CH3), 0.03 (s, 3H, CH3Si), 0.03 (s, 3 H, CH3Si); HRMS
(FAB) calcd for C54H82O9Si2 ([M �Cs�]) 1063.4552, found 1063.4593.


Ketone 11: A solution of enone 10 (425 mg, 0.456 mmol) in benzene
(75 mL) was degassed by a freeze-thaw method (2� ) and treated with
[Ph3PCuH]6 (1.8 g, 0.91 mmol) at 25 8C for three days. The reaction mixture
was diluted with dichloromethane (100 mL) and washed with a saturated
aqueous ammonium chloride solution (50 mL), brine (50 mL), and dried
(MgSO4). The organic solution was concentrated, and the residue was
purified by column chromatography (silica gel, 1:9, EtOAc:hexanes) to
afford ketone 11 (300 mg, 70%). 11: Rf� 0.57 (silica gel, 1:9, EtOAc:hex-
anes); [a]25


D � ÿ46.5 (c� 1.0, CHCl3); IR (thin film): nÄmax� 2931, 2856,
1727, 1467, 1388, 1284, 1256, 1155, 1088, 833, 777, 742, 704, 610, 513 cmÿ1;
1H NMR (400 MHz, C6D6): d� 7.79 ± 7.72 (m, 4H, ArH), 7.27 ± 7.18 (m, 6H,
ArH), 5.82 (ddd, J� 10.0, 10.0, 6.5 Hz, 1 H,�CH), 5.60 (ddd, J� 10.0, 10.0,
8.0 Hz, 1 H,�CH), 4.35 ± 4.17 (m, 2 H), 4.09 (dd, J� 6.5, 6.5 Hz, 1 H), 3.84
(dd, J� 10.0, 10.0 Hz, 1H), 3.72 ± 3.63 (m, 1H), 3.61 ± 3.41 (m, 5 H), 3.36
(dd, J� 9.5, 9.5 Hz, 1 H), 3.19 (d, J� 10.0 Hz, 1H), 2.95 (ddd, J� 12.0, 12.0,
3.0 Hz, 1 H), 2.81 (ddd, J� 10.0, 10.0, 3.5 Hz, 1H), 2.59 (dd, J� 8.5, 8.5 Hz,
1H), 2.54 ± 2.43 (m, 1 H), 2.31 ± 2.14 (m, 3 H), 2.04 (ddd, J� 12.5, 12.5,
2.5 Hz, 1H), 1.87 ± 1.49 (m, 9H), 1.47 ± 1.35 (m, 1 H), 1.26 (s, 9H, tBu), 1.13
(s, 9 H, tBuSi), 1.07 (d, J� 7.0 Hz, 3 H, CH3), 1.04 (s, 3H, CH3), 0.92 (s, 9H,
tBuSi), 0.50 (d, J� 5.0 Hz, 3H, CH3), 0.01 (s, 3 H, CH3Si), ÿ0.01 (s, 3H,
CH3Si); 13C NMR (125.7 MHz, C6D6): d� 209.8, 177.5, 136.2, 136.2, 134.7,
134.0, 130.1, 130.0, 128.8, 128.1, 127.9, 124.6, 84.1, 83.8, 82.9, 82.5, 82.0, 80.8,
78.3, 75.8, 69.4, 61.2, 58.3, 54.6, 47.3, 38.0, 36.5, 36.1, 35.2, 35.1, 33.8, 32.2,
27.6, 27.5, 27.2, 26.8, 26.0, 23.2, 22.2, 19.6, 18.4, 16.7, ÿ5.3, ÿ5.5; HRMS
(FAB) calcd for C54H84O9Si2 ([M �Cs�]) 1065.4708, found 1065.4750.


Alcohol 13 : A solution of ketone 11 (300 mg, 0.321 mmol) in CH2Cl2


(20 mL) at ÿ78 8C was treated with DIBAL (800 mL, 1m in CH2Cl2,
0.80 mmol) for 1 h. The reaction mixture was quenched by addition of
EtOAc (0.5 mL) followed by pouring into aqueous sodium potassium


tartrate solution (100 mL), and the biphasic solution was stirred vigorously
for 2 h. The organic layer was separated, dried (MgSO4), and concentrated
to give an inseparable mixture of epimers 8:2 (a :b) 12a, 12b. A solution of
crude alcohols 12a and 12b (255 mg, 0.294 mmol) in CH2Cl2 (30 mL) was
treated with trityl chloride. 4-DMAP (91.8 g, 4.4 mmol) at 40 8C for 15 h.
The reaction mixture was concentrated and purified by flash column
chromatography (silica gel, 2:8, EtOAc:hexanes) to afford the desired a-
epimer 13 b (235 mg, 85 % for two steps) and undesired b-epimer 13a
(65 mg, 18% for two steps). a-epimer 13b : Rf� 0.65 (silica gel, 3:7,
EtOAc:hexanes); [a]25


D � �10.9 (c� 1.0, CHCl3); IR (thin film): nÄmax�
3432, 2930, 2863, 1594, 1450, 1384, 1256, 1074, 998, 902, 837, 741, 705, 630,
611, 509 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.76 ± 7.71 (m, 4 H, ArH),
7.53 ± 7.48 (m, 6 H, ArH), 7.47 ± 7.36 (m, 6 H, ArH), 7.34 ± 7.22 (m, 9H, ArH),
5.83 (ddd, J� 10.5, 8.5, 8.5 Hz, 1 H,�CH), 5.75 (ddd, J� 10.5, 8.5, 8.5 Hz,
1H, �CH), 4.09 (d, J� 2.5 Hz, 1H), 3.92 ± 3.84 (m, 1H), 3.73 (dd, J� 8.0,
8.0 Hz, 1H), 3.65 (br m, 1H), 3.55 (dd, J� 9.0, 9.0 Hz, 1 H), 3.52 ± 3.19 (m,
4H), 3.25 ± 3.14 (m, 3 H), 2.97 (ddd, J� 9.0, 9.0, 5.0 Hz, 1 H), 2.81 (ddd, J�
12.0, 9.5, 4.0 Hz, 1H), 2.64 ± 2.39 (m, 5 H), 2.09 ± 1.96 (m, 2H), 1.96 ± 1.82
(m, 3H), 1.76 ± 1.64 (m, 1H), 1.59 ± 1.44 (m, 3 H), 1.43 ± 1.32 (m, 3 H), 1.11
(br s, 12 H, CH3 and tBuSi), 0.96 (s, 3 H, CH3), 0.92 (s, 9H, tBuSi), 0.47 (d,
J� 7.0 Hz, 3 H, CH3), 0.10 (s, 3 H, CH3Si), 0.10 (s, 3 H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d� 144.5, 135.9, 134.5, 133.8, 129.6, 129.5, 128.7, 128.1,
127.9, 127.9, 127.7, 127.6, 127.4, 126.8, 91.8, 86.9, 86.5, 84.6, 82.1, 82.0, 81.2,
77.8, 75.7, 68.8, 61.0, 59.8, 47.0, 37.4, 36.4, 36.2, 34.6, 34.4, 33.9, 33.0, 27.3, 27.0,
26.5, 25.8, 21.5, 19.5, 18.1, 16.4, 14.2, ÿ5.5, ÿ5.6; HRMS (FAB) calcd for
C68H92O8Si2 ([M �Cs�]) 1225.5385, found 1225.5353.


Pivaloate ester 16 : A solution of alcohol 13 b (10 mg, 0.009 mmol) in
CH2Cl2 (2 mL) at 25 8C was treated with 4-DMAP (2 mg, 0.016 mmol) and
PivCl (2.0 mL, 0.014 mmol) for 2 h. The reaction mixture was diluted with
CH2Cl2 (20 mL) and washed with a aqueous ammonium chloride solution
(20 mL). The organic layer was separated, dried (MgSO4), and concen-
trated. The residue was purified by flash column chromatography (silica
gel, 2:8, EtOAc:hexanes) to afford 16 (10 mg, 94 %). 16 : Rf� 0.65 (silica
gel, 2:8, EtOAc:hexanes); [a]25


D �ÿ5.7 (c� 1.0, CH2Cl2); IR (thin film):
nÄmax� 2956, 2929, 2858, 1727, 1451, 1383, 1282, 1157, 1088, 1008, 836, 775,
741, 705, 508 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.73 ± 7.70 (m, 4H,
ArH), 7.51 ± 7.47 (m, 6 H, ArH), 7.45 ± 7.35 (m, 6 H, ArH), 7.32 ± 7.27 (m, 6H,
ArH), 7.25 ± 7.21 (m, 3 H, ArH), 5.72 (ddd, J� 10.5, 8.0, 8.0 Hz, 1H,�CH),
5.53 (ddd, J� 10.5, 8.0, 8.0 Hz, 1H, �CH), 4.79 ± 4.74 (m, 1H), 3.73 (ddd,
J� 8.5, 4.5, 4.5 Hz, 1 H), 3.68 ± 3.57 (m, 2 H), 3.54 (dd, J� 9.0, 9.0 Hz, 2H),
3.47 ± 3.40 (m, 4H), 3.22 (ddd, J� 9.0, 9.0, 2.0 Hz, 1H), 3.17 (ddd, J� 9.0,
6.5, 3.5 Hz, 1H), 2.94 (ddd, J� 9.0, 9.0, 5.5 Hz, 1H), 2.80 (ddd, J� 12.5, 8.5,
4.0 Hz, 1H), 2.62 (br t, J� 10.0 Hz, 1 H), 2.54 ± 2.44 (m, 3H), 2.24 ± 2.13 (m,
2H), 1.94 (ddd, J� 12.0, 4.5, 4.5 Hz, 1 H), 1.87 (ddd, J� 13.5, 11.0, 2.5 Hz,
1H), 1.75 ± 1.43 (m, 6H), 1.40 ± 1.30 (m, 4 H), 1.22 (s, 9 H, tBu), 1.15 (d, J�
7.5 Hz, 3H, CH3), 1.09 (s, 9H, tBuSi), 0.94 (s, 3H, CH3), 0.86 (s, 9H, tBuSi),
0.47 (d, J� 7.0 Hz, 3 H, CH3), 0.01 (s, 3 H, CH3Si), 0.00 (s, 3 H, CH3Si);
13C NMR (125.7 MHz, CDCl3): d� 177.7, 144.6, 135.9, 134.5, 133.8, 129.6,
129.5, 128.7, 127.7, 127.6, 127.5, 127.5, 126.8, 86.5, 84.4, 82.9, 82.1, 82.0, 77.9,
77.1, 77.0, 75.7, 69.1, 61.0, 58.5, 54.1, 47.0, 38.7, 37.4, 35.3, 34.8, 34.7, 34.5, 33.4,
29.7, 27.3, 27.2, 27.1, 27.0, 26.6, 25.8, 21.9, 19.5, 18.1, 16.5, ÿ5.4; HRMS
(FAB) calcd for C73H100O9Si2 ([M �Cs�]) 1309.5960, found 1309.5879.


Alcohol 17: A solution of pivaloate ester 16 (10 mg, 0.008 mmol) in hexanes
(5 mL) at 25 8C was treated with neutral alumina (300 mg, activated by
heating at 80 8C for 20 h under high vacuum followed by addition of 1%
H2O) for 10 h. The reaction mixture was filtered through a pad of celite
eluting with EtOAc (50 mL), and the filtrate was concentrated. The residue
was purified by flash column chromatography (silica gel, 3:7, EtOAc:hex-
anes) to afford 16 (8 mg, 89 %). 16 : Rf� 0.62 (silica gel, 4:6, EtOAc:hex-
anes); [a]25


D � �2.5 (c� 0.8, CH2Cl2); IR (thin film): nÄmax� 3432, 2958,
2930, 1726, 1451, 1382, 1283, 1216, 1157, 1074, 1002, 824, 741, 705, 632, 612,
508 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.73 ± 7.69 (m, 4 H, ArH), 7.51 ±
7.47 (m, 6H, ArH), 7.45 ± 7.35 (m, 6H, ArH), 7.32 ± 7.26 (m, 6 H, ArH),
7.25 ± 7.21 (m, 3H, ArH), 5.75 (ddd, J� 10.5, 10.5, 8.0 Hz, 1 H,�CH), 5.57
(ddd, J� 10.5, 10.5, 9.0 Hz, 1H,�CH), 4.90 (dd, J� 5.5, 5.5 Hz, 1H), 3.82 ±
3.70 (m, 3 H), 3.54 (ddd, J� 10.0, 10.0, 8.5 Hz, 1H), 3.48 ± 3.35 (m, 4H),
3.21 ± 3.14 (m, 2H), 2.94 (ddd, J� 9.0, 9.0, 5.5 Hz, 1H), 2.79 (ddd, J� 12.5,
8.5, 3.5 Hz, 1 H), 2.70 (dd, J� 11.5, 11.5 Hz, 1 H), 2.60 (dd, J� 11.5, 11.5 Hz,
1H), 2.52 ± 2.46 (m, 1 H), 2.43 (ddd, J� 13.5, 13.5, 7.0 Hz, 1H), 2.31 ± 2.26
(m, 1H), 2.19 ± 2.04 (m, 2 H), 1.97 ± 1.90 (m, 1 H), 1.87 (ddd, J� 14.5, 11.0,
3.5 Hz, 1 H), 1.84 ± 1.78 (m, 1 H), 1.75 ± 1.65 (m, 2H), 1.56 ± 1.42 (m, 3H),
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1.39 ± 1.30 (m, 3H), 1.23 (s, 9H, tBu), 1.19 (d, J� 7.5 Hz, 3H), 1.09 (s, 9H,
tBuSi), 0.93 (s, 3H, CH3), 0.46 (d, J� 7.0 Hz, 3 H, CH3); 13C NMR
(125.7 MHz, CDCl3): d� 177.8, 144.6, 135.9, 134.5, 133.8, 129.6, 129.5, 128.7,
128.0, 127.7, 127.6, 127.5, 127.4, 126.8, 86.5, 84.5, 82.4, 82.1, 81.5, 80.7, 77.9,
77.2, 76.3, 75.7, 61.0, 60.0, 54.1, 47.0, 36.0, 35.6, 35.4, 34.7, 32.6, 27.3, 27.2, 27.1,
26.5, 23.3, 23.1, 22.4, 19.6, 19.5, 16.5, 16.5; HRMS (FAB) calcd for
C67H86O9Si ([M �Cs�]) 1195.5095, found 1195.5157.


Phosphonium salt 3 a : A solution of alcohol 17 (8 mg, 0.0075 mmol) in
CH2Cl2 (1 mL) at 25 8C was treated with imidazole (0.9 mg, 0.0128 mmol),
iodine (2 mg, 8.25 mmol) and triphenylphosphane (3.3 mg, 0.013 mmol) for
2 h. The reaction mixture was filtered through a pad of silica gel and
concentrated to afford crude iodide 18. Triphenylphosphane (20 mg,
0.075 mmol) and iodide 18 were fused at 90 8C for 3 h. The powder was
cooled to 25 8C and purified by flash column chromatography (silica gel,
1:9, acetone:CH2Cl2) to afford phosphonium salt 3a. 3a : Rf� 0.40 (silica
gel, 2:8, acetone:CH2Cl2); IR (thin film): nÄmax� 3055, 2957, 2930, 1722,
1439, 1282, 1158, 1111, 1078, 702, 541 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.83 ± 7.63 (m, 17 H, ArH), 7.55 ± 7.34 (m, 14 H, ArH), 7.30 ± 7.20 (m, 9H,
ArH), 5.74 (ddd, J� 10.0, 8.5, 8.5 Hz, 1 H,�CH), 5.58 (ddd, J� 10.0, 10.0,
7.0 Hz, 1 H, �CH), 4.84 (br m, 1 H), 4.04 ± 3.92 (m, 1 H), 3.85 (br m, 1H),
3.55 ± 3.35 (m, 5H), 3.34 ± 3.24 (m, 1H), 3.20 ± 3.11 (m, 2 H), 2.91 (ddd, J�
9.0, 9.0, 5.0 Hz, 1 H), 2.57 ± 2.42 (m, 3H), 2.39 ± 2.30 (m, 1 H), 2.20 ± 2.10 (m,
1H), 1.95 ± 1.80 (m, 3H), 1.79 ± 1.64 (m, 2H), 1.60 ± 1.27 (m, 8 H), 1.12 (s,
9H, tBu), 1.08 (s, 9 H, tBu), 1.01 (d, J� 7.5 Hz, 3 H, CH3), 0.91 (s, 3H, CH3),
0.45 (d, J� 7.0 Hz, 3H, CH3); 13C NMR (125.7 MHz, CDCl3): d� 178.2,
144.6, 135.9, 135.3, 134.5, 133.8, 133.7, 133.6, 132.1, 132.0, 131.9, 130.8, 130.7,
129.7, 129.5, 128.7, 128.5, 128.4, 127.7, 127.7, 127.5, 127.0, 126.8, 118.0, 117.3,
86.5, 84.4, 82.8, 82.3, 82.0, 80.2, 77.9, 75.8, 74.4, 68.9, 61.0, 54.2, 47.0, 38.7,
35.8, 35.0, 34.7, 33.9, 29.3, 27.3, 27.2, 27.1, 26.5, 26.1, 21.2, 19.5, 18.7, 18.2, 16.5.


Olefin 23 : A solution of phosphine oxide 21 (39 mg, 0.10 mmol) in THF
(1 mL) was treated dropwise with n-butyllithium (77 mL, 1.55m solution in
hexanes, 0.12 mmol) at ÿ78 8C. After 10 min, aldehyde 2 b (44 mg,
0.050 mmol) was added as a solid, and the solution was stirred at ÿ78 8C
for 10 min and then quenched with water (10 mL). The aqueous layer was
extracted with EtOAc (2� 10 mL), and the combined organic layers were
dried (MgSO4) and concentrated. The residue was purified by flash column
chromatography (silica gel, 1:1, EtOAc:hexanes) to afford adduct 22
(52 mg, 83%) as a mixture of diastereoisomers. Adduct 22 (40 mg,
0.032 mmol) was dissolved in DMF (2 mL) and treated with sodium
hydride (2.6 mg, 60 % dispersion in mineral oil, 0.064 mmol) at 25 8C for
1 h. The mixture was diluted with ether (10 mL), washed with water (2�
10 mL), dried (MgSO4), and concentrated. The residue was purified by
flash column chromatography to yield olefin 23 (26 mg, 78 %) as a 2:3
mixture of Z :E isomers. 23 (Z isomer): Rf� 0.45 (silica gel, 1:9,
EtOAc:hexanes); 23 (E isomer): Rf� 0.43 (silica gel, 1:9, EtOAc:hexanes);
IR (thin film): nÄmax� 2928, 2855, 1467, 1384, 1252, 1102, 1056, 835, 776 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 7.66 ± 7.62 (m, 4H, ArH), 7.46 ± 7.30 (m,
6H, ArH), 5.95 ± 5.62 (m, 2 H, CH�CH), 4.37 (br s, 1 H), 4.12 ± 4.10 (m,
1H), 3.80 ± 3.71 (m, 2H), 3.65 (t, 2H, J� 6.0 Hz), 3.61 (t, 2H, J� 7.0 Hz),
3.30 (t, J� 9.5 Hz, 1H), 3.20 ± 3.12 (m, 1 H), 3.01 ± 2.94 (m, 2H), 2.74 ± 2.55
(m, 4H), 2.42 ± 2.34 (m, 1H), 2.30 ± 1.89 (m, 10 H), 1.81 (br d, J� 15.0 Hz,
1H), 1.72 ± 1.57 (m, 8 H), 1.24 (s, 3H, CH3), 1.21 (t, J� 7.5 Hz, 3 H, CH3),
1.16 (t, J� 7.5 Hz, 3 H, CH3), 1.03 (s, 9H, tBu), 0.88 (s, 9 H, tBu), 0.86 (s, 9H,
tBu), 0.04 (s, 6H, SiCH3), 0.03 (s, 3 H, SiCH3), 0.02 (s, 3 H, SiCH3); HRMS
calcd for C57H96O7S2Si3 ([M �Cs�]) 1173.4960, found 1173.4904.


Mesylate 27: To a solution of alcohol 24 (130 mg, 0.30 mmol) in
2-methoxypropene (2.0 mL) was introduced a trace amount of POCl3


(2.0 mL) by capillary. The resulting solution was kept at 25 8C for 1 h.
After addition of Et3N (0.1 mL), the reaction mixture was concentrated.
The residue was dissolved in THF (5.0 mL) and treated with TBAF (0.6 mL
of 1m solution in THF, 0.60 mmol) for 1 h. The solution was diluted with
ether (20 mL), washed with brine (50 mL), and dried (MgSO4). Filtration
through silica gel and concentration gave essentially pure alcohol 26, which
was dissolved in CH2Cl2 (5.0 mL) and treated with Et3N (0.13 mL,
0.90 mmol) and methanesulfonyl chloride (0.52 mL, 0.45 mmol) at 0 8C
for 30 min. The reaction mixture was diluted, washed with brine (50 mL),
and dried (MgSO4). Filtration, concentration, and flash column chroma-
tography (silica gel, 3:7, EtOAc:hexanes) gave the mesylate 27 (121 mg,
85% for three steps). 27: colorless oil; Rf� 0.60 (silica gel, 1:1, EtOAc:
hexanes); IR (thin film): nÄmax� 2989, 2842, 1454, 1381, 1206, 1140, 1088,
1050, 844, 757 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.49 ± 7.45 (m, 2H,


ArH), 7.38 ± 7.32 (m, 3H, ArH), 5.81 ± 5.71 (m, 2 H, CH�CH), 5.43 (s, 1H,
PhCH), 4.36 ± 4.25 (m, 3 H), 3.82 ± 3.80 (m, 1H), 3.75 (ddd, J� 9.5, 9.5,
4.5 Hz, 1H), 3.67 (ddd, J� 9.0, 4.0, 4.0 Hz, 1 H), 3.59 (d, J� 10.0 Hz, 1H),
3.56 (ddd, J� 7.0, 7.0, 4.5 Hz, 1 H), 3.25 (s, 3H, OCH3), 3.02 (s, 3H,
SO2CH3), 2.75 (br m, 1 H), 2.61 ± 2.57 (m, 1 H), 2.52 ± 2.41 (m, 2 H), 2.06 ±
2.01 (m, 1H), 1.92 ± 1.87 (m, 1 H), 1.38 (s, 3 H, CH3), 1.37 (s, 3 H, CH3);
13C NMR (125.7 MHz, CDCl3): d� 137.5, 130.2, 128.9, 128.2, 126.1, 125.9,
101.2, 101.0, 82.9, 78.7, 76.0, 74.0, 69.6, 66.5, 49.3, 37.5, 34.2, 31.5, 30.6, 25.2,
25.1; HRMS calcd for C23H34O8S ([M �Na�]) 493.1872, found 493.1887.


Phosphine oxide 28 : A solution of mesylate 27 (120 mg, 0.25 mmol) and
HMPA (0.13 mL, 0.75 mmol) in THF (5.0 mL) was treated dropwise with
lithium diphenylphosphide (ca. 0.38m solution in THF, prepared from
diphenylphosphane and n-butyllithium) until the color of the reaction
mixture became persistently orange. After 10 min at 0 8C, the reaction
mixture was treated with water (5.0 mL) and 5 % hydrogen peroxide
(2.0 mL), and the resulting mixture was extracted with EtOAc (3� 10 mL).
The organic phase was washed successively with sodium sulfite (10 mL) and
saturated aqueous sodium bicarbonate solution (20 mL), and dried
(MgSO4). Filtration, concentration and chromatography (silica gel, 1%
Et3N in EtOAc) gave the phosphine oxide 28 (122 mg, 85 %). 28 : colorless
oil; Rf� 0.50 (silica gel, EtOAc); IR (thin film): nÄmax� 2928, 1438, 1377,
1183, 1099, 1030, 698 cmÿ1; 1H NMR (500 MHz, C6D6): d� 7.89 ± 7.86 (m,
4H, ArH), 7.73 ± 7.70 (m, 2 H, ArH), 7.28 ± 7.18 (m, 3 H, ArH), 7.11 ± 7.09 (m,
6H, ArH), 5.91 ± 5.82 (m, 2H, CH�CH), 5.39 (s, 1 H, PhCH), 4.21 (dd, J�
10.0, 3.5 Hz, 1 H), 3.83 (dd, J� 6.5, 6.5 Hz, 1 H), 3.67 ± 3.59 (m, 2H), 3.43 ±
3.38 (m, 2H), 3.11 (s, 3H, OCH3), 2.85 (br m, 1 H), 2.61 (dd, J� 10.5, 8.5 Hz,
1H), 2.54 ± 2.49 (br m, 1 H), 2.41 ± 2.29 (m, 3H), 2.12 ± 2.06 (m, 1H), 1.92 ±
1.81 (m, 1 H), 1.25 (s, 3 H, CH3), 1.21 (s, 3 H, CH3); 13C NMR (CDCl3,
125.7 MHz): d� 137.6, 133.4, 133.1, 132.9, 132.5, 132.1, 131.7, 130.8, 130.6,
130.1, 128.9, 128.5, 126.0, 101.2, 101.0, 85.4, 79.0, 72.6, 70.0, 49.2, 29.6, 25.7,
25.2, 25.1, 25.0, 24.5; HRMS calcd for C34H41O6P ([M �Na�]) 599.2538,
found 599.2556.


Olefin 29 : A solution of phosphine oxide 28 (29 mg, 0.050 mmol) in THF
(2 mL) was treated dropwise with n-butyllithium (48 mL, 1.55m solution in
hexanes, 0.075 mmol) atÿ78 8C. The resulting orange-colored solution was
stirred atÿ78 8C for 10 min and then freshly distilled benzaldehyde (10 mL,
0.10 mmol) was added. After 10 min at ÿ78 8C, the reaction mixture was
quenched with water (5 mL) and extracted with EtOAc. The organic phase
was dried (MgSO4), filtered through a short plug of silica gel, and
concentrated to give an oily residue composed of a mixture of Horner ±
Wittig adducts. The adducts were dissolved in dry DMF (1.0 mL) and
treated with potassium hydride (4.0 mg, 0.10 mmol) at 25 8C for 30 min.
The mixture was diluted with ether (10 mL), washed with water (2�
10 mL), dried (MgSO4), and concentrated. The residue was purified by
flash column chromatography (silica gel, 1:9, EtOAc:hexanes) to afford
olefin 29 as a single isomer (29 mg, 85 % for two steps). 29 : colorless oil;
Rf� 0.30 (silica gel, 1:9, EtOAc:hexanes); IR (thin film): nÄmax� 2929, 1452,
1379, 1204, 1100, 1027, 772, 698 cmÿ1; 1H NMR (CDCl3, 500 MHz): d�
7.48 ± 7.46 (m, 2 H, ArH), 7.38 ± 7.29 (m, 7 H, ArH), 7.24 ± 7.21 (m, 1H, ArH),
6.56 (d, J� 11.5 Hz, 1H, �CH), 5.86 ± 5.73 (m, 2 H, �CH), 5.76 (ddd, J�
11.5, 8.5, 6.5 Hz, 1 H,�CH), 5.41 (s, 1H, PhCH), 4.35 (dd, J� 10.5, 4.5 Hz,
1H), 3.81 ± 3.79 (m, 1 H), 3.70 (ddd, J� 9.0, 5.0, 5.0 Hz, 1 H), 3.63 (ddd, J�
12.0, 10.0, 4.5 Hz, 1 H), 3.54 ± 3.43 (m, 2 H) 3.21 (s, 3H, OCH3), 2.77 (br m,
1H), 2.65 ± 2.49 (m, 5H) 1.27 (s, 6H, CH3); 13C NMR (CDCl3, 125.7 MHz):
d� 137.8, 137.2, 131.1, 130.4, 128.9, 128.7, 128.3, 128.2, 126.7, 126.2, 126.1,
101.2, 101.1, 86.6, 79.3, 74.0, 70.4, 65.8, 49.2, 33.4, 30.6, 25.3, 25.0, 15.2;
HRMS calcd for C29H36O5 ([M �Na�]) 487.2460, found 487.2445.


cis-Olefin 31: A solution of phosphine oxide 28 (110 mg, 0.191 mmol) in
THF (5 mL) was treated dropwise with n-butyllithium (148 mL, 1.55m
solution in hexanes, 0.229 mmol) at ÿ78 8C. The resulting orange-colored
solution was stirred at ÿ78 8C for 10 min before adding aldehyde 2b
(249 mg, 0.286 mmol) as a solid in one portion. After 10 min at ÿ78 8C, the
reaction mixture was quenched with water (20 mL) and extracted with
EtOAc. The organic phase was dried (MgSO4) and concentrated to give an
oily residue which was purified by flash column chromatography (silica gel,
6:4, EtOAc:hexanes) to yield adduct 30 as a mixture of diastereoisomers
(145 mg, 0.168 mmol, 88 %). The adduct 30 (145 mg, 0.168 mmol) was
dissolved in dry DMF (4.0 mL) and treated with potassium hydride (27 mg,
0.336 mmol) for 30 min, followed by addition of tert-butyldiphenylsilyl
chloride (87.4 mL, 0.336 mmol) and imidazole (34.3 mg, 0.504 mmol) and
stirred for an additional 30 min. The reaction mixture was diluted with
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ether (20 mL) and washed with water (2� 10 mL). The organic phase was
dried (MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 2:8, EtOAc:hexanes) to yield cis-olefin 31
(180 mg, 77% for two steps) as a single isomer. 31: amorphous solid; Rf�
0.40 (silica gel, 2:8, EtOAc:hexanes); IR (thin film): nÄmax� 2939, 2858, 1453,
1378, 1206, 1125, 1089, 1049, 846, 755 cmÿ1; 1H NMR (500 MHz, C6D6): d�
7.88 ± 7.68 (m, 6 H, ArH), 7.33 ± 7.20 (m, 9 H, ArH), 6.09 (dd, J� 9.5, 9.5 Hz,
1H,�CH), 5.98 ± 5.83 (m, 2 H,�CH), 5.70 ± 5.68 (m, 1 H,�CH), 5.42 (s, 1H,
PhCH), 4.85 (d, J� 8.0 Hz, 1H), 4.52 (dd, J� 10.5, 5.0 Hz, 1H), 4.04 (m,
1H), 4.00 ± 3.91 (m, 2H), 3.89 ± 3.75 (m, 5H), 3.66 (ddd, J� 9.0, 5.0, 5.0 Hz,
1H), 3.59 (dd, J� 10.0, 10.0 Hz, 1H), 3.52 (m, 1 H), 3.43 (d, J� 9.0 Hz, 1H),
3.21 ± 3.15 (m, 1 H), 3.16 (s, 3H, OCH3), 3.05 (m, 1H), 2.96 ± 2.83 (m, 2H),
2.81 ± 2.72 (m, 2 H), 2.67 (dq, J� 11.5, 7.5 Hz, 1H, SCHH), 2.62 ± 2.43 (m,
6H), 2.38 ± 2.31 (m, 1H), 2.33 (q, J� 7.5 Hz, 2 H, SCHH), 2.23 ± 2.03 (br m,
2H), 2.03 ± 1.59 (m, 10 H), 1.41 (s, 3 H, CH3), 1.40 (s, 3 H, CH3), 1.35 (s, 3H,
CH3), 1.25 (s, 9H, tBu), 1.16 (t, J� 7.5 Hz, 3 H, CH3), 1.04 (s, 9H, tBu), 0.90
(t, J� 7.5 Hz, 3H, CH3), 0.21 (s, 3H, CH3Si), 0.15 (s, 3 H, CH3Si); 13C NMR
(125.7 MHz, C6D6): d� 138.9, 136.1, 136.0, 135.3, 134.4, 133.6, 130.8, 129.9,
129.8, 129.7, 128.8, 127.9, 126.8, 126.6, 101.5, 101.3, 85.5, 83.2, 80.7, 79.2, 79.2,
77.2, 76.2, 75.0, 74.1, 72.5, 70.4, 68.6, 67.5, 65.9, 64.3, 62.5, 49.2, 46.0, 36.4,
36.1, 34.3, 31.1, 30.7, 29.5, 27.1, 26.7, 26.2, 25.6, 25.4, 23.0, 21.2, 19.4, 19.2, 18.5,
16.8, 15.4, 14.5, 13.9, 11.2,ÿ4.0,ÿ5.0; HRMS calcd for C69H104O11S2Si2 ([M
�Cs�]) 1361.5613, found 1361.5675.


Mixed thioketal 33 : A solution of the protected hydroxy dithioketal 31
(70 mg, 0.057 mmol) in a mixture of THF (8.0 mL) and 30 % aqueous acetic
acid (4.0 mL) was stirred at 25 8C for 3 h. The reaction mixture was diluted
with ether (30 mL) and washed with saturated aqueous sodium bicarbonate
solution (2� 20 mL). The organic layer was dried (MgSO4), concentrated
to a small volume, and filtered through a short path of silica gel to yield
essentially pure hydroxy dithioketal 32 (66 mg, 100 %). Hydroxy dithioke-
tal 32 (66 mg, 0.057 mmol) was mixed with powdered 4 � molecular sieves
(300 mg), sodium bicarbonate (200 mg), and silver perchlorate (35 mg,
0.17 mmol) in nitromethane (3.0 mL). The mixture was vigorously stirred
at 25 8C for 3 h and then diluted with ether (20 mL), and filtered through
silica gel. The filtrate was washed with saturated aqueous sodium
bicarbonate solution (2� 10 mL), dried (MgSO4), and concentrated. The
residue was purified by flash column chromatography (silica gel, 2:8,
EtOAc:hexanes) to yield the mixed thioketal 33 (48 mg, 77%). 33 :
amorphous solid; Rf� 0.45 (silica gel, 2:8, EtOAc:hexanes); IR (thin film):
nÄmax� 2939, 2858, 1377, 1208, 1124, 1049, 847, 753 cmÿ1; 1H NMR (CDCl3,
500 MHz): d� 7.69 ± 7.64 (m, 4 H, ArH), 7.50 ± 7.46 (m, 2H, ArH), 7.43 ± 7.33
(m, 9 H, ArH), 5.93 ± 5.60 (br m, 4H,�CH), 5.45 (s, 1 H, PhCH), 4.60 (br s,
1H), 4.40 ± 4.25 (m, 2 H), 4.16 ± 4.09 (m, 1H), 3.92 (br s, 1 H), 3.81 ± 3.71 (m,
2H), 3.70 ± 3.62 (m, 4 H), 3.48 (br m, 1H), 3.38 ± 3.30 (m, 1H), 3.13 (br m,
1H), 3.04 ± 2.93 (m, 2 H), 2.84 (br m, 1H), 2.68 (br m, 1H), 2.54 ± 2.47 (m,
1H), 2.31 ± 2.19 (m, 2 H), 2.80 ± 1.50 (m, 15H), 1.59 (s, 3H, CH3), 1.46 ± 1.12
(m, 4 H, CH2), 1.26 (t, J� 7.5 Hz, 3 H, CH3), 1.05 (s, 9H, tBu), 0.87 (s, 9H,
tBu), 0.03 (s, 3 H, SiCH3), 0.02 (s, 3H, SiCH3); HRMS calcd for
C63H90O10SSi2 ([M �Cs�]) 1227.4848, found 1227.4932.


Spiro ether 34 : A mixture of the mixed thioketal 33 (15 mg, 0.013 mmol),
2,2'-azobis(isobutyronitrile) (0.5 mg) and triphenyltin hydride (49 mg,
0.13 mmol) in toluene (0.5 mL) was heated at 110 8C for 3 h. The mixture
was concentrated and subjected to preparative TLC (silica gel, 2:8
EtOAc:benzene) to give the spiro ether 34 (6.5 mg, 48 %). 34 : amorphous
solid; Rf� 0.48 (silica gel, 2:8, EtOAc:hexanes); IR (thin film): nÄmax� 2926,
2855, 1462, 1254, 1104, 836, 775 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
7.67 ± 7.65 (m, 4 H, ArH), 7.48 ± 7.45 (m, 2 H, ArH), 7.43 ± 7.32 (m, 9H, ArH),
5.77 ± 5.59 (br m, 3H,�CH), 5.42 (s, 1 H, PhCH), 5.17 (dd, J� 11.5, 1.5 Hz,
1H,�CH), 4.22 ± 4.15 (m, 1 H), 4.14 ± 4.12 (m, 1 H), 4.00 ± 3.89 (br m, 1H),
3.81 ± 3.73 (m, 2H), 3.69 ± 3.56 (m, 5H), 3.54 ± 3.42 (m, 2 H), 3.13 (ddd, J�
11.0, 9.1, 4.5 Hz, 1H), 2.98 (dd, J� 9.5, 2.5 Hz, 1 H), 2.97 ± 2.92 (m, 1H),
2.93 ± 2.78 (br m, 2 H), 2.40 ± 2.20 (m, 4H), 2.19 ± 2.08 (br m, 1 H), 2.08 ± 1.98
(br m, 1H), 1.95 (ddd, J� 14.0, 7.0, 2.5 Hz, 1H), 1.90 ± 1.83 (m, 1 H), 1.79 ±
1.49 (m, 14 H), 1.56 (s, 3 H, CH3), 1.05 (s, 9H, tBu), 0.87 (s, 9H, tBu), 0.05 (s,
3H, CH3), 0.04 (s, 3 H, CH3); HRMS calcd for C61H86O10Si2 ([M �Cs�])
1167.4814, found 1167.4871.


Sulfone 36 : A solution of the mixed thioketal 33 (4.2 mg, 0.0038 mmol) in
CH2Cl2 (0.5 mL) was treated with m-CPBA (1.6 mg, 0.0091 mmol) at 0 8C.
The mixture was stirred at 0 8C for 1 h, diluted with ether (5 mL) and
washed with a 1m aqueous sodium sulfite solution (2 mL) followed by a
saturated aqueous sodium bicarbonate solution (2 mL). The organic phase


was dried (MgSO4), concentrated, and the residue was purified by
preparative TLC to yield sulfone 36 (3.9 mg, 92 %). 36 : amorphous solid;
Rf� 0.60 (silica gel, 3:7, EtOAc:hexanes); IR (thin film): nÄmax� 2939, 2858,
1453, 1377, 1260, 1207 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.68 ± 7.64 (m,
4H, ArH), 7.49 ± 7.32 (m, 11H, ArH), 5.97 (dd, J� 10.5, 6.0 Hz, 1H,�CH),
5.80 ± 5.69 (m, 2H,�CH), 5.57 (br m, 1 H,�CH), 5.43 (s, 1 H, PhH), 4.78 (d,
J� 6.0 Hz, 1 H), 4.72 (br m, 1H), 4.27 (br m, 1 H), 4.14 ± 4.12 (m, 1H),
3.81 ± 3.72 (m, 3 H), 3.70 ± 3.61 (m, 4H), 3.51 ± 3.42 (br m, 1 H), 3.70 ± 3.30
(m, 2 H), 3.21 (ddd, J� 13.5, 7.5, 7.5 Hz, 1H), 3.19 ± 3.12 (m, 1H), 3.02 ± 2.92
(m, 2H), 2.79 (br m, 1H), 2.72 (br m, 1 H), 2.63 (br m, 1 H), 2.38 ± 2.13 (m,
6H), 2.07 ± 1.85 (m, 5H), 1.69 (dd, J� 14.0, 3.0 Hz, 1 H), 1.67 ± 1.61 (m, 2H),
1.61 ± 1.52 (m, 1H), 1.46 ± 1.42 (m, 1H), 1.50 ± 1.40 (m, 3 H), 1.43 (t, J�
7.5 Hz, 3 H, CH3), 1.15 (s, 3H, CH3), 1.04 (s, 9 H, tBu), 0.87 (s, 9 H, tBu), 0.03
(s, 3H, CH3Si), 0.02 (s, 3 H, CH3Si); 13C NMR (125.7 MHz, CDCl3): d�
137.6, 136.0, 135.5, 134.0, 130.7, 129.5, 129.0, 128.3, 127.6, 127.5, 126.1, 125.3,
125.0, 101.1, 92.01, 83.6, 81.8, 80.1, 78.9, 77.5, 76.9, 76.8, 76.1, 73.3, 72.7, 71.0,
70.5, 67.0, 63.8, 62.0, 44.7, 44.0, 35.7, 35.5, 34.7, 33.4, 31.6, 30.1, 29.7, 29.1, 26.9,
25.8, 19.2, 18.3, 17.1, 16.5, 15.3, 5.2, ÿ4.5, ÿ5.0; HRMS calcd for
C63H90O12SSi2 ([M �Cs�]) 1259.4746, found 1259.4817.


Oxocene 38 : A solution of sulfone 36 (3.6 mg, 0.0032 mmol) in triethylsi-
lane (0.2 mL) and CH2Cl2 (1.2 mL) was treated with BF3 ´ OEt2 (2.5 mL,
0.016 mmol) at ÿ78 8C. The solution was stirred at ÿ78 8C for 1 h before
being diluted with ether (10 mL) and washed with saturated aqueous
sodium bicarbonate solution (2� 5 mL). The organic phase was dried
(MgSO4), concentrated, and the residue was purified by preparative TLC
(silica gel, 2:8, EtOAc:hexanes) to afford oxocene 38 (3.0 mg, 90%); 38 :
amorphous solid; Rf� 0.30 (silica gel, 2:8, EtOAc:hexanes); IR (thin film):
nÄmax� 2927, 2856, 1465, 1253, 1103, 637 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 7.68 ± 7.64 (m, 4 H, ArH), 7.49 ± 7.33 (m, 11H, ArH), 5.71 (dd, J� 11.0,
5.5 Hz, 1H, �CH), 5.95 ± 5.61 (br m, 2H, �CH), 5.57 (dt, J� 11.0, 7.8 Hz,
1H,�CH), 5.43 (s, 1 H, PhH), 4.42 (m, 1H), 4.31 ± 4.31 (m, 1H), 4.14 ± 4.11
(m, 1 H), 3.81 ± 3.72 (m, 3H), 3.69 ± 3.58 (m, 3 H), 3.51 ± 3.41 (br m, 1H),
3.27 (d, J� 9.0 Hz, 1 H), 3.18 ± 3.16 (m, 1H), 3.01 ± 2.94 (m, 2 H), 2.89 ± 2.76
(m, 3H), 2.31 ± 2.16 (m, 4H), 2.15 ± 2.05 (m, 3H), 1.98 ± 1.82 (m, 4H), 1.79 ±
1.50 (m, 10 H), 1.57 (s, 3H, CH3), 1.38 ± 1.44 (m, 1 H), 1.04 (s, 9H, tBuSi),
0.86 (s, 9H, tBuSi), 0.03 (s, 3 H, CH3Si), 0.02 (s, 3H, CH3Si); 13C NMR
(125.7 MHz, CDCl3): d� 138.5, 137.5, 135.5, 134.0, 129.4, 128.9, 128.1, 127.5,
127.0, 126.0, 124.0, 101.4, 92.9, 84.6, 83.6, 83.2, 80.2, 78.7, 78.5, 76.1, 72.7, 70.8,
67.0, 65.9, 63.8, 62.0, 44.9, 36.0, 35.7, 35.7, 34.1, 33.0, 30.1, 29.7, 29.1, 26.9, 25.9,
19.2, 18.2, 16.5, 15.3, ÿ4.3, ÿ5.2; HRMS calcd for C61H86O10SSi2 ([M
�Cs�]) 1167.4814, found 1167.4870.


Mixed ketal 39 : A solution of alcohol 13b (235 mg, 0.212 mmol) in
2-methoxypropene (10 mL) was treated with phosphoryl trichloride (5 mL)
at 25 8C for 15 h. The reaction mixture was quenched by addition of E3N
(0.5 mL) and concentrated. The residue was purified by flash column
chromatography (silica gel, 2:8, ether:hexanes) to afford the desired mixed
ketal 39 (235 mg, 96%). 39 : Rf� 0.42 (silica gel, 2:8, ether:hexanes);
[a]25


D � ÿ0.6 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 2929, 2861, 1449, 1428,
1380, 1256, 1206, 1074, 1032, 836, 774, 742, 705, 632, 610, 510 cmÿ1; 1H NMR
(500 MHz, C6D6): d� 7.90 ± 7.86 (m, 4H, ArH), 7.73 ± 7.69 (m, 6H, ArH),
7.28 ± 7.18 (m, 12H, ArH), 7.12 ± 7.07 (m, 3H, ArH), 6.16 (ddd, J� 10.5, 10.5,
6.5 Hz, 1 H, �CH), 5.99 (ddd, J� 10.5, 10.5, 7.0 Hz, 1 H, �CH), 4.06 ± 3.92
(m, 3 H), 3.78 (ddd, J� 10.0, 10.0, 4.0 Hz, 1H), 3.70 (dd, J� 9.5, 9.5 Hz,
1H), 3.67 ± 3.59 (m, 2H), 3.56 (ddd, J� 10.0, 5.0, 5.0 Hz, 1 H), 3.47 ± 3.36 (m,
3H), 3.29 ± 3.22 (m, 1 H), 3.17 (s, 3H, OCH3), 3.16 ± 3.09 (m, 1 H), 2.83 ± 2.74
(m, 2H), 2.70 (dd, J� 11.5, 11.5 Hz, 1 H), 2.43 ± 2.26 (m, 3 H), 2.17 (ddd, J�
11.5, 11.5, 2.0 Hz, 1H), 2.06 (ddd, J� 11.5, 4.5, 4.5 Hz, 1H), 1.94 ± 1.81 (m,
2H), 1.74 (d, J� 13.5 Hz, 1H), 1.66 ± 1.47 (m, 7H), 1.31 (s, 3H, CH3), 1.30 (s,
3H, CH3), 1.31 (d, J� 7.0 Hz, 3 H, CH3), 1.26 (s, 9 H, tBuSi), 1.02 (s, 3H,
CH3), 0.93 (s, 9H, tBuSi), 0.52 (d, J� 6.0 Hz, 3H, CH3), 0.02 (s, 3 H, CH3Si),
0.02 (s, 3 H, CH3Si); 13C NMR (125.7 MHz, C6D6): d� 145.1, 136.3, 134.9,
134.3, 130.3, 130.1, 130.0, 129.2, 128.1, 127.9, 127.2, 126.5, 100.7, 87.2, 84.5,
83.3, 82.5, 82.0, 78.5, 77.5, 75.8, 75.6, 69.6, 61.7, 59.2, 54.8, 48.8, 47.5, 37.9,
36.6, 35.4, 35.3, 34.6, 32.6, 27.6, 27.3, 26.8, 26.0, 25.5, 25.4, 24.6, 23.0, 19.8,
18.2, 16.7, ÿ5.3, ÿ5.4; HRMS (FAB) calcd for C72H100O9Si2 ([M �Cs�])
1297.5960, found 1297.5902.


Alcohol 40 : A solution of mixed ketal 39 (220 mg, 0.189 mmol) in hexanes
(20 mL) was treated with neutral alumina (5 g, activated by heating at 80 8C
for 20 h under high vacuum followed by addition of 1 % H2O) at 25 8C for
20 h. The alumina was filtered off and washed with EtOAc (100 mL). The
filtrate was concentrated, and the residue was purified by flash column
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chromatography (silica gel, 4:6, EtOAc:hexanes) to afford alcohol 40
(198 mg, 86 %). 40 : Rf� 0.33 (silica gel, 4:6, EtOAc:hexanes); [a]25


D � �9.0
(c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3477, 2930, 1450, 1380, 1206, 1074,
1030, 864, 823, 743, 704, 632 cmÿ1; 1H NMR (500 MHz, C6D6): d� 7.90 ± 7.85
(m, 4H, ArH), 7.74 ± 7.68 (m, 6H, ArH), 7.28 ± 7.19 (m, 12H, ArH), 7.12 ±
7.07 (m, 3 H, ArH), 6.12 (ddd, J� 10.5, 10.5, 6.5 Hz, 1H,�CH), 5.94 (ddd,
J� 10.5, 10.5, 7.5 Hz, 1 H,�CH), 3.98 (d, J� 8.0 Hz, 1 H), 3.81 (dd, J� 9.5,
1.5 Hz, 2H), 3.75 ± 3.63 (m, 3H), 3.59 (ddd, J� 11.0, 6.5, 1.5 Hz, 1 H), 3.53 ±
3.47 (m, 1H), 3.45 (dd, J� 11.5, 5.0 Hz, 1 H), 3.41 ± 3.33 (m, 2H), 3.28 ± 3.21
(m, 1 H), 3.07 (s, 3H, OCH3), 3.07 ± 2.98 (m, 1 H), 2.83 ± 2.74 (m, 1 H), 2.73 ±
2.63 (m, 2H), 2.34 ± 2.21 (m, 3 H), 2.14 ± 2.01 (m, 2 H), 1.95 ± 1.87 (m, 1H),
1.83 ± 1.72 (m, 2H), 1.68 ± 1.47 (m, 7H), 1.26 (s, 9H, tBuSi), 1.25 (s, 3H,
CH3), 1.23 (s, 3H, CH3), 1.22 (d, J� 6.0 Hz, 3H, CH3), 1.01 (s, 3H, CH3),
0.52 (d, J� 5.5 Hz, CH3); 13C NMR (125.7 MHz, C6D6): d� 145.2, 136.3,
134.9, 134.3, 130.1, 130.0, 129.2, 128.3, 128.1, 127.9, 127.2, 126.8, 100.9, 87.2,
84.5, 83.5, 83.1, 82.4, 81.9, 81.2, 78.5, 75.7, 75.0, 69.5, 61.7, 60.2, 54.8, 48.9,
47.6, 36.8, 36.6, 35.4, 35.2, 35.2, 32.6, 27.6, 27.4, 27.3, 26.8, 25.3, 25.3, 22.7, 19.8,
16.7; HRMS (FAB) calcd for C66H86O9Si ([M �Cs�]) 1183.5095, found
1183.5149.


Phosphine oxide 3b : A solution of alcohol 40 (170 mg, 0.16 mmol) in
CH2Cl2 (8 mL) was treated with Et3N (90 mL, 0.65 mmol) and mesyl
chloride (25 mL, 0.32 mmol) at 0 8C for 15 min. The reaction mixture was
quenched by pouring into saturated aqueous bicarbonate solution (25 mL),
and the product was extracted into CH2Cl2 (2� 20 mL). The combined
organic layers were dried (MgSO4) and concentrated to afford mesylate 41.
A solution of crude mesylate 41 and HMPA (400 mL) in THF (20 mL) was
treated dropwise with lithium diphenylphosphide (ca. 0.38m solution in
THF, prepared from diphenylphosphane and n-butyllithium) until the color
of the reaction mixture became persistently orange. After 10 min at 0 8C,
the reaction mixture was treated with water (5.0 mL) and 1 % aqueous
hydrogen peroxide (2.0 mL) and extracted with EtOAc (3� 10 mL). The
organic layers were dried (MgSO4), concentrated, and the residue was
purified by flash column chromatography (silica gel, 2:8, acetone:hexanes)
to afford phosphine oxide 3 b (190 mg, 95%). 3b : Rf� 0.15 (silica gel,
EtOAc); [a]25


D � �15.4 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3056, 2930,
1593, 1449, 1379, 1310, 1262, 1202, 1074, 1038, 901, 823, 741, 704, 632 cmÿ1;
1H NMR (500 MHz, C6D6): d� 7.89 ± 7.85 (m, 4H), 7.85 ± 7.75 (m, 4H),
7.72 ± 7.68 (m, 6 H), 7.28 ± 7.20 (m, 12H), 7.13 ± 7.08 (m, 3H), 7.05 ± 6.93 (m,
6H), 6.11 (ddd, J� 10.0, 10.0, 6.5 Hz, 1H), 5.98 (ddd, J� 10.0, 10.0, 6.5 Hz,
1H, �CH), 3.99 (br s, 1 H), 3.71 (dd, J� 9.0, 9.0 Hz, 1 H), 3.68 ± 3.57 (m,
3H), 3.50 (dd, J� 9.0, 2.5 Hz, 1H), 3.44 (dd, J� 11.5, 5.0 Hz, 1H), 3.42 ±
3.35 (m, 1H), 3.29 (dd, J� 10.0, 10.0 Hz, 1H), 323 (ddd, J� 9.0, 9.0, 5.5 Hz,
1H), 3.14 (s, 3 H), 3.04 ± 2.95 (m, 1H), 2.78 (ddd, J� 15.0, 7.5, 7.5 Hz, 1H),
2.73 ± 2.62 (m, 2 H), 2.47 ± 2.28 (m, 5H), 2.19 ± 2.08 (m, 1H), 2.08 ± 1.85 (m,
5H), 1.74 (d, J� 14.0 Hz, 1H), 1.67 ± 1.52 (m, 5H), 1.27 (s, 3H, CH3), 1.25 (s,
9H, tBuSi), 1.23 (s, 3H, CH3), 0.99 (d, J� 7.0 Hz, 3 H, CH3), 0.99 (s, 3H,
CH3), 0.51 (d, J� 6.0 Hz, 3H, CH3); 13C NMR (C6D6, 125.7 MHz): d�
145.2, 136.3, 135.5, 135.2, 134.9, 134.7, 134.4, 134.3, 131.3, 131.1, 131.1, 131.0,
130.1, 130.0, 129.9, 129.2, 128.7, 128.6, 128.5, 128.3, 128.1, 128.0, 127.2, 127.1,
101.2, 87.2, 84.4, 83.4, 83.3, 83.0, 82.3, 82.0, 78.5, 75.7, 73.5, 69.4, 61.6, 54.8,
49.2, 47.5, 36.7, 36.0, 35.4, 35.2, 33.2, 29.3, 27.6, 27.3, 26.7, 25.6, 25.5, 25.3, 25.1,
22.3, 19.7, 16.6; MS (FAB) calcd for C78H95O9PSi ([M �Cs�]) 1367.5537,
found 1367.5712.


Dithioketal 43 : A solution of phosphine oxide 3b (125 mg, 0.10 mmol) in
THF (5 mL) was treated dropwise with n-butyllithium (65 mL of 1.55m
solution in hexanes, 0.10 mmol) at ÿ78 8C for 10 min before adding
aldehyde 2b (131 mg, 0.15 mmol) as a solid in one portion. After 45 min at
ÿ78 8C, the reaction mixture was quenched by addition of water (20 mL),
and extracted with EtOAc (3� 20 mL). The organic phase was dried
(MgSO4), concentrated, and the residue was purified by flash column
chromatography (silica gel, 5:5, EtOAc:hexanes) to afford Horner ± Wittig
adduct 42a, b (300 mg, 0.142 mmol). A solution of Horner ± Wittig adduct
42a, b (300 mg, 0.142 mmol) in DMF (10 mL) was treated with potassium
hydride (5.7 mg, 0.142 mmol) at 25 8C for 30 min. The reaction was
quenched by addition of water (50 mL) and extracted into EtOAc (3�
25 mL). The organic layer was dried (MgSO4), concentrated, and the
residue was purified by flash column chromatography (silica gel, 1:4,
EtOAc:hexanes) to afford dithioketal 43 (200 mg, 56%). 43 : Rf� 0.54
(silica gel, 1:3, EtOAc:hexanes); [a]25


D � �35.6 (c� 1.0, CH2Cl2); IR (thin
film): nÄmax� 2931, 2858, 1458, 1451, 1381, 1329, 1254, 1205, 1146, 1106, 1031,
937, 828, 776, 742, 705 cmÿ1; 1H NMR (600 MHz, C6D6): d� 7.89 ± 7.85 (m,


4H, ArH), 7.82 ± 7.78 (m, 4 H, ArH), 7.73 ± 7.68 (m, 6 H, ArH), 7.28 ± 7.20 (m,
18H, ArH), 7.13 ± 7.08 (m, 3 H, ArH), 6.17 (ddd, J� 10.7, 10.7, 6.4 Hz, 1H,
�CH), 6.10 ± 5.95 (m, 2 H,�CH), 5.72 (br m, 1 H,�CH), 4.81 (d, J� 8.7 Hz,
1H), 4.52 (d, J� 2.9 Hz, 1 H), 4.21 (d, J� 7.6 Hz, 1H), 3.99 (br s, 1 H), 3.91 ±
3.84 (m, 2H), 3.82 (br m, 1H), 3.77 (t, J� 6.4 Hz, 2H), 3.75 ± 3.65 (m, 4H),
3.64 (ddd, J� 10.5, 10.5, 2.3 Hz, 1H), 3.43 (dd, J� 11.4, 4.8 Hz, 1H), 3.41 ±
3.35 (m, 3 H), 3.28 ± 3.21 (m, 1H), 3.15 (s, 3 H, OCH3), 3.15 ± 3.10 (m, 2H),
3.01 ± 2.97 (m, 1 H), 2.86 ± 2.71 (m, 5H), 2.71 ± 2.60 (m, 4 H), 2.50 ± 2.25 (m,
9H), 2.16 ± 2.10 (m, 1H), 2.08 ± 1.96 (m, 2H), 1.91 ± 1.52 (m, 15 H), 1.49 (dd,
J� 14.1, 3.1 Hz, 1 H), 1.37 (s, 3H, CH3), 1.35 (s, 3 H, CH3), 1.33 (s, 3H, CH3),
1.26 (s, 9H, tBu), 1.25 (s, 3H, CH3), 1.19 (s, 9 H, tBu), 1.11 (t, J� 7.5 Hz, 3H,
CH3), 1.07 (t, J� 7.5 Hz, 3H, CH3), 1.01 (d, J� 7.0 Hz, 3 H, CH3), 0.99 (s,
9H, tBu), 0.52 (d, J� 6.5 Hz, 3H, CH3), 0.15 (s, 3 H, CH3Si), 0.10 (s, 3H,
CH3Si); 13C NMR (150.9 MHz, C6D6): d� 145.2, 136.3, 136.3, 136.0, 135.9,
134.9, 134.4, 134.3, 130.1, 130.0, 129.9, 129.2, 128.5, 128.2, 127.7, 127.3, 101.1,
87.2, 84.5, 83.2, 82.9, 82.4, 82.1, 81.7, 80.8, 79.1, 78.5, 77.3, 76.2, 75.6, 74.3,
73.9, 72.4, 69.5, 68.9, 67.5, 64.3, 62.4, 61.7, 54.8, 49.0, 47.5, 45.1, 36.7, 36.5, 36.2,
35.4, 35.3, 35.2, 34.3, 30.7, 30.4, 30.2, 29.6, 27.7, 27.6, 27.3, 27.1, 26.7, 26.2, 26.2,
25.5, 25.4, 25.4, 23.1, 22.8, 21.1, 19.8, 19.5, 18.6, 16.8, 16.7, 14.6, 13.9, ÿ3.9,
ÿ4.9; MS (FAB) calcd for C113H158O14S2Si3 ([M �Cs�]) 2019.9455, found
2019.9607.


Hydroxy dithioketal 44 : A solution of dithioketal 43 (200 mg, 0.106 mmol)
in THF (10 mL) was treated with acetic acid (10 mL of 30% aqueous) at
25 8C for 36 h. The reaction mixture was diluted with ether (50 mL) and
washed with saturated aqueous sodium bicarbonate solution (2� 50 mL).
The organic layer was dried (MgSO4), concentrated and purified by flash
column chromatography (silica gel, 1:4, EtOAc:hexanes) to afford hydroxy
dithioketal 44 (10 mg, 88%). 44 : Rf� 0.30 (silica gel, 1:1, EtOAc:hexanes);
[a]25


D � �56.2 (c� 1.0, CH2Cl2); IR (thin film): nÄmax� 2932, 2867, 1455,
1376, 1255, 1254, 1098, 826, 773, 741, 703, 600 cmÿ1; 1H NMR (600 MHz,
C6D6): d� 7.84 ± 7.81 (m, 4H), 7.77 ± 7.73 (m, 4H), 7.67 ± 7.62 (m, 6 H), 7.24 ±
7.13 (m, 18H), 7.08 ± 7.04 (m, 3H), 6.13 ± 5.87 (m, 3H,�CH), 5.79 (br m, 1H,
�CH), 4.71 (d, J� 8.4 Hz, 1H), 3.92 (d, J� 2.1 Hz, 1 H), 3.86 ± 3.78 (m, 2H),
3.72 (dd, J� 6.2, 6.2 Hz, 2 H), 3.65 ± 3.63 (m, 2H), 3.63 ± 3.52 (m, 4H), 3.38
(dd, J� 11.2, 4.6 Hz, 1 H), 3.36 ± 3.23 (m, 5H), 3.22 ± 3.18 (m, 1H), 3.10 ±
3.02 (m, 1H), 2.98 ± 2.92 (m, 1 H), 2.85 ± 2.68 (m, 6 H), 2.65 ± 2.57 (m, 2H),
2.57 ± 2.52 (m, 2H), 2.50 ± 2.30 (m, 7 H), 2.05 ± 1.73 (m, 8 H), 1.73 ± 1.40 (m,
11H), 1.22 ± 1.18 (m, 2 H), 1.24 (s, 3 H, CH3), 1.20 (s, 9 H, tBuSi), 1.13 (s, 9H,
tBuSi), 1.12 (d, J� 7.3 Hz, 3H, CH3), 1.04 (t, J� 7.3 Hz, 3H, CH3), 1.03 (t,
J� 6.8 Hz, 3H, CH3), 0.96 (s, 3 H, CH3), 0.94 (s, 9H, tBuSi), 0.47 (d, J�
6.5 Hz, 3H, CH3), 0.09 (s, 3H, CH3Si), 0.04 (s, 3 H, CH3Si); 13C NMR
(150.9 MHz, C6D6): d� 145.2, 136.4, 136.4, 136.0, 136.0, 135.1, 134.4, 134.3,
132.9, 130.1, 130.0, 129.9, 129.2, 128.6, 128.3, 127.6, 127.0, 125.8, 91.6, 87.2,
85.7, 84.4, 82.6, 82.3, 82.3, 80.8, 79.1, 78.5, 77.3, 75.6, 73.7, 72.7, 72.4, 69.4,
68.2, 67.5, 64.3, 62.4, 61.6, 54.7, 47.5, 45.1, 37.0, 36.8, 36.5, 36.2, 35.4, 35.1, 34.1,
33.2, 32.5, 32.3, 30.7, 30.4, 29.6, 27.6, 27.3, 27.1, 26.7, 26.2, 25.3, 22.9, 21.7, 21.1,
19.8, 19.5, 18.5, 16.6, 14.4, 13.9, ÿ4.0, ÿ4.9; MS (FAB) calcd for
C109H150O13S2Si3 ([M �Cs�]) 1947.8880, found 1947.9008.


Mixed thioketal 45 : A solution of hydroxy dithioketal 44 (55 mg,
0.030 mmol) in nitromethane (10 mL) and THF (0.5 mL) was treated with
4 � molecular sieves (110 mg), silica gel (110 mg), sodium bicarbonate
(8 mg, 0.09 mmol), and silver perchlorate (19 mg, 0.091 mmol) at 25 8C for
3 h. The mixture was diluted with ether (25 mL) and Et3N (1 mL) and
filtered through a plug of celite. The filtrate was washed with saturated
aqueous sodium bicarbonate solution (2� 25 mL), dried (MgSO4), and
concentrated. The residue was purified by flash column chromatography
(silica gel, 1:5, EtOAc:hexanes) to afford mixed thioketal 45 (36 mg, 67%).
45 : Rf� 0.41 (silica gel, 1:4, EtOAc:hexanes); [a]25


D � �70.7 (c� 1.0,
CH2Cl2); IR (thin film): nÄmax� 3055, 2930, 2849, 1592, 1452, 1429, 1382,
1257, 1105, 1071, 942, 827, 777, 739, 704, 612 cmÿ1; 1H NMR (600 MHz,
CD2Cl2): d� 7.75 ± 7.72 (m, 4H, ArH), 7.68 ± 7.65 (m, 4H, ArH), 7.50 ± 7.36
(m, 18H), 7.33 ± 7.29 (m, 6 H, ArH), 7.27 ± 7.23 (m, 3 H, ArH), 5.75 ± 5.45 (br
m, 2 H, �CH), 5.63 (dd, J� 10.6, 5.9 Hz, 1H, �CH), 5.58 (dd, J� 10.6,
6.0 Hz, 1 H,�CH), 4.59 (br s, 1H), 4.13 (br s, 1H), 3.78 ± 3.71 (m, 2H), 3.68
(dd, J� 6.1, 6.1 Hz, 2H), 3.52 (dd, J� 9.5, 9.5 Hz, 1 H), 3.46 (ddd, J� 11.0,
11.0, 2.4 Hz, 1H), 3.42 (dd, J� 11.4, 4.8 Hz, 1 H), 3.32 (br m, 1 H), 3.21 ± 3.09
(m, 4 H), 3.03 ± 2.92 (m, 4H), 2.79 (ddd, J� 10.4, 10.4, 3.9 Hz, 1 H), 2.63 (br
m, 1 H), 2.55 ± 2.44 (m, 3H), 2.39 ± 2.25 (m, 2 H), 2.12 (ddd, J� 10.7, 4.0,
4.0 Hz, 1H), 2.06 ± 1.82 (m, 7 H), 1.80 ± 1.40 (m, 16H), 1.38 ± 1.25 (m, 8H),
1.26 (s, 3H, CH3), 1.22 (t, J� 7.5 Hz, 3H, CH3), 1.17 (d, J� 7.3 Hz, 3H,
CH3), 1.09 (s, 9 H, tBuSi), 1.04 (s, 9H, tBuSi), 0.92 (s, 3 H, CH3), 0.88 (s, 9H,
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tBuSi), 0.46 (d, J� 7.1 Hz, 3 H, CH3), 0.06 (s, 3 H, CH3Si), 0.04 (s, 3H,
CH3Si); 13C NMR (150.9 MHz, C6D6): d� 145.2, 136.3, 136.0, 134.9, 134.4,
134.4, 134.3, 130.1, 130.0, 129.9, 129.9, 129.2, 128.5, 127.2, 87.2, 84.5, 82.4,
82.2, 80.9, 80.0, 78.5, 77.3, 76.8, 75.6, 73.6, 72.4, 69.4, 67.6, 64.3, 62.3, 61.5,
54.7, 47.6, 46.6, 45.5, 37.4, 37.2, 36.6, 36.3, 35.4, 35.1, 32.0, 30.7, 30.5, 30.2, 29.6,
27.6, 27.3, 27.1, 26.8, 26.1, 21.6, 19.8, 19.4, 18.5, 17.0, 16.6, 14.4, 12.2, ÿ3.9,
ÿ5.0; MS (FAB) calcd for C107H144O13SSi3 ([M �Cs�]) 1885.8690, found
1885.8514.


Alcohol 47: A solution of mixed thioketal 45 (50 mg, 0.028 mmol) in
CH2Cl2 (5 mL) was treated portionwise with m-chloroperbenzoic acid
(9.7 mg, 0.056 mmol) at 0 8C for 2 h. The reaction mixture was diluted with
CH2Cl2 (20 mL) and washed with saturated aqueous sodium bicarbonate
solution (20 mL). The organic phase was dried (MgSO4), concentrated, and
the residue was purified by flash column chromatography (silica gel, 1:3,
EtOAc:hexanes) to afford sulfone 46. The sulfone was dissolved in CH2Cl2


(4 mL) and triethylsilane (2 mL) and was treated with BF3 ´ OEt2 (40 mL,
0.32 mmol) at ÿ78 8C for 1 h. The reaction mixture was quenched by
pouring into saturated aqueous sodium bicarbonate solution (25 mL) and
extracted with CH2Cl2 (2� 25 mL). The organic layer was dried (MgSO4),
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, 3:7, EtOAc:hexanes) to afford alcohol 47 (28 mg, 68% for
two steps). 47: Rf� 0.40 (silica gel, 2:8, EtOAc:hexanes); [a]25


D � �107.0
(c� 1.0, CH2Cl2); IR (thin film): nÄmax� 3474, 2929, 2863, 1458, 1424, 1386,
1252, 1083, 824, 704, 607, 506 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 7.68 ±
7.64 (m, 8H), 7.45 ± 7.34 (m, 12H), 5.78 ± 5.48 (m, 3H), 5.70 (dd, J� 11.0,
5.0 Hz, 1H), 4.48 ± 4.39 (m, 1 H), 4.16 ± 4.08 (m, 1 H), 3.96 ± 3.62 (m, 8H),
3.59 (dd, J� 11.5, 4.9 Hz, 1 H), 3.56 ± 3.50 (m, 2H), 3.44 ± 3.36 (m, 1H),
3.33 ± 3.08 (m, 5H), 3.03 ± 2.91 (m, 3 H), 2.63 (dd, J� 11.0, 11.0 Hz, 1H),
2.38 ± 2.18 (m, 4H), 2.18 ± 2.05 (m, 4 H), 2.02 ± 1.82 (m, 6 H), 1.98 ± 1.45 (m,
17H), 1.44 ± 1.35 (m, 3H), 1.23 (br s, 3H, CH3), 1.21 (s, 3H, CH3), 1.07 (s,
3H, CH3), 1.04 (s, 9H, tBuSi), 1.01 (s, 9H, tBuSi), 0.86 (s, 9H, tBuSi), 0.48
(d, J� 7.1 Hz, 3 H, CH3), 0.03 (s, 3 H, CH3Si), 0.02 (s, 3H, CH3Si); 13C NMR
(150.9 MHz, CDCl3): d� 138.4, 135.8, 135.5, 134.2, 134.1, 134.1, 133.5,
129.8, 129.6, 129.5, 127.7, 127.6, 127.5, 124.4, 85.8, 83.2, 81.9, 81.2, 80.2, 79.2,
78.5, 77.1, 76.7, 76.0, 75.5, 72.7, 71.3, 68.8, 67.0, 63.8, 62.0, 60.2, 53.7, 46.5, 44.9,
37.5, 36.4, 36.2, 35.7, 35.7, 34.7, 34.5, 30.9, 30.1, 29.1, 28.4, 27.2, 27.0, 26.9, 26.5,
25.9, 21.2, 19.4, 19.2, 18.2, 16.6, 16.3, 14.1, ÿ4.3, ÿ5.2; MS (FAB) calcd for
C86H126O13Si3 ([M �Cs�]) 1583.7561, found 1583.7396.


Methyl ester 50 : A solution of alcohol 47 (37 mg, 0.025 mmol) in CH2Cl2


(10 mL) was treated with Dess ± Martin periodinane (21.6 mg, 0.051 mmol)
at 0 8C for 1 h. The reaction mixture was washed with a saturated aqueous
sodium carbonate solution (20 mL), saturated aqueous sodium sulfite
solution (20 mL), and brine (20 mL). The organic layer was dried (MgSO4)
and concentrated to afford the crude aldehyde 48. The aldehyde was
dissolved in THF (2 mL), tert-butyl alcohol (1 mL), and water (1 mL), and
the solution was treated with 2-methyl-2-butene (200 mL), sodium hydro-
genphosphate (monobasic) (6.5 mg, 0.056 mmol), and sodium chlorite
(3.4 mg, 0.037 mmol) at 25 8C for 1 h. The reaction mixture was then diluted
with ether (25 mL) and washed with a saturated aqueous ammonium
chloride solution (20 mL). The organic layer was dried (MgSO4), concen-
trated, and the residue was purified by flash column chromatography (silica
gel, 1:1, EtOAc:hexanes) to afford carboxylic acid 49. A solution of
carboxylic acid 49 in ether (5 mL) was treated dropwise with a freshly
distilled diazomethane/ether solution at 0 8C until the starting material was
consumed (ca. 45 min). The reaction mixture was concentrated, and the
residue was purified by flash column chromatography (silica gel, 2:8,
EtOAc:hexanes) to afford methyl ester 50 (21 mg, 71 % for three steps). 50 :
Rf� 0.33 (silica gel, 1:4, EtOAc:hexanes); [a]25


D � �94.7 (c� 1.0, CH2Cl2);
IR (thin film): nÄmax� 2929, 2863, 1740, 1462, 1428, 1389, 1311, 1264, 1105,
939, 888, 824, 805, 778, 739, 704 cmÿ1; 1H NMR (600 MHz, CD2Cl2): d�
7.69 ± 7.63 (m, 8 H, ArH), 7.46 ± 7.35 (m, 12 H, ArH), 5.70 ± 5.44 (m, 3H,
�CH), 5.64 (dd, J� 11.1, 5.0 Hz, 1H, �CH), 4.40 (br m, 1 H), 4.12 (br m,
1H), 3.90 ± 3.70 (m, 2H), 3.80 (dd, J� 8.6, 8.6 Hz, 1H), 3.74 (br m, 2H),
3.67 (s, 3 H, CH3), 3.52 ± 3.42 (m, 3H), 3.36 (br m, 1 H), 3.24 (d, J� 9.2 Hz,
1H), 3.21 (dd, J� 10.2, 10.2 Hz, 1H), 3.18 ± 3.05 (m, 2 H), 3.01 ± 2.88 (m,
4H), 2.61 (dd, J� 11.6, 11.6 Hz, 1 H), 2.34 ± 2.19 (m, 3 H), 2.17 ± 1.98 (m,
5H), 1.96 ± 1.79 (m, 5 H), 1.74 ± 1.49 (m, 10H), 1.48 ± 1.40 (m, 3 H), 1.39 ±
1.12 (m, 8 H), 1.26 (br s, 3 H, CH3), 1.18 (s, 3 H, CH3), 1.03 (s, 9H, tBuSi),
1.01 (s, 3 H, CH3), 0.99 (s, 9H, tBuSi), 0.87 (s, 9H, tBuSi), 0.44 (d, J� 7.0 Hz,
3H, CH3), 0.04 (s, 3 H, CH3Si), 0.03 (s, 3 H, CH3Si); 13C NMR (150.9 MHz,
CDCl3): d� 173.0, 138.8, 136.2, 136.2, 135.9, 134.5, 134.5, 133.7, 130.2, 130.0,


129.8, 128.1, 127.9, 127.9, 125.8, 124.7, 92.4, 85.5, 85.0, 83.5, 82.9, 81.6, 80.7,
79.6, 78.8, 77.6, 77.1, 76.3, 75.8, 72.9, 71.6, 69.2, 67.5, 64.3, 64.1, 62.4, 54.4,
51.8, 47.1, 45.3, 40.6, 37.9, 36.8, 36.2, 36.1, 34.7, 31.1, 30.6, 30.4, 30.1, 29.5, 27.5,
27.1, 27.0, 26.9, 26.0, 21.3, 19.6, 19.4, 18.7, 18.5, 18.3, 18.1, 16.7, 16.3, 15.5,
ÿ4.2, ÿ5.1; HRMS (FAB) calcd for C87H126O14Si3 ([M �Cs�]) 1611.7510,
found 1611.7642.


Lactone 51: A solution of methyl ester 50 (30 mg, 0.020 mmol) was
dissolved in CH2Cl2 (15 mL) and treated with HF ´ pyr (300 mL) at 0 8C for
1 h. The reaction mixture was quenched by pouring into a saturated
aqueous sodium bicarbonate solution (50 mL), and the lactone was
extracted into CH2Cl2 (2� 20 mL). The organic phase was dried (MgSO4),
concentrated, and the residue was purified by column chromatography
(silica gel, EtOAc) to afford lactone 51 (16 mg, 92%). 51: Rf� 0.32 (silica
gel, 1:4, EtOAc); [a]25


D � �116.9 (c� 1.0, CH2Cl2); IR (thin film): nÄmax�
3494, 2931, 1790, 1738, 1462, 1372, 1316, 1289, 1208, 1059, 972, 732 cmÿ1;
1H NMR (600 MHz, CD2Cl2): d� 5.72 ± 5.44 (m, 3H, �CH), 5.66 (dd, J�
11.0, 5.1 Hz, 1H,�CH), 4.40 (br t, J� 6.4 Hz, 1 H), 4.15 ± 4.05 (m, 2H), 3.95
(ddd, J� 10.1, 8.1, 8.1 Hz, 1H), 3.90 ± 3.78 (m, 1 H), 3.80 (ddd, J� 10.5, 6.7,
4.3 Hz, 1H), 3.76 (ddd, J� 11.2, 10.2, 4.4 Hz, 1H), 3.60 (dd, J� 6.0, 6.0 Hz,
2H), 3.49 ± 3.38 (m, 1H), 3.36 (br m, 1 H), 3.30 (br t, J� 9.8 Hz, 1H), 3.28 ±
3.22 (m, 3H), 3.14 (br m, 1H), 3.06 (dd, J� 9.7, 2.9 Hz, 1 H), 3.04 ± 2.96 (m,
2H), 2.79 (dd, J� 17.3, 8.1 Hz, 1H), 2.64 ± 2.56 (m, 1H), 2.61 (dd, J� 17.3,
10.2 Hz, 1 H), 2.32 (br m, 1H), 2.26 ± 2.20 (m, 1 H), 2.20 (ddd, J� 11.0, 4.2,
4.2 Hz, 1H), 2.13 (d, J� 13.6 Hz, 1H), 2.08 ± 1.79 (m, 14H), 1.75 (d, J�
15.0 Hz, 1H), 1.71 ± 1.47 (m, 11H), 1.46 ± 1.37 (m, 2 H), 1.20 (d, J� 7.2 Hz,
3H, CH3), 1.18 (s, 3 H, CH3), 1.15 (s, 3 H, CH3), 1.07 (d, J� 6.9 Hz, 3H,
CH3); 13C NMR (150.9 MHz, CDCl3): d� 172.8, 138.8, 129.7, 126.3, 124.6,
91.9, 87.1, 85.2, 85.1, 83.5, 81.8, 80.2, 79.5, 78.7, 77.6, 77.0, 76.2, 72.7, 71.8, 69.3,
66.4, 63.0, 62.2, 52.8, 45.3, 43.4, 38.0, 37.9, 36.7, 35.9, 35.5, 34.2, 30.9, 30.7,
29.8, 27.8, 27.5, 21.3, 19.6, 16.7, 15.3; HRMS (FAB) calcd for C48H72O13 ([M
�Cs�]) 989.4027, found 989.4065.


Brevetoxin A : A solution of lactone 51 (12 mg, 0.014 mmol) in CH2Cl2


(7 mL) was treated with Dess ± Martin periodinane (6 mg, 0.014 mmol) at
0 8C for 1 h. The reaction mixture was washed with a saturated aqueous
sodium carbonate solution (20 mL), a saturated aqueous sodium sulfite
solution (20 mL), and brine (20 mL). The organic layer was dried (MgSO4)
and concentrated to afford the crude aldehyde. The aldehyde was dissolved
in CH2Cl2 (5 mL) and treated with Et3N (200 mL, 1.4 mmol) and Eschen-
mosher's salt (8 mg, 0.042 mmol) at 25 8C for 12 h. The reaction mixture
was concentrated and purified by column chromatography (silica gel, 1:1,
EtOAc:hexanes) to afford brevetoxin A (1) (7 mg, 57 % for two steps). 1:
Rf� 0.45 (silica gel, 1:1, EtOAc:hexanes); [a]25


D ��75.5 (c� 0.2, CH2Cl2);
IR (thin film): nÄmax� 3425, 2921, 2849, 1788, 1690, 1455, 1379, 1314, 1266,
1208, 1080, 897, 737 cmÿ1; 1H NMR (600 MHz, C6D6, 45 8C): d� 9.29 (s,
1H), 5.90 (s, 1H), 5.87 (dd, J� 10.8, 5.2 Hz, 1H), 5.78 ± 5.67 (br m, 2H),
5.71 ± 5.64 (m, 1H), 5.43 (s, 1H), 4.55 (dd, J� 8.0, 5.4 Hz, 1H), 3.98 ± 3.91
(m, 3H), 3.74 (br m, 1H), 3.59 ± 3.54 (m, 1H), 3.52 (ddd, J� 10.6, 7.9,
2.3 Hz, 1H), 3.46 ± 3.34 (m, 4H), 3.29 (br d, J� 8.5 Hz, 1 H), 3.19 ± 3.10 (m,
3H), 2.94 (ddd, J� 12.0, 8.0, 4.1 Hz, 1H), 2.89 (ddd, J� 11.9, 9.2, 4.5 Hz,
1H), 2.80 (dd, J� 11.9, 4.6 Hz, 1 H), 2.78 (dd, J� 9.6, 2.7 Hz, 1H), 2.72 ±
2.40 (br m, 4H), 2.65 (dd, J� 10.7, 10.7 Hz, 1H), 2.40 (ddd, J� 15.2, 10.8,
4.0 Hz, 1 H), 2.36 (dd, J� 16.9, 8.2 Hz, 1 H), 2.31 (dd, J� 11.6, 4.2 Hz, 1H),
2.25 ± 2.21 (m, 1H), 2.24 ± 2.20 (m, 1H), 2.21 (dd, J� 16.9, 10.3 Hz, 1H),
2.18 ± 2.10 (m, 1H), 2.05 ± 1.92 (m, 6 H), 1.92 ± 1.86 (m, 1H), 1.86 ± 1.74 (m,
3H), 1.72 ± 1.52 (m, 7H), 1.44 ± 1.38 (m, 1H), 1.37 ± 1.24 (m, 1 H), 1.24 (s,
3H), 1.20 (d, J� 7.1 Hz, 3 H), 0.98 ± 0.95 (m, 1H), 0.96 (s, 3H), 0.77 (d, J�
6.8 Hz, 3 H); 13C NMR (150.9 MHz, C6D6, 45 8C): d� 193.5, 171.0, 148.9,
139.0, 134.4, 128.5, 127.4, 124.8, 92.0, 88.5, 86.7, 85.1, 84.7, 84.1, 83.8, 82.2,
82.0, 80.4, 79.9, 78.9, 77.8, 76.7, 76.2, 71.9, 71.1, 69.6, 66.3, 62.4, 52.9, 45.6,
43.3, 38.2, 37.5, 36.9, 36.2, 35.9, 33.8, 32.3, 31.4, 29.0, 27.6, 27.2, 21.4, 19.7, 16.8,
15.0 (carbons 17, 20 and 28 were observed at best as weak broad signals at
34.5, 34.5 and 30.9, respectively, as previously reported;[28, 29] HRMS calcd
for C49H70O13 ([M �Na�]) 889.4714, found 889.4747.
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Cooperative Effects in p-Ligand Bridged Dinuclear Complexes, Part XXI[=]


Synfacially Structured [(CpRu)2m-cot]ÐWhat a Difference the Coordination
Side Makes!


Jürgen Heck,*[a] Gerhard Lange,[a] Maik Malessa,[a] Roland Boese,[b] and Dieter Bläser[b]


Dedicated to Professor Ernst Otto Fischer on the occasion of his 80th birthday


Abstract: By reaction of the neutral
mononuclear complex [CpRu(1,2,3-
h :6,7-h-C8H9)] (1) with [(C5R5)Ru-
(MeCN)3]PF6 (R�H, Me) the synfacial
cationic m-cyclooctatetraene-m-hydrido-
diruthenium complexes [(CpRu)-
{(C5R5)Ru}(m-H)(m-cot)]PF6 (cot� cy-
clooctatetraene; R�H: 2 a ; R�Me:
2 b) are formed. Deprotonation of 2 a
and 2 b with lithium diisopropylamide
yields the synfacial homodinuclear com-
plexes [(CpRu){(C5R5)Ru}m-cot] (R�
H: 3 a ; R�Me: 3 b). Cyclic voltammetry
studies of 3 a and 3 b show two
clearly separated, electrochemically re-
versible one-electron redox waves 0/� 1
and �1/� 2 (0/� 1: E1/2(3 a)�ÿ0.79 V;
E1/2(3 b)�ÿ0.89 V; �1/� 2: E1/2(3 a)�
ÿ0.17 V; E1/2(3 b)�ÿ0.27 V versus
[FeCp2]/[FeCp2]�). Chemical oxidation
of 3 a with [FeCp2]� affords the mono-
cation [3 a]� and the dication [3 a]2�,


depending on the stoichiometry. X-ray
structure determination was performed
on all dinuclear complexes. The complex
2 a and the neutral complex 3 a crystal-
lize in the space groups Cmcm and P1Å,
respectively, and the monocationic spe-
cies [3 a]PF6 in the space group C2/c. The
dication [3 a]2� crystallizes as the mixed
salt [3 a](BF4)(PF6) in the space group
Pnma. In all the dinuclear complexes,
the two metal centers are synfacially
coordinated at the cot ligand. Com-
plexes 2 a and 3 a show a h4 :h4 bonding
mode of the cot moiety, whereas, upon
oxidation, the cot ligand in 3 a changes
its hapticity to h5 :h5. Results from


1H NMR spectroscopic studies of 2 a,
2 b and [3 a]2� are in accordance with the
crystallographic findings, in contrast to
the neutral complex 3 a, which shows a
fast rotation of the cot entity even at
200 K. The RuÿRu distances in the
dinuclear complexes decrease dramati-
cally from 307.8 pm in 2 a to 266 pm in
[3 a]2� ; complexes 3 a and [3 a]� have
RuÿRu bond lengths of 295.6 and
282.2 pm, respectively. The RuÿRu in-
teraction in 2 a and 2 b can best be
described as a three-center, two-elec-
tron RuHRu bond, whereas in 3 a and
[3 a]2� a RuÿRu single bond must be
considered. For the paramagnetic com-
plex cation [3 a]� , a RuÿRu s* semi-
occupied molecular orbital is postulated
based on EPR and UV/Vis spectroscop-
ic results, which indicate that [3 a]� is a
mixed-valent class III compound.


Keywords: coordination modes ´
cyclooctatetraene ´ metal ± metal in-
teractions ´ mixed-valent com-
pounds ´ ruthenium


Introduction


Coordination chemists very rarely have the opportunity to
monitor spectroscopic as well as geometrical changes of
metal ± metal bound dinuclear complexes in four successive
differently charged states.[1] Our studies on metal ± metal


interactions in dinuclear m-cot complexes[2, 3] presented us
with such a stroke of luck when we attempted to synthesize
the synfacial 34-valence electron (ve) complex [(CpRu)2m-
cot] (cot� cyclooctatetraene, Cp� cyclopentadienyl). The
well known antifacial isomer of [(CpRu)2m-cot][4a] shows
some remarkable features. One is its diamagnetism, although
each metal center formally bears 17 ve; a direct metal ± metal
bond can be excluded from the long RuÿRu distance of
385.9 pm.[4b] Another remarkable feature is the two-electron
oxidation at ambient temperature, which results in CÿC bond
cleavage of the cot ligand. As a consequence, a flyover
dication is formed which enables a RuÿRu single bond. Upon
electrochemical reduction, only the antifacial complex
[(CpRu)2m-cot] is recovered (Scheme 1).[4b]


A major goal of the present work was to investigate the
redox chemistry of a synfacially structured [(CpRu)2m-cot]
complex, which was suggested to be a stable isomer due to the
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Scheme 1. Structures of the antifacial complexes [(CpRu)2m-cot] and
[(CpRu)2m-C8H8]2�


.


34 ve. Is the stereochemistry (syn- or antifacial) decisive for
the redox properties of [(CpRu)2m-cot]? Earlier studies on
synfacially coordinated dinuclear m-cot complexes have


shown only one-electron transfer reactions upon oxidation
or reduction.[2, 3] As already known from antifacial
[(CpRu)2m-cot], the reaction pathway from an antifacial to a
synfacial coordination mode by redox chemistry is impassa-
ble;[4b] does this also hold true for the opposite direction
starting with a synfacial complex and ending up with the
antifacial isomer?


Attempts were also made to synthesize synfacial
[(CpRu)2m-cot] derivatives by a stepwise alkyne tetrameriza-
tion at a diruthenium center.[5] The linkage of four alkyne
units was indeed successful, but the formation of a cyclo-
octatetraene complex failed; thermally induced ring closure
reactions of an open chain C8 unit to a cot ligand in dinuclear
complexes were only successful for a dichromium complex.[6]


In addition to this area of research, which is of substantial
importance for the oligomerization of hydrocarbons at metal
centers, we hoped that a better understanding of the metal ±
metal interaction and the coordination mode of the cot ligand
would emerge.


Results and Discussion


Syntheses and spectroscopic features: Recently we reported
that the synthesis of homo- and heterodinuclear m-cot
complexes results exclusively in synfacially configurated
species when mononuclear cot[2] or cyclooctatrienyl[3] com-
plexes with one non-coordinated carbon ± carbon double
bond within the cyclo-C8 ligand were used as precursors.
One example of this kind of mononuclear complexes is
[CpRu(1,2,3-h :6,7-h-C8H9)] (1), which can be obtained from
nucleophilic addition of a hydride ion to the cation [CpRu(h6-
cot)]� [7a] (Scheme 2).


Scheme 2. Nucleophilic addition of a hydride to the coordinated cot
ligand.


Complex 1[8] was allowed to react with the half-sandwich
compound [(C5R5)Ru(MeCN)3]PF6 (R�H, Me)[7a,b] to form
the cationic hydrido complex [(CpRu){(C5R5)Ru}(H)(m-
cot)]PF6 (R�H: 2 a ; R�Me: 2 b) (Scheme 3). The cationic
complexes 2 a and 2 b are easily deprotonated by lithium
diisopropylamide (LDA) to form the neutral species
[(CpRu){(C5R5)Ru}m-cot] (R�H: 3 a ; R�Me: 3 b). The ease
of the deprotonation reaction is quite remarkable since earlier
attempts failed to deprotonate dinuclear (m-CnHn) hydrido
complexes.[9]


Complexes 3 a and 3 b form orange-colored crystals and are
sensitive to oxygen in solution. The redox potentials of 3 a and
3 b, determined by cyclic voltammetry, confirm this behavior.


Abstract in German: Durch die Reaktion des neutralen
einkernigen Komplexes [CpRu(1,2,3-h :6,7-h-C8H9] (1) mit
[(C5R5)Ru(MeCN)3]PF6 (R�H, Me) werden die synfacialen
m-Cyclooctatetraen-m-hydrido-Komplexe [(CpRu){(C5R5)-
Ru}(m-H)(m-cot)]PF6 (R�H: 2a ; R�Me: 2b) (cot�Cy-
clooctatetraen) gebildet; ihre Deprotonierung mit Lithiumdi-
isopropylamid führt zu den synfacialen homodinuklearen
Komplexen [(CpRu){(C5R5)Ru}m-cot] (R�H: 3a ; R�Me:
3b). Cyclovoltammetrische Untersuchungen an 3a und 3b
zeigen zwei deutlich getrennte, elektrochemisch reversible
Redoxwellen, die den Einelektronenübergängen 0/� 1 und
�1/� 2 zuzuordnen sind (0/� 1: E1/2(3a)�ÿ0.79 V;
E1/2(3b)�ÿ0.89 V; �1/� 2: E1/2(3a)�ÿ0.17 V; E1/2(3b)�
ÿ0.27 V vs. [FeCp2]/[FeCp2]�). Eine chemische Oxidation
von 3a mit [FeCp2]� ist möglich, die je nach Stöchiometrie der
Reaktanden 3a zum Monokation [3a]� oder zum Dikation
[3a]2� oxidiert. Einkristallstrukturanalysen können an allen
Zweikernkomplexen durchgeführt werden: 2a und der Neu-
tralkomplex 3a kristallisieren in den Raumgruppen Cmcm
beziehungsweise P1Å, und das Monokation [3a]� als PF6-Salz
in der Raumgruppe C2/c; [3a]2� kristallisiert als Mischsalz
[3a](BF4)(PF6) in der Raumgruppe Pnma. In allen zwei-
kernigen Komplexen sind die Metallzentren synfacial am cot-
Liganden koordiniert. 2a und 3a weisen einen h4:h4-Bin-
dungsmodus der cot-Einheit auf, während nach der Oxidation
von 3a zum Mono- und Dikation der cot-Ligand seine
Haptizität zur h5 :h5-Form ändert.
Mit den kristallographischen Erkenntnissen stimmen die 1H-
NMR-spektroskopischen Ergebnisse von 2a, 2b und 3a2�


überein; dagegen zeigen sie für 3a eine schnelle Rotation der
cot-Einheit sogar noch bei 200 K. Die Ru-Ru-Abstände in den
zweikernigen Komplexen nehmen von 307.8 pm in 2a zu
266 pm in 3a2� dramatisch ab; 3a und [3a]� weisen eine Ru-
Ru-Bindungslänge von 295.6 und 282.2 pm auf. Die Ru-Ru-
Wechselwirkung in 2a und 2b kann am besten als 3c2e-
Bindung beschrieben werden, wohingegen in 3a und [3a]2�


eine Ru-Ru-Einfachbindung angenommen werden muû. Für
das paramagnetische Komplexkation [3a]� wird eine einfache
Besetzung des Ru-Ru-s*-Orbitals postuliert, im Einklang mit
EPR- und UV-vis spektroskopischen Ergebnissen, die [3a]�


als gemischt valenten Komplex der Klasse III ausweisen.
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The cyclic voltammogram of 3 a (Figure 1, Table 1) shows two
electrochemically reversible redox waves with an identical
peak current. Thus, the waves can be assigned to the redox
pairs 0/� 1 (ÿ0.79 V vs. [FeCp2]/[FeCp2]�) and �1/� 2
(ÿ0.17 V vs. [FeCp2]/[FeCp2]�). The corresponding potentials
of 3 b are cathodically shifted by 100 mV; this is not
unexpected because of the inductive effect of the additional
five methyl groups in comparison to 3 a.[2 a,b] The results of the
redox study of our diruthenium cyclooctatetraene complexes
are in sharp contrast to the redox properties known for the
antifacial [(CpRu)2m-cot)] complex, which reveals an electro-
chemically irreversible, two-electron oxidation.[4b]


Figure 1. Cyclic voltammogram of 3 a (v� 100 mV sÿ1, see text).


Since both oxidation potentials of 3 a are considerably more
negative than those of ferrocene, 3 a can be preparatively
oxidized with ferrocenium cation to the monocation [3 a]� or
even the dication [3 a]2� when the required amount of
[FeCp2]� is taken into account (Scheme 4).


The monocation [3 a]� is paramagnetic with one unpaired
electron. An EPR spectrum of [3 a]� can only be obtained
from solid solution (Figure 2 A) and shows the fine structure
of a rhombic g tensor (g1� 2.3217(5), g2� 2.1642(5), g3�
1.9818(5)) with the pronounced anisotropy of a metal-
centered radical. The low-field signal at g1� 2.3217 is super-
imposed with a broad signal of lower intensity caused by an
unresolved Ru hyperfine coupling.[10] The best fit for the
experimental EPR spectrum is obtained when the natural
abundances of the magnetically active Ru isotopes are


Scheme 4. Oxidation of 3a by ferrocenium cation.


Figure 2. EPR spectra of [3 a]� ; (A) experimental spectrum, T� 100 K;
(B) calculated spectrum.


doubled (Figure 2 B), proving a complete delocalization of the
unpaired electron on both of the metal centers.


Because of the time scale of EPR spectroscopy, it is
impossible to discriminate between a mixed-valent class II or
class III compound in this case.[11] Therefore UV/Vis spectro-
scopic studies were performed (Figure 3), from which it was
concluded that the cation [3 a]� is a mixed-valent compound


Figure 3. UV/Vis spectra of 3a, [3 a]� (in CH2Cl2) and [3a]2� (in MeNO2)


of class III: a long-wave absorption band at lmax� 830 nm of
low intensity (e� 150mÿ1 cmÿ1) is only observed for the
monocation and its position is insignificantly influenced by
the polarity of the solvent; additionally, the half-width of this
signal (Dn1/2� 2530 cmÿ1) is less than half of the value


Scheme 3. Formation of the dinuclear hydridoruthenium complexes 2 a (R�H) and 2 b (R�Me) and conversion to 3a and 3b.


Table 1. Cyclic voltammetry data[a] of 3 a and 3 b.


ipc/ipa E1/2 (0/� 1)[b]


[V]
DEp[c]


[mV]
ipc/ipa E1/2(�1/� 2)[b]


[V]
DEp[c]


[mV]
DE[d]


[V]


3a 1.05 ÿ 0.791 108 1.05 ÿ 0.174 102 0.62
3b 1.05 ÿ 0.892 114 1.03 ÿ 0.267 108 0.62


[a] v� 100 mV sÿ1. [b] � 0.005 V vs. [FeCp2]/[FeCp2]� . [c] DEp([FeCp2]/
[FeCp2]�)� 130 mV. [d] DE�E1/2(�1/� 2)ÿE1/2 (0/� 1).
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calculated according to Hush[12] (Dn1/2 (calcd)� (2310�
nmax)1/2� 5275 cmÿ1). These results indicate that the electronic
excitation at l� 830 nm is caused by an intervalence tran-
sition. The mixed-valent class III for [3 a]� is also corrobo-
rated by the large comproportionation constant Kc> 3� 1010,
which can be estimated from the difference of the two
oxidation potentials DE of 3 a and 3 b.[13]


The almost identical separation of the two oxidation
potentials in 3 a and 3 b can be taken as an additional
argument for a SOMO which incorporates both Ru centers
equally: if the two electrons are removed stepwise from two
orbitals located at different metal centers, the permethylation
of one cyclopentadienyl ligand would be expected to induce a
different influence on the two oxidation potentials.


Important indications of the structural arrangements of the
four complexes under study can be deduced from NMR
spectroscopic data (Table 2). Temperature-dependent


1H NMR spectra of 2 a and 2 b reveal sharp singlets for the
Cp and Cp* protons at all temperatures, whereas the cot
protons show one broad signal at ambient temperature, but
two and four multiplets, respectively, on cooling (Figure 4).
For 2 a, an activation barrier of 37 kJ molÿ1 can be estimated
from a line shape analysis.[14] This is appreciably lower than


that for the antifacial congeners [(CpRu)2m-cot] and
[(CpRh)2m-cot]2�, where the cot ligand shows a sharp singlet
distinctly above 300 K.[4a, 15] Temperature dependence of the
1H NMR spectra comparable to 2 a is reported for dinuclear
synfacial m-cycloheptatrienyl complexes which contain two
metal centers bridged by a hydrogen atom.[9]


Similar to the dinuclear m-cycloheptatrienyl m-hydrido
complexes,[9] an additional high-field resonance line for 2 a
and 2 b was recorded at ÿ16.94 and ÿ17.18 ppm, respectively,
with the intensity of one proton. The high-field shift is typical
for a bridging hydrogen in a dinuclear Ru complex.[16]


Apparently CÿH activation has occurred during the forma-
tion of the dinuclear complexes 2 a and 2 b, which leads to a
symmetrical coordination of the hydrogen atom between the
two Ru centers, at least in 2 a with respect to the NMR time
scale.


Upon deprotonation, the cot ligand in 3 a and 3 b reveals a
sharp singlet at T� 180 K only, which suggests the ligand is
still undergoing fast rotation, even at such a low temperature.
The fluxional behaviour with a low energy-to-rotation is well
known for synfacially coordinated dinuclear m-cot complexes
with 34 ve,[4a, 17, 18] whereas the antifacial stereoisomer of
[(CpRu)2m-cot] exhibits, besides the Cp resonance, four broad
proton lines at ambient temperature, which resolve on
cooling.[4b]


In conclusion, our NMR results indicate the synfacial
coordination of the two cyclopentadienyl ruthenium moieties
bound in a h4 :h4 fashion to the cot ligand, at least in the
protonated forms 2 a and 2 b. The two sets of signals for the cot
ligand in 2 a are a consequence of the local C2v symmetry of
the Ru2(m-cot) fragment. The symmetry lowers to Cs when one
Cp ligand is permethylated, and gives rise to four different
sets of protons (Table 2).


A synfacial coordination mode is also in agreement with the
1H NMR spectra of the dication [3 a]2�. At room temperature
only the singlet of the Cp protons can be observed. When the
temperature is lowered, three different unresolved signals
appear at d� 8.01, 5.99, and 1.72 with an intensity ratio of
1:2:1. The intensity ratio and the strong high-field shift of one
of the cot signals are well known from the electron-poor,
synfacial 28 ve complex [(CpV)2m-cot] with a h5 :h5 bonding
mode of the cot ligand.[2d, 19] Hence, a synfacial h5 :h5 coordi-
nation mode is also evident for [3 a]2�. The structural features
deduced from the NMR spectroscopic results can be fully
verified by X-ray structure analysis.


Table 2. 1H and 13C NMR data of the homodinuclear Ru complexes 2 a, 2b,
3a, 3b and [3a]2�.


2a : 1H NMR[a] (295 K): d� 5.62 (s, 10H, Cp), 4.56 (s (broad), 8H, cot),
ÿ16.94 (s, 1H, Ru-H); 1H NMR[a] (200 K): d� 5.62 (s, 10H, Cp), 4.69 (m,
4H, cot), 4.39 (m, 4H, cot), ÿ17.14 (s, 1H, Ru-H); 13C NMR[b] (300 K): d�
83.76 (Cp), 83.7 (cot).


2b : 1H NMR[a] (295 K): d� 5.51 (s, 5H, Cp), 4.10 (s (broad), 8 H, cot), 2.0
(s, 15H, C5Me5),ÿ17.18 (s, 1 H, Ru-H); 1H NMR[a] (220 K): d� 5.51 (s, 5H,
Cp), 4.54 (m, 2H, cot), 4.32 (m, 2H, cot), 4.03 (m, 2H, cot), 3.61 (m, 2H,
cot), 2.0 (s, 15H, C5Me5), ÿ17.25 (s, 1H, Ru-H); 13C NMR[b] (300 K): d�
97.8 (C5Me5), 83.1 (Cp), 10.5 (C5Me5).


3a: 1H NMR[c]: d� 4.76 (s, 5H, Cp), 4.06 (s, 4 H, cot); 13C NMR[d]: d� 76.4
(Cp), 55.7 (cot).


3b : 1H NMR[c]: d� 4.77 (s, 5H, Cp), 3.57 (s, 8H, cot), 1.63 (s, 15H, C5Me5);
13C NMR[d]: d� 87.5 (C5Me5), 74.9 (Cp), 57.7 (cot), 10.5 (C5Me5).


[3a]2� : 1H NMR[e] (353 K): d� 6.3 (s, Cp), 5.5 (s (broad), cot); 1H NMR[e]


(230 K): d� 6.29 (s, 5H, Cp), 8.01 (s (broad), 1H, cot), 5.99 (s (broad), 2H,
cot), 1.72 (s (broad), 1 H, cot).


[a] 360 MHz, [D6]acetone, rel. TMS. [b] 50 MHz, [D6]acetone, rel. TMS.
[c] 360 MHz, [D6]benzene, rel. TMS. [e] 360 MHz, [D3]nitromethane, rel.
[D2]nitromethane d� 4.32.


Figure 4. Temperature-dependent 1H NMR spectra of 2a (left), and 2b (right) (*� impurity, **�TMS, s� [D8]toluene).
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X-Ray structure analysis and bonding: X-ray structure
analysis has been performed on all diruthenium complexes
presented here to allow a deeper insight into the structural
changes and bonding associated with the variation of charge.
As shown by RuÿC distances and the CÿC bond lengths
within the metal-coordinated diene units, 2 a (Figure 5) and
3 a (Figure 6) comprise a synfacial h4:h4 bonding mode of the


Figure 5. Molecular structure of 2 a (ORTEP, 50% thermal ellipsoids, the
anion PF6


ÿ is omitted for clarity). Selected bond lengths [pm] and
angles [8]: Ru1ÿRu1A 307.75(8), C1ÿC2 141.8(2), C2AÿC2C 142.8(4),
C1ÿC1B 145.8(3), RuÿC1 221.9(2), RuÿC2 216.6(2), RuÿC3 222.7(2),
RuÿC4 222.2(2), RuÿC5 217.8(2), RuÿH 173(2); Ru-H-Ru 126, plane(C1-
C2-C2C-C1C) ± plane(C1A-C2A-C2B-C1B) 107.6(9), plane(Cp1) ± pla-
ne(Cp2) 90.3(10), plane(C1-C2-C2C-C1C) ± plane(Cp) 8.6(9).


Figure 6. Molecular structure of 3a (ORTEP, 50 % thermal ellipsoids).
Selected bond lengths [pm] and angles [8]: Ru1ÿRu2 295.6(1), C1ÿC2
142.8(4), C1ÿC8 145.5(4), C2ÿC3 142.8(5), C3ÿC4 143.0(5), C4ÿC5
145.0(5), C5ÿC6 142.4(5), C6ÿC7 142.5(5), C7ÿC8 142.6(5), Ru1ÿC1
220.6(3), Ru1ÿC2 215.7(3), Ru1ÿC3 216.3(3), Ru1ÿC4 222.8(3), Ru2ÿC5
221.5(3), Ru2ÿC6 216.4(3), Ru2ÿC7 216.1(3), Ru2ÿC8 221.4(3) Ru1ÿC9
225.1(4), Ru1ÿC10 222.9(3), Ru1ÿC11 217.6(4), Ru1ÿC12 217.9(4),
Ru1ÿC13 222.4(4), Ru2ÿC14 221.8(3), Ru2ÿC15 223.2(3), Ru2ÿC16
220.4(4), Ru2ÿC17 220.3(4); plane(C1 ± C4) ± plane(C5 ± C8) 113.3(2),
plane(Cp1) ± plane(Cp2) 109.1(1), plane(C1 ± C4) ± plane(Cp1) 4.9(3), pla-
ne(C5 ± C8) ± plane(Cp2) 0.8(4) (Cp1�C9 ± C13, Cp2�C14 ± C18).


cot moiety; this is in agreement with the NMR results for 2 a
in solution. Each h4-diene unit interacts with one Ru center, to
form two long and two short bonds for the proximal and distal
RuÿC(cot) bonds, respectively, a feature normally found in
dinuclear h4:h4-cot complexes.[4a, 17, 18] The CÿC bond lengths
within a h4-diene unit are considerably shorter than the CÿC
bond which links the two h4-diene moieties, thus reducing the
p interaction between them.


An important result of the X-ray structure analysis of 2 a
was the location of a bridging hydrogen atom from the


residual electron density. The hydrogen atom is equidistant
from the two Ru atoms (Ru ± H 173(2) pm), a fact which
seems to be unusual for a hydrogen atom bridging two Ru
centers;[20] even in the symmetrically substituted Ru2 complex
[(Cp2CH2)Ru2(CO)4m-H]� , a nonsymmetric coordination of
the m-H is found.[16] Interestingly, the average of the RuÿH
bond lengths in [Cp2CH2Ru2(CO)4(m-H)]� is equal to the
RuÿH bond length in 2 a. This correlation could lead to the
suggestion that the symmetrical hydrogen bridge is merely
simulated. Although this cannot be totally excluded in such
cases, there is no further evidence that would confirm
statistical disorder or dynamic behavior such as a hydrogen
atom hopping between the two metal centers. The bonding of
the RuHRu group is best described as a three-center, two-
electron bond which grants each Ru center an 18 ve config-
uration.[21]


A characteristic of hydrido-bridged bimetallic complexes is
the decrease of the intermetallic distance upon deprotona-
tion,[16, 22] as exemplified when 2 a is deprotonated to 3 a. The
RuÿRu distance decreases to 295.6 pm in 3 a and is almost
identical to the length of the RuÿRu bond in the dicationic
dinuclear ruthenocenophane, which has been proven to
contain a true RuÿRu bond that keeps the metal centers in
close contact.[23] A RuÿRu single bond in 3 a provides an 18 ve
configuration for each Ru center. Therefore, the two C4H4Ru
fragments of the Ru2(m-cot) moiety coordinatively act as
cyclopentadienyl ligands: the Ru atom of a C4H4Ru unit takes
the place of a C atom of the second Cp ligand of the
neighboring metallocene to form a fused bimetallocene which
we call twinnocene (here: Ru ± Ru twinnocene).[2c, 24]


The structural changes that occur from 2 a to 3 a give a clue
to the different temperature dependences of the cot ligands
observed by 1H NMR spectroscopy. Whilst the CÿC and
RuÿC bond lengths in 2 a and 3 a do not differ significantly,
the angle between the two planes formed by the h4-coordi-
nated butadiene moieties becomes less acute upon reduction
of the RuÿRu distance: 107.6(9)8 in 2 a compared to 113.3(2)8
in 3 a. Consequently, the bridging cyclo-C8 ligand in 3 a needs
less energy to flatten, which makes the cot ligand easier to
rotate.


The oxidation of 3 a to [3 a]� changes the hapticity of the cot
ligand and [3 a]� adopts a h5 :h5 bonding mode (Figure 7). At
the same time, the RuÿRu distance decreases to 282 pm.
Upon further oxidation to [3 a]2�, the coordination mode of
the Ru2(m-cot) entity remains unchanged, whereas a distinct
contraction of the intermetallic distance to 266 pm takes place
accompanied with a decrease of the distance of the Ru centers
to the bridging carbon atoms C1 and C5 of the cot ligand from
243 ± 246 pm to 237 pm (Figure 8). In contrast, the Ru
distances to the Cp carbon atoms and to the C atoms of the
cot moiety, excluding the bridging C atoms, scarcely vary upon
oxidation from [3 a]� to [3 a]2�.


The cot ligand in [3 a]� and [3 a]2� consists of the two
virtually planar pentadienyl units that enclose an interplanar
angle of 130.9 and 1298 for the two different molecules in the
unit cell of [3 a]� , and of 127.58 for [3 a]2�. These angles fall
into the range of values known for other dinuclear complexes
with a m-(h5:h5) bonding mode of the cot moiety which extends
from 1248 to 1388.[2d, 3, 19, 25, 26] Similar to the rotational barrier
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Figure 7. Molecular structure of [3a]PF6 (ORTEP, 30 % thermal ellipsoids;
the anion PF6


ÿ is omitted for clarity). A second, independent molecule in
the unit cell, which is not shown, contains a molecular C2 axis; however, the
bond lengths and angles are very similar to the molecule shown in this
figure. Selected bond lengths [pm] and angles [8] for the molecule shown
above: C1ÿC8 143.0(10), C1ÿC2 144.3(10), C2ÿC3 140.8(10), C3ÿC4
137.0(10), C4ÿC5 146.1(9), C5ÿC6 144.2(9), C6ÿC7 139.1(11), C7ÿC8
138.8(10), Ru1ÿRu2 282.15(9), Ru1ÿC4 213.9(6), Ru1ÿC2 215.5(6),
Ru1ÿC3 217.0(6), Ru1ÿC5 242.9(6), Ru1ÿC1 246.3(6), Ru2ÿC6 214.4(6),
Ru2ÿC8 215.6(6), Ru2ÿC7 216.3(6), Ru2ÿC5 245.9(6), Ru2ÿC1 246.0(6),
Ru1ÿC9 217.9(5), Ru1ÿC10 216.1(5), Ru1ÿC11 218.5(5), Ru1ÿC12
221.8(5), Ru1ÿC13 221.5(5), Ru2ÿC14 220.1(5), Ru2ÿC15 216.5(5),
Ru2ÿC16 217.1(5), Ru2ÿC17 221.2(5), Ru2ÿC18 223.0(4); plane(C1 ±
C5) ± plane(C1-C5-C6-C7-C8) 130.9(4), plane(Cp1) ± plane(Cp2) 103.0(8),
plane(C1 ± C5) ± plane(Cp1) 13.3(6), plane(C1-C5-C6-C7-C8) ± plane(Cp2)
14.7(6) (Cp1�C9 ± C13, Cp2�C14 ± C18).


Figure 8. Molecular structure of [3 a](BF4)(PF6) (ORTEP, 30% thermal
ellipsoids; the anions BF4


ÿ and PF6
ÿ are omitted for clarity). Selected bond


lengths [pm] and angles [8]: C1ÿC2 142.2(5), C2ÿC3 139.3(7), C3ÿC4
139.4(7), C4ÿC5 143.4(5); Ru1ÿRu1' 266.08(6), RuÿC1 236.9(5), RuÿC2
212.5(4), RuÿC3 216.2(4), RuÿC4 213.0(4), RuÿC5 238.0(4), RuÿC6
216.0(4), RuÿC7 216.5(5), RuÿC8 216.8(4), RuÿC9 220.7(4), RuÿC10
220.5(4); plane(C1-C5)-plane(C1C2'C3'C4'C5) 127.5(3), plane (Cp)-plane
(Cp') 99.2(5), plane(C1-C5)-plane(Cp) 14.0(4).


of the h4 :h4-bound cot ligand, there is an evident correlation
between the interplanar angle of the two h5-C5 planes of the
cot ligand and its energy barrier of rotation. The rota-
tional barrier drops in the order of increasing inter-
planar angle: [(CpV)2m-cot] (123.88)[19]> [(CpRu)2m-cot]2�


(127.58)> [(CpCr)2m-cot] (131.28),[19] [Cr2(cot)3] (1328),[25]


[(CpFe)(CpCo)m-cot]� (1388).[3]


A typical feature of the h5:h5 bonding mode is the distinct
elongation of the CÿC bonds attached to the m-carbon atoms,
with respect to the other carbonÿcarbon bond lengths of the
cot ligand. Hence, the bonding of the two bridging carbon
atoms C1 and C5 of [3 a]2� is most simply described by the two
resonance forms, A and B. Compound [3 a]2� is composed of


two bent sandwich complexes fused by two bridging carbon
atoms of the C5H5 subunit of the cot ligand and by a RuÿRu
single bond which provides an 18 ve configuration for a Ru
atom in each resonance form (Scheme 5).


Scheme 5. Resonance forms of [3a]2�


The classification of a RuÿRu single bond in [3 a]2� is not
only justified by the short RuÿRu distance of 266 pm, but also
agrees with the concept of the qualitative MO picture
sketched for the direct metal ± metal interaction in elec-
tron-deficient complexes of the general composition
[(CpM)(CpM')m-(h5:h5-cot)] (M, M'�V, Cr).[2d] The individ-
ual frontier orbitals of the two CpMC5H5 sandwich units in
[(CpM)(CpM')m-(h5:h5-cot)], which must be considered for a
direct intermetallic contact, are derived from MOs of bent
metallocenes.[26] The metal-based frontier orbitals are 1a1ÿ, b2ÿ


and 2 a1 and their combination gives rise to s-, p- and d-type
orbitals. For M�M'�V, these orbitals are doubly occupied,
albeit the d bond is very weak, which brings about a thermal
population of the d* orbital resulting in a singlet ± triplet
equilibrium (Figure 9).[2d] The 30 ve complex [(CpCr)2m-cot]


Figure 9. Population of the s-, p- and d-type orbitals in [(CpM)(CpM')m-
(h5:h5-cot)]n (n�ÿ1, 0, �1, �2) which are responsible for the direct
metal ± metal interaction (compare Ref. [2d], Cp ligands in the formulae
are omitted for clarity).


is purely diamagnetic with the population of s2 p2 d2 d*2,
which represents a formal CrÿCr double bond. In the 32 ve
complex [3 a]2� the p*orbital is additionally filled, which leads
to a metal ± metal single bond. In this series a corresponding
34 ve complex would be expected to have a doubly occupied
s* orbital and would not have a metal ± metal bond. This case
is avoided by the Ru2 entity, as seen above, and a h4:h4
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coordination mode is adopted, which again results in a RuÿRu
single bond.


Interestingly, the behavior of metal centers kept in close
proximity to maintain a metal ± metal bond was reported for
synfacially coordinated [(CpRh)2m-cot]:[4a] the cot ligand was
then bound in a h3 :h3 fashion, which left one double bond of
the cot free and the RhÿRh distance was 268.9(1) pm, very
similar to the RuÿRu bond length in [3 a]2�, which is a strong
indication for a metal ± metal single bond. An alternative
coordination mode would have been a synfacial h4 :h4 cot
linkage without a RhÿRh bond, which is apparently not
formed.


However, a synfacial h5 :h5 coordination mode without a
metal ± metal bond was observed in the heterodinuclear 34 ve
cation [(CpFe)(CpCo)m-cot)]� , in which a FeÿCo single bond
can be excluded in view of the long FeÿCo distance
(>286 pm).[3] It is reasonable to assume that direct FeÿCo
bond formation is unfavorable because the metal orbitals
which are responsible for the direct intermetallic communi-
cation will be too different in energy for formal FeII and CoIII


centers. EPR studies of heterodinuclear m-cot complexes
substantiate this assumption. In the case of paramagnetic
heterodinuclear m-cot complexes, a predominant localization
of unpaired electrons on one metal center is recognized,
whereas delocalization occurs in homodinuclear congeners.[2a±d]


Furthermore, the EPR results of the 29, 31[2d] and 33 ve
species corroborate this qualitative MO picture: the large
metal hyperfine coupling constants, the distinct deviation of
the isotropic g value from ge� 2.0023 (g value of the free
electron) and the pronounced g anisotropy in magnetically
diluted solid-state spectra confirm the metal-centered nature
of the unpaired electron. The latter, in particular, is true for
[3 a]� , which has been shown to be a mixed-valent class III
compound.


With the synthesis of the new synfacial diruthenium
complexes [3 a]� and [3 a]2�, the series of m-(h5 :h5)-cot com-
plexes of the general type [(CpM)(CpM')m-(h5 :h5-cot)]n�


(n�ÿ1, 0, �1, �2) is completed in the range 28 to 34 ve,
for which a concise although qualitative MO concept with
respect to the metal ± metal bond could be developed.[24]


Conclusions


Synfacially coordinated m-cot diruthenium complexes can be
synthesized straightforwardly from [CpRu(1,2,3-h :6,7-h-
C8H9)] and [(C5R5)Ru(MeCN)3]PF6 (R�H, Me) as the
starting materials. At first the cationic m-hydrido complexes
[(CpRu){(C5R5)Ru}(m-H)(m-cot)]PF6 (R�H: 2 a ; R�Me:
2 b) are formed, then deprotonation affords the desired
synfacial isomers (3 a, 3 b) of the known antifacial species
[(CpRu)2m-cot].[4a, 4b] Complexes 3 a and 3 b undergo two
electrochemically reversible one-electron oxidations at am-
bient temperature, whereas the antifacial isomer is subjected
to an electochemically irreversible two-electron oxidation
involving the cleavage of a CÿC bond in the cot ligand.[4b]


The oxidation of 3 a reveals a change in hapticity of the cot
ligand as shown by X-ray structure analysis: in 2 a and 3 a, the
cot ligand is bound in a h4:h4 fashion and transforms to a h5:h5


bonding mode upon oxidation of 3 a. Simultaneously, the
RuÿRu distance decreases continuously from 307.8 pm in the
m-hydrido complex 2 a to 266 pm in [3 a]2�. Interestingly,
despite the same formal RuÿRu bond order of one in 3 a as
well as in [3 a]2�, the metal ± metal bond length of the latter is
about 30 pm shorter than in 3 a. This example highlights the
importance of the oxidation state of the metal centers for the
metal ± metal bond length variance with respect to a particular
bond order.


The present study and a comparison of structural results of
other synfacially coordinated dinuclear m-cot complexes offer
an explanation for the change of the hapticity of the m-cot
moiety, which appears to be correlated to the metal ± metal
distance: in [{Mn2(CO)6}m-cot],[27] [{Ru2(CO)5}m-cot],[18]


[(CpRu)2(m-H)(m-cot)]� and [(CpRu)2m-cot] which contain
intermetallic distances of more than 290 pm, a h4 :h4 bonding
mode is found, whereas in [{Fe2(CO)5}m-cot],[28] [(CpRu)2m-
cot]n� (n� 1, 2), [(CpFe)(CpCo)m-cot]� ,[3] [(CpM)2m-cot]
(M�V, Cr)[19] in which the metal ± metal distance is less than
290 pm, all have the cot entity bound in a h5 :h5 fashion.


Another remarkable feature of the synfacially constructed
dinuclear m-cot complexes is the urge of homometal com-
plexes to form metal ± metal bonds, whereas heterometal
complexes tend to avoid metal ± metal bonds if the electronic
requirement can be sufficiently fulfilled by structural rear-
rangements, as can be seen for [(CpRu)2m-(h5 :h5-cot)]2� and
[(CpRu)2m-(h4 :h4-cot)] as well as for [(CpRh)2m-(h4:h4-cot)]2�


and [(CpRh)2m-(h3:h3-cot)].[4a] The cationic complex
[(CpFe)(CpCo)m-(h5:h5-cot)]� is electronically isovalent to
[(CpRu)2m-(h4 :h4-cot)], but has a different cot bonding mode
and shows no indication of a metal ± metal bond. If a FeÿCo
bond is formed, a h4 :h4 bonding mode of the cot ligand would
be required by electron bookkeeping in this complex.


The difference in intermetallic communication of homo-
and heterodinuclear m-cot complexes is also manifested in
spectroscopic results, namely EPR spectroscopy of congeners
with an odd numer of electrons. Paramagnetic homodinuclear
species, even on the UV/Vis time scale reveal complete
delocalization, whereas heterodinuclear complexes show
predominant localization of the unpaired electron on one
metal center.


The bonding in 2 a and 3 a can be described as the fusion of
two ruthenocenes, where a Ru center of a metallocene unit
takes the place of a carbon atom of one Cp ligand from the
other metallocene. The metal ± metal interaction in [3 a]2� and
[3 a]� is interpreted as follows: in accordance with other
dinuclear m-(h5:h5-cot) complexes,[2d] the proposed population
of the orbitals responsible for metal ± metal interaction in
[3 a]2� and [3 a]� is s2 p2 d2 d2 p*2 and s2 p2 d2 d*2 p*2 s*1 (see
Figure 9), respectively, which results in a RuÿRu single bond
in [3 a]2� and a semi-occupied s* type MO in [3 a]� .


Experimental Section


Manipulations were carried out under a N2 atmosphere and solvents were
saturated with N2. THF, Et2O, DME, hexane, and toluene were freshly
distilled from the appropriate alkali metal or metal alloy; MeNO2 was dried
over CaH2 and distilled under N2. NMR: Bruker AM 360; UV/Vis: Perkin-
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Elmer Model 554; IR: nujol null, KBr cells, FT-IR 1720X (Perkin Elmer);
EI-MS: 70 eV, Finnigan MAT 311 A; elemental analysis: Heraeus CHN-O-
Rapid, Institut für Anorganische und Angewandte Chemie, Universität
Hamburg. Complexes [CpRu(h6-cot)]PF6, [CpRu(MeCN)3]PF6, and
[Cp*Ru(MeCN)3]PF6 were synthesized by literature methods.[7a, 7b]


(1,2,3-h :6,7-h-Cyclooctatrienyl)(h5-cyclopentadienyl)ruthenium (1): Li-
[BEt3H] (4.97 mL; 1.0m in THF) was added to a cooled (220 K), stirred
suspension of [CpRu(h6-cot)]PF6 (2.06 g, 4.95 mmol) in THF (50 mL). The
mixture was allowed to warm to room temperature. After stirring for 1h,
the reaction mixture was evaporated to dryness, the residue was extracted
with hexane, and the hexane solution was filtered through kieselgel. The
solvent was removed and the yellow oily residue thoroughly dried in
vacuum. Yield: 1.34 g (99 %). IR (Nujol, KBr): nÄ � 1645 cmÿ1 (C�C).
1H NMR (360 MHz, C6D6, rel. TMS, 297 K): d� 4.40 (s, 5 H, Cp), 2.65 (m,
1H, 1-H), 3.96 (dd, 3J1,2� 7.5 Hz, 3J2,3� 2.1 Hz, 1H, 2-H), 5.46 (dd, 3J3,4�
6.1 Hz, 1 H, 3-H), 5.54 (dd, 3J4,5� 3.2 Hz, 1H, 4-H), 4.57 (dd, 3J5,6� 7.5 Hz,
1H, 5-H), 3.18 (dd, 3J6,7� 7.5 Hz, 1H, 6-H), 3.33 (m, 1H, 7-H), 2.87 (m, 2H,
8endo-H, 8exo-H); 13C{1H} NMR (50 MHz, C6D6, rel. TMS, 297 K): d� 79.6
(Cp), 12.4 (C-1), 66.8 (C-2), 135.0 (C-3), 132.3 (C-4), 63.4 (C-5), 74.2 (C-6),
21.7 (C-7), 22.6 (C-8). EI-MS: m/z (%): 271 (93) [M�ÿH]; C13H14Ru: calcd
C 57.55, H 5.20; found C 57.57, H 5.30.


[{m-(1,2,3,4-h :5,6,7,8-h)Cyclooctatetraene}bis(h5-cyclopentadienyl)(m-hy-
drido)diruthenium] hexafluorophosphate (2 a): Solid [(C5H5)Ru-
(MeCN)3]PF6 (2.00 g, 4.61 mmol) was added to a solution of 1 (134 g,
4.95 mmol) in CH2Cl2 (80 mL). After stirring for 4 h, the red reaction
mixture was filtered to afford 2 a as an orange-red crystalline material.
Additional product was obtained by dilution of the filtrate with Et2O.
Yield: 1.99 g (98 %). IR (Nujol): nÄ � 3122 w, 3064 w, 1598 m, 1426 w, 1407 m,
1012 m, 958 m, 854 s (PF6), 740 m, 558 s cmÿ1; EI-MS: m/z (%): 435 (0.5)
[M�ÿPF6], 271 (10) [RuCpC8H8


�], 232 (100) [RuCp2
�], 167 (44) [RuCp�];


C18H19F6PRu2: calcd C 37.12, H 3.29; found C 36.49, H 3.40.


[{m-(1,2,3,4-h :5,6,7,8-h)Cyclooctatetraene}(h5-pentamethylcyclopentadie-
nyl)(h5-cyclopentadienyl)(m-hydrido)diruthenium] hexafluorophosphate
(2b): The reaction was carried out as for 2a : 1 (0.254 g, 0.94 mmol),
CH2Cl2 (15 mL), [Cp*Ru(MeCN)3]PF6 (448 mg, 0.89 mmol). Yield: 398 mg
(69 %) of 2 b. MS (FABS): 508 (100) [MÿPF6]; EI-MS: m/z (%): 302 (100)
[RuCpCp*�], 287 (88) [RuCpC5Me4


�], 271 (20) [RuCpC8H8
�], 232 (60)


[Ru Cp2
�], 169 (100) [RuCp�]; C23H29F6PRu2: calcd C 42.33, H 4.48; found


C 41.26, H 4.43.


[m-(1,2,3,4-h :5,6,7,8-h)Cyclooctatetraene)]bis(h5-cyclopentadienyl)diru-
thenium (Ru ± Ru) (3a): A solution of LDA (0.45 mL, 2 M) in THF/
heptane/ethylbenzene (Merck) was slowly added to a suspension of 2a
(262 mg, 0.45 mmol) in THF (40 mL). After 2 h, the reaction suspension
was evaporated to dryness, the residue extracted with toluene, and the
orange-colored toluene solution was filtered through kieselgel. The solvent
was removed in vacuo and the residue dissolved in hexane . After cooling
the mixture (ÿ40 8C), 3a precipitated as a red crystalline material. Yield:
190 mg (97 %). C18H18Ru2: calcd C 49.53, H 4.16; found C 49.10, H 5.01.


[m-(1,2,3,4-h :5,6,7,8-h)Cyclooctatetraene](h5-pentamethylcyclopentadie-
nyl)(h5-cyclopentadienyl)diruthenium (Ru ± Ru) (3 b): The reaction was
carried out as for 3a : 2 b (239 mg, 0.37 mmol), THF (35 mL), LDA solution
(0.37 mL, 0.74 mmol). Yield: 154 mg (81 %). C23H28Ru2: calcd C 54.53, H
5.57; found C 55.20, H 6.01.


[{m-(1,2,3,4,5-h :1,5,6,7,8-h)Cyclooctatetraene}bis(h5-cyclopentadienyl)dir-
uthenium]hexafluorophosphate (Ru ± Ru) ([3 a]PF6): Solid [FeCp2]PF6


(353 mg, 1.07 mmol) was added to a solution of 3a (491 mg, 1.125 mmol)
in CH2Cl2 (20 mL) and the reaction mixture was stirred for 1h. After
filtration, the reaction solution was evaporated to dryness, the residue
washed several times with Et2O, and dissolved in CH2Cl2. The green-brown
CH2Cl2 solution was carefully layered with the same volume of Et2O. After
complete diffusion [3a]PF6 was collected as a dark red-brown crystalline
material. Yield: 432 mg (66 %). C18H18F6PRu2: calcd C 37.18, H 3.12; found
C 36.34, H 3.20.


[{m-(1,2,3,4,5-h :1,5,6,7,8-h)Cyclooctatetraene}bis(h5-cyclopentadienyl)dir-
uthenium] bis(hexafluorophosphate) (Ru ± Ru) ([3a](PF6)2): The reaction
was carried out as for [3a]PF6: 3a (1 g, 2.3 mmol), CH2Cl2 (80 mL),
[FeCp2]PF6 (1.52 g, 4.6 mmol) were dissolved in CH2Cl2 (100 mL). The
green precipitate was collected and washed several times with CH2Cl2 until
the filtrate was colorless. The dried residue was dissolved in a minimum
amount of MeNO2 and the product [3a](PF6)2 was precipitated by the


addition of CH2Cl2. Yield: 722 mg (56 %). C18H18F12P2Ru2: calcd C 29.76, H
2.50, F 31.38, P 8.53; found C 27.08, H 2.61, F 29.10, P 7.75. [3 a](PF6)2


decomposes slowly in solution and in the solid state, which is partially
responsible for the unsatisfactory elemental analysis. The formation of
[CpRu(h6-cot)]� could be observed as a decomposition product by 1H NMR
spectroscopy.


Cyclic voltammetry: An Amel System 5000 was used. The measurements
were performed in DME with 0.4m [N(nBu)4]ClO4 as supporting electro-
lyte, about 10ÿ3m solutions of 3a and 3 b, a Pt wire as working electrode and
a Pt plate (0.6 cm2) as auxiliary electrode. The potentials are measured
against Ag/Ag� and referenced against E1/2([FeCp2]/[FeCp2]�)� 0 V. The
difference of the peak potentials was considerably larger than theoretically
calculated, due to the solvent DME. Ferrocene and 3 a, 3b show
comparably large differences of the peak potentials.


EPR spectroscopy : The EPR spectra of [3 a]� were obtained from oxygen-
free CHCl3:DMF (1:1) solutions at 100 K, and were recorded on a Bruker
ESP 300e, X-band spectrometer. The calculations of the spectrum in
Figure 2 were performed with the computer program Simfonia (Bruker).
The fit parameters are: A1 (99Ru, 101Ru)� 12 G, A3 (99Ru, 101Ru)� 3.5,
W1� 14 G, W2� 16 G, W3� 9 (W� line width), g1� 2.3217, g2� 2.16415,
g3� 1.9818. Additionally, the contribution of 99Ru and 101Ru were taken
into account with twice the natural abundance, leading to the relative
proportions in the spectra of dinuclear complexes of 0.494 (I(Ru)� 0),
0.418 (I(Ru)� 1� 5�2), 0.088 (I(Ru)� 2� 5�2).


X-Ray structure analysis : Crystals of 2a suitable for X-ray structure
analysis were obtained by slow diffusion of Et2O from the gas phase into a
CH2Cl2 solution of 2a. The same procedure was applied to obtain crystals
of [3 a]PF6. Crystals of 3a were obtained from hexane solution upon
cooling. Crystals of [3a]2� precipitated after slow diffusion of a CH2Cl2


layer into a MeNO2 solution of [3 a](PF6)2. However, the only useable
crystals for X-ray structure analysis were composed of a mixed BF4/PF6 salt.
Apparently, the BF4 anions must still have been present, perhaps as a BF4


ÿ


impurity in the oxidant [FcCp2]PF6. Several attempts to prepare suitable
crystals of the composition [3 a](PF6)2 from pure 3 a and [FeCp2]PF6 failed.
Only a microcrystalline green material was isolated. Crystallographic data
for 2 a, 3a, [3a]PF6, [3a](BF4)(PF6) are given in Table 3.


Further details of the crystal structure investigation(s) can be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-
poldshafen, Germany (fax: (�49) 7247-808-666; e-mail : crysdata@fiz-
karlsruhe.de), on quoting the depository number CSD-410120 (2 a), CSD-
410187 (3 a), CSD-410121 ([3a]PF6), CSD-410122 [3a](BF4)(PF6).
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Table 3. Crystallographic data for 2 a, 3 a, [3 a]PF6, and [3a](BF4)(PF6).


Compound 2a 3a [3 a]PF6 [3a](BF4)(PF6)


formula C18H19F6PRu2 C18H18Ru2 C18H18F6PRu2
1�3 CH2Cl2


C18H18BF10PRu2


mol. mass 582.44 436.46 609.74 668.24
crystal size [mm] 0.37� 0.29� 0.21 0.4� 0.1 �0.04 0.31� 0.26� 0.17 0.31� 0.26� 0.17
T [K] 120(2) 173(2) 298(2) 298(2)
space group Cmcm P1Å C2/c Pnma
a [pm] 1091.0(3) 766.9(2) 2558.2(11) 1368.16(2)
b [pm] 1403.0(6) 948.5(3) 1717.7(6) 1041.170(10)
c [pm] 1199.3(3) 1163.5(4) 1571.1(8) 1456.94(2)
a [8] 90 68.68(2) 90 90
b [8] 90 74.30(2) 120.19(2) 90
g [8] 90 66.35(2) 90 90
V [�106 pm3] 1835.7(10) 714.4(4) 5967(4) 2075.39(5)
Z (no. fomula units) 4 2 12 4
1calcd [g cmÿ3] 2.108 2.029 2.036 2.139
no.collected intensities 3244 4138 14296 11495
no.unique intensities 1460 3274 6887 2693
no.observed intensities[a] 1371 2836 5402 1883
2V range [8] 60.0 55.1 56.6 56.86
m [mmÿ1] 1.791 2.029 1.744 2.139
min/max transmission 0.478/0.739[b] [c] 0.66/1.00[d] 0.648/1.000[d]


Rmerg before/after corr. 0.0699/0.0279 [e] 0.0405/0.0187 0.0482/0.0298
Rmerg (all data) 0.027 0.021 0.020 0.037
R1 (obs. Data) 0.0198 0.0287 0.0468 0.0491
wR2 (all data) 0.0488 0.0755 0.1286 0.1549
GOF (F2, all data) 1.077 1.053 1.005 1.020
residual electron density [e pmÿ9] 0.41 1.38 2.38 2.48
no. of parameters 77 181 409 179
refinement comments [f,g] [h] [f,g,i] [f,g,j]


diffractometer[k] Nicolet R3 Hilger&Watts Siemens SMART[l] Siemens SMART[l]


[a] Observation criterion I> 2s(I). [b] Empirical absorption correction based on psi-scans, XEMP (Vers. 4.2) program in SHELXTL package. [c] Not
performed. [d] Empirical absorption correction based on equivalent reflections, Siemens-SADABS program. [e] Not determined. [f] SHELXTL (Vers. 5.03)
program package used for structure solving with direct methods and refinement on F 2. [g] Hydrogen atoms were located from difference Fourier analyses
and were treated as riding groups with free isotropic U values for [2a]PF6, H(6) was refined without constraints; the other hydrogen atoms were positioned at
calculated sites and refined as riding groups with the 1.2-fold of the corresponding C atoms. [h] SHELXS 86 program package used for structure solving and
SHELXL 93 used for structural refinement. [i] 1.5 Molecules in the asymmetric unit, the CH2Cl2 molecule was found disordered. [j] Both, the PF6 and BF4


groups are disordered and were refined with constraints to their relative distances. [k] Equiped with graphite monochromized MoKa radiation. [l] Detector
distance 4.457 cm; the standard deviations calculated by the program for the cell dimensions are probably too small and should be multiplied by a factor of
2 ± 10.
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Chemoenzymatic Synthesis of Nucleopeptides


Stefanie Flohr, Volker Jungmann, and Herbert Waldmann*[a]


Abstract: Nucleoproteins, in which the
hydroxy group of a serine, a threonine,
or a tyrosine, is linked through a phos-
phodiester group to the 3'- or 5'-end of
DNA or RNA, play decisive roles in
important biological processes. They
may even have a major part in the
process of viral replication by nucleo-
protein-primed elongation of the oligo-
nucleotide strand. For the study of the
biological phenomena, in which nucleo-
proteins are involved, nucleopeptides
with the characteristic linkage between
the peptide chain and the oligonucleo-
tide of their parent nucleoproteins may
serve as powerful tools. However, the
synthesis of these compounds is compli-
cated by their pronounced acid- and
base-lability, as well as their multifunc-
tionality. As a result, protecting groups,
which can be removed under the mildest
conditions, are required. For the con-
struction of such peptide conjugates


using a flexible building block strategy,
a combination of enzyme-labile and
chemical protecting groups was devel-
oped. The C-terminal blocking function
can be removed selectively from fully
protected nucleoamino acid methyl,
2-methoxyethyl (ME), and methoxy-
ethoxyethyl (MEE) esters by saponifi-
cation of the esters. After elongation of
the peptide chain with amino acid or
peptide methyl, ME, MEE, and choline
esters, the C-terminal ester blocking
group can again be removed easily. The
methyl, ME, and MEE esters are
cleaved off with lipase, and the choline
ester group is selectively attacked by
butyrylcholine esterase. The nucleoami-
no acids and peptides formed may be


fully deprotected. To this end, the en-
zyme-labile N-phenylacetyl (PhAc)
group, which was employed to mask
the amino functions of the nucleobases,
was removed. The O-acetate in the
deoxyribose was saponified, and the
allyl protecting groups present were
cleaved by Pd0-mediated allyl transfer.
By combination of these techniques, a
nucleopeptide was produced, which rep-
resents the characteristic linkage region
of the nucleoprotein of adenovions 2.
The conditions, under which the enzy-
matic deprotections proceed, are so mild
that no undesired side reaction is ob-
served, that is no depurination or b


elimination of the nucleosides occurs. In
addition, the specificity of the biocata-
lysts ensures that the peptide bonds and
the other protecting groups present are
not attacked either.


Keywords: bioorganic chemistry ´
enzyme catalysis ´ nucleopeptides ´
nucleotides ´ protecting groups


Introduction


Nucleoproteins are naturally occurring biopolymers, in which
the hydroxy group of a serine, a threonine, or a tyrosine is
linked, through a phosphodiester group to the 3'- or 5'-end of
DNA or RNA.[1] They play decisive roles in important
biological processes, for example, DNA topoisomerases and
DNA gyrases employ nucleopeptide bonds while carrying out
their biological functions,[2] and the DNA is bound to the
nuclear matrix as a nucleoprotein.[1] Particularly important is
the finding that these protein conjugates may hold a central
position in the process of viral replication. For instance, the
single-stranded RNA of the polio virus and the double-
stranded DNA of the Bacillus subtilis phage F 29 and
hepatitis B virus are nucleoproteins.[3] The replication of these


organisms starts with the covalent attachment of a nucleotide
to a protein primer, the �terminal protein�, and then proceeds
by elongation of the oligonucleotide strand (Scheme 1).[3]


For the study of the biological processes in which nucleo-
proteins are involved, nucleopeptides with the characteristic
linkage between the peptide chain and the oligonucleotide of
their parent nucleoproteins may serve as powerful tools. In
particular, the possibility of describing the mechanism of viral
replication in detail and the possible development of a new
class of antiviral agents based thereupon (for example, against
hepatitis B virus) call for the development of efficient
methods for the construction of these peptide conjugates.
However, the synthesis of nucleopeptides poses two major
challenges (Scheme 2):
1) The multifunctionality of the peptide ± nucleotide conju-


gates requires the application of a variety of orthogonally
stable amino, carboxy, phosphate, and hydroxy blocking
groups.


2) Fully protected serine/threonine nucleopeptides are acid-
labile (under acidic conditions the purine nucleotides may
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Scheme 1. Priming of viral replication by a nucleoprotein. TP: terminal
protein, dNTP: deoxyribonucleotide triphosphate.


be depurinated),[4] and base-labile (under basic condi-
tions, that is at pH � 8, the entire oligonucleotide part
may be split off by b elimination) (Scheme 2).
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Scheme 2. Acid- and base-lability of nucleopeptides. B� adenine, cyto-
sine, guanine, thymine.


Consequently, in nucleopeptide chemistry not only a
variety of orthogonally stable blocking functions is needed,
but also they all must be removable selectively under mild,
preferably neutral conditions. In the light of these seemingly
contradictory demands, it is not surprising that only a few
reports on the successful construction of nucleopeptides have
appeared.[5, 6] In the most successful of these investigations,
either an oligonucleotide is built up first, which is then
coupled with an activated peptide, or alternatively, an


oligopeptide is synthesized, and in a subsequent series of
reactions the oligonucleotide chain is constructed at the
peptide backbone. We reasoned that for the development of a
highly flexible and efficient strategy for nucleopeptide syn-
thesis, the use of nucleoamino acid building blocks, which can
be selectively deprotected at their amino acid or nucleotide
part, would be particularly advantageous. Such building
blocks would have to have several orthogonally stable block-
ing groups, which on the one hand must tolerate the
conditions of peptide and nucleotide synthesis, and on the
other hand must be removable selectively and without
attacking the peptide oligonucleotide linkage. Thus, the
reaction takes place under the mildest conditions.


Enzymatic protecting group techniques[7] offer viable
alternatives to classical chemical methods. As a result of the
mild conditions under which they can be split off (pH 6 ± 8,
room temperature), enzyme-labile blocking functions have
served as efficient tools in the synthesis of lipo-,[8] glyco-,[9] and
phosphopeptides.[10] This paper presents an investigation into
the use of enzyme-labile protecting groups and their use as the
key method for the construction of complex nucleopepti-
des.[11]


Results and Discussion


In order to develop a general building block strategy for
nucleopeptide synthesis, the nucleoamino acids 8 were built
up (Schemes 3 and 4). To this end, the exocyclic amino groups
of the nucleosides 1 were masked with the enzyme-labile
phenylacetamido (PhAc) protecting group[12] by silylation,
followed by treatment of the resulting persilylated intermedi-
ate with phenylacetyl chloride and HOBt. The N-protected
nucleosides (2) obtained were then converted into the 5'-
dimethoxytrityl (DMTr) ethers[13] 3, and the 3'-OH groups
were masked as acetates.
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Scheme 3. Synthesis of selectively protected nucleosides 5. a : B� adenine;
b : B� cytosine.
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The DMTr group was selectively removed from the fully
deprotected nucleotides 4 by treatment with ZnBr2.[14] The
selectively unmasked nucleosides 5 were then coupled with
serine and threonine derived phosphoramidites 7 in the
presence of tetrazole, and this reaction yielded, after subse-
quent oxidation with tert-butylhydroperoxide, fully masked
nucleoamino acids 8 (Scheme 4). The amino acid derived
phosphoramidites 7 were built up from the N-protected amino
acid esters 6, according to the method developed by Bann-
warth et al.[15] By analogy, serine methyl ester 9 was converted
into the phosphorylated serine derivative 10, which is of
interest as an intermediate for the chemoenzymatic synthesis
of phosphopeptides.
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Scheme 4. Synthesis of the fully protected nucleoamino acids 8.


In order to determine if the nucleoamino acid derivatives 8
are viable building blocks for nucleopeptide synthesis, the
orthogonal stability of the blocking groups present was
investigated. Both the C-terminal methyl (Me)[16] and the
methoxyethoxylethyl (MEE)[17] ester protecting groups can
be selectively removed from the amino acid esters 8 and 10 by
treatment with lipase from Aspergillus niger at pH 7 and
37 8C. However, much better results were obtained if the
protease papain from Carica papaya was used at pH 6.6 and
37 8C (Scheme 5, Table 1). The lipase only accepts the serine
derivatives as substrates, and the threonine esters are not
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Scheme 5. Selective C-terminal deprotection of the nucleoamino acids 8
and the phosphoamino acids 10 by enzymatic ester hydrolysis.


attacked. This observation is in line with findings that lipases
can not or can only just accommodate substrates in their
active sites, which have a branching point in b position to the
ester C�O group.[18] Papain does not have this disadvantage,
transformations proceed smoothly, yielding the desired selec-
tively unmasked nucleoamino acids 11 and the phosphoamino
acid 12 in much higher yield (Table 1). The conditions of the
enzymatic transformations are so mild that no undesired side
reaction is observed; the acid-labile purine nucleosides
remain intact, and a b elimination of the nucleotide, which
readily occurs under weakly basic conditions (vide supra),
does not occur. The protease tolerates the presence of both
purine and pyrimidine bases and does not attack the PhAc
group, the acetate, and the phosphate at all.


In order to demonstrate the orthogonal stability of the
enzyme-labile ester groups to the other blocking functions
present, the phenylacetamide, the O-acetate, and the allyl-
type protecting groups were removed selectively from the
nucleoamino acid 8 c (Scheme 6). Thus, upon treatment of 8 c
with penicillin G acylase from E. coli[12] under neutral
conditions, the corresponding amine was liberated smoothly
and in high yield. The partially deblocked nucleoamino acid
derivative 13 obtained may, for instance, serve as a versatile
intermediate for the construction of artificial nucleopeptide
analogues carrying, for example, a fluorescent label.[19] The
acetate blocking group in the 3'-position was cleaved off by


Table 1. C-terminal deprotection of nucleoamino acids 8a ± e to the acids 11a ± c.


Deprotection with
Lipase from
Aspergillus niger
yield [%]


Deprotection with
Papain from
Carica papaya
yield [%]Entry No R' B R No.


1 8a H A Me 11a 35 96
2 8b H A MEE 11a 42 92
3 8c H C Me 11b 39 91
4 8d Me A Me 11c 0 70
5 8e Me A MEE 11c 0 51
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Scheme 6. Selective deprotection of the nucleoamino acid 8c by different
methods.


employing lipase from wheat germ as a biocatalyst
(Scheme 6).[20] The best results were obtained at pH 6.5 and
37 8C in the presence of 10 ± 20 vol % of ethylene glycol as
solubilizing cosolvent. In this process, the deoxyribose deriv-
ative is obtained, without the C-terminal methyl ester being
attacked. Thus, by appropriate choice of the lipase, nucleo-
amino acid derivatives like 8 c can be regioselectively
deprotected at the carbohydrate or the amino acid part of
the molecule. Finally, the N-terminal allyloxycarbonyl ure-
thane and the allyl phosphate present in 8 c were cleaved
chemoselectively by Pd0-mediated allyl transfer to an accept-
ing nucleophile. The nucleophile of choice in this case was
phenylsilane as recommended by GuibeÂ and Loffet et al.[21]


The use of formic acid/n-butylamine mixtures introduced by
Noyori et al. for the unmasking of oligonucleotides[22] was
found to be less efficient. In all these deprotection reactions,
the blocking groups were completely orthogonally stable to


each other, and a b elimination or hydrolysis of the N-
glycosidic bond could not be observed.


Further construction of nucleopeptides employing the
C-terminally deprotected building blocks 11 was then at-
tempted. The amino acid chain of the nucleoamino acids
could be elongated by condensing the carboxylic acids 11 with
N-terminally deblocked amino acid and dipeptide esters in
the presence of N-ethyl-N'-dimethylaminopropyl carbodii-
mide hydrochloride (EDC) and N-hydroxybenzotriazole
(HOBt). This reaction gave the fully protected nucleopep-
tides 16 in moderate to high yields (Scheme 7, Table 2). The


Scheme 7. Synthesis and selective enzymatic deprotection of the nucleo-
peptide methyl, ME, and MEE esters 16.


Table 2. Synthesis of the nucleopeptides 16 a ± i and selective C-terminal deprotection with lipase from Aspergillus niger to the acids 17 a ± e.


Coupling Deprotection
Entry B AA1 AA2 AA3 R No. yield [%] No yield [%]


1 C Ser Glu(OAll) - Me 16a 95 17a 78
2 C Ser Glu(OAll) - ME 16b 90 17a 89
3 C Ser Glu(OAll) - MEE 16c 62 17a 58
4 C Ser Phe - MEE 16d 75 17b 70
5 C Ser Val Phe MEE 16e 69 17c 59
6 C Ser Gly Asp(OAll) Me 16 f 60 17d 81
7 C Ser Gly Asp(OAll) ME 16g 56 17d 91
8 C Ser Gly Asp(OAll) MEE 16h 75 17d 70
9 A Thr Phe - MEE 16 i 71 17e 63
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methyl and MEE esters mentioned above, were again used as
C-terminal protecting groups. The use of methoxyethyl (ME)
esters was found to work best, as this ester group is more polar
than the methyl ester and therefore has already pronounced
solubility enhancing properties. However, this group is not
quite as hydrophilic as the MEE ester, so the nucleopeptide
ME esters are easier to isolate than the corresponding MEE
esters. Furthermore, through the series methyl to the ME, and
finally the MEE ester, the size and the polarity of the enzyme-
labile protecting group increase. By varying this part of the
substrates, their properties may be finely adjusted to the steric
and electronic requirements of the active site of the particular
biocatalyst used in the deprotection. The protease papain was
not used for the removal of the C-terminal protecting group
from the nucleopeptide esters 16, since in the presence of this
enzyme an undesired attack on the peptide bonds was feared.
However, if the peptide conjugates 16 are treated with lipase
from Aspergillus niger, the C-terminally deprotected nucleo-
peptides 17 are obtained without any undesired attack on the
peptide bonds (Scheme 7, Table 2). Once more the conditions
of the enzymatic reactions were so mild that no undesired side
reaction was observed, and, in addition, the substrate
specificity of the enzyme guaranteed that the allyl esters
present in 16 a ± c and 16 f ± h remained intact, too. The nature
of the alcohol blocking function has a marked influence on the
efficiency of the enzyme-mediated hydrolysis. Thus for 16 a,
16 b, and 16 c, which only differ in the nature of the C-terminal
protecting group, as well as for 16 f, 16 g, and 16 h, for which
the same is true, the highest yields were recorded for the
deblocking of the methoxyethyl (ME) esters (Table 2; com-
pare entries 1, 2, and 3 as well as entries 6, 7, and 8). All
selectively unmasked nucleopeptides 17 a ± 17 e were obtained
in high yields.


As an alternative to the methyl, ME, and MEE esters, the
choline ester protecting group[24] was investigated. This group
has already proven to be an advantageous enzyme-labile
blocking function in lipopeptide chemistry.[8] The charged
choline esters have pronounced solubility enhancing proper-
ties and should be particularly advantageous for enzymatic
transformations of hydrophobic substrates, which otherwise
would be only sparingly soluble in the aqueous media needed
for optimal performance of the biocatalysts. The amino acid
choline esters employed were synthesized according to
published procedures[24] , as shown in Scheme 8. Thus, Boc-
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Scheme 8. Synthesis of the amino acid choline esters 21.


protected amino acids 18 were converted into their 2-bro-
moethyl esters 19.


These were then treated with trimethylamine to give the
choline esters 20, from which the Boc group was cleaved off
by treatment with a solution of HBr in acetic acid, forming the
desired esters 21 in high yield. The choline esters 21 were then
coupled with the nucleoamino acid 11 a and the phosphoami-
no acid 12 in the presence of diisopropylcarbodiimide (DIC)
and N-hydroxy-azabenzotriazole (HOAt)[25] to give the nu-
cleopeptide choline esters 22 and the phosphopeptide 23 in
high yield (Scheme 9, Table 3). Butyrylcholine esterase
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Scheme 9. Synthesis and selective enzymatic deprotection of the nucleo-
peptide choline esters 22 and the phosphopeptide choline ester 23.


(9 units mgÿ1) was utilized for the enzymatic removal of the
protecting group. This enzyme was isolated from horse serum
by a combination of anion-exchange chromatography and
affinity chromatography on a procainamide column, accord-
ing to a published procedure.[26] Upon treatment of an
aqueous solution of the choline esters 22 and 23 (due to
solubilizing properties of the choline ester group, addition of
an organic cosolvent was unnecessary) with this enzyme at
pH 6.5, the C-terminal ester was cleaved off smoothly and
without any undesired side reaction. The selectively un-


Table 3. Synthesis of the nucleo- and phosphopeptide choline esters 22a ±
d, 23 and selective C-terminal deprotection with butyrylcholine esterase to
the acids 24 a ± d, 25 (AA� amino acid, A� 3'-Ac-dAPhac, P�PO(OAll)2).


Coupling Deprotection
Entry AA R no. yield [%] no. yield [%]


1 Ala A 22a 99 24 a 96
2 Leu A 22b 91 24 b 78
3 Phe A 22c 96 24 c 61
4 Tyr A 22d 65 24 d 86
5 Ala P 23 85 25 73
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masked nucleodipeptides 24 and the phosphodipeptide 25
were obtained in high yields. These results demonstrate that
the choline ester can also be employed advantageously for the
construction of nucleo- and phosphopeptides.


Finally, to prove that the combination of the enzyme-labile
and the classical chemical blocking functions also allows for
the synthesis of completely deprotected nucleopeptides, all
protecting groups were removed from the nucleotripeptide
17 d (Scheme 10). To this end, the phenylacetamido protecting


Scheme 10. Complete deprotection of the nucleopeptide 17 d.


function was removed from the nucleobase first, to provide
the modified peptide 26 in high yield. Next, the three allyl
blocking groups present in 26 were removed by Pd0-catalyzed
allyl transfer with phenylsilane as the accepting nucleophile.
The reaction yielded the nucleotripeptide 27. Finally, 27 was
deacetylated by treatment with hydrazine in methanol.[27] The
completely deprotected nucleopeptide 28 obtained by this
reaction sequence represents the characteristic linkage region
of the nucleoprotein of adenovirus 2.[28]


Conclusion


We have demonstrated that sensitive and multifunctional
nucleopeptides can be built up efficiently by means of a
flexible building block strategy. This strategy makes use of a
set of orthogonally stable enzyme-labile and classical chem-
ical protecting groups. In particular, the conditions of the
enzyme-mediated selective deprotection of the nucleopep-
tides are so mild that no undesired side reaction (that is b


elimination of the nucleotide or depurination) occurs. Fur-
thermore, no unwanted attack on the peptide bonds or the
other blocking groups present is observed either. The ready
accessibility and application of nucleopeptides may serve to
develop new reagents and tools for research at the interface
between chemistry and biology, that is in the study of viral
propagation.


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded on a
Bruker AC 250, AM 400, and DRX 500. Mass spectra were measured on a
Finnigan MAT MS 70 spectrometer. Analytical chromatography was
performed on E. Merck silica gel 60 F254 plates. Flash chromatography was
performed on Baker silica gel (40 ± 64 mm). Solvents were dried according
standard procedures. All reactions except the enzymatic transformations
were carried out under nitrogen. Penicillin G acylase was immobilized on
Eupergit C, lipase was purchased from Amano, papain from Fluka.


N-Phenylacetyl-2''-deoxynucleosides (2 a ± c): A solution of the nucleoside
1 (4 mmol) and TMSCl (3 mL, 25 mmol) in pyridine (20 mL) was stirred for
30 min at 0 8C, and a solution of HOBt (1.08 g, 8.0 mmol) and phenylacetyl
chloride (1.65 mL, 12 mmol) in a mixture of CH3CN (1.8 mL) and pyridine
(0.9 mL) was added. After 12 h, water (5 mL) and concentrated aqueous
NH3 (7.4 mL) were added, the solution was stirred for 10 min, concen-
trated, and the residue was taken up in hot acetone and filtered. The filtrate
was concentrated, and the crude oil was purified by chromatography on
silica gel (chloroform/ethanol 9:1).


6-N-Phenylacetyl-2''-deoxyadenosine (2a): Yield: 87%; white solid; m.p.
169 8C; Rf� 0.53 (ethyl acetate/methanol 2:1); 1H NMR (250 MHz,
[D6]DMSO): d� 10.97 (s, 1H), 8.68 (s, 1 H), 8.65 (s, 1 H), 7.40 ± 7.25 (m,
5H), 6.45 (t, J� 7 Hz, 1H), 5.35 (d, J� 5.1 Hz, 1H), 4.98 (t, J� 6.5 Hz, 1H),
4.44 (s, 1H), 3.71 (m, 3H, 4'H), 3.64 ± 3.43 (m, 2H), 2.82 ± 2.71 (m, 1H),
2.36 ± 2.32 (ddd, J2'a,3'� 3.8 Hz, J2'a,1'� 6.5 Hz, J2'a,2'b� 13.5 Hz, 1H); [a]20


D �
ÿ15.1 (c� 1, CHCl3); elemental analysis for C18H19N5O4(%): calcd C 58.53,
H 5.18, N 18.96; found C 58.49, H 5.14, N 18.83.


4-N-Phenylacetyl-2''-deoxycytidine (2b): Yield: 92 %; m.p. 75 8C; Rf� 0.57
(ethyl acetate/methanol 2:1); 1H NMR (250 MHz, [D6]DMSO): d� 8.34 (d,
J� 7.0 Hz, 1H), 7.94 (s, 1H), 7.35 ± 7.24 (m, 5 H), 7.19 (d, J� 7.0 Hz, 1H),
6.10 (t, J� 6.3 Hz, 1 H), 5.27 (d, J� 4.2 Hz, 1 H), 5.05 (t, J� 5.2 Hz, 1H),
4.22 ± 4.19 (m, 1H), 3.87 ± 3.84 (m, 1H), 3.73 (s, 2 H), 3.65 ± 3.53 (m, 2H),
2.29 (m, 1H), 2.01 (m, 1H); [a]20


D � 64.1 (c� 1, DMSO); elemental analysis
for C17H19N3O5(%): calcd C 59.12, H 5.55, N 12.17; found C 58.99, H 5.28, N
11.99.


2-N-Phenylacetyl-2''-deoxyguanosine (2 c): Yield: 89%; m.p. 165 8C (de-
comp); Rf� 0.42 (ethyl acetate/methanol 2:1); 1H NMR (250 MHz,
[D6]DMSO): d� 11.97 (s, 1H), 8.24 (s, 1H), 7.35 ± 7.25 (m, 5 H), 6.21 (t,
J� 7 Hz, 1 H), 5.31 (d, J� 3.9 Hz, 1H), 4.95 (t, J� 5.4 Hz, 1H), 4.37 (m,
1H), 3.84 (m, 1H), 3.80 (s, 2H), 3.54 ± 3.43 (m, 2 H), 2.56 (m, 1H), 2.27 (m,
1H); [a]20


D �ÿ5.1 (c� 1, DMSO); elemental analysis for C18H19N5O5: calcd
C 56.10, H 4.97, N 18.17; found C 55.95, H 5.00, N 18.00.


5''-O-Dimethoxytrityl-N-phenylacetyl-2''-deoxynucleosides (3a ± c): A sol-
ution of 2 (1 mmol) and DMTrCl (407 mg, 1.2 mmol) in pyridine (10 mL)
was stirred for 3 h at room temperature. A saturated solution of aqueous
NaHCO3 (30 mL) was added, and the mixture was extracted with CH2Cl2


(30 mL). The organic phase was dried over MgSO4 and concentrated. The
residual yellow foam was purified by chromatography on silica gel
(chloroform/ethanol 30:1).


5''-O-Dimethoxytrityl-6-N-phenylacetyl-2''-deoxyadenosine (3a): Yield:
98%; white foam; m.p. 97 8C; Rf� 0.66 (ethyl acetate/methanol 2:1);
1H NMR (500 MHz, CDCl3): d� 8.88 (s, 1H), 8.61 (s, 1 H), 8.10 (s, 1H),
7.37 ± 6.76 (m, 18 H), 6.43 (t, J� 6.4 Hz, 1H), 4.68 (m, 1H), 4.19 ± 4.14 (m,
3H, 4'H), 3.74 (s, 6 H), 3.39 (m, 2 H), 2.81 (m, 1H), 2.52 (m, 1 H) ); [a]20


D �
ÿ4.0 (c� 1, CHCl3); elemental analysis for C39H37N5O6: calcd C 69.73, H
5.55, N 10.43; found C 69.85, H 5.51, N 10.33.


5''-O-Dimethoxytrityl-4-N-phenylacetyl-2''-deoxycytidine (3b): Yield:
96%; white foam; m.p. 102 8C; Rf� 0.68 (ethyl acetate ± methanol 2:1);
1H NMR (250 MHz, CDCl3): d� 8.86 (s, 1 H), 8.22 (s, 1H), 7.40 ± 6.82 (m,
19H), 6.27 (t, J� 5.9 Hz, 1 H), 4.48 (m, 1H), 4.14 (m, 1H), 3.77 (s, 6 H), 3.74
(s, 2 H), 3.47 ± 3.37 (m, 2H), 2.77 (m, 1H), 2.19 (m, 1H); [a]20


D �ÿ33.4 (c�
1, CHCl3); elemental analysis for C38H37N3O7: calcd C 70.46, H 5.76, N 6.49;
found C 70.73, H 5.81, N 6.40.


5''-O-Dimethoxytrityl-2-N-phenylacetyl-2'-deoxyguanosine (3c): Yield:
93%; white foam; m.p. 118 8C; Rf� 0.61 (ethyl acetate ± methanol 2:1);
1H NMR (400 MHz, CDCl3): d� 12.20 (s, 1H), 10.69 (s, 1H), 7.79 (s, 1H),
7.34 ± 6.68 (m, 18H), 6.12 (t, J� 6.4 Hz, 1H), 4.57 (s, 1H), 4.14 (d, J�
2.7 Hz, 1 H), 3.71 (s, 2H), 3.65 (s, 6 H), 3.25 (m, 2H), 2.52 ± 2.43 (m, 1H),
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2.38 ± 2.36 (m, 1 H) ); [a]20
D �ÿ3.3 (c� 1, CHCl3); elemental analysis for


C39H37N5O7: calcd C 68.11, H 5.42, N 10.18; found C 68.13, H 5.40, N 10.10.


3''-O-Acetyl-5''-O-dimethoxytrityl-N-phenylacetyl-2''-deoxynucleosides
(4a, b): A solution of 3 (0.5 mmol) and acetic anhydride (0.26 mL,
2.5 mmol) in pyridine (8 mL) was stirred for 4 h. A sat. solution of aqueous
NaHCO3 (12 mL) was added, and the mixture was extracted with CHCl3


(20 mL). The organic phase was dried over MgSO4 and concentrated. The
residual foam was purified by chromatography on silica gel (chloroform ±
triethylamine 100:1).


3''-O-Acetyl-5''-O-dimethoxytrityl-6-N-phenylacetyl-2''-deoxyadenosine
(4a): Yield: 80 %; white foam; m.p. 58 8C; Rf� 0.22 (chloroform ± ethanol
20:1); 1H NMR (250 MHz, CDCl3): d� 8.72 (s, 1H), 8.65 (s, 1 H), 8.12 (s,
1H), 7.45 ± 7.15 (m, 14 H), 6.85 ± 6.72 (m, 4H), 6.47 (dd, J1',2'a� 5.2 Hz,
J1',2'b� 8.0 Hz, 1H), 5.51 (d, J� 6.2 Hz, 1H), 4.33 ± 4.25 (m, 1H), 4.20 (s,
2H), 3.75 (s, 6H), 3.50 ± 3.37 (m, 2H), 2.87 ± 3.03 (m, 1 H), 2.56 ± 2.68 (m,
1H), 2.12 (s, 3 H); [a]20


D � 5.4 (c� 0.5, CHCl3); MS EI: m/z : 713.3 ([M])
(calcd for C41H39N5O7 713.3); elemental analysis for sesquihydrate: calcd C
66.47, H 5.71, N 9.45; found C 66.21, H 5.68, N 9.34.


3''-O-Acetyl-5''-O-dimethoxytrityl-4-N-phenylacetyl-2''-deoxycytidine (4b):
Yield: 84 %; white foam; m.p. 95 8C; Rf� 0.75 (chloroform/ethanol 9:1);
1H NMR (500 MHz, CDCl3): d� 8.13 (s, 1H), 8.07 (d, J� 7.6 Hz, 1H),
7.38 ± 7.21 (m, 14H), 7.16 (d, J� 7.6 Hz, 1 H), 6.85 ± 6.81 (m, 4 H), 6.25 (t, J�
5.9 Hz, 1H), 5.35 (m, 1 H), 4.22 (m, 1 H), 3.78 (s, 6 H), 3.74 (s, 2 H), 3.46 ±
3.40 (m, 2H), 2.76 ± 2.72 (m, 1H), 2.28 ± 2.22 (m, 1H), 2.05 (s, 3 H); [a]20


D �
67.3 (c� 1, CHCl3); elemental analysis for C40H39N3O8, hemihydrate: calcd
C 68.75, H 5.77, N 6.01; found C 68.58, H 5.68, N 6.39.


3''-O-Acetyl-N-phenylacetyl-2''-deoxynucleosides (5a, b): A suspension of 4
(3.33 mmol) and ZnBr2 (3 g, 13.33 mmol) in CH3NO2 (30 mL) was stirred
for 15 min at room temprature. A solution of NH4OAc (1m, 50 mL) was
added, and the mixture was extracted with chloroform. The organic phase
was dried over MgSO4 and concentrated. The residual oil was purified by
chromatography on silica gel (chloroform ± ethanol 19:1).


3''-O-Acetyl-6-N-phenylacetyl-2''-deoxyadenosine (5a): Yield: 78%; white
solid; m.p. 77 8C; Rf� 0.14 (ethyl acetate ± methanol 50:1); 1H NMR
(500 MHz, CDCl3): d� 8.90 (s, 1 H), 8.70 (s, 1 H), 8.09 (s, 1 H), 7.26 ± 7.40 (m,
5H), 6.31 (dd, J1',2'a� 6.2 Hz, J1',2'b� 9 Hz, 1H), 5.75 (br, 1H), 5.56 (d, J�
6.2 Hz, 1H), 4.27 (m, 1 H), 4.23 (s, 2H), 3.91 (m, 2H), 3.09 ± 3.18 (m, 1H),
2.40 ± 2.46 (m, 1H), 2.13 (s, 3 H); [a]20


D �ÿ21.3 (c� 0.4, CH3OH);
elemental analysis for C20H21N5O5, hemihydrate: calcd C 57.14, H 5.27, N
16.66; found C 57.14, H 5.27, N 16.36.


3''-O-Acetyl-4-N-phenylacetyl-2''-deoxycytidine (5 b): Yield: 92%; white
solid; m.p. 187 8C; Rf� 0.53 (chloroform ± ethanol 9:1); 1H NMR
(500 MHz, CDCl3): d� 8.28 (d, J� 7.5 Hz), 7.37 (d, J� 7.5 Hz, 1 H), 7.29 ±
7.20 (m, 5 H), 6.18 (t, J� 5.8 Hz, 1 H), 5.23 (m, 1H), 4.10 (m, 1H), 3.81 ± 3.72
(m, 2H), 3.66 (s, 2H), 2.59 ± 2.55 (m, 1 H), 2.20 ± 2.13 (m, 1H), 2.03 (s, 3H);
[a]20


D � 21.5 (c� 0.4, CH3OH); elemental analysis for C19H21N3O6, hemi-
hydrate: calcd C 58.90, H 5.46, N 10.84; found C 58.52, H 5.46, N 10.70.


Synthesis of the phosphoramidites (7a ± d): The phosphoramidites 7a ± d
were synthesized according to a published procedure.[29] A solution of 6a ±
d (3.32 mmol, 1.5 h, room temperature) in methylene chloride (4 mL) was
added to a solution of allyl-N,N,N',N'-tetraisopropylphosphordiamidite
(1.3 mL, 4 mmol), diisopropylamine (0.23 mL, 1.65 mmol), and tetrazole
(115 mg, 1.65 mmol) in methylene chloride (9 mL). After 2 h, the reaction
mixture was taken up in a saturated aqueous solution of NaHCO3 (15 mL).
The mixture was extracted four times with methylene chloride. The organic
layer was dried with MgSO4 and concentrated under reduced pressure. The
residual oil was filtered with silica gel using hexane/acetic acid ethyl ester
mixtures as eluent. The crude products were concentrated and immediately
used for subsequent steps without further purification.


Synthesis of the nucleoamino acids (8 a ± e): A solution of tetrazole (58 mg,
0.82 mmol) in acetonitrile (3 mL) at room temperature was added dropwise
to a solution of 5a,b (0.49 mmol) and 6 a ± d (0.8 mmol) in CH2Cl2 (5 mL).
After completion of the reaction (18 h), tBuOOH (80 %, 3.4 mL) was
added at 0 8C. After 10 min, the reaction was taken up in H2O (100 mL),
and the solution was extracted with CH2Cl2. The organic phase was dried
with MgSO4 and concentrated, and the residual oil purified by chromatog-
raphy on silica gel (chloroform/ethanol 40:1).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-serine-methyl ester (8a): Yield: 72%; white foam; Rf�
0.29 (CHCl3 ± EtOH 20:1); 1H NMR (400 MHz, CDCl3): d� 9.75 (s, 1H),


8.72 (s, 1H), 8.46 (m, 1H), 7.37 ± 7.22 (m, 5H), 6.57 ± 6.46 (m, 2 H), 5.91 ±
5.81 (m, 2H), 5.48 (m, 1H), 5.33 ± 5.15 (m, 4 H), 4.63 ± 4.10 (m, 12H), 3.72
(m), 2.98 (m, 1H), 2.65 (m, 1 H), 2.13 (s, 3H); 13C NMR (100.6 MHz,
CDCl3): d� 170.45, 169.43, 169.38, 155.83, 152.37, 151.16, 149.34, 141.77,
134.26, 132.46, 131.88, 129.51, 128.51, 126.99, 118.93, 117.76, 84.29, 83.22,
74.19, 68.74, 67.55, 66.88, 65.90, 54.26, 52.84, 44.27, 37.02, 20.85; [a]20


D �
ÿ1.25 (c� 0.4, CH2Cl2); elemental analysis for C31H37O12N6P: calcd C
51.96, H 5.20, N 11.73; found C 51.95, H 5.17, N 11.65.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-serine-methoxyethoxyethyl ester (8 b): Yield: 78 %;
white hygroscopic foam; Rf� 0.23 (CHCl3 ± EtOH 20:1); 1H NMR
(500 MHz, CDCl3): d� 9.45 (m, 1 H), 8.73 (m, 1H), 8.41 (d, 1 H), 7.38 ±
7.25 (m, 5 H), 6.55 ± 6.44 (m, 2H), 5.89 ± 5.82 (m, 2H), 5.48 (m, 1 H), 5.35 ±
5.09 (m, 4 H), 4.65 ± 4.09 (m, 12H), 3.70 (m, 2H), 3.62 (m, 2 H), 3.52 (m,
2H), 3.35 (s, 3H), 2.94 (m, 1H), 2.66 (m, 1 H), 2.14 (s, 3 H); 13C NMR
(100.6 MHz, CDCl3): d� 170.47, 168.97, 168.92, 155.84, 152.48, 151.18,
149.32, 141.59, 134.22, 132.53, 131.93, 129.56, 128.64, 127.14, 119.04, 117.81,
84.32, 83.34, 74.31, 71.79, 70.43, 68.84, 68.68, 67.64, 66.94, 65.05, 58.95, 54.39,
44.39, 37.24, 20.89; [a]20


D �ÿ2.2 (c� 0.5, CH2Cl2); elemental analysis for
C35H45O14N6P: calcd C 52.24, H 5.64, N 10.44; found C 52.18, H 5.57, N
10.30.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-serine-methyl ester (8 c): Yield: 87 %; white wax; Rf� 0.32
(CHCl3 ± EtOH 20:1); 1H NMR (500 MHz, CDCl3): d� 10.07 (s, 1H), 7.99
(m, 1 H), 7.38 (m, 1 H), 7.21 ± 7.16 (m, 5 H), 6.22 (m, 2H), 5.83 ± 5.79 (m, 2H),
5.30 ± 5.09 (m, 5 H), 4.52 ± 4.19 (m, 10 H), 3.76 (m, 2H), 3.67 (m, 3H), 2.89
(m, 1H), 2.00 (m, 3 H); 13C NMR (125.75 MHz, CDCl3): d� 171.44, 170.20,
169.14, 162.65, 155.53, 154.77, 143.70, 133.63, 132.27, 131.67, 129.08, 128.45,
127.02, 118.85, 117.50, 96.75, 86.66, 83.17, 73.87, 68.61, 67.28, 66.91, 65.65,
54.07, 52.59, 43.95, 38.28, 20.55; [a]20


D �ÿ40.2 (c� 0.4, CH2Cl2); elemental
analysis for C30H37O13N4P): calcd C 52.02, H 5.38, N 8.09; found C 51.95, H
5.40, N 7.96.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-threonine-methyl ester (8 d): Yield: 68 %; white wax;
Rf� 0.32 (CHCl3/EtOH 20:1); 1H NMR (400 MHz, CDCl3): d� 9.31 (s,
0.5H), 9.27 (s, 0.5H), 8.72 (s, 1 H), 8.39 (m, 1 H), 7.46 ± 7.21 (m, 5 H), 6.68 ±
6.47 (m, 2H), 5.96 ± 5.80 (m, 2 H), 5.50 (m, 1H), 5.47 ± 5.02 (m, 5H), 4.67 ±
4.07 (m, 10H), 3.74 (m, 3H), 2.92 (m, 1H), 2.68 (m, 1H), 2.14 (s, 3H), 1.41
(m, 3 H); 13C NMR (100.6 MHz, CDCl3): d� 170.45, 169.75, 169.48, 156.83,
152.39, 151.14, 149.28, 141.70, 134.26, 132.46, 131.88, 129.51, 128.59, 127.10,
118.94, 117.73, 84.21, 83.25, 76.10, 74.30, 68.72, 66.32, 65.51, 58.39, 52.92,
44.29, 37.68, 20.85, 18.95; [a]20


D �ÿ1.5 (c� 0.4, CH2Cl2); elemental analysis
for C32H39O12N6P ´ H2O: calcd C 51.34, H 5.51, N 11.23; found C 51.70, H
5.46, N 11.04.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-threonine-methoxyethoxyethyl ester (8e): Yield: 75%;
white wax; Rf� 0.25 (CHCl3/EtOH 20:1); 1H NMR (500 MHz, CDCl3):
d� 9.08 (s, 0.5H), 9.03 (s, 0.5 H), 8.77 (s, 0.5H), 8.71 (s, 0.5 H), 8.37 (m, 1H),
7.46 ± 7.25 (m, 5H), 6.68 ± 6.52 (m, 2 H), 5.94 ± 5.81 (m, 2H), 5.51 ± 5.45 (m,
1H), 5.32 ± 5.04 (m, 5 H), 4.68 ± 4.07 (m, 12H), 3.70 (m, 2 H), 3.62 (m, 2H),
3.53 (m, 2H), 3.36 (s, 1H), 2.92 (m, 1H), 2.68 (m, 2 H), 2.14 (s, 3 H), 1.41 (m,
3H); 13C NMR (100.6 MHz, CDCl3): d� 170.44, 169.81, 169.57, 156.65,
152.42, 151.13, 149.20, 141.65, 134.14, 132.24, 131.92, 129.57, 128.69, 127.19,
118.95, 117.70, 84.17, 83.32, 76.06, 74.47, 71.81, 70.51, 70.42, 68.71, 66.29,
65.05, 65.03, 58.99, 58.40, 44.44, 37.71, 20.87, 18.53; [a]20


D �ÿ0.75 (c� 0.4,
CH2Cl2); elemental analysis for C36H47O14N6P: calcd C 52.81, H 5.79, N
10.26; found C 52.74, H 5.47, N 10.55.


N-Allyloxycarbonyl-(O-diallylphosphato)--ll--serine-methyl ester (10):
Compound 9 (1.01 g, 4.14 mmol) was added dropwise at 0 8C to a solution
of 8 (700 mg, 3.45 mmol) and tetrazole (290 mg, 4.14 mmol) in CH2Cl2


(10 mL). After completion of the reaction, mCPBA (80 %, 1.53 g,
6.9 mmol) was added. After 30 min, Et2O (200 mL) was added, and the
solution was extracted with aqueous NaHSO3 (10 %, 50 mL) and saturated
NaHCO3 (50 mL). The organic phase was dried over MgSO4, concentrated,
and the residual oil was purified by chromatography on silica gel (hexane/
ethyl acetate 2:1).


yield: 62 %; colorless oil; Rf� 0.21 (hexane/ethyl acetate 1:1); 1H NMR
(250 MHz, CDCl3): d� 6.03 ± 5.87 (m, 3H), 5.81 (d, J� 6.7 Hz, 1H), 5.41 (d,
Jtrans� 17.1 Hz, 3 H), 5.21 (d, Jcis� 10.4 Hz, 3H), 4.56 ± 4.53 (m, 6 H), 4.49
(br, 1H), 4.38 (br, 1H), 4.19 ± 4.13 (m, 1 H), 3.72 (s, 3H); 13C NMR
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(62.8 MHz, CDCl3): d� 168.9, 155.9, 132.5, 132.2 (2 C), 118.6, 117.9 (2 C),
68.5 (2JC,P� 5.6 Hz, 2 C), 66.7 (d, 2JC,P� 5.3 Hz), 66.5, 54.8 (d, 3JC,P� 7.1 Hz),
52.59; [a]20


D �ÿ2.7 (c� 1, CH3OH); HRMS (EI): m/z : 363.1094 ([M])
(calcd for C14H22NO8P: 363.1083); elemental analysis: calcd C 46.28, H
6.10, N 3.86; found C 46.34, H 6.08, N 3.86.


Cleavage of the C-terminal ester of 8a ± e with lipase from Apergillus niger
(Method A): A solution of 8 a ± e (0.15 mmol) in acetone (0.2 mL) was
added dropwise to a solution of lipase from Apergillus niger (20 mg) and
deoxytaurocholic acid (0.2 mg) in phosphate buffer (1.8 mL, 0.2m, pH 7).
The mixture was shaken at 37 8C until completion of the reaction (18 ±
72 h), and then the pH was adjusted to 3. The resulting suspension was
extracted eight times with chloroform (3 mL), and the chloroform layers
were dried over MgSO4. The solution was concentrated, and the residual oil
was purified by chromatography on silica gel (chloroform/ethanol 40:1 ±
10:1).


Cleavage of the C-terminal ester of 8 a ± e and 10 with papain (Method B):
A solution of 8 a ± e or 10 (0.22 mmol) in acetone (2.4 mL) was added
dropwise to a suspension of papain (120 mg) and l-cysteine (95 mg) in
phosphate buffer (pH 6.6, 0.07m, 21 mL). The mixture was shaken at 37 8C
until completion of the reaction (6 ± 18 h). After filtration, NaCl was added,
the solution was extracted eight times with chloroform (4 mL), and the
chloroform layer was dried over MgSO4. The solution was concentrated,
and the residual oil was purified by chromatography on silica gel
(chloroform/ethanol 10:1).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-serine (11a): Yield: 92 ± 95% (Method B), 35 ± 42%
(Method A); white foam; m.p. 61 8C; Rf� 0.26 (ethyl acetate ± methanol
4:1); 1H NMR (400 MHz, CDCl3): d� 8.67 (s, 1H), 8.44 (m, 1H), 7.38 ± 7.21
(m, 5 H), 6.56 ± 6.27 (m, 2H), 5.93 ± 5.81 (m, 2 H), 5.41 ± 5.16 (m, 5 H), 4.58 ±
4.10 (m, 12 H), 2.79 ± 2.60 (m, 2 H), 2.12 (s, 3 H); 13C NMR (100.6 MHz,
CDCl3): d� 172.51, 170.59, 170.55, 156.00, 152.65, 151.03, 149.09, 141.65,
134.19, 132.58, 131.87, 129.57, 128.67, 127.20, 119.26, 117.94, 84.51, 83.55,
74.21, 69.07, 68.29, 67.16, 65.99, 54.80, 44.33, 37.99, 20.95; [a]20


D � 0.5 (c� 0.4,
CH2Cl2); elemental analysis for C30H35O12N6P ´ 2H2O): calcd C 48.98, H
5.32, N 11.38; found C 48.90, H 5.31, N 11.42.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-serine (11 b): Yield: 91% (Method B); white solid; m.p.
71 8C; Rf� 0.28 (ethyl acetate/methanol 4:1); 1H NMR (500 MHz, CDCl3):
d� 8.19 (d, J� 7.6 Hz, 0.5 H), 8.12 (d, J� 7.6 Hz, 0.5 H), 7.55 (d, J� 7.6 Hz,
0.5H), 7.50 (d, J� 7.6 Hz, 0.5H), 7.38 ± 7.23 (m, 5H), 6.31 (m, 0.5 H), 6.23
(m, 0.5 H), 6.00 ± 5.85 (m, 2.5H), 5.73 (d, J� 7.1 Hz, 0.5H), 5.44 ± 5.09 (m,
5H), 4.65 ± 4.18 (m, 10H), 3.70 (m, 2 H), 2.82 (m, 1 H), 2.30 ± 2.00 (m, 3H);
13C NMR (125.75 MHz, CDCl3): d� 172.20, 171.94, 170.85, 162.30, 155.76,
153.44, 145.82, 133.31, 132.39, 131.72, 129.55, 128.65, 127.40, 119.57, 117.92,
96.40, 86.74, 83.91, 74.93, 69.18, 67.99, 66.94, 66.04, 54.17, 44.12, 38.55, 20.94;
[a]20


D � 50.25 (c� 0.4, CH2Cl2); elemental analysis for C29H35O13N4P: calcd
C 51.33, H 5.20, N 8.26; found C 51.33, H 5.31, N 8.00.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-threonine (11c): Yield: 51 ± 70 % (Method B); white
solid, m.p. 80 8C; Rf� 0.30 (ethyl acetate/methanol 4:1); 1H NMR
(400 MHz, CDCl3): d� 8.68 (s, 0.5H), 8.64 (s, 0.5H), 8.45 (m, 0.5H), 8.42
(m, 0.5H), 7.41 ± 7.23 (m, 5H), 6.46 ± 6.04 (m, 2 H), 5.93 ± 5.72 (m, 2H),
5.38 ± 5.07 (m, 6H), 4.59 ± 4.07 (m, 10H), 2.65 ± 2.57 (m, 2 H), 2.10 (m, 3H),
1.47 (m, 3 H); 13C NMR (100.6 MHz, CDCl3): d� 172.50, 170.73, 170.47,
156.67, 152.62, 150.89, 149.20, 141.68, 134.18, 132.51, 131.83, 129.52, 128.64,
127.16, 118.98, 117.95, 84.29, 83.46, 74.23, 74.13, 68.67, 66.89, 66.13, 58.47,
44.34, 37.95, 20.90, 18.65; [a]20


D � 3.4 (c� 0.3, CH2Cl2); elemental analysis
for C37H49O12N6P ´ 2H2O: calcd C 49.40, H 5.61, N 11.15; found C 49.71, H
5.62, N 10.95.


N-Allyloxycarbonyl-O-diallylphosphato--ll--serine (12): Yield: 73% (Meth-
od B); yellow oil; 1H NMR (500 MHz, CD3OD): d� 6.01 ± 5.90 (m, 3H),
5.41 ± 5.37 (m, 2H), 5.37 ± 5.34 (m, 1H), 5.28 ± 5.25 (m, 2 H), 5.19 (d, 1H,
Jcis� 10.5 Hz), 4.58 ± 4.48 (m, 6 H), 4.42 ± 4.40 (m, 1H), 4.38 ± 4.33 (m, 2H);
13C NMR (62.8 MHz, CD3OD): d� 171.9, 158.1, 134.1, 133.7 (2 C), 118.9 (2
C), 117.7, 69.8 (2 C), 68.5, 66.7, 55.6; [a]20


D � 27.2 (c� 0.5, CH2Cl2); HRMS
(FAB) (glycerol): m/z : 349.0976 ([M]) (calcd for C13H20NO8P 349.0926).


N-Allyloxycarbonyl-O-(3''-O-acetyl-2''-deoxycytidine-allyl-phosphato)-ll-
serine-methyl ester (13): A solution of 8 c (50 mg, 72 mmol) in CH3OH
(4 mL) was added dropwise to a suspension of immobilized penicillin G
acylase (500 mg, 60 units) in phosphate buffer (15 mL, 0.07m, pH 7) at


25 8C. After 18 h, the mixture was filtered and extracted six times with
chloroform (20 mL). The organic phase was dried with MgSO4, concen-
trated, and the residue was purified by chromatography on silica gel
(chloroform/ethanol 40:1 ± 10:1).
yield: 77%; white solid; m.p. 90 8C; Rf� 0.53 (ethyl acetate/methanol 4:1);
1H NMR (500 MHz, CDCl3): d� 7.73 (m, 1 H), 6.35 ± 5.78 (m, 5 H), 5.41 ±
5.17 (m, 5H), 4.71 ± 4.15 (m, 10 H), 3.85 (m, 3 H), 2.60 (m, 1 H), 2.23 ± 2.04
(m, 3 H); 13C NMR (125.75 MHz, CDCl3): d� 170.72, 170.32, 169.38,
164.88, 155.79, 154.33, 140.89, 132.44, 131.90, 119.29, 118.12, 95.14, 86.09,
82.98, 74.21, 68.98, 67.57, 67.42, 66.12, 54.36, 53.01, 38.11, 20.91; [a]20


D � 4.4
(c� 0.5, CH2Cl2); elemental analysis for C22H31O12N4P ´ 1 H2O: calcd C
44.60, H 5.61, N 9.46; found C 44.47, H 5.53, N 9.70.


Alcohol (14): A suspension of wheat germ lipase (WGL) (4 U) and 7b
(20 mg, 29 mmol) in a mixture of phosphate buffer (pH 6.5, 50 mm, 8 mL)
and ethylene glycol (2 mL) was shaken for 24 h in a polyethylene flask at
37 8C. After completion of the reaction, the solution was lyophilized, the
residue was taken up in CH3OH, and the product was isolated by
chromatography on silica gel (choroform/ethanol 19:1).
yield: 64%; colorless oil; Rf� 0.35 (chloroform/ethanol 9:1); 1H NMR
(500 MHz, CDCl3): d� 7.99 (m, 1 H), 7.38 (m, 1H), 7.21 ± 7.16 (m, 5H), 6.12
(m, 1 H), 5.83 ± 5.79 (m, 3H), 5.30 ± 5.09 (m, 5 H), 4.52 ± 4.40 (m, 6 H), 4.40 ±
4.31 (m, 2 H), 4.31 ± 4.19 (m, 2H), 4.04 (m, 1H), 3.83 (s, 3H), 3.76 (s, 2H),
2.55 (m, 1H), 2.14 (m, 1 H); 13C NMR (125.75 MHz, CDCl3): d� 171.44,
170.20, 162.65, 155.53, 154.77, 143.70, 133.63, 132.27, 131.67, 129.08, 128.45,
127.02, 118.85, 117.50, 96.75, 86.66, 83.17, 73.87, 68.61, 67.28, 66.91, 65.65,
54.07, 52.59, 43.95, 38.28; [a]20


D � 18.0 (c� 1, CH3OH); HRMS (EI): m/z :
651.2189 ([M�H]) (calcd for C28H36N4O12P 651.2067).


O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-allyl-phosphato)-ll-ser-
ine-methyl ester (15): Tetrakis(triphenylphosphane)palladium(0) (10 mg,
8 mmol) and phenylsilane (37 mL, 0.3 mmol) at room temperature were
added to a solution of 8c (52 mg, 75 mmol) in CH2Cl2 (4 mL). After 10 min,
the solution was concentrated and extracted with acetone. The remaining
residue was purified by chromatography on silica gel (chloroform/ethanol
20:1 ± 3:1).
yield: 89%; white solid; m.p. 140 8C; 1H NMR (400 MHz, CD3OD): d�
8.34 (d, J� 7.5 Hz, 1 H), 7.47 (d, J� 7.5 Hz, 1H), 7.31 ± 7.22 (m, 5 H), 6.26
(dd, J1',2'a� 5.7 Hz, J1',2'b� 8.1 Hz, 1 H), 5.33 (d, J� 6 Hz, 1 H), 4.30 ± 4.10 (m,
6H), 3.79 (s, 3H), 3.73 (m, 2H), 2.60 (m, 1H), 2.29 (m, 1H), 2.09 (s, 3H);
13C NMR (125.75 MHz, CD3OD): d� 173.51, 172.09, 168.72, 164.35, 157.74,
146.14, 135.61, 130.45, 129.58, 128.14, 98.48, 86.66, 85.74, 76.35, 66.67, 64.23,
54.87, 54.00, 44.71, 39.53, 20.93; [a]20


D � 15.08 (c� 0.4, MeOH); HRMS
(FAB) (glycerol): m/z : 569.1649 ([M�H]) (calcd for C23H30O10N4P:
569.1745).


Synthesis of the nucleo-di- and tripeptides (16 a ± i): A solution of 11a or c
(0.13 mmol), HOBt (35 mg, 0.26 mmol), and EDC (50 mg, 0.26 mmol) in
dry CH2Cl2 (3.5 mL) was stirred for 30 min at 0 8C. Then, a solution of an
amino acid ester or dipeptide ester hydrosalt (0.29 mmol), and diisopro-
pylethylamine (34 mmol, 0.2 mmol) in dry CH2Cl2 (1 mL) was added. After
stirring for 15 h at room temperature, the solution was extracted with 0.1n
HCl and saturated NaHCO3. The organic layer was dried over MgSO4 and
filtered. The filtrate was concentrated, and the residue was purified by
chromatography on silica gel (chloroform/ethanol 50:1 ± 20:1).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glutamic acid-g-allyl ester-methyl ester (16 a):
Yield: 95 %; white wax; Rf� 0.22 (CHCl3/EtOH 20:1); 1H NMR
(500 MHz, CDCl3): d� 9.81 (s, 1H), 8.27 (m, 0.5H), 8.10 (m, 1H), 8.03
(d, J� 7.1 Hz, 0.5H), 7.46 (m, 1 H), 7.33 (m, 5H), 6.24 ± 6.13 (m, 2H), 5.94 ±
5.83 (m, 3 H), 5.38 ± 5.34 (m, 1H), 5.30 ± 5.18 (m, 6H), 4.99 (s, 0.5H), 4.89 (s,
0.5H), 4.60 ± 4.24 (m, 13H), 3.88 (m, 2H), 3.72 (m, 2H), 2.63 (m, 1H), 2.44
(m, 2H), 2.23 ± 2.03 (m, 6 H); 13C NMR (125.75 MHz, CDCl3): d� 172.34,
171.89, 171.86, 170.50, 168.65, 162.54, 156.00, 155.32, 144.20, 133.62, 132.44,
132.35, 132.01, 129.51, 128.88, 127.49, 119.33, 118.41, 117.96, 97.21, 86.84,
83.45, 73.83, 68.97, 67.57, 66.12, 65.33, 58.92, 54.39, 51.96, 44.34, 38.72, 30.22,
26.81, 20.81; [a]20


D � 15.3 (c� 0.4, CH2Cl2); elemental analysis for
C38H48O16N5P ´ 2.5H2O: calcd C 50.33, H 5.89, N 7.12; found C 50.56, H
5.95, N 7.23.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glutamic acid-g-allyl ester-methoxyethyl ester
(16b): Yield: 90 %; slightly yellow wax; Rf� 0.21 (CHCl3/EtOH 20:1);
1H NMR (400 MHz, CDCl3): d� 9.71 (s, 1 H), 8.56 (s, 0.5 H), 8.38 (d, 0.5H),
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8.07 (d, J� 7.4 Hz, 0.5 H), 7.98 (d, J� 7.4 Hz, 0.5H), 7.42 (d, J� 7.5 Hz,
0.5H), 7.37 (d, J� 7.5 Hz, 0.5 H), 7.28 ± 7.26 (m, 5 H), 6.39 ± 6.21 (m, 2H),
5.92 ± 5.78 (m, 3H), 5.37 ± 5.06 (m, 8H), 4.65 ± 4.24 (m, 14 H), 3.81 (m, 2H),
3.54 (m, 2 H), 3.32 (s, 3H), 2.57 (m, 1 H), 2.41 (m, 2H), 2.17 ± 2.06 (m, 6H);
13C NMR (125.75 MHz, CDCl3): d� 172.31, 171.64, 171.52, 170.43, 168.69,
162.65, 156.01, 155.48, 143.95, 133.87, 133.80, 132.33, 132.01, 129.43, 128.78,
127.37, 119.26, 118.29, 117.84, 97.18, 86.51, 83.28, 73.69, 70.11, 68.85, 67.73,
66.47, 66.01, 65.26, 64.25, 58.87, 54.25, 51.97, 44.12, 38.59, 30.12, 26.73, 20.85;
[a]20


D � 15.6 (c� 0.45, CH2Cl2); HRMS (FAB) (glycerol/TFA): m/z :
906.3174 ([M�H]) (calcd for C40H53O17N5P 906.3062).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glutamic acid-g-allyl ester-methoxyethoxyethyl
ester (16c): Yield: 62 %; yellow wax; Rf� 0.30 (CHCl3 ± EtOH 20:1);
1H NMR (500 MHz, CDCl3): d� 9.42 (s, 1 H), 8.50 (d, J� 5.3 Hz, 0.5H),
8.29 (d, J� 6 Hz, 0.5H), 8.11 (d, J� 7.5 Hz, 0.5H), 8.01 (d, J� 7.5 Hz,
0.5H), 7.45 (d, J� 7.5 Hz, 0.5H), 7.40 (d, J� 7.5 Hz, 0.5H), 7.35 ± 7.27 (m,
5H), 6.33 ± 6.21 (m, 2H), 5.97 ± 5.84 (m, 3H), 5.40 ± 5.35 (m, 1 H), 5.30 ± 5.17
(m, 6H), 5.04 (s, 1 H), 4.65 ± 4.24 (m, 14H), 3.84 (m, 2 H), 3.71 (m, 2H), 3.63
(m, 2 H), 3.54 (m, 2 H), 3.38 (s, 1H), 2.62 (m, 1H), 2.45 (m, 2 H), 2.24 ± 2.06
(m, 6H); 13C NMR (125.75 MHz, CDCl3): d� 172.29, 171.46, 171.37, 170.45,
168.69, 162.63, 156.10, 155.34, 144.02, 133.79, 132.35, 132.01, 131.96, 129.48,
128.86, 127.53, 119.03, 118.37, 117.92, 97.13, 86.88, 83.31, 73.68, 71.87, 70.49,
68.93, 68.89, 67.65, 66.10, 65.27, 65.25, 64.42, 59.03, 54.31, 51.99, 44.32, 38.72,
30.19, 26.84, 20.91; [a]20


D � 13.0 (c� 0.4, CH2Cl2); HRMS (FAB) (glycerol/
TFA): m/z : 950.3436 ([M�H]) (calcd for C42H67O17N5P: 950.3306);
elemental analysis for C42H56O18N5P ´ 0.5 H2O (%): calcd C 52.61, H 5.99,
N 7.30; found C 52.61, H 5.97, N 6.86.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-phenylalanine-methoxyethoxyethyl ester (16d):
Yield: 75%; slightly yellow wax; Rf� 0.20 (CHCl3 ± EtOH 20:1);
1H NMR (500 MHz, CDCl3): d� 9.32 (s, 1 H), 8.06 (d, J� 7.5 Hz, 0.5H),
8.01 (d, J� 7.5 Hz, 0.5H), 7.72 (s, 0.5H), 7.65 (d, J� 6.8 Hz, 0.5 H), 7.43 (d,
J� 7.6 Hz, 0.5 H), 7.41 (d, J� 7.6 Hz, 0.5H), 7.35 ± 7.12 (m, 10 H), 6.26 ± 6.19
(m, 1.5 H), 6.14 (d, J� 7.1 Hz, 0.5 H), 5.95 ± 5.82 (m, 2H), 5.38 ± 5.15 (m,
5H), 4.84 (m, 1H), 4.75 (m, 1 H), 4.55 (m, 4H), 4.44 (m, 2H), 4.40 ± 4.16 (m,
5H), 3.78 (m, 2H), 3.64 (m, 2H), 3.60 (m, 2H), 3.54 (m, 2H), 3.37 (s, 1H),
3.13 (m, 2 H), 2.64 (m, 1 H), 2.12 ± 2.04 (m, 4 H); 13C NMR (125.75 MHz,
CDCl3): d� 171.36, 171.14, 170.51, 168.24, 162.49, 156.08, 155.22, 144.06,
136.02, 133.50, 132.37, 131.94, 129.47, 129.32, 129.01, 128.47, 127.61, 126.98,
119.34, 117.96, 96.89, 87.02, 83.42, 73.95, 71.86, 70.47, 68.89, 68.75, 67.24,
66.86, 66.12, 64.47, 59.04, 54.42, 53.72, 44.50, 38.67, 37.60, 20.88; [a]20


D � 25.0
(c� 0.4, CH2Cl2); elemental analysis for C43H64O17N5P (%): calcd C 55.66,
H 5.87, N 7.55; found C 55.38, H 5.76, N 7.21.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-valyl-ll-phenylalanine-methoxyethoxyethyl ester
(16e): Yield: 69 %; white wax; Rf� 0.16 (CHCl3/EtOH 20:1); 1H NMR
(500 MHz, CDCl3): d� 9.87 (s, 1H), 8.06 (d, J� 7.5 Hz, 0.5H), 7.99 (d, J�
7.5 Hz, 0.5 H), 7.92 (s, 0.5H), 7.87 (s, 0.5 H), 7.47 (d, J� 7.6 Hz, 0.5H), 7.38 (d,
J� 7.6 Hz, 0.5H), 7.35 ± 7.13 (m, 11H), 6.56 (m, 1 H), 6.24 (m, 1 H), 5.94 ±
5.80 (m, 2H), 5.36 ± 5.10 (m, 5H), 4.85 (m, 1 H), 4.74 (m, 1H), 4.58 ± 4.11
(m, 12H), 3.89 (m, 2H), 3.77 (m, 2H), 3.73 (m, 2 H), 3.61 (m, 2H), 3.36 (s,
1H), 3.11 (m, 2 H), 2.62 (m, 1H), 2.17 ± 2.04 (m, 4 H), 0.89 (m, 6H);
13C NMR (125.75 MHz, CDCl3): d� 171.79, 171.16, 171.04, 170.54, 168.58,
162.70, 156.07, 155.40, 144.33, 135.89, 133.71, 132.45, 132.00, 129.43, 129.37,
128.94, 128.54, 127.52, 127.06, 119.21, 118.00, 97.30, 87.26, 83.30, 73.91, 71.86,
70.44, 68.90, 68.75, 67.66, 66.82, 66.08, 64.40, 59.05, 56.07, 54.87, 53.41, 44.36,
38.41, 37.66, 30.53, 20.87, 19.18; [a]20


D � 0.75 (c� 0.4, CH2Cl2); elemental
analysis for C48H64O17N6P (%): calcd C 56.08, H 6.27, N 8.17; found C 55.93,
H 6.45, N 7.83.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glycyl-ll-aspartic acid-g-allyl ester-methyl ester
(16 f): Yield: 60%; white wax; Rf� 0.27 (CHCl3/EtOH 20:1); 1H NMR
(500 MHz, CDCl3): d� 9.88 (s, 0.5H), 9.78 (s, 0.5 H), 8.34 (s, 0.5 H), 8.18 (s,
0.5H), 8.06 (d, J� 7.5 Hz, 0.5H), 8.02 (d, J� 7.5 Hz, 0.5 H), 7.89 (s, 0.5H),
7.66 (d, J� 7.3 Hz, 0.5 H), 7.46 (m, 1H), 7.32 ± 7.27 (m, 5 H), 6.69 (d, J�
7.0 Hz, 0.5H), 6.37 (s, 0.5 H), 6.26 ± 6.19 (m, 1H), 5.95 ± 5.82 (m, 3H), 5.37
(m, 0.5H), 5.34 (m, 0.5H), 5.30 ± 5.17 (m, 6H), 4.87 ± 4.84 (m, 1.5 H), 4.74 (s,
0.5H), 4.55 ± 4.25 (m, 11H), 4.12 ± 3.96 (m, 2 H), 3.83 (m, 2 H), 3.70 (s, 1H),
2.97 ± 2.86 (m, 2H), 2.64 (m, 1H), 2.17 ± 2.04 (m, 4H); 13C NMR
(125.75 MHz, CDCl3): d� 170.89, 170.52, 170.45, 170.16, 169.11, 169.01,
162.67, 156.19, 155.52, 144.25, 133.80, 132.33, 131.94, 131.70, 129.40, 128.73,


127.35, 119.14, 118.51, 117.90, 97.24, 87.01, 83.41, 73.87, 69.01, 68.97, 68.87,
66.11, 65.57, 54.58, 52.66, 48.66, 44.19, 43.29, 38.44, 36.03, 20.85; [a]20


D � 37.8
(c� 0.4, CH2Cl2); HRMS (FAB) (glycerol/TFA): m/z : 905.2970 ([M�H])
(calcd for C39H50O17N6P: 905.2839).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glycyl-ll-aspartic acid-g-allyl ester-methoxyethyl
ester (16g): Yield: 56%; slightly yellow wax; Rf� 0.24 (CHCl3/EtOH
20:1); 1H NMR (500 MHz, CDCl3): d� 9.87 (s, 0.5H), 9.81 (s, 0.5H), 8.23
(s, 0.5 H), 8.13 (s, 0.5H), 8.05 (m, 1H), 7.75 (d, J� 7.4 Hz, 0.5 H), 7.62 (d, J�
8.1 Hz, 0.5H), 7.46 (m, 1H), 7.33 ± 7.28 (m, 5 H), 6.60 (d, J� 7.7 Hz, 0.5H),
6.35 (d, J� 7.8 Hz, 0.5 H), 6.25 ± 6.18 (m, 1H), 5.94 ± 5.82 (m, 3H), 5.37 (m,
0.5H), 5.34 (m, 0.5H), 5.31 ± 5.17 (m, 6H), 4.89 ± 4.82 (m, 1.5H), 4.74 (s,
0.5H), 4.57 ± 4.24 (m, 13H), 4.20 ± 3.97 (m, 2 H), 3.82 (m, 2H), 3.55 (m, 2H),
3.33 (s, 1H), 3.01 ± 2.87 (m, 2H), 2.66 (m, 1 H), 2.19 ± 2.09 (m, 4H);
13C NMR (125.75 MHz, CDCl3): d� 170.53, 170.39, 170.21, 170.15, 169.05,
168.98, 162.64, 156.16, 155.48, 144.20, 133.71, 132.34, 131.89, 131.71, 129.44,
128.77, 127.34, 119.21, 118.50, 117.94, 97.13, 87.06, 83.37, 73.87, 69.99, 68.98,
68.92, 68.87, 67.64, 66.95, 64.55, 58.78, 54.62, 48.75, 44.20, 43.22, 38.39, 36.06,
20.84; [a]20


D � 32.5 (c� 0.4, CH2Cl2); elemental analysis for C41H53O18N6P ´
H2O (%): calcd C 50.93, H 5.73, N 8.69; found C 50.91, H 5.89, N 8.56.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glycyl-ll-aspartic acid-g-allyl ester-methoxyethoxy-
ethyl ester (16 h): Yield: 61%; white wax; Rf� 0.09 (CHCl3/EtOH 20:1);
1H NMR (500 MHz, CDCl3): d� 9.78 (s, 0.5 H), 9.68 (s, 0.5 H), 8.39 (s,
0.5H), 8.22 (s, 0.5H), 8.07 (d, J� 7.5 Hz, 0.5 H), 8.02 (d, J� 7.5 Hz, 0.5H),
7.80 (d, J� 6.9 Hz, 0.5 H), 7.62 (d, J� 8.0 Hz, 0.5H), 7.47 (d, J� 7.7 Hz,
0.5H), 7.45 (d, J� 7.8 Hz, 0.5H), 7.35 ± 7.26 (m, 5 H), 6.64 (d, J� 7.5 Hz,
0.5H), 6.37 (d, J� 7.8 Hz, 0.5 H), 6.26 ± 6.20 (m, 1H), 5.93 ± 5.82 (m, 3H),
5.37 (m, 0.5H), 5.34 (m, 0.5 H), 5.30 ± 5.17 (m, 6 H), 4.89 ± 4.78 (m, 2H),
4.55 ± 4.25 (m, 13 H), 4.20 ± 3.97 (m, 2 H), 3.82 (m, 2H), 3.66 (m, 2H), 3.59
(m, 2H), 3.52 (m, 2H), 3.36 (s, 1 H), 2.99 ± 2.87 (m, 2H), 2.63 (m, 1H),
2.17 ± 2.10 (m, 4H); 13C NMR (125.75 MHz, CDCl3): d� 170.56, 170.50,
170.40, 170.16, 169.18, 169.08, 162.69, 156.23, 155.60, 144.26, 133.78, 132.39,
131.80, 131.77, 129.46, 128.84, 127.42, 119.17, 118.55, 117.95, 97.13, 87.13,
83.39, 73.92, 71.83, 70.39, 69.03, 68.99, 68.91, 68.76, 67.10, 66.14, 65.62, 58.98,
54.59, 48.80, 44.25, 43.36, 38.41, 36.08, 20.90; [a]20


D � 20.0 (c� 0.4 in
CH2Cl2); elemental analysis for C43H57O19N6P ´ 0.5 H2O (%): calcd C
51.55, H 5.85, N 8.39, found C 51.76, H 6.25, N 8.12.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-threonyl-ll-phenylalanine-methoxyethoxyethyl ester
(16 i): Yield: 71%; white wax; Rf� 0.27 (CHCl3/EtOH 20:1); 1H NMR
(500 MHz, CDCl3): d� 8.78 (s, 0.5H), 8.44 (s, 0.5 H), 7.75 (m, 2H), 7.55 (m,
0.5H), 7.44 ± 7.00 (m, 10.5 H), 6.54 (m, 1H), 6.17 (d, J� 8 Hz, 0.5H), 6.10 (d,
J� 8 Hz, 0.5 H), 5.89 ± 5.81 (m, 2 H), 5.46 (m, 1H), 5.32 ± 5.18 (m, 4H),
5.10 ± 4.83 (m, 2 H), 4.66 ± 4.08 (m, 12 H), 3.58 (m, 4H), 3.52 (m, 2H), 3.35
(s, 1 H), 3.11 (m, 2H), 2.90 (m, 1 H), 2.64 (m, 1H), 2.13 (m, 3H), 1.33 (m,
3H); 13C NMR (125.75 MHz, CDCl3): d� 171.08, 170.42, 168.95, 168.04,
156.18, 152.56, 151.23, 149.00, 135.81, 133.93, 132.40, 131.96, 129.59, 129.31,
128.71, 128.54, 127.03, 126.45, 119.02, 117.08, 84.32, 83.53, 75.11, 74.39, 71.84,
70.41, 68.88, 68.70, 66.99, 66.15, 64.50, 59.05, 58.31, 53.71, 44.48, 37.77, 37.65,
20.90; [a]20


D � 0.14 (c� 0.15, CH2Cl2); HRMS (FAB) (glycerol/TFA): m/z :
966.3650 ([M�H]) (calcd for C45H67O16N7P: 966.3483); elemental analysis
for C45H66O16N7P (%): calcd C 55.90, H 5.94, N 10.14; found C 55.79, H
5.79, N 8.59.


C-Terminal deprotection of the nucleopeptides 16 a ± i by lipase from
Apergillus niger : A solution of the nucleopeptide 16 a ± i (0.15 mmol) in
acetone (0.2 mL) was added dropwise to a solution of lipase from
Apergillus niger (20 mg) and deoxytaurocholic acid (0.2 mg) in phosphate
buffer (1.8 mL, 0.2m, pH 7). The mixture was shaken at 37 8C until
completion of the reaction (4 ± 72 h), and then the pH was adjusted to 3.
The resulting suspension was extracted eight times with chloroform (4 mL),
and the chloroform layers were dried with MgSO4. The solution was
concentrated, and the residual oil was purified by chromatography on silica
gel (chloroform/ethanol 40:1 ± 10:1).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glutamic acid-g-allyl ester (17a): Yield: 58 ± 89%;
slightly yellow wax; Rf� 0.47 (ethyl acetate/methanol 4:1); 1H NMR
(500 MHz, CDCl3): d� 9.94 (s, 1H), 8.04 (m, 1.5 H), 8.99 (d, J� 7.5 Hz,
0.5H), 7.45 (d, J� 7.5 Hz, 0.5H), 7.42 (d, J� 7.5 Hz, 0.5H), 7.34 ± 7.25 (m,
5H), 6.30 ± 6.09 (m, 2 H), 5.93 ± 5.83 (m, 3H), 5.36 ± 5.17 (m, 7H), 4.91 (s,
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0.5H), 4.82 (s, 0.5 H), 4.63 ± 4.22 (m, 12 H), 3.75 (m, 2H), 2.61 (m, 1 H), 2.45
(m, 2H), 2.26 ± 2.05 (m, 6 H); 13C NMR (125.75 MHz, CDCl3): d� 172.60,
172.01, 171.57, 170.44, 168.52, 162.63, 156.03, 155.06, 144.73, 133.58, 132.39,
132.06, 131.84, 129.48, 128.85, 127.49, 119.28, 118.37, 117.91, 97.06, 87.27,
83.43, 73.78, 69.08, 67.73, 66.53, 66.07, 65.33, 54.18, 52.21, 44.35, 38.45, 30.35,
26.60, 20.88; [a]20


D � 21.0 (c� 0.4, CH2Cl2); HRMS (FAB) (glycerol/TFA):
m/z : 848.2634 ([M�H]) (calcd for C37H47O16N5P: 848.2755).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-phenylalanine (17b): Yield: 70 %; white wax; Rf�
0.58 (ethyl acetate/methanol 4:1); 1H NMR (500 MHz, CDCl3): d� 8.05 (d,
J� 7.5 Hz, 0.5H), 7.98 (d, J� 7.5 Hz, 0.5 H), 7.43 (d, J� 7.6 Hz, 0.5H), 7.41
(d, J� 7.6 Hz, 0.5H), 7.33 ± 7.14 (m, 10 H), 6.15 (m, 1.5 H), 5.95 ± 5.83 (m,
2.5H), 5.37 ± 5.19 (m, 5 H), 4.84 (m, 1 H), 4.60 (m, 1H), 4.56 ± 4.50 (m, 4H),
4.33 ± 4.21 (m, 5H), 3.72 (m, 2 H), 3.20 ± 3.04 (m, 2 H), 2.64 (m, 1H), 2.19 ±
2.08 (m, 4H); 13C NMR (125.75 MHz, CDCl3): d� 171.60, 171.49, 170.64,
168.28, 162.42, 156.12, 155.85, 144.97, 136.15, 133.28, 132.35, 131.83, 129.51,
129.44, 128.95, 128.49, 127.62, 126.96, 119.46, 118.01, 96.91, 87.71, 83.59,
73.86, 69.12, 67.48, 66.79, 66.10, 54.25, 53.92, 44.42, 38.43, 37.37, 20.91;
[a]20


D � 16.4 (c� 0.28, CH2Cl2); HRMS (FAB) (glycerol/TFA): m/z :
826.2701 ([M�H]) (calcd for C38H45O14N5P: 826.2593).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-valyl-ll-phenylalanine (17c): Yield: 59 %; white
wax; Rf� 0.60 (ethyl acetate/methanol 4:1); 1H NMR (500 MHz, CDCl3):
d� 8.14 (d, J� 7.5 Hz, 0.5H), 8.09 (d, J� 7.5 Hz, 0.5H), 7.59 ± 7.44 (m, 2H),
7.34 ± 7.16 (m, 10H), 6.98 (m, 1 H), 6.30 ± 6.07 (m, 2 H), 5.94 ± 5.82 (m, 2H),
5.37 ± 5.17 (m, 5H), 4.74 ± 4.19 (m, 12H), 3.75 (m, 2 H), 3.25 ± 3.07 (m, 2H),
2.62 (m, 1 H), 2.37 ± 2.04 (m, 4 H), 0.85 (m, 6 H); 13C NMR (125.75 MHz,
CDCl3): d� 171.54, 171.16, 171.00, 170.79, 168.69, 162.57, 155.95, 154.88,
144.33, 135.89, 133.71, 132.33, 131.85, 129.46, 129.27, 128.94, 128.55, 127.58,
126.98, 119.36, 118.06, 96.09, 87.26, 83.62, 73.99, 69.08, 67.38, 66.40, 66.16,
59.58, 54.02, 53.85, 44.42, 38.05, 37.17, 30.38, 20.91, 19.12; [a]20


D � 4.0 (c� 0.2,
CH2Cl2); HRMS (FAB) (glycerol/TFA): m/z : 925.3385 ([M�H]) (calcd for
C43H54O15N6P: 925.3564).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxycytidine-all-
yl-phosphato)-ll-seryl-ll-glycyl-ll-aspartic acid-g-allyl ester (17 d): Yield:
70 ± 91%; slightly yellow wax; Rf� 0.17 (ethyl acetate/methanol 4:1);
1H NMR (500 MHz, CDCl3): d� 9.98 (s, 1H), 8.11 (m, 1 H), 8.10 (m, 1H),
7.90 (m, 1 H), 7.47 (m, 1H), 7.39 ± 7.14 (m, 5H), 6.64 (s, 1H), 6.31 (s, 1H),
6.18 (m, 1H), 5.93 ± 5.82 (m, 3 H), 5.36 ± 5.17 (m, 7 H), 4.84 ± 4.61 (m, 2H),
4.60 ± 4.25 (m, 11 H), 3.89 (m, 2 H), 3.78 (m, 2 H), 2.99 ± 2.88 (m, 2H), 2.65
(m, 1H), 2.18 ± 2.08 (m, 4H); 13C NMR (125.75 MHz, CDCl3): d� 171.92,
171.85, 170.80, 170.73, 169.35, 169.13, 162.74, 155.40, 154.69, 144.90, 133.61,
132.36, 131.74, 131.20, 129.49, 128.82, 127.58, 119.38, 118.55, 118.10, 97.08,
87.59, 83.59, 74.06, 69.12, 68.07, 67.16, 66.26, 65.67, 54.89, 48.84, 44.31, 43.136,
38.42, 35.94, 20.91; [a]20


D � 15.0 (c� 0.4, CH2Cl2); HRMS (FAB) (glycerol/
TFA): m/z : 891.2814 ([M�H]) (calcd for C38H48O17N6P: 891.3037).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-threonyl-ll-phenylalanine (17 e): Yield: 63 %; white
wax; Rf� 0.3 (ethyl acetate/methanol 4:1); 1H NMR (500 MHz, CDCl3):
d� 8.77 ± 8.56 (m, 2 H), 7.42 ± 7.06 (m, 10H), 6.57 (m, 1.5 H), 6.05 (m, 0.5H),
5.94 ± 5.87 (m, 2H), 5.49 (m, 1 H), 5.35 ± 5.18 (m, 4 H), 4.95 ± 4.76 (m, 2H),
4.68 ± 4.10 (m, 10 H), 3.21 ± 3.11 (m, 2 H), 2.67 (m, 1H), 2.64 (m, 1H), 2.15
(m, 3H), 1.26 (m, 3H); 13C NMR (125.75 MHz, CDCl3): d� 171.11, 170.49,
168.90, 168.24, 156.28, 152.50, 151.21, 149.14, 135.91, 133.97, 132.46, 131.95,
129.79, 129.38, 128.78, 128.54, 127.23, 126.55, 119.32, 117.07, 84.39, 83.57,
75.14, 74.29, 68.80, 66.87, 66.13, 58.34, 53.79, 44.48, 37.67, 37.62, 20.89;
[a]20


D � 8.9 (c� 0.19, CH2Cl2); HRMS (FAB) (glycerol/TFA): m/z : 864.2969
([M�H]) (calcd for C40H48O13N7P: 864.2833).


Boc-amino acid-2-bromoethyl esters (19 a ± d): A solution of DIC (5.34 g,
26 mmol) in CH2Cl2 (40 mL) was added slowly at 0 8C to a solution of BOC
amino acid 18a ± d (21.7 mmol), DMAP (269 mg, 2.2 mmol), and 2-bro-
moethanol (1.86 mL, 26 mmol) in CH2Cl2 (80 mL). After stirring for 12 h,
the solution was filtered, extracted with dilute aqueous HCl, conc. aqueous
NaHCO3, and water. The organic phase was dried with MgSO4, concen-
trated, and the crude product was purified by chromatography on silica gel
(hexane/ethyl acetate 2:1).


Boc-ll-alanine-2-bromoethyl ester (19a): Yield : 95 %; colorless oil; Rf�
0.80 (hexane/ethyl acetate 1:1); 1H NMR (400 MHz, CDCl3): d� 5.17 (d,
Jvic� 6.7 Hz, 1H), 4.48 (ddt, J1±1'� 6.0 Hz, J2±1'� 5.9 Hz, 2 H), 4.34 (t, Jvic�
7.3 Hz, 1 H), 3.53 (t, Jvic� 6.1 Hz, 2H), 1.45 (s, 9 H), 1.43 (d, Jvic� 7.3 Hz,


3H); 13C NMR (100.5 MHz, CDCl3): d� 172.95, 155.08, 79.85, 64.30, 49.17,
28.36, 28.27 (3 C), 18.45; [a]20


D �ÿ12.6 (c� 1, CHCl3); elemental analysis
for C10H18BrNO4 (%): calcd C 40.56, H 6.12, N 4.73; found C 40.41, H 6.04,
N 4.84.


Boc-ll-leucine-2-bromoethyl ester (19b): Yield: 90 %; colorless oil; Rf�
0.56 (hexane/ethyl acetate 2:1); 1H NMR (400 MHz, CDCl3): d� 4.99 (d,
Jvic� 8.2 Hz, 1 H), 4.43 (ddt, J1±1'� 6.0 Hz, J2±1'� 6.1 Hz, J1±2� 14.9 Hz, 2H),
4.33 (q, Jvic� 5.3 Hz, 1 H), 3.52 (t, Jvic� 6.1 Hz, 2H), 1.73 (t, Jvic� 6.9 Hz),
1.64 (m, 1 H), 1.44 (s, 9 H), 0.94 (d, Jvic� 6.5 Hz, 6H); 13C NMR (100.5 MHz,
CDCl3): d� 173.02, 155.36, 79.81, 64.24, 52.07, 41.54, 34.86, 28.26 (3 C),
24.25, 21.83, 22.78; [a]20


D �ÿ27.2 (c� 2, CH3OH); HRMS (EI): m/z :
337.0911 (calcd for C13H24BrNO4: 337.0889); elemental analysis (%): calcd
C 46.16, H 7.15, N 4.14; found C 46.31, H 7.00, N 4.12.


Boc-ll-phenylalanine-2-bromoethyl ester (19 c): Yield: 90 %; slightly yellow
oil; Rf� 0.56 (hexane/ethyl acetate 2:1); 1H NMR (500 MHz, CDCl3): d�
7.25 ± 7.32 (m, 3 H), 7.17 (d, Jvic� 7.0 Hz, 2 H), 4.98 (d, Jvic� 7.6 Hz, 1H), 4.61
(q, Jvic� 6.7 Hz, 1 H), 4.42 (t, Jvic� 3.2 Hz, 2H), 3.45 (t, Jvic� 6.2 Hz, 2H),
3.11 (t, Jvic� 5.2 Hz, 2H), 1.42 (s, 9 H); 13C NMR (125.7 MHz, CDCl3): d�
171.49, 155.04, 135.80, 129.29 (2 C), 128.59 (2 C), 127.10, 80.02, 64.44, 54.39,
38.23, 28.27 (3 C), 28.06; [a]20


D � 21.2 (c� 1, CHCl3); elemental analysis for
C16H22BrNO4(%): calcd C 51.62, H 5.96, N 3.76; found C 51.69, H 5.92, N
4.09.


Boc-ll-tyrosine-2-bromoethyl ester (19 d): Yield: 91%; colorless oil; Rf�
0.19 (hexane/ethyl acetate 3:1); 1H NMR (500 MHz, CDCl3): d� 6.97 (m,
2H), 6.75 (d, Jvic� 7.9 Hz, 2 H), 6.23 (br, 1H), 4.55 (q, Jvic� 6.7 Hz, 1H),
4.36 (m, 2 H), 3.45 (m, 2H), 3.04 (m, 2 H), 1.45 (s, 9 H); 13C NMR
(125.7 MHz, CDCl3): d� 171.49, 155.04, 130.43, 130.38 (2 C), 127.28 (2 C),
115.60, 80.02, 64.44, 54.39, 38.23, 28.27 (3 C), 28.06; [a]20


D �ÿ0.7 (c� 1,
CH3OH); HRMS (EI): m/z : 387.0694 ([M]) (calcd for C16H22NO5Br:
387.0682).


Boc-amino acid choline ester bromides (20a ± d): At ÿ78 8C, liquid
trimethylamine (5 mL, 109 mmol) was added to a solution of the
bromoethyl ester 19 a ± d (17.5 mmol) in acetone (50 mL). The solution
was stirred for three days at room temperature, and the solvent and the
excess trimethylamine were removed under reduced pressure.


Boc-ll-alanine choline ester bromide (20 a): Yield: 98%; very hygroscopic
white solid; 1H NMR (400 MHz, CD3OD): d� 4.76 (d, Jvic� 13.93 Hz, 1H),
4.61 (d, Jvic� 14.2 Hz, 1H), 4.25 (t, Jvic� 7.3 Hz, 1 H), 4.20 (s, 2H), 3.55 (s,
9H), 1.43 (d, Jvic� 8.6 Hz, 3 H), 1.42 (s, 9H); 13C NMR (100.5 MHz,
CD3OD): d� 172.75, 155.45, 80.11, 64.84, 58.65, 54.40 (3 C), 49.31, 28.34 (3
C), 17.54; [a]20


D �ÿ23.5 (c� 1, CHCl3); HRMS (FAB) (glycerol): m/z :
275.1935 ([M]�) (calcd for C13H27BrN2O4: 275.1971); elemental analysis for
the hydrate (%): calcd C 42.86, H 7.75, N 7.69; found C 43.05, H 7.70, N 7.73.


Boc-ll-leucine choline ester bromide (20 b): Yield: 99%; very hygroscopic
white solid; 1H NMR (400 MHz, CDCl3): d� 5.12 (d, Jvic� 7.5 Hz, 1H),
4.81 (d, Jvic� 14.5 Hz, 1H), 4.52 (d, Jvic� 14.7 Hz, 1 H), 4.18 (m, 3H), 3.55 (s,
9H), 1.70 (m, Jvic� 6.6 Hz, 1 H), 1.59 (t, Jvic� 7.5 Hz, 2H), 1.42 (s, 9H), 0.95
(dd, J1� 6.6 Hz, J2� 6.7 Hz, 6H); 13C NMR (100.5 MHz, CDCl3): d�
172.96, 155.78, 80.31, 64.92, 58.51, 54.50 (3 C), 52.36, 40.32, 28.31 (3 C),
24.76, 21.63, 22.87; [a]20


D �ÿ23.7 (c� 1, CH3OH); HRMS (FAB) (glycerol):
m/z : 317.2389 ([MÿBr]) (calcd for C16H33N2O4: 317.2440); elemental
analysis for C16H33N2O4Br, hemihydrate (%): calcd C 47.29, H 8.43, N 6.89;
found C 47.38, H 8.45, N 7.01.


Boc-ll-phenylalanine choline ester bromide (20 c): Yield: 94 %; very
hygroscopic white solid; 1H NMR (500 MHz, CDCl3): d� 7.29 ± 7.37 (m,
3H), 7.21 (d, Jvic� 7.3 Hz, 2H), 5.20 (d, Jvic� 7.1 Hz, 1 H), 4.67 (dd, Jvic�
6.6 Hz, Jgem� 14.4 Hz, 1 H), 4.43 (q, Jvic� 7.3 Hz, 2H), 4.11 (dd, Jvic�
6.7 Hz, Jgem� 13.8 Hz, 1H), 3.96 (dd, Jvic� 6.6 Hz, Jgem� 13.9 Hz, 1H),
3.03 ± 3.14 (m, 2H), 3.38 (s, 9H), 1.41 (s, 9H); 13C NMR (125.7 MHz,
CDCl3): d� 171.68, 155.33, 129.25 (2 C), 128.92 (2 C), 127.41 (2 C), 80.55,
64.78, 58.47, 55.20, 54.36 (3 C), 38.14, 28.30 (3 C); [a]20


D �ÿ2.3 (c� 1,
CH3OH); elemental analysis for C19H31BrN2O4, hemihydrate (%): calcd C
51.82, H 7.32, N 6.36; found C 51.39, H 7.25, N 6.31.


Boc-ll-tyrosine choline ester bromide (20 d): Yield: 93 %; very hygroscopic
white solid; 1H NMR (500 MHz, CD3OD): d� 7.05 (m, 2 H), 6.73 (m, 2H,
Jvic� 7.9 Hz), 4.54 (m, 1 H), 4.42 (m, 1 H), 4.27 (t, Jvic� 7.7 Hz, 1 H), 3.70 (dd,
Jvic� 6.7 Hz, Jgem� 13.8 Hz, 1 H), 3.55 (dd, Jvic� 6.6 Hz, Jgem� 13.9 Hz, 1H),
3.38 (s, 9H), 2.94 (m, 2H), 1.38 (s, 9 H); [a]20


D � 2.7 (c� 2, CH3OH);
HRMS (FAB) (glycerol): m/z : 367.2293 ([MÿBr]) (calcd for C19H31N2O5:
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367.2233); elemental analysis for C19H31N2O5Br (%): calcd C 51.01, H 6.98,
N 6.26; found C 50.92, H 7.18, N 6.04.


Amino acid choline ester bromide hydrobromides (21 a ± d): A solution of
the choline esters 20a ± d (8.2 mmol) in HBr in glacial acetic acid (45 %,
25 mL) was stirred for 30 min at room temperature. After addition of Et2O
(150 mL), the precipitate was filtered, dissolved in CH3OH (3 mL), and the
product reprecipitated with Et2O.
l-Alanine choline ester bromide hydrobromide (21a): Yield: 96 %; slightly
yellow, hygroscopic solid; m.p. 215 8C; 1H NMR (400 MHz, CD3OD): d�
4.75 (t, Jvic� 2.5 Hz, 2H), 4.30 (q, Jvic� 7.2 Hz, 1H), 3.93 (t, Jvic� 4.7 Hz,
2H), 3.32 (s, 9H), 1.61 (d, Jvic� 7.3 Hz, 2H); 13C NMR (100.5 MHz,
CD3OD): d� 170.38, 65.72, 60.84, 54.59 (3 C), 49.93, 16.07; [a]20


D � 2.8 (c�
1, CH3OH); elemental analysis for C8H20Br2N2O2 (%): calcd C 28.59, H
6.00, N 8.34; found C 28.53, H 5.94, N 8.30.
l-Leucine choline ester bromide hydrobromide (21 b): Yield: 99 %; slightly
yellow, hygroscopic solid; m.p. 210 8C; 1H NMR (400 MHz, CD3OD): d�
4.82 (d, Jvic� 14.2 Hz, 1H), 4.73 (d, Jvic� 14.4 Hz, 1H), 4.23 (q, Jvic� 6.9 Hz,
1H), 3.97 (t, Jvic� 4.7 Hz, 2H), 3.35 (s, 9H), 1.75 ± 1.92 (m, 3H), 1.02 (t,
Jvic� 6.2 Hz, 6 H); 13C NMR (100.5 MHz, CD3OD): d� 170.35, 65.66, 60.87,
54.60 (3 C), 52.59, 40.26, 25.57, 22.70, 22.26; [a]20


D � 13.9 (c� 2, CH3OH);
HRMS (FAB) (glycerol): m/z : 217.1892 ([Mÿ 2 BrÿH]) (calcd for
C11H25N2O2: 217.1916); elemental analysis for C11H26Br2N2O2 (%): calcd
C 34.94, H 6.93, N 7.41; found C 35.10, H 6.77, N 7.45.
l-Phenylalanine choline ester bromide hydrobromide (21 c): Yield: 99%;
slightly yellow, hygroscopic solid; m.p. 130 8C; 1H NMR (400 MHz,
CD3OD): d� 7.33 ± 7.44 (m, 5 H), 4.75 (dddd, J2±1'� 2.4 Hz, J2±2'� 6.8 Hz,
J2±1� 14.1 Hz, 1H), 4.60 (dddd, J1±1'� 2.5 Hz, J1±2'� 6.8 Hz, J1±2� 14.2 Hz,
1H), 4.52 (t, Jvic� 7.3 Hz, 1H), 3.83 (dddd, J2±1'� 2.3 Hz, J2±2'� 7.1 Hz, J2±1�
14.7 Hz, 1 H), 3.69 (dddd, J1±1'� 2.3 Hz, J1±2'� 7.0 Hz, J1±2� 14.7 Hz, 1H),
3.29 (d, Jvic� 7.3 Hz, 2 H), 3.14 (s, 9 H); 13C NMR (100.5 MHz, CD3OD):
d� 169.62, 135.62, 130.62 (2 C), 130.31 (2 C), 129.06 (p-CH), 65.60, 60.73,
55.28, 54.51 (3 C), 37.38; [a]20


D � 16.6 (c� 1, CH3OH); HRMS (FAB)
(glycerol): m/z : 251.1782 ([Mÿ 2BrÿH]) (calcd for C14H23N2O2:
251.1760); elemental analysis for C14H24Br2N2O2, hemihydrate (%): calcd
C 39.93, H 5.98, N 6.65; found C 40.14, H 5.92, N 6.43.
l-Tyrosine choline ester bromide hydrobromide (21 d): Yield: 91%;
hygroscopic white solid; m.p. 181 8C; 1H NMR (500 MHz, CD3OD): d�
7.18 (m, 2H), 6.83 (m, 2H), 4.74 (m, 1H), 4.62 (m, 1H), 4.41 (t, Jvic� 7.7 Hz,
1H), 3.85 (dd, Jvic� 6.7 Hz, Jgem� 13.8 Hz, 1 H), 3.71 (dd, Jvic� 6.6 Hz,
Jgem� 13.9 Hz, 1H), 3.38 (s, 9H), 2.94 (m, 2 H); [a]20


D � 12.1 (c� 1,
CH3OH); HRMS (FAB) (glycerol): m/z : 267.1662 ([Mÿ 2BrÿH]) (calcd
for C14H23N2O3 267.1709); elemental analysis for C14H24Br2N2O3 (%): calcd
C 39.27, H 5.65, N 6.54; found C 38.99, H 5.79, N 5.96.


Nucleo- and phospho-dipeptide choline ester bromides (22 a ± d, 23): A
solution of 11a or 12 (0.036 mmol), HOAt (5.3 mg, 0.039 mmol), and DIC
(6.03 mg, 0.039 mmol) in dry CH2Cl2 (3 mL) was stirred for 30 min and then
added to a solution of 21a ± d (0.036 mmol) and NBu3 (8.47 mL,
0.036 mmol) in DMF (3 mL). After 14 h, the solution was concentrated
under reduced pressure, and the product was precipitated by addition of
dry Et2O (10 mL). The precipitate was filtered, dissolved in dry CH3OH
(1 mL), and reprecipitated with dry Et2O.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-seryl-ll-alanine choline ester bromide (22 a): Yield:
99%; colorless oil; 1H NMR (500 MHz, CD3OD): d� 8.77 (s, 1 H), 8.44
(m, 1 H), 7.38 ± 7.21 (m, 5H), 6.56 ± 6.27 (m, 1 H), 5.93 ± 5.81 (m, 2 H), 5.41 ±
5.16 (m, 5 H), 4.75 (t, Jvic� 2.5 Hz, 2 H), 4.58 ± 4.10 (m, 13 H), 3.93 (t, Jvic�
4.7 Hz, 2H), 3.32 (s, 9H), 2.79 ± 2.60 (m, 2 H), 2.14 (s, 3H), 1.51 (d, Jvic�
7.3 Hz, 2 H); 13C NMR (125.7 MHz, CD3OD): d� 172.51, 170.59, 170.55,
170.38, 156.11, 152.65, 151.03, 149.09, 141.65, 134.19, 132.58, 131.87, 129.57,
128.67, 127.20, 119.26, 117.94, 84.51, 83.55, 74.21, 69.07, 68.29, 67.16, 65.99,
65.72, 60.84, 54.80, 54.59 (3 C), 49.93, 44.33, 37.99, 20.95, 16.07; [a]20


D �
ÿ11.5 (c� 1, CH3OH); HRMS (FAB) (glycerol): m/z : 859.3330 ([MÿBr])
(calcd for C38H52N8O13P: 859.3391).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-seryl-ll-leucine choline ester bromide (22 b): Yield:
91%; colorless oil; 1H NMR (500 MHz, CD3OD): d� 8.67 (s, 1 H), 8.54
(m, 1 H), 7.38 ± 7.21 (m, 5H), 6.56 ± 6.27 (m, 1 H), 5.93 ± 5.81 (m, 2 H), 5.41 ±
5.16 (m, 5 H), 4.82 (d, Jvic� 14.2 Hz, 1 H), 4.73 (d, Jvic� 14.4 Hz, 1 H), 4.58 ±
4.10 (m, 13 H), 3.97 (t, Jvic� 4.7 Hz, 2H), 3.35 (s, 9 H), 2.79 ± 2.60 (m, 2H),
2.13 (s, 3 H), 1.75 ± 1.92 (m, 3 H), 0.92 (m, 6 H); 13C NMR (125.7 MHz,
CD3OD): d� 172.53, 170.79, 170.54, 170.35, 156.00, 152.65, 151.03, 149.09,


141.65, 134.19, 132.58, 131.87, 129.57, 128.67, 127.20, 119.26, 117.94, 84.51,
83.55, 74.21, 69.07, 68.29, 67.16, 65.99, 65.66, 60.87, 54.80, 54.60 (3 C), 52.59,
44.33, 40.26, 37.99, 25.57, 22.26, 22.70, 20.95; [a]20


D �ÿ11.5 (c� 1, CH3OH);
HRMS (FAB) (glycerol): m/z : 901.4031 ([MÿBr]) (calcd for
C41H58N8O13P: 901.3861).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-seryl-ll-phenylalanine choline ester bromide (22c):
Yield: 96 %; colorless oil ; 1H NMR (500 MHz, CD3OD): d� 8.64 (s, 1H),
7.94 (m, 1 H), 7.44 ± 7.21 (m, 10 H), 6.56 ± 6.27 (m, 1H), 5.93 ± 5.81 (m, 2H),
5.41 ± 5.16 (m, 5 H), 4.75 ± 4.10 (m, 15 H), 3.83 (m, 1H), 3.69 (m, 1H), 3.29
(d, Jvic� 7.3 Hz, 2H), 3.14 (s, 9 H), 2.79 ± 2.60 (m, 2H), 2.11 (s, 3H);
13C NMR (125.7 MHz, CD3OD): d� 172.31, 170.58, 170.52, 169.52, 156.30,
152.65, 151.03, 149.09, 141.65, 135.62, 134.19, 132.58, 131.87, 130.62, 130.31,
129.57, 129.06, 128.67, 127.20, 119.26, 117.94, 84.51, 83.55, 74.21, 69.07, 68.29,
67.16, 65.99, 65.60, 60.73, 55.28, 54.80, 54.51 (3 C), 44.33, 37.99, 37.38, 20.95;
[a]20


D �ÿ10.5 (c� 1, CH3OH); HRMS (FAB) (glycerol): m/z : 935.3771
([MÿBr]) (calcd for C44H56N8O13P: 935.3704).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-seryl-ll-tyrosine choline ester bromide (22d): Yield:
99%; colorless oil; 1H NMR (500 MHz, CD3OD): d� 8.65 (s, 1H), 7.97 (m,
1H), 7.38 ± 7.21 (m, 5 H), 7.18 (m, 2 H), 6.83 (m, 2H), 6.56 ± 6.27 (m, 1H),
5.93 ± 5.81 (m, 2H), 5.41 ± 5.16 (m, 5 H, 3'-H), 4.74 (m, 1 H), 4.62 (m, 1H),
4.58 ± 4.10 (m, 13H), 3.85 ± 3.71 (m, 2H), 3.38 (s, 9 H), 2.94 (m, 2H), 2.80 ±
2.61 (m, 2H), 2.13 (s, 3H); 13C NMR (125.7 MHz, CD3OD): d� 173.48,
171.26, 170.54, 170.51, 156.06, 152.65, 151.03, 149.09, 141.65, 134.19, 132.58,
131.87, 130.43, 130.38, 129.57, 128.67, 127.28, 127.20, 119.26, 117.94, 115.60,
84.51, 83.55, 74.21, 69.07, 68.29, 67.16, 66.76, 65.99, 60.54, 54.80, 54.55 (3 C),
54.39, 44.33, 38.23, 37.99, 20.95; [a]20


D �ÿ13.3 (c� 1.5, CH3OH); HRMS
(FAB) (glycerol): m/z : 951.3318 ([MÿBr]) (calcd for C44H56N8O14P
951.3654).


N-Allyloxycarbonyl-O-diallylphosphato-ll-seryl-ll-alanine choline ester
bromide (23): Yield: 85 %; colorless oil; 1H NMR (500 MHz, CDH3OD):
d� 6.01 ± 5.90 (m, 3 H), 5.41 ± 5.37 (m, 2H), 5.37 ± 5.34 (m, 1H), 5.28 ± 5.25
(m, 2 H), 5.19 (d, Jcis� 10.5 Hz, 1H), 4.75 (t, Jvic� 2.5 Hz, 2H), 4.58 ± 4.48
(m, 6 H), 4.42 ± 4.30 (m, 4H), 3.93 (t, Jvic� 4.7 Hz, 2 H), 3.32 (s, 9H), 1.45 (d,
Jvic� 7.3 Hz, 2 H); 13C NMR (125.7 MHz, CD3OD): d� 171.9, 170.4, 158.1,
134.1, 133.7 (2 C), 118.9 (2 C), 117.7, 69.8 (2 C), 68.5, 66.7, 65.7, 60.8, 55.6,
54.6 (3 C), 49.9, 16.1; [a]20


D �ÿ10.9 (c� 1, CH3OH); HRMS (FAB)
(glycerol): m/z : 506.2206 ([MÿBr]) (calcd for C21H37N3O9P: 506.2267).


C-Terminal deprotection of nucleo- and phosphopeptide choline esters by
means of butyrylcholine esterase (24 a ± d, 25): A solution of 22a ± d or 23
(0.03 mmol) and butyrylcholine esterase (30 U) in phosphate buffer
(pH 6.5, 50 mm, 20 mL) was shaken for 64 h at 37 8C. The solution was
lyophilized, and the residue was treated sequentially with CH2Cl2, CHCl3,
and CH3OH. The combined organic solutions were concentrated, and the
product was isolated after chromatography on silica gel (chloroform/
methanol 4:1).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosyl-
allyl-phosphato)-ll-seryl-ll-alanine (24a): Yield: 96%; colorless oil;
1H NMR (500 MHz, CD3OD): d� 8.65 (s, 1 H), 8.42 (m, 1 H), 7.38 ± 7.21
(m, 5 H), 6.56 ± 6.27 (m, 1H), 5.93 ± 5.81 (m, 2 H), 5.41 ± 5.16 (m, 5 H), 4.58 ±
4.10 (m, 13 H), 2.79 ± 2.60 (m, 2 H), 2.02 (s, 3H), 1.61 (d, Jvic� 7.3 Hz, 2H);
13C NMR (125.7 MHz, CD3OD): d� 173.21, 170.77, 170.57, 170.34, 155.88,
152.68, 151.00, 149.11, 141.65, 134.19, 132.58, 131.77, 129.57, 128.67, 127.23,
119.26, 117.94, 84.51, 83.55, 74.21, 69.07, 68.29, 67.16, 65.72, 54.86, 54.59,
49.93, 44.33, 38.11, 20.88, 16.12; [a]20


D � 1.4 (c� 1, CH3OH); HRMS
(FAB) (glycerol): m/z : 796.2228 ([M�Na]) (calcd for C33H40N7O13PNa:
796.2319).


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosine-
allyl-phosphato)-ll-seryl-ll-leucine (24b): Yield: 78%; colorless oil;
1H NMR (500 MHz, CD3OD): d� 8.78 (s, 0.5 H), 8.66 (s, 0.5 H), 8.64 (m,
0.5H), 8.52 (m, 0.5 H, 7.38 ± 7.21 (m, 5H), 6.56 ± 6.27 (m, 1H), 5.93 ± 5.81 (m,
2H), 5.41 ± 5.16 (m, 5 H), 4.58 ± 4.10 (m, 13H), 2.79 ± 2.60 (m, 2H), 2.13 (s,
3H), 1.75 ± 1.92 (m, 3H), 0.90 (m, 6H); 13C NMR (125.7 MHz, CD3OD):
d� 171.99, 170.48, 170.41, 170.25, 156.23, 152.65, 151.03, 149.09, 141.65,
134.03, 132.58, 131.87, 129.57 128.67, 127.20, 119.26, 117.86, 84.61, 83.66,
74.25, 69.07, 68.29, 67.16, 66.21, 54.80, 52.59, 44.38, 40.26, 37.92, 25.56, 22.26,
22.70, 20.99; [a]20


D �ÿ12.0 (c� 1, CH3OH); HRMS (FAB) (glycerol): m/z :
838.2690 ([M�Na]) (calcd for C36H46N7O13PNa: 838.2789).
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N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosine-
allyl-phosphato)-ll-seryl-ll-phenylalanine (24 c): Yield: 61%; colorless oil;
1H NMR (500 MHz, CD3OD): d� 8.78 (s, 1 H), 8.63 (m, 1H), 7.44 ± 7.21 (m,
10H), 6.56 ± 6.27 (m, 1H), 5.93 ± 5.81 (m, 2H), 5.41 ± 5.16 (m, 5H), 4.75 ±
4.10 (m, 13H), 3.29 (d, Jvic� 7.3 Hz, 2 H), 2.79 ± 2.60 (m, 2H), 2.11 (s, 3H);
13C NMR (125.7 MHz, CD3OD): d� 172.71, 170.63, 170.48, 169.68, 155.85,
152.62, 151.31, 149.19, 141.86, 135.62, 134.19, 132.71, 131.76, 130.62, 130.31,
129.57, 129.06, 128.67, 127.20, 119.26, 117.94, 84.51, 83.55, 74.21, 69.07, 68.36,
67.19, 65.88, 55.28, 54.86, 44.38, 38.11, 37.38, 20.95; [a]20


D � 3.8 (c� 1.5,
CH3OH); HRMS (FAB) (glycerol): m/z : 872.2795 ([M�Na]) (calcd for
C39H44N7O13PNa: 872.2632); elemental analysis for C39H44N7O13P, tetrahy-
drate (%): calcd C 50.81, H 5.69, N 10.85; found C 50.99, H 5.56, N 11.14.


N-Allyloxycarbonyl-O-(3''-O-acetyl-6-N-phenylacetyl-2''-deoxyadenosine-
allyl-phosphato)-ll-seryl-ll-tyrosine (24d): Yield: 86 %; colorless oil;
1H NMR (500 MHz, CDCl3): d� 8.67 (s, 1 H), 8.44 (m, 1H), 7.38 ± 7.21
(m, 5 H), 6.56 ± 6.27 (m, 1H), 5.93 ± 5.81 (m, 2 H), 5.41 ± 5.16 (m, 5 H), 4.58 ±
4.10 (m, 12 H), 2.79 ± 2.60 (m, 2 H), 2.12 (s, 3 H); 13C NMR (100.6 MHz,
CDCl3): d� 173.32, 170.75, 170.67, 155.87, 152.72, 151.01, 149.06, 141.87,
134.19, 132.67, 131.92, 129.57, 128.77, 127.24, 119.22, 117.83, 84.62, 83.58,
74.16, 69.09, 68.33, 67.18, 66.12, 54.88, 44.25, 37.88, 21.03; [a]20


D � 0.8 (c� 1,
CH3OH); HRMS (FAB) (glycerol): m/z : 888.2462 ([M�Na]) (calcd for
C39H44N7O14PNa: 888.2581).


N-Allyloxycarbonyl-O-diallylphosphato-ll-seryl-ll-alanine (25): Yield:
73%; colorless oil; 1H NMR (500 MHz, CD3OD): d� 6.01 ± 5.90 (m,
3H), 5.41 ± 5.19 (m, 6H), 4.58 ± 4.48 (m, 6H), 4.42 ± 4.30 (m, 4H), 1.39 (d,
Jvic� 7.3 Hz, 3H); [a]20


D �ÿ3.0 (c� 0.5, CH3OH); HRMS (FAB) (glycerol):
m/z : 421.1439 ([M�H]) (calcd for C16H25N2O9P: 421.1376).


N-Allyloxycarbonyl-O-(3''-O-acetyl-2''-deoxycytidine-allyl-phosphato)-ll-
seryl-ll-glycyl-ll-aspartic acid-g-allyl ester (26): A solution of 17 d (29 mg,
32 mmol) in CH3OH (4 mL) was added dropwise to a suspension of
immobilized penicillin G acylase (500 mg, 60 units) in phosphate buffer
(15 mL, 0.07m, pH 7) at 25 8C. After 18 h, the mixture was filtered and
extracted with chloroform (8� 20 mL). The organic phase was dried with
MgSO4, concentrated, and the residue was purified by chromatography on
silica gel (chloroform/ethanol 40:1 ± 3:1). Yield: 91%; white solid; m.p.
113 8C; 1H NMR (500 MHz, CDCl3, MeOD): d� 7.61 (m, 1H), 7.28 (m,
1H), 6.24 (m, 1H), 5.99 ± 5.86 (m, 3 H), 5.37 (m, 0.5 H), 5.33 (m, 0.5H),
5.29 ± 5.14 (m, 6H), 4.54 ± 3.71 (m, 15H), 2.87 (m, 2 H), 2.48 ± 2.04 (m, 5H);
13C NMR (125.75 MHz, CDCl3, MeOD): d� 207.43, 176.34, 172.30, 170.72,
169.34, 165.07, 156.36, 155.39, 140.82, 132.55, 132.53, 132.05, 119.06, 118.27,
117.98, 95.97, 86.28, 82.86, 74.43, 68.94, 67.57, 67.44, 66.91, 65.48, 54.84, 50.14,
42.83, 37.65, 36.79, 20.92; [a]20


D � 5.3 (c� 0.15, CH2Cl2); HRMS
(FAB) (glycerol/TFA): m/z : 773.2395 ([M�H) (calcd for C30H42O15N6P:
773.2274).


O-(3''-O-acetyl-2''-deoxycytidine-phosphato)-ll-seryl-ll-glycyl-ll-aspartic
acid (27): Tetrakis(triphenylphosphane)palladium(0) (5 mg, 4 mmol) and
phenylsilane (15 mL, 0.1 mmol) at room temperature were added to a
solution of 26 (14 mg, 18 mmol) in CHCl3 (1.5 mL). After 5 h, the solution
was concentrated, extracted with acetone, methanol, and water. The water
layer was concentrated to give 27. Yield: 73 %; yellow solid; m.p. 192 8C
(decomp); 1H NMR (500 MHz, D2O): d� 7.76 (d, J� 7.7 Hz, 1 H), 6.17 (dd,
J1',2'a� 6.2 Hz, J1',2'b� 7.8 Hz, 1 H), 5.97 (d, J� 7.1 Hz, 1 H), 5.20 (d, J�
6.3 Hz, 1 H), 4.29 ± 3.60 (m, 9H), 2.58 ± 2.39 (m, 3 H), 2.22 (m, 1 H), 1.97
(s, 3 H); 13C NMR (125.75 MHz, D2O): d� 179.21, 179.07, 174.79, 171.06,
168.52, 165.67, 156.53, 143.22, 97.53, 87.45, 84.53, 76.16, 67.59, 66.61, 54.71,
53.61, 43.83, 38.16, 37.53, 21.65; [a]20


D � 4.0 (c� 0.05, H2O); HRMS (FAB)
(glycerol/TFA): m/z : 609.1558 (calcd for C20H30O14N6P: 609.1440).


O-(2''-deoxycytidine-phosphato)-ll-seryl-ll-glycyl-ll-aspartic acid (28): A
mixture of 27 (8 mg, 13 mmol) in hydrazine hydrate (300 mL) was stirred
at room temperature, and after 2 h, acetone (3 mL) was added at 0 8C. The
mixture was concentrated, and extracted with methanol. The remaining
residue was dissolved in water, filtered through a Sep-Pak Cartridge from
Waters, and concentrated to give 28. Yield: 85 %; white solid; m.p. 230 8C
(decomp); 1H NMR (500 MHz, D2O): d� 7.69 (d, J� 6.9 Hz, 1H), 6.14 (s,
1H), 5.91 (s, 1 H), 4.35 ± 3.68 (m, 10H), 2.52 ± 1.64 (m, 4 H); 13C NMR
(125.75 MHz, D2O): d� 178.97, 178.43, 174.71, 170.24, 166.13, 157.57,
141.41, 96.40, 85.99, 85.23, 70.69, 67.09, 64.91, 54.66, 52.92, 42.34, 39.46,
39.45; [a]20


D � 9.0 (c� 0.1, H2O); HRMS (FAB) (glycerol/TFA): m/z :
565.1124 ([MÿH]) (calcd for 565.1295).
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Redox-Driven Intramolecular Anion Translocation between
Transition Metal Centres


Luigi Fabbrizzi,* Francesco Gatti, Piersandro Pallavicini, and Eugenia Zambarbieri[a]


Abstract: In a two-component system
containing two transition metal centres,
M1 and M2, an anion Xÿ coordinated to
M1 can be translocated to M2, if i) the
latter metal is redox active (through the
M2


n�/M2
(n�1)� change) and ii) the affinity


towards Xÿ decreases along the series:
M2


(n�1)�>M1>M2
n�. In these circum-


stances, when the M1�M2 system is in
its reduced form, Xÿ stays on M1; on
oxidation Xÿ moves to M2. The above-
mentioned model has been verified with
the covalently linked two-component
system 1, in which a tripodal tetramine
subunit (tren) hosts a CuII ion, and a
tetramine macrocyclic subunit (cyclam)
encircles a nickel centre, which is redox
active through the NiII/NiIII couple.
Binding tendencies of inorganic anions


towards the CuII, NiII and NiIII ions, in an
MeCN solution, were investigated and
compared with those involving the sep-
arate components [CuII(2)]2� and
[NiII,III(3)]2�/3�. In general, affinity to-
wards Xÿ decreases along the series:
NiIII>CuII>NiII. Thus, we observed
through spectroelectrochemical techni-
ques that in the reduced form of the two-
component system CuII�NiII, the Xÿ


anion (Clÿ, NCOÿ) is located on the
CuII centre, whereas on NiII-to-NiIII


oxidation it is translocated to the NiIII


centre. The translocation is quickly re-
versible and, in the case of the oxidation
resistant chloride anion, can be carried
out indefinitely through consecutive ox-
idation and reduction processes, in a
controlled potential electrolysis experi-
ment. The intramolecular nature of the
redox-driven anion translocation in the
CuII�NiII,III system is discussed and
substantiated by considering the perti-
nent thermodynamic functions DHo and
DSo, obtained by temperature depend-
ent voltammetric studies. We conclude
that the intramolecular Clÿ transloca-
tion from CuII to NiIII prevails over any
other intermolecular process, due a
more favourable entropy contribution.


Keywords: electrochemistry ´ ion
translocation ´ macrocyclic ligands
´ molecular devices ´ tripodal
ligands


Introduction


The control of movements at a molecular level represents one
of the most appealing and challenging tasks of today�s
chemistry.[1] Typically, in a multicomponent system, either of
supramolecular or molecular nature, one of the components
can be moved with respect to the other(s) following an
external stimulus (a pH change, the variation of the redox
potential, a photonic input). Recent examples include: i) the
shuttling of a p-acceptor molecular wheel between the two p-
donor stations of the axis in a rotaxane, controlled through
either a redox or an acid ± base reaction,[2] ii) the electro-
chemically triggered half-turns of a coordinating ring in a
copper (2)-catenate,[3] and iii) the pH-driven swinging of a
fluorescent side chain in a NiII scorpionate complex.[4] All the
above mentioned systems convert energy into mechanical
work and can be considered as machines that operate at a
molecular level.[5] The movement generates (and is perceived


by) the drastic change of a given property (e.g. the colour, the
luminescent emission), which is said to be switched on or off.
The switch metaphor is further accounted for by the fact that
the activation of the property follows a mechanical event, in
analogy with the behaviour of the everyday life switches,
which typically turn the light of a bulb on or off, when
operated by a finger.


Other ways exist to carry out mechanical work at a
molecular level: one involves the intramolecular translocation
of an ionic particle from a given site to another of the same
molecular system. For instance, iron can be intramolecularly
relocated into two defined positions of a ditopic receptor
containing both a tris-hydroxamate component (a hard
environment, suitable for FeIII coordination) and a tris-2,2'-
bipyridine component (a soft environment, suitable for low-
spin FeII coordination).[6] Thus, changing of the oxidation
state, through chemical reduction (with ascorbic acid) and
oxidation (with peroxydisulphate), makes the metal move
from the hard component to the soft one, and vice versa. The
redox-driven translocation is sluggish, taking place in minutes
and hours, probably due to the serious conformational
changes the ditopic system has to undergo in order to
accommodate the metal centre of the given oxidation state
in its preferred location.
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Dipartimento di Chimica Generale, UniversitaÁ di Pavia
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Also anions can be translocated from a site to another
within a molecular system, taking profit from a redox-
potential gradient. The anion-binding sites can be two metal
centres, M1 and M2, hosted by a ditopic receptor. In particular,
one of the two metal centres should be able to attain two
consecutive oxidation states of comparable stability, each one
displaying a distinctly different affinity toward the anion. We
have recently reported the electrochemically driven anion
translocation between metal centres in a supramolecular
coordination compound (i.e., a system in which the different
components, metal complexes, were held together by non-
covalent interactions).[7] We describe here a system in which
the two metal-hosting subunits are firmly linked by covalent
bonds. One of the subunits, a tripodal tetramine, hosts the CuII


ion to which it imposes a trigonal bipyramidal stereochemical
arrangement, whose vacant axial position is available for
anion binding. The other subunit, a tetramine ring, hosts a
nickel centre and promotes the fast and reversible redox
change between two oxidation states displaying a strikingly
different affinity towards anions: high for NiIII, low or nil for
NiII. The described ditopic receptor represents an ideal model
for the reversible intramolecular anion translocation between
metal centres driven by a redox-potential gradient, whose
thermodynamic basis can be stated and verified.


Results and Discussion


The design of the ditopic receptor for the redox-driven
translocation of an anion Xÿ between two metal centres M1


and M2 : An Xÿ anion can be moved between two metal
centres M1 and M2 hosted by the same molecular (or
supramolecular) system, following an electrochemical input.
One of the two metal ions, for example M2, must be able to
exist in two oxidation states of comparable stability, M2


n� and
M2


(n�1)�, linked by a fast and reversible one-electron redox
change.


When M2 is in its reduced form M2
n�, Xÿ stays on the M1


centre; when M2
n� is oxidised to M2


(n�1)�, Xÿ prefers to stay on
M2. Thus the M2


n�-to-M2
(n�1)� change induces the transloca-


tion of Xÿ from M1 to M2; on the other hand, on M2
(n�1)�-to-


M2
n� reduction, Xÿ goes back to the M1 station. This


behaviour requires that the three states display very different
binding tendencies towards Xÿ : in particular, the affinity
should decrease according to the sequence: M2


(n�1)��M1�
M2


n�. Such a situation is illustrated in the square scheme
reported in Figure 1.


Figure 1. The square scheme illustrating the thermodynamic bases of the
translocation of an Xÿ anion from the metal centre M1 to the metal centre
M2, following the M2


n�-to-M2
(n�1)� oxidation process [equilibrium in


Equation (1) in the Figure]. On M2
(n�1)�-to-M2


n� reduction, Xÿ moves
back on M1.


In particular, the redox-driven anion-translocation process
is described by the horizontal equilibrium in Equation (1) in
Figure 1, whose free energy change, DGo


trans�X�, is given by
Equation (3).


DGo
trans�X� �ÿFEo(X) (3)


DGo
trans�X� �ÿFEo(X)�ÿFEo�RTlnK1ÿRTlnK2


(n�1)� (4)


F is the Farady constant, and Eo(X) is the electrode
potential associated with the M2


(n�1)�/M2
n� couple in the


M1�M2 system, in presence of Xÿ. K1 and K2
(n�1)� are the


binding constants of Xÿ to M1 and M2
(n�1)�, respectively. Let us


consider the case that K2
(n�1)� is much greater than K1, which,


in turn, is much greater than K2
n� (i.e. the binding constant of


Xÿ to Mn�, which in the present case, for sake of simplicity, is
assumed to be nil). This leads to Equation (4), in which Eo is
the electrode potential associated with the M2


(n�1)�/M2
n�


couple in the M1�M2 system, in absence of Xÿ (the horizontal
equilibrium [Eq. (2)] in the square Scheme of Figure 1). As
K2�K2


(n�1)�, we can derive from Equation (3) that Eo(X)
must be distinctly lower than Eo, that is, the addition of Xÿ to a
solution containing the M1�M2 ditopic system should cause a
decrease of the M2


(n�1)�/M2
n� redox potential. This is the most


simple, yet efficient guideline to be observed when designing a
dimetallic system suitable for redox-driven anion-transloca-
tion experiments.


The hosting framework chosen in the present work, 1,
consists of a tripodal tetramine subunit (tren) and of a
tetramine macrocyclic ring (cyclam) covalently linked by an
1,4-xylyl spacer. The quadridentate tren ligand imposes


trigonal bipyramidal geometry on the metal, thus leaving an
axial position of the coordination polyhedron available for the
coordination of an Xÿ anion. On the other hand, when
encircled by cyclam, a metal centre may have two vacant sites,
above and below the N4 plane, and may give rise to a trans-
octahedral coordinative arrangement.[9] Moreover, cyclam
typically promotes the redox activity of the encompassed
metal centre, generating a couple of consecutive oxidation
states of comparable stability.[10]


Copper(ii), as M1, and the nickel(ii, iii) couple, as M2
(n�1)�/


M2
n�, fit the square scheme of Figure 1 well. In fact, CuII forms


a stable complex with tren, and the [CuII(tren)]2� species
forms a rather stable 1:1 adduct, [CuII(tren)X]� , with inor-
ganic anions in solution.[11] The [CuII(tren)X]� ion displays a
trigonal bipyramidal geometry, ascertained through X-ray
diffraction studies (X�Cl,[12] NCO,[12] NCS[13]). On the other
hand, NiII is firmly encircled by the cyclam ring and undergoes
reversible oxidation to NiIII at a moderately positive potential.
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Most importantly, [NiII(cyclam)]2� tends assume a square
planar geometry (as a d8 low-spin cation) and, when dissolved
in polar solvents, it does not tend to bind further ligands in the
two axial positions, so as to give a high-spin species.[14] In
contrast, NiIII (d7, low-spin) strongly prefers a coordination
number higher than 4 and binds two additional ligands in the
axial positions, to give a trans-octahedral species.[15] Such a
stereochemical arrangement has been ascertained in crystal-
line complexes, for example [NiIII(cyclam)Cl2]ClO4, in which
the two chloride ions occupy the axial positions of an
elongated octahedron.[16]


The [CuIINiII(1)]4� dimetallic complex, indicated in the
following as CuII�NiII, was prepared in two steps: i) The
ditopic host 1 was first treated with one equivalent of NiII, in
ethanol, at 70 8C: on mixing, the metal centre sought the
cyclam ring, as [NiII(cyclam)]2� is a more stable complex than
[NiII(tren)]2� ; this is a result of a) the enhanced stability of
metal complexes with preoriented ligands (the thermody-
namic macrocyclic effect) and b) to the strong preference of a
d8 cation for square-planar coordination. ii) Then, one
equivalent of CuII was added, at room temperature, to the
solution containing the [NiII(1)]2� monometallic species (not
isolated). Notice that CuII would compete successfully for the
tetramine ring with NiII, but that metal replacement is
prevented from the inertness of the NiII-cyclam subunit (the
kinetic macrocyclic effect). Thus, the CuII ion is satisfied with
the coordination by the tren subunit of 1. The CuII�NiII


complex was isolated as a pure compound and characterised
through elemental analysis and ESI mass spectroscopy. Its
UV/visible spectrum in an MeCN solution shows the absorp-
tion band of the CuII-tren subunit (band centred at 700 nm,
e� 120mÿ1 cmÿ1); the band of the low-spin NiII-cyclam subunit
is observed as a shoulder at 450 nm (obscured by the intense
charge-transfer band of the CuII-tren fragment).


The solution behaviour of the separate components : For
comparative purposes, we have investigated the behaviour in
an MeCN solution of the separated components, which ideally
constitute the dimetallic system CuII�NiII. However, we did
not consider the CuII complex of plain tren and the NiII


complex of plain cyclam, but those of the corresponding N-
benzyl substituted derivatives 2 and 3.


The benzyl group mimics the spacer present in the ditopic
receptor 1. In fact, N-substitution is known to modify to an
appreciable extent the coordinating tendencies of a poly-
amine. The [CuII(2)](ClO4)2 complex salt, when dissolved in
MeCN, gives a blue solution, whose spectrum presents a broad
band centred at 690 nm (e� 90mÿ1 cmÿ1). This spectral feature


is typically observed with five-coordinate CuII polyamine
complexes, displaying a trigonal bipyramidal stereochemis-
try.[8] Due to the very poor donating tendencies of the ClO4


ÿ


ion, the vacant axial position should be occupied by an MeCN
molecule. Addition of a coordinating anion like Clÿ induces a
colour change from blue to green: in particular, an intense
band develops at 470 nm (a Cl-to-CuII charge transfer), while
the intensity of the d ± d band at 690 nm and its maximum
shifts to higher wavelengths.


Figure 2 displays the family of spectra obtained during the
titration of [CuII(2)]2� with Clÿ. The plot of the molar
absorbance versus chloride equivalents (Figure 2, inset), is


Figure 2. Spectrophotometric titration of an MeCN solution of [CuII(2)]2�


with [Bu3Bz]Cl. The increasing band at 470 nm corresponds to the
formation of [CuII(2)Cl]� . Inset: plot of the molar absorbance at 470 nm
vs the equivalents of Clÿ. Least-squares analysis of the abs vs. equiv. profile
gives a logK� 5.73� 0.04 for the equilibrium: [CuII(2)]2��Clÿ>
[CuII(2)Cl]� .


consistent with the formation of a 1:1 adduct, [CuII(2)Cl]� .
Nonlinear least-squares analysis of the titration profile gave a
logK value for the [CuII(2)]2��Clÿ> [CuII(2)Cl]� equilibri-
um of 5.73� 0.04. The NCOÿ anion binds [CuII(2)]2� too, but
with a lower affinity (logK� 5.0� 0.1). HSO4


ÿ and NO3
ÿ


modify the [CuII(2)]2� spectrum only if added in large excess;
the absorbance verus Xÿ equivalents profile indicates a
binding constant K lower than 100.


On the other hand, the [NiII(3)]2� complex in MeCN
solution displays an absorption band centred at 470 nm, which
is typical of a square-planar complex (d8, low-spin, yellow in
colour). The spectrum can be modified only on addition of an
excess of a strongly coordinating anion (e.g., Clÿ). In
particular, the intensity of the band at 470 nm decreases,
while new weak bands are observed at 620 and 350 nm
(shoulder). These bands refer to the high-spin octahedral
species, in which one or two Clÿ anions are axially bound to
the NiII centre. However, [NiII(3)]2� cannot compete with
[CuII(2)]2� for the Clÿ anion. This is demonstrated by the fact
that the titration with Clÿ of an MeCN solution containing
equimolar amounts of [CuII(2)]2� and of [NiII(3)]2� produces a
profile exactly superimposing on that reported in the inset of
Figure 2, which had been obtained in absence of [NiII(3)]2�.
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Anion binding to the NiIII centre can be easily followed by
voltammetric studies with a platinum microsphere as a
working electrode. In particular, the [NiII(3)](ClO4)2 complex
salt, dissolved in an MeCN solution made 0.1m in Bu4NClO4,
undergoes a one-electron oxidation to NiIII, at E1/2� 0.74 V vs.
Fc�/Fc, as shown by the reversible cyclic voltammetry wave
and by the symmetric differential pulse voltammetry (DPV)
peak. It should be noticed that the E1/2 value is more positive
than that observed for the corresponding complex of plain
cyclam, under the same conditions (0.60 V vs. Fc�/Fc). The
higher potential indicates that the NiII-to-NiIII oxidation
process is more difficult, probably due to the steric repulsion
exerted by the bulky substituent towards the MeCN mole-
cule(s) going to occupy the axial site(s). A similar behaviour
had been previously observed for a series of nickel complexes
with N-alkyl substituted fourteen-membered tetraaza macro-
cycles.[17]


On addition of Clÿ, the DPV peak centred at 0.74 V vs. Fc�/
Fc progressively decreases, and a new peak develops at 0.28 V
vs. Fc�/Fc. Such a peak is associated with the replacement of
an MeCN molecule axially bound to the NiIII centre by a Clÿ


ion. The new peak reaches its maximum value after the
addition of one equivalent of Clÿ (while the peak centred at
0.74 V disappears). Noticeably, addition of further equiva-
lents of Clÿ (two and more) does not induce the development
of any further peak at a less positive potential. This indicates
that even in excess of chloride only the [NiIII(3)Cl]2� species
forms and that the bulky substituent prevents the addition of a
second Clÿ ion. Thus, the oxidation process in presence of Clÿ


can be described by the equilibrium given in Equation (5).


[NiII(3)]2��Clÿ> [NiIII(3)Cl]2�� eÿ (5)


Clÿ binding to the NiIII centre can be visually perceived and
spectrophotometrically monitored on titration of an electro-
lysed solution of the [NiII(3)]2� complex. In particular, in a
controlled potential electrolysis experiment on a 10ÿ4m
solution of [NiII(3)](ClO4)2, the potential of the platinum
gauze used as a working electrode was set at 0.85 V vs. Fc�/Fc.
1.1� 0.1 mol of electrons per mol of complex were consumed.
The solution took the green colour typically observed with the
formation of NiIII tetraaza-macrocyclic complexes. In partic-
ular, a charge-transfer (N!NiIII) absorption band developed
at 320 nm (e� 4600mÿ1 cmÿ1), showing a shoulder at 380 nm
(e� 3450mÿ1 cmÿ1). The electrolysed solution was then titrat-
ed with a standard MeCN solution of tetrabutylammonium
chloride.


On Clÿ addition, the solution took on a bright yellow
colour, and the spectrum was substantially modified. The
family of spectra obtained during the titration is shown in
Figure 3. In particular a limiting spectrum (a single broad
band centred at 320 nm, e� 5600mÿ1 cmÿ1) was obtained after
the addition of one equivalent of Clÿ. Further anion addition
did not modify the spectrum. This behaviour is consistent with
the formation of a five-coordinate species [NiIII(3)Cl]2�, as
hypothesised on the basis of voltammetric titration experi-
ments. The e versus chloride equivalent profile (see inset in
Figure 3) showed a sharp end-point, indicating the formation
of a very stable adduct (logK> 107).


Figure 3. Spectrophotometric titration of an MeCN solution of [NiIII(3)]3�


with [Bu3Bz]Cl. The solution of [NiIII(3)]3� had been prepared through
controlled potential electrolysis. The formation of the [NiIII(3)(Cl)]2�


species is monitored through the increase of the band at 320 nm and the
decrease of the band at 400 nm. Inset: plot of the molar absorbance at
400 nm vs. the equivalents of Clÿ. The logK value for the equilibrium
[NiIII(3)]3��Clÿ> [NiIII(3)Cl]2� is higher than 7.


NCOÿ displays a similar behaviour. In fact, on anion
addition a new DPV peak developed at a distinctly less
positive potential (0.24 V vs. Fc�/Fc), indicating strong
interaction with the NiIII centre. Also in this case, the DPV
peak stopped increasing after the addition of one equivalent
of NCOÿ, and no further peaks developed on addition of an
excess of the anion, indicating the formation of the five-
coordinate species [NiIII(3)NCO]2�. However, addition of
NCOÿ to an MeCN solution of [NiIII(3)]3�, prepared through
controlled potential electrolysis, caused decomposition of the
trivalent complex. Thus, the [NiIII(3)NCO]2� complex appears
to be stable only in the time scale of the voltammetry
experiment, whereas, on an extended time scale, the NiIII


centre oxidises the coordinated anion. Anion oxidation was
even more evident with Brÿ and NCSÿ and was observed to
take place also in the course of voltammetry studies. In fact, in
presence of the anion the anodic discharge was anticipated
and immediately followed the NiII-to-NiIII oxidation wave.


The less donating HSO4
ÿ and NO3


ÿ anions were completely
resistant to the oxidation, but were able to induce only a
modest stabilisation of the NiIII state. In particular, the anion-
sensitive peak formed at a potential only 200 mV (HSO4


ÿ)
and 120 mV (NO3


ÿ) less positive than that observed in
absence of any coordinating anion. Titration with the anion
of the electrolysed solution induced a neat modification of the
spectrum. The absorbance versus anion equivalent profiles
corresponded to the formation of a 1:1 adduct. However, the
profiles were smooth enough to allow the determination of
the anion binding constants: HSO4


ÿ, 4.2� 0.1 log units; NO3
ÿ,


3.6� 0.1.


Chloride translocation between metal centres hosted by the
ditopic receptor 1: Due to its good coordinating tendencies
and to its high resistance toward oxidation, Clÿ appears as the
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best candidate for being reversibly translocated in the CuII�
NiII dimetallic complex of 1. Spectrophotometric titration
experiments on an MeCN of the CuII�NiII species, indicated
that the anion seeks the CuII centre and that a 1:1 adduct,
CuII(Cl)�NiII, forms. The constant associated to the com-
plexation equilibrium (logK� 5.66� 0.09) guarantees that if
one equivalent of anion is added, 95 % is bound to the CuII-
tren subunit of the CuII�NiII system (at a concentration
10ÿ3m).


The CuII�NiII system undergoes a one-electron oxidation
at 0.74 V vs. Fc�/Fc in a 0.1m Bu4NClO4 solution, as shown by
DPV studies. On progressive addition of Clÿ, a new peak
develops at a much less positive potential (0.24 V), while the
intensity of the peak at 0.74 V progressively decreases. As
observed in the case of the separate component [NiII(3)]2�,
the peak intensity reaches its maximum with the addition of
one equivalent of Clÿ ; further anion additions does not induce
the appearance of any other peak. Again, this behaviour
points towards the formation of a NiIII five-coordinate subunit
within the oxidised system CuII�NiIII.


On exhaustive electrolysis on an MeCN solution 10ÿ4m of
CuII�NiII (potential of the working electrode set at 0.40 V vs.
Fc�/Fc), 0.9� 0.1 equivalents of electrons are consumed: the
electrolysed solution displays the spectrum of a NiIII tetramine
chromophore. On titration with Clÿ, the absorption spectrum
changes to that of a [NiIII(tetramine)Cl]2� species. Quite
interestingly, on addition of more than one equivalent of Clÿ,
a charge-transfer band at 460 nm, typical of a CuII-tren-Cl
subunit, develops. The increase of the band intensity stops
with the addition of the second equivalent.


All the above evidence concurs with the occurrence of the
translocation of the Clÿ ion from copper to nickel, following
the NiII-to-NiIII oxidation process. On NiIII-to-NiII reduction,
the anion goes back to the CuII centre. The redox-driven
translocation between copper and nickel centres is pictorially
sketched in Figure 4.


Back and forth anion translocation can be achieved under
bulk conditions by carrying out controlled electrolysis experi-
ments on an MeCN solution containing equimolar amounts of
CuII�NiII and Clÿ. Figure 5 shows the absorption spectrum of
the reduced form, CuII�NiII. On electrolysis at a working
electrode potential of 0.40 V, the band at 460 nm (corre-
sponding to the CuII-(tren)-Cl fragment) disappears and a
band at 315 nm develops (corresponding to the
[NiIII(cyclam)Cl]2� subunit, see Figure 5), while the solution


Figure 5. Spectrophotometrical monitoring of the electrochemically driv-
en Clÿ translocation within the two-component system [CuII�NiII]. Solid
line: spectrum of an MeCN solution containing equimolar amounts of
[CuII�NiII] and Clÿ before electrolysis; the anion stays on the CuII centre.
Dotted line: spectrum of the same solution after electrolysis; NiII has been
oxidised to NiIII and the anion has moved to the NiIII centre.


turns from blue-green to yellow. If the potential of the
platinum gauze is then set at 0.00 V, the solution turns blue-
green again, while the spectrum of the reduced species is
restored. The anion translocation between CuII and NiIII can
be carried out back and forth for several cycles with no
destruction of the dimetallic system, as indicated by the fact
that band intensities of the pertinent spectra remain un-
changed.


The neat intramolecular anion-translocation equilibrium : Let
us now consider in detail the thermodynamic aspects of the
anion-translocation process. In this context, a useful param-
eter to discuss is DE, the difference of the potentials of the
NiIII/NiII couple in absence and in presence of the anion.
DE(6), which corresponds to the separation of the DPV peaks
observed in the voltammetric profile obtained for a solution
of CuII�NiII containing a substoichiometric amount of Xÿ


(e.g., 0.5 equiv.), is associated with the neat intramolecular
anion-translocation equilibrium shown in Equation (6), in


which Xÿ moves from CuII to
the oxidised proximate metal
centre, NiIII.


In particular the driving force
of the equilibrium in Equa-
tion (6) is given by: DGo(6)�
ÿFDE(6), ÿ11.5 kcal molÿ1


when Xÿ�Clÿ. It is convenient
to compare the equilibrium in
Equation (6), which we consid-
er an intramolecular process,
with that in Equation (7), in
which the Xÿ anion is neatly
transferred through an inter-


Figure 4. The reversible redox-driven translocation of an Xÿ ion between copper and nickel centres within the
two-component system [CuII�NiII].
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[CuII(X)�NiIII]4�> [CuII�NiIII(X)]4� (6)


[CuII(2)X]�� [NiIII(3)]3�> [CuII(2)]2�� [NiIII(3)X]2� (7)


molecular process from one separate component to the other.
The corresponding DE(7) value was given by the separation of
the two peaks appearing in the DPV profile obtained for a
solution that contained equimolar amounts of [CuII(2)]2� and
[NiII(3)]2�, plus 0.5 equivalents of Xÿ. DE(7) (0.17, for Xÿ�
Clÿ) is distinctly smaller than DE(6) and DGo(7) is remarkably
less negative (ÿ4.0 kcal molÿ1) than DGo(6). This indicates
that the neat anion-translocation process within the cova-
lently linked two-component system [CuII(X)�NiIII]4� is
strongly favoured with respect to the intermolecular transfer
between the separate components, [CuII(2)X]� and
[NiIII(3)]3�. The determination of DE for both equilibria in
Equations (6) and (7) at varying temperature affords the
evaluation of the Gibbs-Helmoltz equation terms DHo and
TDSo.


DGo�DHoÿTDSo � ÿFDEo (8)


(d/dT)DE�DSo/F (9)


In particular, the DE versus T plot must be linear and the
straight-line slope gives access to the entropy change
[Eq. (9)]. We observed that for the covalently linked system
in an MeCN solution, DE(6) does not vary along the
investigated temperature interval [(ÿ15) ± 35 8C], indicating
that DSo� 0 (see Figure 6). It follows that DGo�DHo�
ÿ11.5 kcal molÿ1.


Thus, the especially favourable free-energy change associ-
ated with the neat translocation equilibrium [Eq. (6)] is solely
due to a very exothermic thermal contribution, which may
reflect the stronger metal ± ligand interactions involving NiIII


Figure 6. The variation of DE with the temperature for MeCN solutions
i) of [CuII�NiII] (full triangles) and ii) of an equimolar mixture of
[CuII(2)]2� and [NiII(3)]2� (open triangles), in presence of a substoichio-
metric amount of Clÿ. DE values are associated to the neat anion-
translocation equilibria given in Equations (6) and (7). The slope of the DE
vs. temperature straight-line gives DSo/F.


compared with CuII. On the other hand, Figure 6 shows that
DE(7) decreases linearly with the increasing temperature. The
slope of the least-squares straight-line corresponds to a
negative entropy change, DSo(7), of ÿ27.8 calmolÿ1 degÿ1.
The combination of DGo(7) and TDSo(7) values at 25 8C gives
a DHo(7) of ÿ12.3 kcal molÿ1, which is comparable with
DHo(6). The closeness of enthalpy values for processes in
Equations (6) and (7) is not unreasonable, as the balance of
the bonding terms (breaking of the CuIIÿX bond and forming
of the NiIIIÿX bond) must be the same for both the covalently
linked system and the two separate components. It follows
that the great energy advantage experienced by the neat
anion-translocation process in Equation (6) compared with
that in Equation (7) is a mere entropy effect. None of the two
investigated processes involve a change in the number of
particles, which excludes the contribution of a translational
term to the measured DSo values. We suggest that the very
unfavourable entropy change associated with the equilibrium
in Equation (7) has to be related to a probability effect.


In this context, one should consider that anion transfer,
both in the covalently linked system [CuII(X)�NiII]4� and in
the equimolar mixture of the separate components
{[CuII(2)X]�� [NiIII(3)]3�}, results from the collision of a CuII


bound Xÿ anion with a NiIII centre. The probability that the
collision takes place in the {[CuII(2)X]�� [NiIII(3)]3�} system
is related to the concentration of the two separate compo-
nents. The higher the concentration, the greater the proba-
bility that [CuII(2)X]� and [NiIII(3)]3� collide, and the anion
transfer takes place. On the other hand, in the case of
[CuII(X)�NiIII]4�, XÿCuII and NiIII are brought in contact
through the occasional folding of the covalently linked
system. By assuming that the CuIIÿX subunit moves within a
sphere whose centre is the NiIII centre and whose radius is the
CuIIÿNiIII distance (7.5 �, as obtained from molecular mod-
elling, from a semiempirical method; volume of the sphere
1766 �3� 1.766� 10ÿ24 L), one could calculate an effective
concentration of XÿCuII of 0.94m. Thus, the probability that
such an intramolecular collision takes place is fixed, is
independent upon the dilution and is much higher than that
occurring in the {[CuII(2)X]�� [NiIII(3)]3�} system (whose
concentration ranged from 10ÿ4 to 10ÿ3m, in typical electro-
chemical and spectroelectrochemical experiments). The pre-
viously described approach is strongly reminiscent of that
devised by Gerold Schwarzenbach to interpret the chelate
effect.[18] According to Schwarzenbach, the higher solution
stability of a bidentate-ligand ± metal complex with respect to
its unidentate counterpart is related to the higher local
concentration of the second donor atom of the chelating
agent, which has just coordinated its first donor atom,
compared with that of the second molecule of the unidentate
ligand, which is dispersed in the solution.


The above considerations point to the main question of
whether the redox-driven anion-translocation process
[Eq. (1)] is intramolecular (in the sense that it is the Xÿ


anion staying on CuII that moves to NiIII) or intermolecular
(Xÿ goes from CuII to the solution, whereas a different Xÿ


anion from the solution comes to NiIII). In this context, it
should be noticed that system 1 has an open nature and the
involved metal centres, CuII, NiII and NiIII, are all labile. This
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implies that the metal-bound anion quickly exchanges with
other Xÿ anions present in the solution (either unbound or
bound to a metal). This is for instance the case of the copper
bound Clÿ anion in the reduced form [CuII(Cl)�NiII]3�.
However, when the NiII centre is oxidised, the translocation of
the Clÿ anion bound to the proximate NiIII centre is the by far
most probable event, several orders of magnitude more
probable than the transfer from a different [CuII(Cl)�NiII]3�


molecular system. In this sense, the process in Equation (1)
has to be considered intramolecular.


Other anions and other metal centres : NCOÿ displays a
behaviour similar to that observed with Clÿ. It gives a stable
adduct with the reduced form of the covalently linked system,
[CuII(NCO)�NiII]3� ; the logK for the binding to CuII is 4.4�
0.1. Thus, in a solution that contains 10ÿ3m both of CuII�NiII


and NCOÿ, 82 % of the anions are bound to CuII. Moreover, in
the course of a DPV titration experiment, a new peak
develops at 0.27 V vs. Fc�/Fc and reaches its limiting value
after the addition of one equivalent of NCOÿ. DE(6) [0.47 V]
is remarkably larger than DE(7) [0.26 V], confirming that the
intramolecular anion translocation within the covalently
linked system is much more favoured with respect to the
intermolecular translocation between the separate compo-
nents. However, NCOÿ translocation takes place only in the
time scale of the voltammetry experiment and cannot be
carried out in a bulk electrolysis process, as a result of the
decomposition of the oxidised species, [CuII�NiIII(NCO)]4�.


NO3
ÿ and HSO4


ÿ are as resistant to oxidation as Clÿ, but are
not suitable for the redox-driven translocation process. In fact,
they show a moderate affinity towards both CuII and NiIII


centres, as evidenced in the studies on the separate compo-
nents. Thus, in a solution containing equimolar amounts of the
dimetallic system and Xÿ, before and after oxidation, only a
fraction of the anions are bound to the pertinent metal centre.
Thus, the process in Equation (6) involves only a part of the
added anions and may have an intermolecular character.


The effect of changing the metal centres was also verified.
In particular we kept the same redox-active centre M2 (NiII,III)
and we replaced CuII with ZnII as M1. ZnII has a pronounced
tendency to form five-coordinate complexes. Specifically, ZnII


tetramine complexes have a good affinity towards the
carboxylate donor group. Spectrophotometric titration ex-
periments with the benzoate anion, ArCOOÿ, on a solution of
the [ZnII�NiII]4� system in MeCN/MeOH (1:1 v/v) indicated
the formation of a rather stable [ZnII(ArCOO)�NiII]3�


adduct (logK� 5.6� 0.1; the N!ZnII charge-tranfer band
was monitored). However, in DPV studies, we observed that,
prior to the anion addition, a peak at 0.74 V vs. Fc�/Fc was
present (owing to NiII-to-NiIII oxidation) and that the addition
of up to one equivalent of ArCOOÿ induced neither the
development of any new DPV peak at a lower potential nor a
shift of the peak at 0.74 V. This indicates that the benzoate
anion forms a more stable complex with the ZnII-tren subunit
than with the NiIII-cyclam fragment. Thus, the required
sequence of binding tendencies M2


(n�1)�>M1>M2
n� is altered


and the redox-induced anion-translocation process [Eq. (1)]
cannot take place.


Conclusions


It has been shown that multicomponent systems suitable for
the intramolecular translocation of anions between metal
centres can be designed, by taking profit from the versatile
stereochemical and redox behaviour of transition metals. The
metal centres have to be labile and, when hosted by their own
receptor, must be coordinatively unsaturated, thus, leaving
room for the incoming anion. The ditopic system 1 combines
two distinct tetramine fragments, tren and cyclam, which
impose very different coordinative arrangements, trigonal
bipyramidal and tetragonal, respectively. The receptor 1
operates very efficiently when NiII occupies the cyclam ring
and CuII takes the tren compartment. Notice that the opposite
combination of the metal centres (NiII-tren and CuII-cyclam)
does not work at all for anion-translocation purposes. In fact,
the Cu-cyclam subunit can operate as a redox device through
the CuII/CuIII change, which takes place at a high, but still
attainable potential. However, the CuIII centre, as a d8 ion,
tends to adopt a square-planar stereochemistry and displays
no affinity towards the axial coordination by any Xÿ anion,
thus failing the primary prerequisite for the occurrence of the
redox-driven anion translocation, that is, that the M2


(n�1)�


centre must display the highest affinity towards the Xÿ anion.
The investigated system has to be added to the list of


bistable molecular systems, that is, molecules capable of
existing in two states of comparable stability and of different
topology. In such systems, the interchange from one state to
the other should be kinetically feasible and should be
controlled from the outside through a chemical, electro-
chemical or photochemical process. In systems of the type
described here, each state is defined by the position of the Xÿ


anion, whether on the M1 or M2 site. Switching from one state
to the other is electrochemically driven and is fast and
reversible in view of the open nature of the hosting framework
and of the lability of the MÿX bonds.


Experimental Section


Syntheses : The two component system 1 was obtained by the synthetic path
outlined in Scheme 1. 1,4,8,11-tetraazacyclotetradecane (cyclam) was
prepared according to literature methods.[19] N,N',N''-tris(tert-butoxycar-
bonyl)-1,4,8,11-tetraazacyclotetradecane (triBOCcyclam, 4) was prepared
through a modification[20] of a reported procedure.[21] All other reagents
were commercially available and used as purchased (except where
indicated in the experimental procedure). Mass spectra (ESI) were
recorded on a Finnigan MAT TSQ 700 instrument, NMR spectra on a
Bruker AMX 400 spectrometer.


N,N'',N''''-Tris-(tert-butoxycarbonyl)-N''''''-(4-bromomethyl)benzyl-1,4,8,11-t-
etraazacyclotetradecane (5): TriBOCcyclam (4 ; 0.95 g, 1.90 mmol) was
dissolved in toluene (60 mL) and allowed to react with 1,4-dibromomethyl-
benzene (0.51 g, 1.95 mmol) and Na2CO3 (0.35 g, 2.47 mmol) at the mixture
reflux temperature, under a nitrogen atmosphere. After 24 hours, the
mixture was filtered, and the solvent removed on a rotary evaporator. The
semisolid crude product was purified on a silica gel column, with ethyl
acetate/n-hexane (1:1 v/v) as eluent, to give the pure compound 5, as a
glassy white solid (0.58 g, 45% yield; Rf� 0.46). 1H NMR (CDCl3): d� 7.24
(d, 2H; phenyl ring), 7.16 (d, 2 H; phenyl ring), 4.4 (s, 2H; ArCH2Br), 3.45
(s, 2H; ArCH2N), 3.1 ± 3.4 (m, 12H; CONCH2), 2.58 (t, 2H;
NCH2CH2NCH2Ar), 2.37 (t, 2 H; ArCH2NCH2CH2CH2N), 1.83 (q, 2H;
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Scheme 1. Synthesis of the tren-cyclam conjugate 1. BOC is the protecting
group: tris-(tert-butoxycarbonyl).


CONCH2CH2CH2NCO), 1.61 (q, 2H; ArNCH2CH2CH2NCO), 1.41 ± 1.29
(s, 27 H; C(CH3)3); MS (ESI): 683, 685 [M��H].


N''-(2-Aminoethyl)-N-1-{2-[4-(1,4,8,11-tetraazacyclotetradecane-1-meth-
yl)benzylamino]ethyl}ethane-1,2-diamine (1): Compound 5 (0.400 g,
0.58 mmol) was dissolved in toluene (30 mL) and treated with N,N',N''-
tris-(2-aminoethyl)amine (tren, 0.45 mL, 0.432 g, 2.9 mmol) under a nitro-
gen atmosphere, at the reflux temperature. After 24 hours, the cooled
reaction mixture was filtered and the solvent removed on a rotary
evaporator. The oily residue was kept under high vacuum (0.1 Torr) for
48 hours at 50 8C, to eliminate the excess of tren. The obtained semisolid
was then dissolved in CF3COOH (30 mL) and kept well-stirred for 24 hours
under a nitrogen atmosphere, to deprotect cyclam amino groups from the
BOC group. CF3COOH was then removed on a rotary evaporator, the
residue dissolved in 10% HCl (30 mL) and extracted with CH2Cl2 (2�
20 mL) to eliminate the tert-butanol formed from BOC after amine
deprotection. The aqueous solution was then made basic with 6m NaOH,
extracted with CH2Cl2 (5� 20 mL portions) and dried over Na2SO4.
Removal of the solvent on a rotary evaporator gave 1 as a pure product
(0.21 g, 80 % yield). 1H NMR (CDCl3): d� 7.20 (d, 2 H; phenyl ring), 7.12
(d, 2 H; phenyl ring), 3.7 (s, 2H; NHCH2Ar), 3.45 (s, 2H; ArCH2N), 2.4 ±
2.9 (m, 28 H; CH2 adjacent to amino groups), 1.81 and 1.70 (q and q, 2H�
2H; NHCH2CH2CH2NH and NCH2CH2CH2NH); MS (ESI): 449 [M��H].


[NiIICuII{N''-(2-aminoethyl)-N-1-{2-[4-(1,4,8,11-tetraazacyclotetradecane-
1-methyl)benzylamino]ethyl}ethane-1,2-diamine}](ClO4)4 ´ 2 H2O ´ C2H5O-
H, ([NiIICuII(1)](ClO4)4 ´ 2H2O ´ C2H5OH): Compound 1 (0.050 g,
1.11 mmol) was dissolved in CH3OH (20 mL) and treated with a nickel(ii)
perchlorate solution in water (0.54m, 0.206 mL, 0.111 mmol). The obtained
solution was heated at reflux for 2 hours, after which time it took on a
yellow-orange colour. Once cooled at room temperature, a copper(ii)
perchlorate solution in water (0.54m, 0.202 mL, 0.110 mmol) was added, to
give a green solution. After 20 minutes stirring at room temperature, the
solvent was removed with a nitrogen stream to obtain a glass, which, on
treatment with absolute ethanol (3 mL) gave [NiIICuII(1)](ClO4)4 ´ 2H2O ´
C2H5OH as a grey-blue powder. C26H58N8O19Cl4CuNi (1050.83): calcd C
29.73, H 5.52, N 10.66; found C 29.54, H 5.48, N 10.47; MS (ESI) 866, 868,
870, 872 [{[NiIICuII(1)](ClO4)3}�].


[NiII{N-(4-tert-butyl)benzyl-1,4,8,11-tetraazacyclotetradecane}](ClO4)2


([NiII(3)](ClO4)2): 1,4,8,11-Tetraazacyclotetradecane (cyclam, 1.5 g,
7.49 mmol mmol) was dissolved in hot toluene (50 mL), under a nitrogen
atmosphere. 4-(tert-butyl)bromomethylbenzene (0.27 mL, 0.34 g,
1.5 mmol) was added, and the obtained solution kept at the reflux


temperature for 2 hours, after which time a white precipitate of cyclam ´
HBr was formed. The mixture was allowed to cool to room temperature
and the abundant precipitate (cyclam hydrobromide plus unreacted excess
cyclam) was filtered off. The obtained clear solution was extracted with
NaOH (0.1m, 2� 30 mL portions), in order to remove the remaining plain
cyclam dissolved in toluene,and was dried over Na2SO4, and the solvent
removed to give crude N-(4-tert-butyl)benzyl-1,4,8,11-tetraazacyclotetra-
decane (0.48 g, 92% yield). The ligand was dissolved in methanol (30 mL)
and an aqueous solution of nickel(ii) perchlorate (0.54m, 2.50 mL,
1.35 mmol) was added. The obtained solution was heated to reflux for
2 hours, after which time a yellow-orange solution was obtained, which, on
slow evaporation, gave [NiII(3)](ClO4)2, as an orange microcrystalline
solid. Yield: 0.36 g (40 %, based on 4-(tert-butyl)bromomethylbenzene).
C21H38N4Cl2O8Ni (604.15):calcd C 41.77, H 6.29, N 9.27; found C 41.60, H
6.25, N 9.30; MS (ESI): 603, 605, 607 [{[NiII(3)](ClO4)2}�].


[CuII(N-benzyl-N'',N''-bis-(2-aminoethyl)ethylenediamine](ClO4)2 ´ 2 H2O
([CuII(2)](ClO4)2 ´ 2H2O): N,N',N''-Tris-(2-aminoethyl)amine (tren,
15 mL� 14.65 g, 100 mmol) was dissolved in toluene (50 mL) and treated
with bromomethylbenzene (4.38 g, 25 mmol). The reaction mixture was
heated at reflux, under a nitrogen atmosphere, for 8 hours, after which time
an abundant white precipitate (tren hydrobromide) formed. The reaction
mixture was allowed to cool to room temperature and was filtered, and
toluene removed on a rotary evaporator, to give a mixture of the desired N-
benzyl-N',N'-bis-(2-aminoethyl)ethylenediamine ligand and excess tren, as
a pale yellow oil. Excess tren was evaporated off under high vacuum
(0.01 Torr, 130 8C) and the obtained brown oily residue was redissolved in
CH2Cl2 and boiled for 2 hours in the presence of activated charcoal. After
filtration and removal of CH2Cl2 on a rotary evaporator, pure N-benzyl-
N',N'-bis-(2-aminoethyl)ethylenediamine was recovered, as a pale yellow
oil (5.2 g, 88% yield, based on bromomethyl benzene). 1H NMR (CDCl3):
d� 7.25 (m, 5H; benzene ring), 3.70 (s, 2H; ArCH2NH), 2.67 and 2.42 (t
and t, 4H� 4H; N(CH2CH2NH2)2 and N(CH2CH2NH2)2), 2.62 and 2.50 (t
and t, 2H� 2H; ArCH2NHCH2CH2N and ArCH2NHCH2CH2N). Com-
plex [CuII(2)](ClO4)2 ´ 2H2O was prepared by treating N-benzyl-N',N'-bis-
(2-aminoethyl)ethylenediamine (0.50 g, 2.12 mmol), dissolved in methanol,
with an aqueous solution of CuII perchlorate (0.54m, 3.92 mL, 2.12 mmol).
The blue solution was allowed to react at room temperature for 30 minutes,
and then the volume of the solvent was reduced to 5 mL on a rotary
evaporator, which caused the separation of a blue oil, which, after
decantation of the remaining solvent and treatment with diethyl ether gave
[CuII(2)](ClO4)2 ´ 2 H2O, as a microcrystalline solid. C13H28N4Cl2CuO10


(534.83): calcd C 29.21, H 5.23, N 10.47; found C 29.15, H 5.20, N
10.42.


Spectroelectrochemistry: UV/Vis spectra were recorded on a Hewlett-
Packard8453 diode array spectrophotometer. Electrochemical measure-
ments (cyclic voltammetry, CV, differential pulse voltammetry, DPV,
controlled potential coulometry, CPC) were performed with a P.A.R. 273
potentiostat/galvanostat, under the control of a personal computer, with
dedicated software. In CV and DPV studies, the working electrode was a
platinum microsphere and the counter-electrode was a platinum foil. A
platinum wire was used as a pseudoreference electrode and was calibrated
against ferrocene as an internal standard. Thus, all the potentials reported
in this work have been referred to the classical Fc�/Fc (Fc� ferrocene)
standard couple. CPC experiments were performed on solutions 2 ± 5�
10ÿ4m in the two-component system, with a platinum gauze as a working
electrode. The counter-electrode compartment was separated from the
working compartment by a U-shaped bridge, filled by an MeCN solution
0.1m in [Bu4N]ClO4. The reference electrode, a platinum wire dipped in the
working cell, was calibrated by a CV experiment prior to the electrolysis.
The spectra of the electrolysed solution were taken by the use of a quartz
fiber optical probe (Hellma, 661.500-QX), dipped in the working compart-
ment and connected to the diode array spectrophotometer. The optical
path of the probe was 2� 10 mm. In the anion titration experiment,
solutions of [Bu4N]X salts were used (X�NCO, HSO4, NO3), with the
exception of [BzBu3N]Cl. The constants for the Mn��Xÿ> [MX](nÿ1)�


equilibria were calculated by processing the data of spectrophotometric
titration experiments performed on solutions containing Mn� (5� 10ÿ4 ±
10ÿ3m concentration range), thermostatted at 25 8C, titrated with solutions
of the pertinent ammonium salt. In each titration, 20 ± 30 points were
recorded, and data refined through the HYPERQUAD package, which
minimizes a least-squares function.[22]
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Chromium Iminoglycosylidenes:
Synthesis and Application to Photoinduced C-Glycosidation


Karl Heinz Dötz,*[a] Markus Klumpe,[a] and Martin Nieger[b]


Dedicated to Professor Ernst Otto Fischer on the occasion of his 80th birthday


Abstract: The iminoglycosylidene com-
plexes 3 a,b, 9, and 16 a,b are conven-
iently prepared from the sugar lactams
2 a,b, 8, and 15 a,b by reaction with
K2Cr(CO)5 and subsequent deoxygena-
tion with trimethylsilyl chloride
(TMSCl). The Cr(CO)5-stabilized car-
bene moiety of the imino-d-ribo-pyra-
nosylidene complexes 9 and 16 a,b has


been exploited in the photoinduced
generation of ketene-like species on
irradiation with UV light. These inter-
mediates were trapped with methanol to


produce the methyl 2,6-imino-d-allo-
nates 10 and 17 a,b. The C-glycosidation
is b-selective and has been applied
further to the preparation of the galac-
tosyl 2,6-imino-d-allonate 19. Solvent
effects suggest that the diastereoselec-
tivity originates in the chromium frag-
ment, which shields the re face of the
proposed ketene intermediate.


Keywords: chromium ´ carbene
complexes ´ glycosides ´ iminosu-
gars ´ photolysis


Introduction


Naturally occurring and synthetic iminosugars are the focus of
much attention, as they are found to be potent glycosidase
inhibitors.[1] They are therefore useful as antiviral, antidia-
betic, antimetastatic, and metabolic regulation agents.[2]


Several hundred of them have been synthesized to date by a
broad variety of approaches based mainly on ring-closing
reactions, such as intramolecular reductive amination,[3]


amination of C�C bonds,[4] or intramolecular nucleophilic
amination.[5] However, synthetic methods for the carbon-
chain elongation/C-glycosidation of iminopyranoses are rare-
ly found in the literature,[6] and to our knowledge, there is only
one general route to the various C-glycosides of nojirimycin,
reported recently by Schmidt and co-workers.[7]


The use of organometallic chemistry in stereoselective
organic synthesis is well established, but its application to
carbohydrate chemistry is limited to a few examples, except in


the case of lithiated or stannylated compounds. However,
some stable glycosyl complexes of various metals have been
prepared.[8] Our aim was to transfer the synthetic potential of
Fischer-type amino carbene complexes [(CO)5Cr�CR-
(NR'R'')] to iminosugar chemistry. We focused on insertion
reactions with alkynes for the construction of polycyclic
N-heterocycles,[9] and especially on the photolytic generation
of ketene equivalents, which may be trapped by imines and
oxygen or nitrogen nucleophiles to produce natural and
synthetic b-lactams, a-amino acid esters, or dipeptides.[10]


We now describe the synthesis of chromium- and tungsten-
stabilized imino-furanosylidene and -pyranosylidene com-
plexes and report the photolytic conversion of pentacarbonyl-
[iminopyranosylidene]chromium complexes to methyl[11] and
glycosyl 2,6-imino-D-aldonates. This represents the first
application of a metal-stabilized carbene moiety to the
carbon-chain elongation of iminosugars.


Results and Discussion


The two available synthetic pathways to amino carbene
complexes are i) the aminolysis of alkoxy carbene complexes
and ii) the Hegedus route[12] (Scheme 1), which is based on the
combination of amide or unsubstituted lactam electrophiles
with K2Cr(CO)5 as an organometalate nucleophile. Subse-
quent deoxygenation with TMSCl affords the desired amino
carbene complexes.
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Scheme 1. Synthesis of amino carbene complexes.


Although we have shown pre-
viously that aminolysis of fura-
nosylidene complexes followed
by intramolecular Mitsunobu
reaction provides a route to
both N-protected and N-un-
protected iminofuranosylidene
complexes,[13] the Hegedus pro-
cedure seems to be the method
of choice to obtain the imino-
glycosylidene complexes direct-
ly from the fully protected sug-
ar lactams.


Synthesis of iminoglycosylidene complexes : The pentacar-
bonyl chromate dianion is not only a potent nucleophile, but is
also a strong base. Consequently, earlier studies with perben-
zylated nojirilactam[14] had indicated that the benzyloxy group
at C-3 tends to undergo easy elimination, initiated by proton
abstraction at C-2[15] (Scheme 2). To avoid this undesired
reaction we turned our attention to the synthesis of sugar
lactams with an acetal protecting group at positions 2 and 3.


Scheme 2. Elimination of the C3-benzyloxy group in nojirilactam.


We started with the d-erythrono-1,4-lactam 1, which was
readily prepared from commercially available d-isoascorbic
acid.[16] Subsequent N-protection with either methyl iodide or
benzyl chloride resulted in the formation of the lactams 2 a
and 2 b, respectively (Scheme 3).


The d-ribono-1,5-lactam 8 was synthesized in 56 % yield in
five steps from D-ribono-1,4-lactone, which was first protect-
ed as its 2,3-O-cyclohexylidene acetal 4 by acid (H2SO4)-
catalyzed condensation in cyclohexanone. Comparable results
have been reported for the reaction catalyzed by Amberlite
IR 120(H�) in benzene, but these conditions also afforded the


3,4-protected isomer as a side product.[17] The acetal 4 was
converted quantitatively to the tosylate 5 and then treated
with sodium azide in DMF to give the azido lactone 6.
Hydrogenation in the presence of 6 mol % palladium on
charcoal and subsequent protection of the resulting lactam 7
with methyl iodide produced the desired d-ribono-1,5-lactam
8 in an overall yield of 49 % (Scheme 4).


A similar reaction sequence was used in the preparation of
lactams 15 a and 15 b. The azido derivative 13[19] was obtained
from the tosylated ribono-1,4-lactone 12 (synthesized by a
modified Mitchell reaction) in a yield of 88 % after purifica-
tion. (Isolation of highly pure 13 is vital to the success of the
subsequent palladium-catalyzed hydrogenation.) Attempts to
perform this step from the crude azide as reported [20] were
unseccessful in our hands. Finally, the sugar lactam 14 was
treated with either methyl iodide or benzyl chloride to afford
the fully N- and O-protected d-ribono-1,5-lactams 15 a
and 15 b in overall yields of 52 % (15 a) and 44 % (15 b)
(Scheme 4).


The sugar lactams 2 a,b, 8, and 15 a,b were converted to the
iminoglycosylidene complexes 3 a ± c, 9, and 16 a,b by an
efficient general procedure.[12] Cr(CO)6 was allowed to react
with a suspension of C8K in THF at ÿ78 8C to produce
K2Cr(CO)5. Addition of a solution of the appropriate lactam
in THF, followed by the introduction of TMSCl, formed the
carbene complexes 3 a,b and 16 a,b in good yield, but the


Abstract in German: Die Iminoglycosylidenkomplexe 3a,b, 9
und 16a,b können leicht aus den Zuckerlactamen 2a,b, 8 und
15a,b durch Reaktion mit K2Cr(CO)5 und nachfolgender
Deoxygenierung durch Chlortrimethylsilan dargestellt werden.
Die Pentacarbonylchrom-stabilisierte Carbenfunktionalität in
den Imino-d-ribo-pyranosyliden-Komplexen 9 und 16a,b
wurde durch Bestrahlung mit UV-Licht für die photoinduzierte
Generierung von ketenähnlichen Spezies ausgenutzt, welche
durch Methanol unter Bildung der 2,6-Imino-d-allonsäureme-
thylester 10 und 17a,b abgefangen wurden. Die C-Glycosidie-
rung verläuft b-selektiv und wurde auf die Darstellung des
Galactosyl-2,6-imino-d-allonates 19 übertragen. Lösungsmit-
teleffekte wiesen darauf hin, daû die Diastereoselektivitäten
durch das Chromfragment gesteuert werden, welches die re-
Seite des angenommenen Ketenintermediates abschirmt.


Scheme 3. Synthesis of the sugar lactams 2 a,b.
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Scheme 4. Synthesis of the sugar lactams 8 and 15a,b.


preparation of the cyclohexylidene acetal 9 was less efficient.
In this case, formation of the tetrahedral intermediate
(Scheme 1) may be hampered by the enhanced steric hin-
drance of the acetal protecting group in 8 compared with that
in 15. The complexes are easily separated from the graphite
precipitate by chromatography on a short silica column. An
analogous procedure can be applied to the generation of
pentacarbonyl tungsten-stabilized complexes as demonstrat-
ed for 3 c in Scheme 5.


The molecular structures of complexes 3 a and 3 c exhibit
similar 4T3 and 2T3 conformations in the solid state (Figures 1
and 2), whereas 16 a adopts a 4S2 conformation (Figure 3). In
these three compounds the carbene carbon atom C1 is sp2-
hybridized and therefore coplanar with its nearest neighbors.
In addition, the pronounced double-bond character of the
C1 ± N bond is indicated by the significantly short bond
lengths (3 a : 130.59, 3 c : 131.0, 16 a : 130.8 pm), combined with
a planar arrangement at the nitrogen atom, which reflects the
peculiar bonding of the metal-carbene fragment. In contrast
bond lengths of 132.6 pm and 136.0 pm (together with a
distinct pyramidalization at nitrogen) are reported for nojir-
ilactam[21a] and for d-gluconhydroximo-1,5-lactam,[21b] respec-
tively.


Scheme 5. Conversion of sugar lactams to the iminoglycosylidene com-
plexes 3 a ± c and 9, 16a,b.


Figure 1. Molecular structure of complex 3a. Thermal ellipsoids are drawn
at the 50% probability level. Selected distances [pm] and angles [8]: Cr ± C1
208.93(14), C1 ± N1 130.59(19), C1 ± C2 152.78(19), C2 ± C3 153.28(19),
C3 ± C4 151.0(2), C4 ± N 147.89(19); Cr-C1-N1 132.20(10), Cr-C1-C2
122.14(9), N-C1-C2 105.63(11), C1-N-C5 127.70(12), C1-N-C4 117.17(12),
C8-N-C4 115.12(12).


Synthesis of methyl and glycosyl 2,6-iminoaldonates : In 1982,
McGuire and Hegedus discovered that irradiation of chromi-
um carbene complexes into the metal-to-ligand charge trans-
fer (MLCT) band (350 ± 450 nm) resulted in the insertion of a
CO ligand into the metal ± carbene bond to generate short-
lived alkoxy- or amino-substituted metal-bound ketenes.[10a]


This process is proposed to be reversible with regeneration of
the carbene complex (unless a reactive substrate is present),
and has been applied to a series of acyclic and cyclic amino
carbene complexes.[22] We speculated whether this method-
ology could be exploited in a novel route to iminosugar
C-glycosides. Complexes 9 and 16 a,b were dissolved in
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Figure 2. Molecular structure of complex 3 c. Thermal ellipsoids are drawn
at the 30% probability level. Selected distances [pm] and angles [8]: W ± C1
221.5(5), C1 ± N1 131.0(8), C1 ± C2 151.7(9), C2 ± C3 152.9(9), C3 ± C4
150.6(11), C4 ± N 148.0(8); W-C1-N1 131.9(5), W-C1-C2 121.9(4), N-C1-C2
106.1(5), C1-N-C5 127.7(5), C1-N-C4 116.6(5), C8-N-C4 115.7(6).


Figure 3. Molecular structure of complex 16 a. Thermal ellipsoids are
drawn at the 50% probability level. Selected distances [pm] and angles [8]:
Cr ± C1 210.66(14), C1 ± N1 130.8(2), C1 ± C2 154.6(2), C2 ± C3 155.0(2),
C3 ± C4 151.0(2), C4 ± C5 152.3(2), C5 ± N 148.86(16); Cr-C1-N1 130.57(10),
Cr-C1-C2 116.67(10), N-C1-C2 112.68(12), C1-N-C6 124.37(12), C1-N-C5
123.44 (12), C6-N-C5 112.18(11).


methanol and irradiated with a 125 W mercury lamp at room
temperature. The reaction afforded the methyl 2,6-iminoald-
onates 10 and 17 a,b within five days in moderate-to-fair yields
after oxidative and chromatographic workup (see Experi-
mental Section and Scheme 6).


Despite our use of various protecting groups with different
steric demands, we isolated only a single diastereomer with d-
allo configuration, as established by NOE experiments within
the accuracy of 1H NMR spectroscopy in combination with
GC-MS analysis or HPLC. No alternative 2,6-imino-d-altro-
nate isomer was detected. We suppose that the stereocontrol
in favor of the b-C-glycosidation products 10 and 17 a,b arises
from the coordination of the chromium carbonyl fragment to
the re face of the sugar ketene intermediate, which is
generated upon photolysis of the chromium iminoglycosyli-
dene precursor. This would explain the stereoselective pro-


Scheme 6. Photoinduced synthesis of the methyl 2,6-imino-d-allonates 10
and 17 a,b.


tonation by the alcohol, which occurs from the generally less
congested opposite face. In order to verify this hypothesis we
replaced methanol by the more efficiently coordinating
CH3CN. This solvent is expected to complete successfully
with the ketene for the Cr(CO)4 fragment prior to the
addition of the alcohol. Irradiation of a solution of 16 a and
methanol (1.0 equiv) in THF led again to the formation of the
single d-allo isomer 17 a in 65 % yield. However, the
diastereoselectivity decreased significantly when the reaction
was run under identical conditions but with CH3CN as the
solvent. The 1H NMR spectrum of the residue, obtained after
oxidative workup, contained signals which could be assigned
to three products: imino d-allonate 17 a and its diastereomer
in an approximate ratio of 2:1 (confirmed by GC-MS
analysis), and lactam 15 a, which is formed by oxidation of
the unconverted starting material 16 a.


In contrast, the increasing steric demand of the alcohol
substrate has no influence on the stereocontrol of the
C-glycosidation. The reaction of 16 a with galactose derivative
18 (1.1 equiv)[23] in THF is highly diastereoselective, even
though it was considerably slower and gave only a 25 % yield
of the galactosyl 2,6-imino-d-allonate 19 after five days of
irradiation (Scheme 7).


Conclusion


We have shown that iminoglycosylidene complexes of chro-
mium are readily synthesized from sugar lactams in good
yields. The metal-stabilized carbene moiety in iminopyran-
osylidene complexes can be exploited in a photoinduced
carbon-chain elongation. We propose that the chromium
carbonyl fragment in the iminopyranosylidene complexes not
only mediates the generation of ketene equivalents, but also
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Scheme 7. Photoinduced synthesis of the galactosyl 2,6-imino-d-
allonate 19.


controls the stereochemical course of the reaction with
alcohols. This may be the result of the coordination of
the metal fragment to the zwitterion opposite the acetal
protection group. The importance of metal coordination
to the ketene intermediate is demonstrated by the fact
that the diastereoselectivity of C-glycosidation decreases
significantly if methanol is replaced by the better
coordinating CH3CN.


This reaction provides a novel, complementary, and
highly diastereoselective pathway to 2,6-iminoaldonic
acid derivatives[3±5] and a straightforward, yet unconven-
tional, approach to allo-configured iminosugars.[19, 24]


Experimental Section


All solvents were dried by standard procedures and then saturated with
argon. Organic products were purified by chromatography carried out at
room temperature on silica gel (Merck 60, 0.062 ± 0.200 nm). Chromato-
graphic workup of organometallic products was carried out between ÿ5
and ÿ12 8C with dry solvents on degassed silica gel (Merck 60, 0.062 ±
0.200 nm). TLC: Merck plates, silica gel 60F254. HPLC: Chiracel OD
(4.6� 250 mm), Eurospher (16� 250 mm). UV irradiation was performed
with a high-pressure mercury lamp, Philips TPK125, combined with a
transformer DEMA HPK125. 1H and 13C NMR (298 K): Bruker DRX 500,
AM 400. Chemical shifts refer to those of residual solvent signals based on
d(TMS)� 0.00 ppm, coupling constants J are given in Hz. FTIR: Nicolet
550. MS-EI: Kratos Analytical MS50. GC-MS: Hewlett ± Packard 5890
Series-II-Gas-Chromatograph, column HP-5 MS (30m� 0.2 cm), 5972
Series-Mass Selective Detector. Elemental analysis: Heraeus CHN-Rapid
and Elementar Analysensysteme GmbH Vario EL. Optical rotations:
Perkin ± Elmer Polarimeter 341, 1 mL cell, 20 8C, 589 nm. Melting points:
Büchi SMP 20, uncorrected. X-ray crystal structure analysis: Nonius Kappa
CCD.


X-ray structural analysis of 3 a, 3 c, and 16a : The structures were solved by
direct methods (SHELXS-97).[25] The non-hydrogen atoms were refined
anisotropically on F 2 (SHELXL-97).[26] Hydrogen atoms were refined
isotropically with a riding model. An extinction correction (3a, 3c, and
16a) and an empirical absorption correction were applied (3c : Tmax/min�
0.47906/0.35685). The absolute configuration is determined by refining
Flack�s x parameter.[27] Further details are given in Table 1.
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-102572 (3a),
CCDC-102573 (3 c), CCDC-102574 (16a). 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 : depos-
it@ccdc.cam.ac.uk).


N-Methyl-4-amino-4-deoxy-2,3-O-isopropylidene-dd-erythronolactam (2a):
A solution of lactam 1[16] (3.97 g, 25.3 mmol) in DMF (25 mL) was cooled to
0 8C. NaH (0.85 g, 35.4 mmol) was added and the mixture was stirred at
25 8C for 1.5 h. After addition of CH3I (12.6 mL, 202.4 mmol), the solution
was stirred for a further 8 h. The solvent was then evaporated and the
residue was purified by chromatography (eluent CH2Cl2/CH3OH, 5:1).
Colorless crystals of 2 a (2.89 g, 66 %) were obtained after distillation at
100 8C (5� 10ÿ2 mbar). M.p. 86 ± 87 8C; Rf� 0.80 (CH2Cl2/CH3OH, 5:1);
MS (70 eV, EI): m/z (%): 171 ([M]� , 6.4), 156 ([MÿCH3]� , 100), 128
([MÿCH3ÿCO]� , 7.8), 114 (6.4), 96 (60); HR-MS: C8H13NO3: calcd
171.0895; found 171.0905; IR (KBr): nÄ � 1693 cmÿ1; C8H13NO3 (171.19):
calcd C 56.13, H 7.65, N 8.18; found C 55.76, H 7.57, N 8.10; 1H NMR
(500 MHz, CD3OD): d� 1.27 (s, 3H; CH3), 1.28 (s, 3 H; CH3), 2.76 (s, 3H;
NCH3), 3.34 (dd, 2J4/4'� 11.72, 3J4/3� 0.39, 1H; H-4), 3.58 (dd, 2J4'/4� 11.72,
3J4'/3� 4.87, 1 H; H-4'), 4.56 (d, 3J2/3� 5.96, 1H; H-2), 4.67 (pt, 1H; H-3);
13C NMR (125 MHz, CD3OD): d� 26.1, 27.6 (2C, CH3), 30.3 (1C, NCH3),
54.4 (1C, C-4), 74.1, 79.5 (2C, C-2, C-3), 113.5 (1C, Me2C), 173.8 (1 C, C-1).


N-Benzyl-4-amino-4-deoxy-2,3-O-isopropylidene-dd-erythronolactam (2b):
As described in the previous procedure, treatment of 1 (0.91 g, 5.8 mmol)
with NaH (0.19 g, 8.1 mmol) and benzyl chloride (2.7 mL, 23.2 mmol) in
DMF (10 mL) yielded 2b as colorless needles (1.02 g, 71%) after
chromatographic workup (eluent CH2Cl2/CH3OH, 20:1) and distillation
at 100 8C (5� 10ÿ2 mbar). M.p. 89 ± 90 8C; Rf� 0.54 (CH2Cl2/CH3OH, 20:1);
MS (70 eV, EI): m/z (%): 247 ([M]� , 17.8), 232 ([MÿCH3]� , 6.4), 189
([MÿMe2CO]� , 4.2), 172 (68.5), 132 (5.7), 91 (100), 65 (12.1); HR-MS:
C14H17NO3 calcd 247.1028; found 247.1202; IR (KBr): nÄ � 1685 cmÿ1; [a]D�


Table 1. Crystallographic data and summary of data collection and refinement of
3a, 3c and 16a.


3a 3c 16a


formula C13H13NO7Cr C13H13NO7W C15H17NO8Cr
Mr 347.24 479.09 391.30
crystal system orthorhombic orthorhombic orthorhombic
space group P212121 (no.19) P212121 (no.19) P212121 (no.19)
a [�] 7.7241(2) 7.7210(1) 8.9292(3)
b [�] 12.6238(4) 13.1660(3) 10.0482(3)
c [�] 16.1620(5) 16.3970(3) 20.2145(4)
V [�3] 1575.92(8) 1666.83(5) 1813.69(4)
Z 4 4 4
crystal size [mm3] 0.10� 0.20� 0.50 0.20� 0.40� 0.50 0.10� 0.15� 0.25
1calcd [g cmÿ3] 1.46 1.91 1.43
m [mmÿ1] 0.76 6.96 0.67
F(000) 712 912 808
diffractometer Nonius Kappa-CCD
radiation MoKa MoKa MoKa


l [�] 0.71073 0.71073 0.71073
T [K] 123(2) 293(2) 123(2)
max 2q [8] 56.6 56.4 56.6
index range ÿ 9�h� 9 ÿ 7�h� 7 ÿ 10�h� 10


ÿ 16�k� 16 ÿ 15�k� 15 ÿ 12�k� 12
ÿ 19�hl� 19 ÿ 19� l� 19 ÿ 22� l� 22


no. of data 72437 22653 27662
no. of unique data 3607 3185 3890
Rint 0.029 0.058 0.033
no. of data with
I> 2s(I) 3343 3533 3491
parameters 201 201 231
absolute structure
parameter x ÿ 0.01(1) 0.02(2) ÿ 0.01(1)
R(F) for I> 2s(I) 0.023 0.027 0.025
wR2(F2 ) for all data 0.059 0.068 0.065
goodn. of fit on F 2 1.04 1.11 1.06
largest diff. peak
and hole e �ÿ3 0.26/ÿ 0.26 1.20/ÿ 0.81 0.22/ÿ 0.26
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�7.3 (c� 0.994, CH3OH). C14H17NO3 (247.29): calcd C 68.00, H 6.93, N
5.66; found C 67.98, H 6.86, N 5.37; 1H NMR (500 MHz, C6D6): d� 1.23 (s,
3H; CH3), 1.42 (s, 3H; CH3), 2.69 (dd, 2J4'/4� 11.22, 3J4'/3� 4.96, 1H; H-4'),
2.96 (d, 2J4/4'� 11.22, 1 H; H-4), 4.00 (pt, 1 H; H-3), 4.20 (d, 2J� 14.60, 1H;
PhCH2), 4.25 (d, 2J� 14.60, 1 H; PhCH2), 4.31 (d, 3J2/3� 6.06, 1H; H-2),
7.05 ± 7.14 (m, 5H; H-aryl); 13C NMR (125 MHz, C6D6): d� 25.8, 27.3 (2C,
CH3), 46.4 (1 C, CH2Ph), 49.6 (1 C, C-4), 72.3, 77.9 (2C, C-3, C-2), 111.9 (1C,
Me2C), 127.7, 128.4, 128.8 (5 C, aryl-C), 136.5 (1C, Cipso), 170.0 (1 C, C-1).


2,3-O-Cyclohexylidene-dd-ribono-1,4-lactone (4): d-Ribono-1,4-lactone was
protected by treatment with cyclohexanone (50 mL) and concentrated
H2SO4 (5 drops) over 20 h at 25 8C. The solvent was then evaporated in
vacuo at 45 ± 60 8C in the presence of solid NaHCO3 (0.5 g). Chromatog-
raphy of the residue (eluent EtOAc/PE, 2:1) gave 4 as a white solid (6.48 g,
56%). M.p. 120 ± 121 8C; Rf� 0.42 (EtOAc/PE, 2:1); MS (70 eV, EI): m/z
(%): 228 ([M]� , 96.0), 199 ([MÿHÿCO]� , 21.4), 185 ([M�HÿCO2]� ,
100), 169 (3.2), 99 (4.2), 85 (10), 55 (53.5); HR-MS: C11H16O5: calcd
228.0997; found 228.0993; IR (KBr): nÄ � 3465, 1780 cmÿ1; [a]D�ÿ53.18
(c� 1.440, CHCl3). C11H16O5 (228.24): calcd C 57.89, H 7.07; found C 57.63,
H 6.96; 1H NMR (500 MHz, CDCl3): d� 1.33 ± 1.40 (m, 2H; C6H10), 1.50 ±
1.67 (m, 8H; C6H10), 2.61 (b, 1 H; OH), 3.77 (dd, 2J5/5'� 12.32, 3J5/4� 1.69,
1H; H-5), 3.96 (dd, 2J5'/5� 12.32, 3J5'/4� 2.28, 1H; H-5'), 4.61 (pt, 3J4/5�
3J4/5'� 1.98, 1H; H-4), 4.74 (d, 3J3/2� 5.67, 1 H; H-3), 4.81 (d, 3J2/3� 5.67, 1H;
H-2); 13C NMR (125 MHz, CDCl3): d� 23.6, 23.7, 24.7, 34.8, 36.2 (5C,
C6H10), 61.8 (1C, C-5), 75.2, 77.7, 82.9 (3C, C-2, C-3, C-4), 113.8 (1 C, Cspiro),
175.3 (1 C, C-1).


2,3-O-Cyclohexylidene-5-O-p-toluenesulfonyl-D-ribono-1,4-lactone (5): p-
Toluenesulfonyl chloride (8.0 g, 42.0 mmol) was added to a solution of the
acetal 4 (3.5 g, 21.0 mmol) in cold pyridine (20 mL, ÿ20 8C) in one portion.
After the mixture had been kept for 20 h at ÿ28 8C, water (2.0 mL) was
added, and the solution was then poured slowly into ice water (500 mL)
with vigorous stirring. The crystals formed were collected, dried, and
purified chromatographically (eluent EtOAc/PE, 2:1) to furnish the
tosylate 5 as a colorless liquid (8.0 g, 100 %). Rf� 0.87 (EtOAc/PE, 2:1);
MS (70 eV, EI): m/z (%): 382 ([M�], 35.6), 353 ([MÿHCO]� , 23.7), 339
([M�HÿCO2]� , 100), 155 ([C7H7O2S]� , 23.7), 139 ([C7H7OS]� , 8.4), 91
([C7H7]� , 25.4), 55 (35.3); HR-MS: C18H22O7S: calcd 382.1086; found
382.1091; IR (film): nÄ � 1795, 1733 cmÿ1; 1H NMR (500 MHz, C6D6): d�
1.08 ± 1.17 (m, 2 H; C6H10), 1.27 ± 1.63 (m, 8 H; C6H10), 1.81 (s, 3 H; PhCH3),
3.53 (dd, 2J5/5'� 11.22, 2J5/4� 2.08, 1 H; H-5), 3.58 (dd, 2J5'/5� 11.22, 3J5'/4�
2.58, 1 H; H-5'), 4.00 (pt, 3J4/5� 3J4/5'� 2.28, 1 H; H-4), 4.16 (d, 3J3/2� 5.66,
1H; H-3), 4.60 (d, 3J2/3� 5.66, 1H; H-2), 6.70 (d, 3J� 8.54, 2 H; H-aryl), 7.61
(d, 3J� 8.54, 2 H; H-aryl); 13C NMR (125 MHz, C6D6): d� 21.1 (1C,
PhCH3), 23.9, 24.0, 24.9, 35.0, 36.5 (5 C, C6H10), 68.2 (1 C, C-5), 74.9, 77.1,
78.7 (3C, C-2, C-3, C-4), 114.1 (1C, Cspiro), 128.0, 130.1, 132.4 (5C, aryl-C),
145.2 (1 C, Cipso), 172.7 (1C, C-1).


5-Azido-2,3-O-cyclohexylidene-5-deoxy-dd-ribono-1,4-lactone (6): Sodium
azide (1.07 g, 16.5 mmol) was added to a solution of 5 (1.96 g, 5.0 mmol) in
DMF (50 mL) and the suspension was warmed to 100 8C for 6 h. After
evaporation of the solvent in vacuo at 40 8C, the residue was taken up in
water (40 mL) and extracted with Et2O (6� 50 mL). The combined extracts
were dried over MgSO4 and then concentrated to give white needles of the
azido lactone 6 (1.26 g, 100 %). M.p. 80 ± 81 8C; MS (70 eV, EI): m/z (%):
253 ([M]� , 20), 224 ([MÿHÿCO]� , 19.2), 210 ([MÿHN3]� , 38.5), 196
([224ÿN2], 2.1), 182 ([210ÿCO], 7.8), 55 (100); HR-MS: C11H15N3O4:
calcd 253.1062; found 253.1067; IR (KBr): nÄ � 2112, 1784 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 1.33 ± 1.39 (m, 2H; C6H10), 1.48 ± 1.67 (m, 8H;
C6H10), 3.63 (dd, 2J5/5'� 13.21, 3J5/4� 2.28, 1 H; H-5), 3.75 (dd, 2J5'/5� 13.21,
3J5'/4� 3.17, 1 H; H-5'), 4.59 (d, 3J3/2� 5.77, 1 H; H-3), 4.64 (pt, 3J4/5� 3J4/5'�
2.73, 1 H; H-4), 4.81 (d, 3J2/3� 5.77, 1 H; H-2); 13C NMR (125 MHz, CDCl3):
d� 23.6, 23.7, 24.6, 34.8, 36.2 (5C, C6H10), 52.4 (1C, C-5), 74.7, 77.5, 80.1
(3C, C-2, C-3, C-4), 114.3 (1C, Cspiro), 173.5 (1C, C-1).


5-Amino-2,3-O-cyclohexylidene-5-deoxy-dd-ribono-1,5-lactam (7): Azido
lactone 6 (1.26 g, 5.0 mmol) was dissolved in methanol (100 mL) and
hydrogenated in the presence of palladium on charcoal (6 mol %) at 1.5 bar
H2 and 25 8C. After 2 h, the catalyst was filtered through a short column
filled with silica gel. Evaporation of the solvent yielded the lactam 7 as a
white solid (1.07 g, 94 %). M.p. 202 8C; MS (70 eV, EI): m/z (%): 227 ([M]� ,
31.4), 198 ([MÿHÿCO]� , 22.8), 184 ([MÿHNCO]� , 100), 171 (2.1), 130
(3.5), 112 (10.0), 84 (6.4), 55 (57.1); HR-MS: C11H17NO4: calcd 227.1157;
found 227.1158; IR (KBr): nÄ � 3412, 3257, 1656 cmÿ1; [a]D��14.9 (c�
0.705, CH3OH); C11H17NO4 (227.26): calcd C 58.14, H 7.54, N 6.16; found C


57.96, H 7.58, N 6.02; 1H NMR (500 MHz, [D6]DMSO): d� 1.28 ± 1.38 (m,
2H; C6H10), 1.45 ± 1.58 (m, 8 H; C6H10), 2.91 (m, 1H; H-5'), 3.17 (t, 2J5/5'�
3J5/4� 10.43, 1 H; H-5), 3.86 (m, 1H; H-4), 4.26 (d, 3J2/3� 6.36, 1 H; H-2),
4.35 (m, 1 H; H-3), 5.19 (d, 2JOH/4� 5.06, 1 H; OH), 7.61 (d, 2J� 3.97, 1H;
NH); 13C NMR (125 MHz, [D6]DMSO): d� 23.5, 23.7, 24.7, 34.7, 36.2 (5 C,
C6H10), 41.5 (1C, C-5), 64.8, 73.5, 75.6 (3 C, C-2, C-3, C-4), 109.8 (1 C, Cspiro),
168.3 (1 C, C-1).


N-Methyl-5-amino-2,3-O-cyclohexylidene-5-deoxy-4-O-methyl-dd-ribono-
1,5-lactam (8): Lactam 7 (909 mg, 4.0 mmol) was dissolved in DMF (50 mL)
and cooled to 0 8C. NaH (249 mg, 10.4 mmol) was added, and the mixture
was stirred at 25 8C for 1.5 h. After addition of CH3I (4.0 mL, 64.0 mmol),
the solution was stirred for a further 8 h. The solvent was then evaporated
and the residue was purified by chromatography (eluent CH2Cl2/CH3OH,
10:1). Further purification was achieved by distillation at 120 8C (5�
10ÿ2 mbar) to give 8 as a colorless syrup (950 mg, 93 %). Rf� 0.60
(CH2Cl2/CH3OH, 10:1); MS (70 eV, EI): m/z (%): 255 ([M]� , 43.5), 226
([MÿHÿCO]� , 27.8), 212 ([MÿH2CNCH3]� , 100), 140 (58.3), 98 (17.1),
71 (17.8), 55 (31.4); HR-MS: C13H21NO4: calcd 255.1470; found 255.1468;
IR (film): nÄ � 1662 cmÿ1; 1H NMR (500 MHz, C6D6): d� 1.12 ± 1.24 (m,
2H; C6H10), 1.49 ± 1.71 (m, 8H; C6H10), 2.53 (dddd, 2J5/5'� 11.33, 3J5/4� 4.67,
3J5/3� 1.39, 5J5/2� 0.50, 1H; H-5), 2.57 (s, 3H; NCH3), 2.75 (dddd, 3J4/5'�
10.13, 3J4/5� 4.67, 3J4/3� 2.69, 4J4/2� 0.55, 1H; H-4), 2.98 (s, 3 H; OCH3), 3.43
(dd, 2J5'/5� 11.33, 3J5'/4� 10.13, 1 H; H-5'), 4.15 (m, 1H; H-3), 4.28 (d, 3J2/3�
6.16, 1H; H-2); 13C NMR (125 MHz, C6D6): d� 24.0, 24.1, 25.2 (3C, C6H10),
34.3 (1C, NCH3), 35.2, 36.8 (2 C, C6H10), 46.9 (1C, C-5), 56.2 (1 C, OCH3),
72.8 (1C, C-3), 73.9 (1 C, C-4), 74.6 (1C, C-2), 111.1 (1C, Cspiro), 166.5 (1 C,
C-1).


2,3-O-Isopropylidene-5-O-p-toluenesulfonyl-dd-ribono-1,4-lactone (12):
2,3-O-Isopropylidene-d-ribono-1,4-lactone 11[18] (6.03 g, 32.0 mmol) was
dissolved in cold pyridine (30 mL, ÿ20 8C) and p-toluenesulfonyl chloride
(12.22 g, 64.0 mmol) was introduced to the solution in one portion. The
solution was left at ÿ28 8C for 20 h. Water (2 mL) was then added (2 mL),
and the solution was poured into ice water (2400 mL). The crystals formed
were filtered and dried in vacuo to give the tosylate 12 as a slightly yellow
solid (9.24 g, 84 %). M.p. 110 ± 114 8C; MS (70 eV, EI): m/z (%): 327 ([Mÿ
CH3]� , 100), 172 ([p-TosOH]� , 2.5), 155 ([MÿHÿ p-TosOMe]� , 64.4), 127
(45.7), 85 (59.3), 68 (45.7), 59 (9.3); HR-MS: C14H15O7S (MÿCH3): calcd
327.0538; found 327.0541; IR (KBr): nÄ � 1786 cmÿ1; [a]D�ÿ16.8 (c� 2.51,
acetone); C15H18O7S (342.36): calcd C 52.62, H 5.30, S 9.36; found C 52.60,
H 5.33, S 9.18; 1H NMR (500 MHz, CDCl3): d� 1.35 (s, 3H; CH3), 1.43 (s,
3H; CH3), 2.44 (s, 3H; PhCH3), 4.15 (dd, 2J5/5'� 11.13, 3J5/4� 2.43, 1H;
H-5), 4.31 (dd, 2J5'/5� 11.13, 3J5'/4� 1.89, 1 H; H-5'), 4.65 (pt, 3J4/5� 3J4/5'�
2.14, 1 H; H-4), 4.72 (d, 3J3/2� 5.56, 1H; H-3), 4.75 (d, 3J2/3� 5.56, 1H; H-2),
7.35 (d, 3J� 8.44, 2 H; H-aryl), 7.72 (d, 3J� 8.44, 2H; H-aryl); 13C NMR
(125 MHz, CDCl3): d� 21.6 (1C, PhCH3), 25.4 (1C, CH3), 26.6 (1 C, CH3),
68.2 (1C, C-5), 74.9, 77.3, 78.9 (3C, C-4, C-3, C-2), 113.8 (1C, Me2C), 127.9,
130.2, 131.4 (5C, aryl-C), 145.8 (1 C, Cipso), 173.0 (1C, C-1).


5-Azido-5-deoxy-2,3-O-isopropylidene-dd-ribono-1,4-lactone (13): A sus-
pension of tosylate 12 (9.00 g, 26.2 mmol) and sodium azide (5.12 g,
78.8 mmol) in DMF (150 mL) was heated for 6 h at 100 8C. After
evaporation of the solvent, the residue was taken up in water (200 mL)
and extracted with Et2O (7� 200 mL). The combined extracts were dried
over MgSO4 and evaporated. The residue was then purified by column
chromatography (eluent Et2O/PE/CH3OH, 15:5:1). The azido lactone 13
was obtained as yellowish needles (4.95 g, 88%). M.p. 39 8C; Rf� 0.58
(Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 214 ([M�H]� , 0.7),
198 ([MÿCH3]� , 100), 170 ([MÿHN3]� , 12.1), 129 (12.8), 112 (2.8), 100
(10.0), 85 (25.7), 59 (52.1), 55 (26.4); HR-MS: C8H11N3O4 (MÿCH3): calcd
198.0514; found 198.0513; IR (KBr): nÄ � 2115, 1787 cmÿ1; [a]D��15.0
(c� 1.001, CHCl3); C8H11N3O4 (213.19): calcd C 45.07, H 5.20, N 19.71;
found C 45.13, H 5.19, N 19.26; 1H NMR (500 MHz, CDCl3): d� 1.35 (s,
3H; CH3), 1.44 (s, 3H; CH3), 3.64 (dd, 2J5/5'� 13.21, 3J5/4� 1.89, 1H; H-5),
3.76 (dd, 2J5'/5� 13.21, 3J5'/4� 2.89, 1 H; H-5'), 4.60 (d, 3J3/2� 5.66, 1 H; H-3),
4.63 (m, 1H; H-4), 4.82 (d, 3J2/3� 5.66; H-2); 13C NMR (125 MHz, CDCl3):
d� 25.3 (1 C, CH3), 26.5 (1 C, CH3), 52.3 (1 C, C-5), 75.0, 77.9, 79.9 (3 C, C-4,
C-3, C-2), 113.5 (1C, Me2C), 173.3 (1C, C-1).


5-Amino-5-deoxy-2,3-O-isopropylidene-dd-ribono-1,5-lactam (14): Azido
lactone 13 (4.95 g, 23.0 mmol) was hydrogenated in methanol (250 mL)
in the presence of palladium on charcoal (6 mol %) at 1.0 bar H2 and 25 8C.
After 2.5 h, the catalyst was filtered through a short column filled with silica
gel. The filtrate was concentrated to a sticky foam, which was triturated
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with a mixture of acetone/Et2O (1:1, 100 mL) with vigorous stirring to
induce precipitation of the product. After filtration, the residue obtained
was concentrated again and the procedure was repeated (acetone/Et2O, 1:1,
30 mL) to give the lactam 14 as a white solid (2.93 g, 67%). M.p. 139 ±
140 8C. MS (70 eV, EI): m/z (%): 188 ([M�H]� , 0.6), 172 ([MÿCH3]� ,
100), 144 ([MÿHNCO]� , 6.4), 130 ([M�HÿMe2CO]� , 32.8), 112 (9.6),
101 (10.7), 84 (23.9), 73 (19.6), 59 ([Me2COH]� , 46.7); HR-MS: C7H10NO4


(MÿCH3): calcd 172.0609; found 172.0610; IR (KBr): nÄ � 3529, 3427, 3290,
1664, 1633 cmÿ1; [a]D��22.6 (c� 1.030, CHCl3); C8H13NO4 (187.19): calcd
C 51.33, H 7.00, N 7.48; found C 51.08, H 6.86, N 7.28; 1H NMR (500 MHz,
[D6]DMSO): d� 1.28 (s, 3 H; CH3), 1.32 (s, 3H; CH3), 2.92 (dpt, 2J5'/5�
11.42, 3J5'/4� 3J5'/NH� 4.6, 1H; H-5'), 3.17 (dd, 2J5/5'� 11.42, 3J5/4� 11.13, 1H;
H-5), 3.87 (dddd, 3J4/5 �11.13, 3J4/OH� 5.15, 3J4/5'� 4.77, 3J4/3� 2.59, 1H;
H-4), 4.25 (d, 3J2/3� 6.35, 1 H; H-2), 4.35 (dd, 3J3/2� 6.35, 3J3/4� 2.59, 1H;
H-3), 5.20 (d, 3JOH/4� 5.15, 1 H; OH), 7.63 (d, 3JNH/5'� 4.6, 1H; NH);
13C NMR (125 MHz, [D6]DMSO): d� 25.4 (1C, CH3), 26.8 (1 C, CH3), 41.5
(1C, C-5), 64.7, 73.8, 75.9 (3C, C-4, C-3, C-2), 109.3 (1C, Me2C), 168.1 (1C,
C-1).


N-Methyl-5-amino-5-deoxy-2,3-O-isopropylidene-4-O-methyl-dd-ribono-
1,5-lactam (15a): As in the procedure reported for 8, reaction of 14 (1.49 g,
8.0 mmol) with NaH (0.50 g, 20.8 mmol) and CH3I (8.0 mL, 128.0 mmol) in
DMF (100 mL) yielded the lactam 15 a as a colorless solid (1.53 g, 88%)
after chromatographic workup (eluent CH2Cl2/CH3OH, 10:1) and distil-
lation at 120 8C (5� 10ÿ2 mbar). M.p. 65 8C; Rf� 0.56 (CH2Cl2/CH3OH,
10:1); MS (70 eV, EI): m/z (%): 215 ([M]� , 7.1), 200 ([MÿCH3]� , 100), 182
([MÿCH3OH]� , 14.2), 172 ([200ÿCO], 5.7), 158 ([MÿCH3NCO]� ,
31.4), 140( [172ÿCH3OH], 23.5), 71 ([H2CNCH3CO]� , 34.2), 58
([Me2CO]� , 27.1); HR-MS: C9H14NO4 (MÿCH3): calcd 200.0922; found
200.0922; IR (KBr): nÄ � 1660 cmÿ1. [a]D�ÿ3.6 (c� 1.006, CH3OH);
C10H17NO4 (215.24): calcd C 55.80, H 7.96, N 6.51; found C 55.81, H 7.97, N
6.33; 1H NMR (500 MHz, C6D6): d� 1.27 (s, 3H; CH3), 1.41 (s, 3 H; CH3),
2.59 (dd, 2J5'/5� 11.63, 3J5'/4� 4.67, 1H; H-5'), 2.61 (s, 3H; NCH3), 2.82 (ddd,
3J4/5� 10.00, 3J4/5'� 4.67, 3J4/3� 2.69, 1H; H-4), 3.03 (s, 3 H; OCH3), 3.44 (dd,
2J5/5'� 11.63, 3J5/4� 10.00, 1 H; H-5), 4.15 (dd, 3J3/2� 6.16, 3J3/4� 2.69, 1H;
H-3), 4.31 (d, 3J2/3 �6.16, 1 H; H-2); 13C NMR (125 MHz, C6D6): d� 25.3
(1C, CH3), 26.8 (1 C, CH3), 34.6 (1C, NCH3), 46.9 (1C, C-5), 56.2 (1C,
OCH3), 73.0 (1 C, C-3), 73.8 (1C, C-4), 74.9 (1C, C-2), 110.3 (1C, Me2C),
166.3 (1 C, C-1).


N-Benzyl-5-amino-4-O-benzyl-5-deoxy-2,3-O-isopropylidene-dd-ribono-
1,5-lactam (15 b): As in the procedure reported for 8, reaction of 14 (1.49 g,
8.0 mmol) with NaH (0.50 g, 20.8 mmol) and benzyl chloride (7.4 mL,
64.0 mmol) in DMF (100 mL) yielded the lactam 15b as a colorless solid
(2.23 g, 75 %) after chromatographic workup (eluent CH2Cl2/CH3OH,
20:1). M.p. 99 ± 100 8C; Rf� 0.50 (CH2Cl2/CH3OH, 20:1); MS (70 eV, EI):
m/z (%): 367 ([M]� , 16.9), 309 ([MÿMe2CO]� , 3.3), 280 ([309ÿHÿCO],
6.7), 261 ([MÿPhCHO]� , 8.4), 218 ([309ÿC7H7], 11.8), 203 ([309ÿ
PhCHO], 11.8), 174 ([280ÿPhCHO], 11.0), 91 ([C7H7]� , 100); HR-MS:
C22H25NO4: calcd 367.1783; found 367.1783; IR (KBr): nÄ � 1660 cmÿ1;
[a]D��34.6 (c� 1.006, CH3OH). C22H25NO4 (367.44): calcd C 71.91, H
6.86, N 3.81; found C 71.83, H 6.76, N 3.58; 1H NMR (500 MHz, C6D6/
TMS): d� 1.31 (s, 3H; CH3), 1.46 (s, 3 H; CH3), 2.87 (ddd, 2J5'/5� 11.63,
3J5'/4� 4.27, 4J5'/3� 1.29, 1H; H-5'), 3.28 (ddd, 3J4/5� 9.63, 3J4/5'� 4.27, 3J4/3


�2.68, 1H; H-4), 3.55 (dd, 2J5/5'� 11.63, 3J5/4 �9.63, 1H; H-5), 4.23 (d, 2J�
11.82, 1 H; PhCH2), 4.25 (ddd, 3J3/2� 6.56, 3J3/4� 2.68, 4J3/5'� 1.29, 1H; H-3),
4.34 (d, 2J� 14.61, 1H; PhCH2), 4.35 (d, 2J� 11.82, 1 H; PhCH2), 4.45 (d,
3J2/3� 6.56, 1 H; H-2), 4.55 (d, 2J� 14.61, 1H; PhCH2), 7.11 ± 7.29 (m, 10H;
H-aryl); 13C NMR (125 MHz, C6D6/TMS): d� 25.2, 26.7 (2C, CH3), 44.6
(1C, PhCH2N), 50.4 (1C, C-5), 70.9 (1C, PhCH2O), 72.4 (1C, C-3), 73.8
(1C, C-4), 75.2 (1C, C-2), 110.5 (1C, Me2C), 127.6, 127.7, 127.8, 128.5, 128.6,
128.7 (10 C, aryl-C), 137.3, 138.4 (2 C, Cipso), 166.3 (1C, C-1).


General procedure for preparation of the iminoglycosylidene complexes
3a ± c, 9, and 16a,b : In order to prepare C8K, graphite (17.6 equiv) was
stirred in vacuo for 20 min at 165 8C. Potassium (2.2 equiv) was then added
under a flow of argon, and the mixture was kept at 165 8C for 1.5 h to
complete the formation of C8K. The laminate was cooled to 25 8C and then
suspended in freshly distilled THF (the volume used was that required for a
0.15 ± 0.3m solution of the pentacarbonyl metalate). The suspension was
cooled to ÿ78 8C, and either Cr(CO)6 or W(CO)6 (1.1 equiv) was added.
The reaction mixture was stirred for 0.5 h atÿ78 8C and then kept between
ÿ10 and ÿ5 8C until no more carbon monoxide was evolved (approx-
imately 1.5 ± 2 h). The solution was cooled again to ÿ78 8C, and the


appropriate lactam (2a,b, 8, or 15a,b ; 1.0 equiv in THF) was added by
syringe. The mixture was kept for 0.5 h at ÿ78 8C, 1.5 h at ÿ5 8C, and then
cooled again to ÿ78 8C. TMSCl (3.1 equiv) was added in one portion and
the reaction mixture was stirred for 0.5 h. Neutral Al2O3 was used to adsorb
the product, and the solvent was then removed under reduced pressure.
The resulting dry powder was eluted on a silica gel column (eluent Et2O/
PE/CH3OH, 15:5:1 for 3a ± c, 9, 16 a ; Et2O/PE/CH3OH, 15:10:1 for 16b).


Pentacarbonyl[1,4-dideoxy-2,3-O-isopropylidene-1,4-(methylimino)-dd-
erythro-furanosylidene]chromium (3a): Compound 3a (2.36 mmol,
820 mg, 78 %) was isolated as an orange solid by reaction of graphite
(634 mg, 52.8 mmol), potassium (258 mg, 6.6 mmol), and Cr(CO)6 (726 mg,
3.3 mmol) with 2a (513 mg, 3.0 mmol) and TMSCl (1.17 mL, 9.3 mmol) in
THF (15 mL) (see general procedure above). M.p. 87 8C (decomp); Rf�
0.58 (Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 347 ([M]� , 10.0),
332 ([MÿCH3]� , 5.0), 319 ([MÿCO]� , 5.0), 291 ([Mÿ 2CO]� , 2.1), 263
([Mÿ 3CO]� , 3.2), 235 ([Mÿ 4CO]� , 21.6), 207 ([Mÿ 5CO]� , 100), 192
([207ÿCH3], 15.3), 149 ([207ÿMe2CO], 20.2), 93 ([H3CN�C�Cr]� , 20.7);
HR-MS: C13H13


52CrNO7: calcd 347.0097; found 347.0098; IR (PE): nÄ � 2058,
1978, 1940, 1930 cmÿ1; [a]D�ÿ61 (c� 0.278, Et2O); C13H13CrNO7 (347.24):
calcd C 44.97, H 3.77, N 4.03; found C 44.98, H 3.79, N 3.90; 1H NMR
(500 MHz, CD3OD): d� 1.23 (s, 3H; CH3), 1.28 (s, 3 H; CH3), 3.60 (s, 3H;
NCH3), 3.88 (d, 2J4/4'� 13.91, 1H; H-4), 4.02 (ddd, 2J4'/4� 13.91, 3J4'/3� 4.96,
4J4'/2� 0.70, 1 H; H-4'), 4.60 (pt, J� 5.2, 1 H; H-3), 5.13 (dd, 3J2/3� 5.57,
4J2/4'� 0.70, 1 H; H-2); 13C NMR (100 MHz, CD3OD): d� 26.2, 27.7 (2 C,
CH3), 43.3 (1C, NCH3), 69.5 (1C, C-4), 75.9 (1 C, C-3), 100.2 (1 C, C-2),
112.8 (1 C, Me2C), 219.5 (4C, COcis), 224.7 (1 C, COtrans), 265.1 (1 C, C-1).


Pentacarbonyl[1,4-(benzylimino)-1,4-dideoxy-2,3-O-isopropylidene-dd-
erythro-furanosylidene]chromium (3 b): Compound 3 b (1.00 mmol,
424 mg, 67 %) was obtained as a red-orange solid by reaction of graphite
(317 mg, 26.4 mmol), potassium (129 mg, 3.3 mmol), and Cr(CO)6 (363 mg,
1.6 mmol) with 2b (371 mg, 1.5 mmol) and TMSCl (0.59 mL, 4.6 mmol) in
THF (8 mL), as described for compound 3a. M.p. 145 ± 146 8C; Rf� 0.40
(Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 423 ([M]� , 4.1), 408
([MÿCH3]� , 0.9), 395 ([MÿCO]� , 2.0), 339 ([Mÿ 3CO]� , 21.6), 311
([Mÿ 4CO]� , 7.5), 283 ([Mÿ 5CO]� , 40.0), 268 ([283ÿCH3], 7.5), 225
([283ÿMe2CO], 11.7), 172 (27.5), 157 (20.0), 133 ([283ÿC7H8], 28.3), 91
([C7H7]� , 100); HR-MS: C19H17


52CrNO7: calcd 423.0410; found 423.0407;
IR (PE): nÄ � 2058, 1977, 1940, 1931 cmÿ1; [a]D�ÿ91 (c� 0.29, Et2O);
C19H17CrNO7 (423.34): calcd C 53.91, H 4.05, N 3.31; found C 53.58, H 4.21,
N 3.03; 1H NMR (500 MHz, CD3COCD3): d� 1.36 (s, 3H; CH3), 1.41 (s,
3H; CH3), 3.82 (d, 2J4/4'� 13.81, 1H; H-4), 4.06 (dd, 2J4'/4� 13.81, 3J4'/3� 4.76,
1H; H-4'), 4.79 (pt, J� 5.1, 1H; H-3), 5.26 (d, 2J� 14.90, 1H; PhCH2), 5.43
(d, 3J2/3� 5.47, 1 H; H-2), 5.55 (d, 2J� 14.90, 1H; PhCH2), 7.36 ± 7.45 (m, 5H;
H-aryl); 13C NMR (125 MHz, CD3COCD3): d� 25.9, 27.4 (2C, CH3), 59.5
(1C, PhCH2), 65.8 (1 C, C-4), 75.0 (1C, C-3), 99.3 (1C, C-2), 112.0 (1 C,
Me2C), 218.7 (4 C, COcis), 224.2 (1 C, COtrans), 266.0 (1C, C-1).


Pentacarbonyl[1,4-dideoxy-2,3-O-isopropylidene-1,4-(methylimino)-dd-
erythro-furanosylidene]tungsten (3c): Compound 3c (1.82 mmol, 872 mg,
72%) was obtained as an orange solid by reaction of graphite (538 mg,
44.8 mmol), potassium (219 mg, 5.6 mmol), and W(CO)6 (985 mg,
2.8 mmol) with 2 a (436 mg, 2.5 mmol) and TMSCl (0.99 mL, 7.9 mmol) in
THF (15 mL), as described for compound 3 a. M.p. 104 8C; Rf� 0.41 (Et2O/
PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 479 ([M]� , 2.1), 464 ([Mÿ
CH3]� , 2.5), 451 ([MÿCO]� , 8.4), 423 ([Mÿ 2CO]� , 20.1), 408 ([464ÿ
2CO], 5.0), 395 ([Mÿ 3CO]� , 2.5), 380 ([464ÿ 3CO], 8.4), 367 ([Mÿ
4CO]� , 3.3), 352 ([464ÿ 4CO], 3.3), 339 ([Mÿ 5CO]� , 3.3), 324 ([464ÿ
5CO], 6.7), 309 ([367ÿMe2CO], 39.4), 281 ([339ÿMe2CO], 53.7), 253
(12.6), 82 (100); HR-MS: C13H13NO7


182W: calcd 477.0174; found 477.0166;
IR (PE): nÄ � 2065, 1975, 1940, 1928 cmÿ1; [a]D�ÿ51 (c� 0.250, Et2O);
C13H13NO7W (479.09): calcd C 32.59, H 2.73, N 2.92; found C 32.64, H 2.78,
N 2.80; 1H NMR (500 MHz, CD3OD): d� 1.24 (s, 3 H; CH3), 1.28 (s, 3H;
CH3), 3.53 (s, 3H; NCH3), 3.88 (d, 2J4'/4� 14.01, 1H; H-4'), 4.01 (dd, 2J4/4'�
14.01, 3J4/3� 4.77, 1H; H-4), 4.62 (pt, J� 5.2, 1H; H-3), 5.12 (d, 3J2/3� 5.46,
1H; H-2); 13C NMR (125 MHz, CD3OD): d� 26.0, 27.5 (2C, CH3), 44.8
(1C, NCH3), 68.3 (1C, C-4), 76.1 (1C, C-3), 100.9 (1C, C-2), 112.5 (1 C,
Me2C), 199.3 (4 C, COcis), 204.0 (1 C, COtrans), 247.0 (1C, C-1).


Pentacarbonyl[2,3-O-cyclohexylidene-1,5-dideoxy-4-O-methyl-1,5-(meth-
ylimino)-dd-ribo-pyranosylidene]chromium (9): Compound 9 (0.78 mmol,
336 mg, 21%) was obtained as an orange solid by reaction of graphite
(773 mg, 64.4 mmol), potassium (315 mg, 8.0 mmol), and Cr(CO)6 (886 mg,
4.0 mmol) with 8 (934 mg, 3.6 mmol) and TMSCl (1.43 mL, 11.3 mmol) in
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THF (16 mL), as described for compound 3 a. M.p. 95 8C (decomp); Rf�
0.42 (Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 431 ([M]� , 0.6),
403 ([MÿCO]� , 8.2), 375 ([Mÿ 2CO]� , 2.4), 319 ([Mÿ 4CO]� , 16.8), 291
([Mÿ 5CO]� , 100), 110 (94.1), 94 ([MeNH�C�Cr]� , 81.5), 69 (24.3), 55
(77.3); HR-MS: C17H21


52CrNO7 (MÿCO): calcd 403.0723; found 403.0725;
IR (PE): nÄ � 2056, 1976, 1938, 1922 cmÿ1; [a]D��81.8 (c� 0.592, Et2O);
C18H21CrNO8 (431.36): calcd C 50.12, H 4.91, N 3.25; found C 50.22, H 4.87,
N 3.07; 1H NMR (500 MHz, CD3COCD3): d� 1.30 ± 1.37 (m, 1 H; C6H10),
1.49 ± 1.72 (m, 8 H; C6H10), 1.79 ± 1.82 (m, 1 H; C6H10), 3.40 (s, 3H; OCH3),
3.65 (dd, 2J5'/5� 13.61, 3J5'/4� 2.19, 1H; H-5'), 3.74 (m, 1H; H-4), 3.80 (dd,
2J5/5'� 13.61, 3J5/4� 6.46, 1H; H-5), 3.90 (s, 3H; NCH3), 4.43 (dd, 3J3/2� 7.35,
3J3/4� 3.08, 1 H; H-3), 4.88 (d, 3J2/3� 7.35, 1H; H-2); 13C NMR (125 MHz,
CD3COCD3): d� 24.3, 24.7, 26.0, 34.5, 36.4 (5C, C6H10), 53.6 (1C, NCH3),
55.9 (1C, C-5), 58.2 (1 C, OCH3), 72.2 (2 C, C-3, C-4), 86.2 (1 C, C-2), 110.3
(1C, Cspiro), 219.1 (4C, COcis), 225.0 (1C, COtrans), 264.7 (1C, C-1).


Pentacarbonyl[1,5-dideoxy-2,3-O-isopropylidene-4-O-methyl-1,5-(methyl-
imino)-dd-ribo-pyranosylidene]chromium (16a): Compound 16 a
(4.32 mmol, 1.69 g, 72 %) was isolated as a yellow solid by reaction of
graphite (1.26 g, 105.6 mmol), potassium (516 mg, 13.2 mmol), and
Cr(CO)6 (1.45 g, 6.6 mmol) with 15a (1.29 g, 6.0 mmol) and TMSCl
(2.35 mL, 18.6 mmol) in THF (44 mL). M.p. 110 8C (decomp); Rf� 0.38
(Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 391 ([M]� , 1.7), 376
([MÿCH3]� , 0.3), 363 ([MÿCO]� , 13.7), 335 ([Mÿ 2CO]� , 2.7), 307
([Mÿ 3CO]� , 1.0), 279 ([Mÿ 4CO]� , 24.1), 251 ([Mÿ 5CO]� , 100), 94
([H3CNH�C�Cr]� , 51.6); HR-MS: C15H17


52CrNO8: calcd 391.0359; found
391.0365; IR (PE): nÄ � 2056, 1976, 1930 cmÿ1; [a]D��81.5 (c� 0.404,
Et2O); C15H17CrNO8 (391.29): calcd C 46.04, H 4.38, N 3.58; found C 46.03,
H 4.39, N 3.40; 1H NMR (500 MHz, CD3OD): d� 1.47 (s, 3 H; CH3), 1.48 (s,
3H; CH3), 3.47 (s, 3 H; OCH3), 3.58 (dd, 2J5/5'� 13.71, 3J5/4� 2.48, 1H; H-5),
3.69 (pquin, 1H; H-4), 3.76 (dd, 2J5'/5� 13.71, 3J5'/4� 6.65, 1H; H-5'), 3.93 (s,
3H; NCH3), 4.39 (dd, 3J3/2� 7.55, 3J3/4� 3.27, 1H; H-3), 4.94 (d, 3J2/3� 7.55,
1H; H-2); 13C NMR (125 MHz, CD3OD): d� 24.4, 26.1 (2C, CH3), 53.5
(1C, NCH3), 55.6 (1C, C-5), 58.2 (1 C, OCH3), 72.7 (1 C, C-3), 72.9 (1C,
C-4), 86.9 (1C, C-2), 110.1 (1 C, Me2C), 219.6 (4 C, COcis), 225.4 (1C,
COtrans), 266.9 (1C, C-1).


Pentacarbonyl[4-O-benzyl-1,5-(benzylimino)-1,5-dideoxy-2,3-O-isopropyli-
dene-dd-ribo-pyranosylidene]chromium (16 b): Compound 16b (3.09 mmol,
1.68 g, 62 %) was obtained as a sticky orange foam by reaction of graphite
(1.05 g, 88.0 mmol), potassium (430 mg, 11.0 mmol), and Cr(CO)6 (1.21 g,
5.5 mmol) with 15 b (1.83 g, 5.0 mmol) and TMSCl (1.95 mL, 15.5 mmol) in
THF (35 mL), as described above for compound 3 a. Rf� 0.36 (Et2O/PE/
CH3OH, 15:10:1); MS (70 eV, EI): m/z (%): 459 ([Mÿ 3CO]� , 3.3), 431
([Mÿ 4CO]� , 0.8), 403 ([Mÿ 5CO]� , 1.2), 388 (0.7), 345 ([403ÿMe2CO],
1.8), 312 ([403ÿC7H7], 1.8), 293 ([345ÿMe2CO], 2.0), 276 (3.0), 170
([BnNH�C�Cr]� , 11.6), 91 ([C7H7]� , 100); HR-MS: C24H25


52CrNO5 (Mÿ
3CO): calcd 459.1137; found 459.1136; IR (PE): 2056, 1977, 1934 cmÿ1;
1H NMR (500 MHz, CD3COCD3): d� 1.46 (s, 3 H; CH3), 1.51 (s, 3H; CH3),
3.40 (dd, 2J5'/5� 14.27, 3J5'/4� 1.94, 1H; H-5'), 3.68 (dd, 2J5/5'� 14.27, 3J5/4�
5.31, 1H; H-5), 3.95 (m, 1 H; H-4), 4.45 (dd, 3J3/2� 8.09, 3J3/4� 4.57, 1H;
H-3), 4.46 (d, 2J� 12.16, 1H; PhCH2), 4.71 (d, 2J� 12.16, 1H; PhCH2), 5.07
(d, 3J2/3� 8.09, 1H; H-2), 5.53 (d, 2J� 14.70, 1 H; PhCH2), 5.58 (d, 2J�
14.70, 1 H; PhCH2), 7.23 ± 7.33 (m, 8 H; H-aryl), 7.39 ± 7.42 (m, 2 H; H-aryl);
13C NMR (125 MHz, CD3COCD3): d� 24.2, 26.0 (2 C, CH3), 54.2 (1 C, C-5),
68.8 (1C, PhCH2), 70.1 (1C, C-4), 72.4 (1C, PhCH2), 72.9 (1C, C-3), 86.5
(1C, C-2), 109.5 (1C, Me2C), 127.8, 128.1, 128.9, 129.0, 129.1, 129.5 (10 C,
aryl-C), 134.9, 139.5 (2C, Cipso), 218.7 (4C, COcis), 224.9 (1C, COtrans), 267.5
(1C, C-1).


General procedure for the photoinduced generation of the methyl 2,6-
imino-dd-allonates 10 and 17 a,b : Carbene complex 9 or 16a,b and methanol
were loaded into a flame-dried Schlenk tube. The resulting solution (under
argon) was irradiated with a 125 W high-pressure mercury lamp at 25 8C for
five days. The solvent was evaporated and the residue was taken up in
Et2O/PE (1:1, 40 mL). Unconverted carbene complex and chromium
precipitates were oxidized by vigorous stirring in air. After filtration of the
solids and evaporation of the solvent, the crude product was purified by
column chromatography.


Methyl 3,4-O-cyclohexylidene-2,6-dideoxy-5-O-methyl-2,6-(methylimino)-
dd-allonate (10): As in the general procedure above, compound 9 (164 mg,
0.38 mmol) was irradiated in solution in methanol (9 mL). After oxidation
and chromatographic purification (eluent Et2O/PE/CH3OH, 15:5:1), 10
was obtained as a colorless syrup (0.14 mmol, 43 mg, 38%). Rf� 0.32


(Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 299 ([M]� , 1.4), 240
([MÿCO2CH3]� , 100), 208 ([240ÿCH3OH], 1.0), 184 (10.0), 152 (2.8), 142
(35.0), 126 (2.8), 114 (8.2), 82 (5.7), 71 (14.2); HR-MS: C15H25NO5: calcd
299.1732; found 299.1741; IR (film): nÄ � 1743 cmÿ1; 1H NMR (500 MHz,
C6D6): d� 1.20 ± 1.27 (m, 2 H; C6H10), 1.54 ± 1.59 (m, 4H; C6H10), 1.63 ± 1.72
(m, 2 H; C6H10), 1.83 ± 1.93 (m, 2H; C6H10), 2.11 (s, 3H; NCH3), 2.47 (pt,
2J6/6'� 10.83, 3J6/5� 10.83, 1H; H-6), 2.76 (dd, 2J6'/6� 10.83, 3J6'/5� 5.30, 1H;
H-6'), 3.04 (d, 3J2/3� 8.54, 1H; H-2), 3.17 (s, 3 H; OCH3), 3.39 (s, 3H;
CO2CH3), 3.58 (m, 1 H; H-5), 4.27 (dd, 3J4/3� 4.57, 3J4/5� 3.87, 1 H; H-4),
4.55 (dd, 3J3/2� 8.54, 3J3/4� 4.57, 1 H; H-3); 13C NMR (125 MHz, C6D6): d�
23.9, 24.2, 25.2, 35.7, 38.3 (5C, C6H10), 43.2 (1 C, NCH3), 51.6 (1 C, CO2CH3),
54.1 (1C, C-6), 55.9 (1C, OCH3), 70.9 (1C, C-2), 71.9 (1 C, C-4), 74.4 (1 C,
C-5), 76.2 (1 C, C-3), 110.7 (1C, Cspiro), 172.0 (1C, C-1).


Methyl 2,6-dideoxy-3,4-O-isopropylidene-5-O-methyl-2,6-(methylimino)-
dd-allonate (17 a): As in the general procedure above, compound 16a
(274 mg, 0.70 mmol) was irradiated in solution in methanol (12 mL). After
oxidation and chromatographic purification (eluent Et2O/PE/CH3OH,
15:5:3), 17a was obtained as a colorless syrup (0.49 mmol, 127 mg, 70%).
Rf� 0.60 (Et2O/PE/CH3OH, 15:5:3); MS (70 eV, EI): m/z (%): 259 ([M]� ,
2.4), 244 ([MÿCH3]� , 4.7), 200 ([MÿCO2CH3]� , 100), 184 ([244ÿ
HCO2CH3], 6.4), 142 ([200ÿMe2CO], 37.8), 114 (10.0), 100 (10.0), 82
(7.1), 71 (21.4); HR-MS: C12H21NO5: calcd 259.1419; found 259.1430; IR
(film): nÄ � 1745 cmÿ1; [a]D�ÿ7 (c� 0.064, Et2O); C12H21NO5 (259.30):
calcd C 55.58, H 8.16, N 5.40; found C 55.59, H 8.14, N 5.40; 1H NMR
(500 MHz, C6D6): d� 1.26 (s, 3 H; CH3), 1.56 (s, 3H; CH3), 2.11 (s, 3H;
NCH3), 2.46 (pt, 2J6/6'� 10.72, 3J6/5� 10.72, 1H; H-6), 2.72 (dd, 2J6'/6� 10.72,
3J6'/5� 5.26, 1H; H-6'), 3.03 (d, 3J2/3� 8.44, 1 H; H-2), 3.15 (s, 3 H; OCH3),
3.38 (s, 3H; CO2CH3), 3.49 (ddd, 3J5/6� 10.72, 3J5/6'� 5.26, 3J5/4� 3.87, 1H;
H-5), 4.23 (dd, 3J4/3� 4.67, 3J4/5� 3.87, 1 H; H-4), 4.51 (dd, 3J3/2� 8.44, 3J3/4�
4.67, 1H; H-3); 13C NMR (125 MHz, C6D6): d� 26.3, 28.3 (2C, CH3), 43.3
(1C, NCH3), 51.6 (1C, CO2CH3), 54.2 (1C, C-6), 55.9 (1C, OCH3), 70.9
(1C, C-2), 72.2 (1C, C-4), 74.5 (1C, C-5), 76.8 (1C, C-3), 109.9 (1C, Me2C),
172.5 (1 C, C-1).


Methyl 5-O-benzyl-2,6-(benzylimino)-2,6-dideoxy-3,4-O-isopropylidene-
dd-allonate (17b): As in the general procedure above, compound 16b
(380 mg, 0.70 mmol) was irradiated in solution in methanol (12 mL). After
oxidation and chromatographic purification (eluent Et2O/PE/CH3OH,
15:5:1) 17b was first obtained as a colorless syrup (0.42 mmol, 170 mg,
59%). Then compound 15b (56 mg) eluted as the product of oxidative
degradation. Rf� 0.49 (Et2O/PE/CH3OH, 15:5:1); MS (70 eV, EI): m/z
(%): 411 ([M]� , 4.1), 396 ([MÿCH3]� , 20.8), 352 ([MÿCO2CH3]� , 85.0),
305 ([396ÿC7H7], 6.6), 294 ([352ÿMe2CO], 13.3), 91 ([C7H7]� , 100); HR-
MS: C24H29NO5: calcd 411.2045; found 411.2048; IR (film): nÄ � 1742 cmÿ1;
[a]D��25.8 (c� 0.062, Et2O); C24H29NO5 (411.49): calcd C 70.05, H 7.10,
N 3.40; found C 69.69, H 7.19, N 3.17; 1H NMR (500 MHz, C6D6/TMS): d�
1.22 (s, 3H; CH3), 1.59 (s, 3 H; CH3), 2.51 (dd, 2J6/6'� 10.83, 3J6/5� 10.53, 1H;
H-6), 2.95 (dd, 2J6'/6� 10.83, 3J6'/5� 5.26, 1 H; H-6'), 3.14 (d, 2J� 13.11, 1H;
PhCH2), 3.31 (s, 3H; OCH3), 3.38 (d, 3J2/3� 7.85, 1H; H-2), 3.63 (ddd,
3J5/6� 10.53, 3J5/6'� 5.26, 3J5/4� 3.87, 1 H; H-5), 3.76 (d, 2J� 13.11, 1H;
PhCH2), 4.19 (d, 2J� 11.82, 1H; PhCH2), 4.25 (dd, 3J4/3� 4.87, 3J4/5� 3.87,
1H; H-4), 4.32 (d, 2J� 11.82, 1 H; PhCH2), 4.53 (dd, 3J3/2� 7.85, 3J3/4� 4.87,
1H; H-3), 7.03 ± 7.33 (m, 10H; H-aryl); 13C NMR (125 MHz, C6D6/TMS):
d� 26.2, 28.3 (2C, CH3), 50.1 (1C, C-6), 51.6 (1C, CO2CH3), 59.7 (1 C,
PhCH2), 69.5 (1C, C-2), 70.7 (1C, PhCH2), 73.0 (1C, C-5), 73.2 (1 C, C-4),
77.0 (1C, C-3), 110.1 (1C, Me2C), 127.5, 127.6, 128.3, 128.4, 128.5, 129.3
(10 C, aryl-C), 138.4, 138.8 (2 C, Cipso), 172.7 (1C, C-1).


(6''-Deoxy-1'',2'':3'',4''-di-O-isopropylidene-a-dd-galactopyranos-6''-yl)-2,6-di-
deoxy-3,4-O-isopropylidene-5-O-methyl-2,6-(methylimino)-dd-allonate
(19): A solution of 16a (274 mg, 0.70 mmol) and 1,2:3,4-di-O-isopropyli-
dene-a-d-galactopyranose 18[23] (200 mg, 0.77 mmol) in THF (6 mL) was
irradiated for five days. Oxidative workup of the reaction residue in Et2O/
PE (1:1, 40 mL) in air and subsequent chromatographic purification (eluent
Et2O/PE/CH3OH, 15:5:1) give first unconverted starting material 18
(127 mg), followed by the disaccharide 19 as a colorless syrup (0.18 mmol,
88 mg, 25 %), and then the lactam 15a (83 mg). Rf� 0.30 (Et2O/PE/
CH3OH, 15:5:1); MS (70 eV, EI): m/z (%): 487 ([M]� , 0.8), 472 ([Mÿ
CH3]� , 7.8), 414 ([472ÿMe2CO], 1.5), 245 (2.0), 200 (100), 142 ([200ÿ
Me2CO], 16.1); HR-MS: C23H37NO10: calcd 487.2417; found 487.2414;
[a]D�ÿ21.3 (c� 0.052, Et2O); C23H37NO10 (487.54): calcd C 56.66, H 7.65,
N 2.87; found C 56.37, H 7.56, N 2.68; 1H NMR (500 MHz, C6D6): d� 1.02
(s, 3 H; CH3gal), 1.10 (s, 3H; CH3gal), 1.24 (s, 3H; CH3all), 1.39 (s, 3 H; CH3gal),
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1.45 (s, 3 H; CH3gal), 1.58 (s, 3 H; CH3all), 2.22 (s, 3H; NCH3), 2.45 (pt,
2J6/6a� 10.76, 3J6/5� 10.76, 1H; H-6), 2.70 (dd, 2J6a/6� 10.76, 3J6a/5� 5.28, 1H;
H-6a), 3.09 (d, 3J2/3� 8.42, 1H; H-2), 3.12 (s, 3 H; OCH3), 3.46 (ddd, 3J5/6�
10.76, 3J5/6a� 5.28, 3J5/4� 3.92, 1H; H-5), 3.84 (dd, 3J4'/3'� 7.92, 3J4'/5'� 1.85,
1H; H-4'), 4.11 (dd, 3J2'/1'� 5.09, 3J2'/3'� 2.44, 1H; H-2'), 4.19 ± 4.22 (m, 2H;
H-4, H-5'), 4.42 (dd, 3J3'/4'� 7.92, 3J3'/2'� 2.44, 1H; H-3'), 4.51 (dd, 3J3/2� 8.42,
3J3/4� 4.70, 1 H; H-3), 4.53 ± 4.56 (m, 2H; H-6', H-6a'), 5.44 (d, 3J1'/2'� 5.09,
1H; H-1'); 13C NMR (125 MHz, C6D6): d� 24.2 (1C, CH3gal), 24.8 (1C,
CH3gal), 26.0 (1 C, CH3all), 26.1 (1C, CH3gal), 26.3 (1C, CH3gal), 28.3 (1C,
CH3all), 43.4 (1 C, NCH3), 54.2 (1C, C-6), 55.9 (1C, OCH3), 64.4 (1C, C-6'),
66.6 (1C, C-4/5'), 70.7 (1 C, C-2'), 70.9 (1C, C-2), 71.1 (1C, C-3'), 71.3 (1C,
C-4'), 72.4 (1 C, C-4/5'), 74.6 (1C, C-5), 76.8 (1C, C-3), 96.6 (1 C, C-1'), 108.4
(1C, Me2Cgal), 109.4 (1 C, Me2Cgal), 109.9 (1C, Me2Call), 172.0 (1C, C-1).
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Abstract: The biscarbene chromium
complex 1 (derived from binaphthol)
undergoes benzannulation upon reac-
tion with 1- and 3-hexyne to give the
biphenanthrenes 2 ± 5. Subsequent col-
umn chromatography and recrystallisa-
tion yield two diastereomeric Cr(CO)3


complexes 3 a and 3 b, which bear ele-
ments of both axial and planar chirality.
The annulation products have been
characterized by CD spectroscopy. Ox-
idative workup of the primary annula-


tion product 2 affords the C2-symmet-
rical axial chiral bi(phenanthrenequi-
nones) 4 and 5. Deprotection of 4 with
boron tribromide or aluminium trichlo-
ride gives the binaphthol-related skele-
tons 6 and 8, whereas reaction of 4 with


trimethylsilyl iodide (TMSI) results in
the unexpected formation of the heli-
cene 7. X-ray structure analysis of 7
indicates p stacking of the arene and
quinone rings, as well as a unit cell in
which two molecules of the helicene and
two molecules of chloroform are con-
nected by C ± H ´´´ O hydrogen bonding.
Comparative cyclovoltammetric studies
on 4, 5, 7, and the �monomer� 9 show that
the angular quinone moieties are elec-
trochemically independent.


Keywords: biaryls ´ carbene com-
plexes ´ chirality ´ chromium ´
circular dichroism ´ cyclic voltam-
metry


Introduction


Recently we have reported the organometallic functionaliza-
tion of 1,1'-binaphthol to axial chiral biscarbene complexes of
chromium.[1] Under the appropriate conditions, these com-
pounds may be exploited in benzannulation reactions to
provide a straightforward route to planar chiral tricarbonyl-
chromium complexes and to enantiomerically pure C2-sym-
metrical quinones, which are difficult to obtain by other
methods. The few examples of diastereoselective benzannu-
lation reactions that are currently known are based either on


carbene complexes with a chiral center in the alkoxy carbene
side chain,[2] in the unsaturated carbene side chain,[3] or on the
incorporation of a-chiral propargylic ethers.[4] We became
interested in tricarbonylchromium complexes as they com-
bine elements of both axial and planar chirality. We started
from the axial chiral 1,1'-binaphthol precursor which is readily
available as both enantiomers. Over the last two decades, the
1,1'-binaphthyl skeleton has attracted increasing attention in
stereoselective synthesis and asymmetric catalysis.[5] Several
binaphthyl-based, chiral metal complexes have been used in
asymmetric hydrogenations,[6] and in Diels ± Alder,[7] aldol,[8]


Michael,[9] and carbonyl ± ene reactions.[10]


Results and Discussion


Synthesis of biphenanthrene Cr(CO)3 complexes with axial
and planar chirality : Upon reaction with 3-hexyne in boiling
THF the biscarbene complex (R)-1 (derived from binaphthol)
underwent benzannulation to give the angular product (R)-2 ;
(S)-2 is accessible by the same method. In accordance with
previous reports, no linear annulation resulting in the
formation of the bianthracene skeleton was observed.[11]
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Since monoprotected hydroqui-
none Cr(CO)3 complexes are
notoriously sensitive to oxida-
tion, the biphenanthrenol 2 was
protected in situ with tert-bu-
tyldimethylchlorosilane and
triethylamine to form the bis-
ether hydroquinone complex 3,
as outlined for the R series in
Scheme 1.


Based on the C2 symmetry of
the enantiomerically pure com-
plex 1, two new elements of
planar chirality arose from the
annulation reaction. Therefore,
four diastereomers of 3 are
predicted in the R or the S series, respectively, and two of
each were isolated in diastereomerically pure form as the
major products after column chromatography and recrystal-
lization from n-hexane (Figure 1).


Both diastereomers differ in their number of 1H and
13C NMR signals. One isomer produces only a half set of
signals to indicate C2 symmetry, whereas the other isomer
gives rise to the expected set of signals suggestive of C1


symmetry. This is illustrated by the 13C NMR signals of the
aromatic carbon atoms as shown in Figure 2.


Optical properties of bi(phenanthrenehydroquinone) com-
plexes : The dinuclear biphenanthrene complexes 3 combine
the inherent axial chirality from the binaphthol precursor with
two additional planes of chirality from the benzannulation
reaction. We speculated whether the CD spectra of the
diastereomerically pure biphenanthrene complexes are domi-
nated by the planar or by the axial elements of chirality.
Simple tricarbonylchromium complexes display only a weak
CD effect in the region of the p!p* electronic transition, and


Figure 1. Diastereomers predicted from the benzannulation of (R)-1.


Figure 2. Selected 13C NMR spectra of the major diastereomers (R)-3a
and (R)-3b.


Abstract in German: Über die Benzanellierung des Biscar-
benkomplexes 1 mit 1- und 3-Hexin lassen sich die Biphe-
nanthrene 2 ± 5 aufbauen. Nach säulenchromatographischer
Reinigung und Umkristallisation wurden die beiden diastereo-
meren Cr(CO)3-Komplexe 3a und 3b erhalten, die Elemente
planarer und axialer Chiralität aufweisen. Oxidative Aufarbei-
tung der Anellierungsprodukte 2 lieferte die C2-symmetrischen
Bi(phenanthrenchinone) 4 und 5. Durch Spaltung des Aryl-
Methylethers mit Bortribromid oder Aluminiumtrichlorid
wurden die Binaphthol-ähnlichen Gerüste 6 und 8 erhalten.
Überraschenderweise ergab die Reaktion von 4 mit Trimethyl-
silyliodid (TMSI) das Helicen 7. Dessen Elementarzelle enthält
zwei Moleküle des Helicens, die über charge-transfer Wech-
selwirkungen zwischen den Chinon- und den angularen Aren-
Ringen miteinander verbunden sind, sowie zwei Moleküle
Chloroform, die ihrerseits via C ± H ´´´ O Wasserstoffbrücken
an die Helicene gebunden sind. Nach vergleichenden cyclo-
voltammetrischen Untersuchungen von 4, 5, 7 und dem
�Monomer� 9 sind die Chinoneinheiten elektrochemisch von-
einander unabhängig.


Scheme 1. Benzannulation of the biscarbene complex (R)-1. A) 3-Hexyne, THF, 66 8C, 2 h; B) TBDMSCl/NEt3,


20 8C, 2 h.
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an additional effect of the same order of magnitude in the
region of the metal-to-ligand charge transfer (MLCT) tran-
sitions.[12] On the other hand, a very strong CD effect is
observed for binaphthyl and other related systems in the
range of the p!p* (1B) electronic transition. The shape and
intensity of this CD effect correlate directly with the dihedral
angle defined by the two aromatic systems.[13] Thus, the CD
spectra of 3 were expected to provide information about the
dihedral angle.


In order to locate the position of the 1B electronic transition
of the phenanthrenequinone chromophore, we recorded UV/
Vis spectra of the C2-symmetrical tricarbonylchromium com-
plexes (R)- and (S)-3 a, and of the C1-symmetrical complexes
(R)- and (S)-3 b. We found absorption maxima at l� 225 (3 a)
and 227 nm (3 b). The absorption maxima for the MLCT
transitions were observed at 402 nm (3 a) and 397 nm (3 b),
respectively (Figure 3).


Figure 3. UV/Vis spectra of (R)-3a and (R)-3 b in CHCl3.


We also recorded the CD spectra of the diastereomerically
pure annulation products derived from the pure biscarbene
complexes (R)-1 and (S)-1. As predicted, the CD spectra of
the C2-symmetrical complexes (R)-3 a and (S)-3 a, as well as
those of the C1-symmetrical (R)-3 b and (S)-3 b, are accurate
mirror images in shape and intensity. However, the CD
spectra for the (R)-3 a/(R)-3 b and (S)-3 a/(S)-3 b pairs are
clearly different and vary significantly in the shape and
intensity of the bands that originate from both the p!p* and
the MLCT transitions. For (R)- and (S)-3 a, strong CD effects
are observed in the region of the p!p* transition (233 nm,
De� 157), accompanied by a complex structure and an
unusually high De value of 24 at 415 nm in the region of the
MLCT transition (Figure 4). In contrast, (R)- and (S)-3 b
display only a weak CD effect for the p!p* transitions, which
overlap with a structure of three maxima at 242, 264, and
294 nm. For the MLCT transition, a De value of 4 is detected
at 417 nm as expected (Figure 5).


The intensity and shape of the CD signal caused by the
p!p* transition of the biaryl system depend on the dihedral
angle defined by the two aromatic systems. Between 100 and
1108 the form of the CD signal turns from a positive to a
negative couplet. For values between these two angles the
detected CD signal can be very weak. Thus, the weak CD
signal observed for the C1-symmetrical (R)- and (S)-3 b may
be rationalized in terms of a dihedral angle of between 100
and 1108.


Figure 4. CD spectra of the C2-symmetrical tricarbonylchromium com-
plexes 3 a in CHCl3.


Figure 5. CD spectra of the C1-symmetrical tricarbonylchromium com-
plexes 3 b in CHCl3.


Axial chiral bi(phenanthrenequinones): Oxidation of the
annulation products afforded the corresponding quinones.
In situ oxidation of the bischromium phenanthrene complexes
(generated by reaction of racemic and (R)-biscarbene com-
plexes with 1- and 3-hexyne) with (NH4)2[Ce(NO3)6] gave the
dimethoxy bi(phenanthrenequinones) 4 and 5, which were
isolated by column chromatography in moderate yields as
yellow solids (56% and 36 %, respectively) (Scheme 2).


Scheme 2. Synthesis of biphenanthrenediquinones 4 and 5.


Since chiral biaryl diols are efficient ligands for enantiose-
lective catalysis, we aimed to deprotect 4 in order to generate
biphenanthrenols suitable for the chelation of a metal center.
However, the demethylation of the dimethoxy bi(phenan-
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threnequinone) 4 was not trivial. Boron tribromide has
previously proved effective in the demethylation of 1,1'-
dimethoxybinaphthyl in excellent yields.[14] To account for the
presence of additional basic oxygen atoms,[15] we used six
equivalents of boron tribromide for the demethylation, and
subsequently obtained the deprotected bi(phenanthrenequi-
none) 6 with additional bromine substituents in the positions 6
and 6'. We suppose that molecular bromine is formed during
the reaction as a result of competing oxidation of bromide by
the quinone moiety. The dibromine then effects the electro-
philic bromination assisted by the excess of boron tribromide.
A similar bromination has been described in the literature for
1,1'-bi-2-naphthols, which were used in the synthesis of
macromolecules[16] and polymeric 1,1'-bi-2-naphthols.[17]


In order to avoid concomitant bromination we employed
TMSI to cleave the aryl methyl ether.[18] However, instead of
the expected diol, we obtained the helicene 7 in 36 % yield.
Presumably, the use of excess TMSI (10 equiv) cleaves both
aryl methyl ether bonds which is followed by monodesilyla-
tion to give a monosilyl diol intermediate. Subsequent intra-
molecular nucleophilic substitution of the silyloxy group by
the phenol results in the formation of the central furan ring.


Finally, clean deprotection of 4 was effected by aluminium
chloride (10 equiv).[19] The reaction worked well in the
presence of a carbonyl group near the aryl methyl ether.
After acidic workup and column chromatography, the dihy-
droxy bi(phenanthrenequinone) 8 was isolated in excellent
yield as a deep purple solid (Scheme 3).


Molecular structure of helicene 7: Recrystallization of 7 from
CH2Cl2, which also contained small amounts of CHCl3,
afforded bright red crystals suitable for X-ray analysis.


The structure of dinaphtho[2,1-b:1',2'-d]-annulated five-
membered aromatic heterocycles[20] reflects the peri interac-
tions of the hydrogen atoms H8 and H8', which impose a


Scheme 3. Ether cleavage of 4 by Lewis acids.


helical configuration. The helicity can be quantified by the
dihedral angles defined by the least square planes of adjacent
rings. The central heterocycle in 7 is essentially planar, as
indicated by the small torsion angle C10, C9, C9', C10 a'. The
helical distortion is less pronounced than in the [2,1-b:1',2'-
d]pyrrole analogue[20] (Figure 6). The torsion angles between


Figure 6. Molecular structure and selected molecular dimensions of helicene 7, a) torsion angle [8], b) dihedral angle defined by least-square planes [8],
c) distance [�], d) angle [8].
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the carbon atoms C8a, C9, C9', C8 a' and C7, C9, C9', C7' are
distinctly smaller, reflecting a reduced twisting of the two
naphthyl rings. The distance between the two peri carbon
atoms C8 and C8' (3.221(4) �) together with the angle C8,
O10, C8' (39.5(7)8) characterize the influence of the hetero-
cycle h on the distance between the a and the d rings .


The unit cell contains the P and M enantiomers of 7, along
with two molecules of CHCl3. The two enantiomers are tilted
towards each other by 1808 at a distance which varies between
3.2 and 4.2 �. The shortest distance is found between the
atoms C1 and C7 (3.2455(3) �), which permits a typical
charge transfer interaction[21] between the angular aromatic
ring and the quinone system. This type of p stacking occurs
selectively on one side of the helicene dimer.


The CHCl3 molecules are located unsymmetrically with
respect to the three oxygen atoms O1', O10, O1, but some-
what twisted towards oxygen atom O1. The distance between
the hydrogen atom of the CHCl3 molecule and the atoms O1'
(2.6334(3) �) and O10 (2.7273(3) �) is within the limits of
van der Waals distances, whereas its distance to atom O1 is
reduced to 2.336 � which is characteristic of C ± H ´´´ O
hydrogen bonding.[22]


Redox properties of 4, 5, 7, and 9 : The bi(phenanthrenequi-
nones) 4 and 5 represent rare examples that combine axial
chirality with the redox-active quinone/hydroquinone sys-
tem.[23] In order to elucidate their potential in stereoselective
redox reactions we characterized 4 and 5 by cyclic voltam-
metry. For comparison, we also included in our study the
helicene 7 (a bridged form of 4) and the monoquinone 2,3-
diethylphenanthrene-1,4-dione (9). Apart from the redox
potentials, we were interested in whether the redox systems of
4 and 5 are reversible, and whether the two quinone units in 4,
5, and 7 display any electronic interaction.


The cyclic voltammogram of 9 (Figure 7) shows two redox
pairs. The first one is characterized by a cathodic peak
potential of ÿ1080 mV and an anodic peak potential of
ÿ982 mV, and is both chemically and electrochemically
reversible. The reverse anodic peak of the second redox pair
at ÿ1500 and ÿ1378 mV is broadened, as is often observed
with quinones and is commonly attributed to a slower
heterogeneous electron-transfer rate constant.[24] The two
reductions represent one-electron steps as determined by
quantification with equal amounts of ferrocene. The first step
is considered to correspond to the formation of the semi-
quinone anion radical, which subsequently undergoes further
reduction to the hydroquinone dianion.


The cyclic voltammograms of biquinones 4, 5, and 7
(Figure 8) resemble that recorded for the monoquinone 9.


Figure 7. Cyclic voltammogram of monoquinone 9 in DMF/LiClO4 (0.1m)
at 100 mV sÿ1.


They differ, however, in the reversibility of the anodic peak
for the second redox pair, and also in the tendency towards
peak-splitting of the first redox pair (observed for 4 and 5, but
not for 7). Based on quantification with ferrocene, the peak
intensities of both reduction steps correspond to the uptake of
two electrons. Compared with 9, the two quinone subunits in
4, 5, and 7 have to be considered as individual electronically
non-coupled systems. Thus, in the first reduction step two
electrons (one for each quinone subunit) are transferred
independently at the same potential to generate the bi(semi-
quinone radical anion). Similarly, in the second step another
pair of electrons is transferred independently to both subunits
to form the bi(hydroquinone dianion). This is easily explained
for compounds 4 and 5 by an almost orthogonal twist of the
biaryl system, but was unexpected for the helicene 7. Semi-
empirical calculations at the PM3 and AM1 levels suggested a
dihedral angle along the central carbon ± carbon bond of
88(�1)8 for 4, and 87(�1)8 for 5, respectively. Because of the
reduced twisting of the biaryl system in 7, electronic coupling
of both quinone units seemed possible. This behavior would
result in the peak-splitting of both cyclovoltammetric waves.
However, only two reversible systems are observed, which
indicates two independent redox pairs. In contrast, for
compounds 4 and 5, the first redox pair shows peak-broad-
ening with a tendency towards splitting. Our explanation
takes into account that the two quinone systems are strongly
twisted against each other. For the heterogeneous electron
transfer from the electrode to the biquinone, the orientation
of the two quinone subunits with respect to the electrode
surface is quite different. Therefore, it can be assumed that the
heterogeneous electron-transfer rate to both quinone systems
should also differ significantly, which, in turn, suggests a peak-
splitting even if the second electron transfer is thermodynami-
cally favored.[25] This explanation is supported by the fact that
peak-broadening is reduced when the potential scan rate is
lowered from 100 to 10 mVsÿ1. For helicene 7, the orientation
of the two quinone subunits with respect to the electrode
surface is very similar and therefore no peak-broadening is
detected.


The first reduction of 7 proceeds much more easily
(ÿ0.890 V) than is observed for the bi(phenanthrenequi-
nones) 4 (ÿ1.141 V) and 5 (ÿ1.046 V). However, the


Table 1. Redox potentials of compounds 4, 5, 7 and 9.


Potential [V]/compound 4 5 7 9


first redox pair:
reduction ÿ 1.141 ÿ 1.048 ÿ 0.885 ÿ 1.080
oxidation ÿ 1.008 ÿ 0.934 ÿ 0.795 ÿ 0.982
second redox pair:
reduction ÿ 1435 ÿ 1.372 ÿ 1.408 ÿ 1.500
oxidation ÿ 1.289 ÿ 1.272 ÿ 1.311 ÿ 1.378
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Figure 8. Cyclic voltammograms of 4 (A), 5 (B), and 7 (C) in DMF/LiClO4


at 100 mV sÿ1.


potentials of the second reduction are comparable for all
three compounds. This results in an increase in the potential
difference between the first and second reductions for 7
(0.520 V) compared with quinones 4 (0.294 V) and 5 (0.324 V)
which can be understood by the stabilization of the bi(semi-
quinone anion) of 7 through the extended aromatic system.
The reduction of 5 occurs at a less negative potential
(ÿ1.046 V) than that of 4 (ÿ1.141 V). This difference reflects
the more efficient overall electron donation by the two ethyl
groups in 4 compared with that of the n-alkyl and hydrogen
substituents in 5.


The fact that the anodic peak of the second redox pair is
generally lower than the corresponding cathodic peak can be
rationalized by a subsequent chemical reaction (presumably
protonation of the strongly basic dianion) and/or by a slower
heterogeneous electron-transfer rate for the oxidation of the
bi(hydroquinone dianion).


Conclusion


We have developed a straightforward route to the enantio-
merically pure axial chiral bi(phenanthrenequinones) 3 and 4
in four steps from readily available enantiopure binaphthols
via carbene complexes. These compounds may be used as
mediators in palladium-[26] or copper-catalyzed[27] stereoselec-
tive oxidation reactions. We characterized the quinones 4 and
5 by cyclic voltammetry with the aim of applying these
compounds to electrochemically induced oxidation reac-
tions[28] and we demonstrated that the two quinone units of
4, 5, and 7 are electrochemically independent. Diols 6 and 8
with unprotected hydroxy groups are potential catalysts for
the well-established binaphthol chemistry which employs
Lewis acids. Furthermore, their OÿH acidity may be relevant
to asymmetric protonations.[29]


Experimental Section


All operations were performed under argon. Solvents were dried by
distillation over sodium ± potassium alloy or sodium hydride. The petro-
leum ether mixture used was 40 ± 60 8C. 1H and 13C NMR: Bruker DRX
500. Chemical shifts refer to those of the residual solvent signal based on
dTMS� 0.00. FT-IR: Nicolet Magna 550. MS: Kratos 1H Concept. Ele-
mental analyses: Heraeus CHN-O-Rapid. CD and UV/Vis: 0.02 cm path
length cell, Jasco J-720 spectropolarimeter. CV: Electrochemical Analyzer
BAS 100 B/W, Bioanalytical Systems Inc., West Lafayette, IN, USA. All
cyclic voltammograms were recorded with a potential scan rate of
100 mV sÿ1, unless indicated otherwise. The experiments were performed
in a conventional three-electrode cell with a glassy carbon working
electrode (3 mm diameter), a platinum wire counter electrode, and a Ag/
AgNO3 reference electrode (separated from the solution by a Vycor plug).
LiClO4 in DMF (0.1m) was used as the supporting electrolyte.


Arene ± Cr(CO)3 complexes (R)-3 a and (R)-3 b : 3-Hexyne (1.15 mL,
10 mmol) was added to a solution of the biscarbene complex (R)-1
(0.78 g, 1 mmol) in THF (10 mL). The solution was stirred under reflux for
2 h. The mixture was cooled to room temperature and then added to a
solution of tert-butyldimethylchlorosilane (0.75 g, 5 mmol) in triethylamine
(1.40 mL, 10 mmol). The resulting solution was stirred for 2 h at 20 8C and
filtered through silica gel. Chromatographic separation (silica gel, 10 8C;
petroleum ether/diethyl ether 10:1) of the red residue yielded first the C2-
symmetrical tricarbonylchromium complex (R)-3a (Rf� 0.52), and next the
C1-symmetrical complex (R)-3 b (Rf� 0.44). The pure diastereomers (R)-
3a and (R)-3 b were obtained as red crystals after recrystallization from n-
hexane.


C2-symmetrical (R)-3 a : Yield� 0.19 g (0.17 mmol, 17%); 1H NMR
(500.13 MHz, CDCl3, 25 8C): d�ÿ0.31 (s, 6 H; Si-CH3); 0.12 (s, 6H; Si-
CH3); 1.07 (s, 18 H; Si-C(CH3)3), 1.28 (t, 3J(H,H)� 7.35 Hz, 6H; CH3), 1.41
(t, 3J(H,H)� 7.30 Hz, 6 H; CH3), 2.31 (dq, 2J(H,H)� 14 Hz, 3J(H,H)�
7 Hz, 2 H; CH2), 2.65 (m, 4H; CH2), 3.01 (dq, 2J(H,H)� 14 Hz,
3J(H,H)� 7 Hz, 2 H; CH2), 3.38 (s, 6H; 1,1'-OCH3), 3.87 (s, 6H, 10,10'-
OCH3), 7.01 (d, 3J(H,H)� 7.95 Hz, 2H; 8,8'-H), 7.13 (�t�, 3J(H,H)� 7.95 Hz,
2H; 7,7'-H), 7.39 (�t�, 3J(H,H)� 8.35 Hz, 2H; 6,6'-H), 9.06 (d, 3J(H,H)�
8.40 Hz, 2H; 5,5'-H); 13C NMR (125.76 MHz, CDCl3, 25 8C): d�ÿ3.33 (Si-
CH3), ÿ2.83 (Si-CH3), 14.72 (CH3), 18.84 (CH3), 18.62 (CH2), 19.57 (CH2),
21.95 (Si-C(CH3)3), 25.87 (Si-C(CH3)3), 61.72 (1-OCH3), 68.82 (10-OCH3),
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85.18, 102.16, 104.43, 114.50 (Caryl (Cr(CO)3)), 125.76, 125.98, 126.64, 127.67,
127.76, 128.40, 130.18, 130.56, 140.32 (C aryl), 149.57 (C-10), 233.66
(Cr(CO)3); IR (PE): nÄ � 1958 (vs, C�O, A1


1), 1895, 1885 cmÿ1 (s, C�O,
E); MS (FAB): m/z (%): 1119.3 ([M�H]� , 27), 1034.3 ([Mÿ 3CO]� , 27),
1006.3 ([Mÿ 4CO]� , 62), 982.3 ([MÿCr(CO)3]� , 18), 950.3 ([Mÿ 6CO]� ,
40), 898.3 ([MÿCr(CO)3ÿ 3CO]� , 100), 846.3 ([Mÿ 2Cr(CO)3]� , 53);
C58H70O12Cr2Si2 (1119.35): calcd C 62.24, H 6.30; found C 61.95 H 6.39.


C1-symmetrical (R)-3 b : Yield� 0.13 g (0.12 mmol, 12 %), 1H NMR
(500.13 MHz, CDCl3, 25 8C): d�ÿ0.40 (s, 3 H; Si-CH3), ÿ0.34 (s, 3H;
Si-CH3), 0.09 (s, 3H; Si-CH3), 0.11 (s, 3H; Si-CH3), 1.05 (s, 9 H; Si-
C(CH3)3), 1.09 (s, 9H; Si-C(CH3)3), 1.28 (m, 6 H; CH3), 1.41 (m, 6H; CH3),
2.28 (dq, 2J(H,H)� 14 Hz, 3J(H,H)� 7 Hz, 2H; CH2), 2.68 (m, 4H; CH2),
2.98 (m, 2 H; CH2), 3.36 (s, 3 H; 1-OCH3), 3.81 (s, 3 H; OCH3), 3.82 (s, 3H;
OCH3), 3.83 (s, 3H; OCH3), 6.93 (d, 3J(H,H)� 7.85 Hz, 1H), 7.12 (�t�,
3J(H,H)� 7.40 Hz, 1H), 7.26 (�t�, 3J(H,H)� 7.55 Hz, 1 H), 7.40 (�t�,
3J(H,H)� 7.60 Hz, 1 H), 7.46 (�t�, 3J(H,H)� 7.60 Hz, 1H), 7.54 (d,
3J(H,H)� 8.15 Hz, 1H), 9.04 (d, 3J(H,H)� 8.45 Hz, 1 H), 9.08 (d,
3J(H,H)� 8.45 Hz, 1 H); 13C NMR (125.76 MHz, CDCl3, 25 8C): d�
ÿ3.60 (Si-CH3), ÿ3.22 (Si-CH3), ÿ3.13 (Si-CH3), ÿ2.96 (Si-CH3), 14.73
(br, 2CH3), 18.51 (CH2), 18.64 (CH2), 18.81 (CH3), 19.03 (CH3), 19.47
(CH2), 19.54 (CH2), 21.85 (Si-C(CH3)3), 21.97 (Si-C(CH3)3), 25.83 (Si-
C(CH3)3), 25.86 (Si-C(CH3)3), 61.49, 62.41 (1- and 1'-OCH3), 68.65, 69.09
(10- and 10'-OCH3), 84.81, 85.29, 102.38, 102.80, 104.12, 104.58, 113.96,
114.62 (Caryl (Cr(CO)3)), 125.74, 126.21, 126.37, 126.50, 126.90, 126.99,
127.50, 127.84, 127.98, 128.19, 128.22, 129.13, 129.46, 130.33, 130.64, 130.67,
140.74, 140.77 (Caryl), 147.00, 148.23 (C-10 and C-10'), 233.50, 233.90
(Cr(CO)3); IR (PE): nÄ � 1958 (vs, C�O, A1


1), 1896, 1885 cmÿ1 (s, C�O, E);
MS (FAB): m/z (%): 1119.3 ([M�H]� , 41), 1034.3 ([Mÿ 3CO]� , 81),
1006.3 ([Mÿ 4CO]� , 48), 950.3 ([Mÿ 6CO]� , 57), 898.5 ([MÿCr(CO)3ÿ
3CO]� , 100), 846.3 ([Mÿ 2Cr(CO)3]� , 30), C58H70O12Cr2Si2 (1119.35): calcd
C 62.24, H 6.30; found C 62.00, H 6.44.


The enantiomerically pure complexes (S)-3a and (S)-3 b were prepared
from the biscarbene complex (S)-1 by the same procedure.


(R,S)-2,2''-3,3''-Tetraethyl-10,10''-dimethoxy-9,9''-bi(phenanthrene-1,4-di-
one) (4) and (R,S)-3,3''-di-n-butyl-10,10''-dimethoxy-9,9''-bi(phenanthrene-
1,4-dione) (5): 3-Hexyne (1-hexyne) (1.14 mL, 10 mmol) was added to a
solution of the biscarbene complex (R,S)-1 (0.78 g, 1 mmol) in THF
(10 mL). The solution was stirred under reflux for 2 h and was subsequently
cooled to room temperature. A solution of (NH4)2[Ce(NO3)6] (7.67 g,
14 mmol) in nitric acid (28 mL, 0.1m) was then added, and the mixture was
stirred for 2 h. After addition of diethyl ether (30 mL), the organic layer
was separated, washed with saturated aqueous NaHCO3 (10 mL) and
water, dried over MgSO4, and finally filtered. The solvent was evaporated
and the residue was purified by column chromatography on silica gel.


(R,S)-4 : Yellow foam; Rf� 0.56 (petroleum ether/diethyl ether, 3:1),
yield� 0.33 g (0.56 mmol, 56%); 1H NMR (500.13 MHz, CDCl3, 25 8C):
d� 1.18 (t, 3J(H,H)� 7.50 Hz, 6 H; CH3), 1.25 (t, 3J(H,H)� 7.55 Hz, 6H;
CH3), 2.69 (m, 8H; CH2), 3.51 (s, 6H; OCH3), 7.12 (ddd, 3J(H,H)� 8.50 Hz,
4J(H,H)� 1.2 Hz, 5J(H,H)� 0.6 Hz, 2H; 8,8'-H), 7.34 (ddd, 3J(H,H)�
8.50 Hz, 3J(H,H)� 6.75 Hz, 4J(H,H)� 1.25 Hz, 2 H; 7,7'-H), 7.58 (ddd,
3J(H,H)� 8.90 Hz, 3J(H,H)� 6.75 Hz, 4J(H,H)� 1.35 Hz, 2H; 6,6'-H), 9.36
(ddd, 3J(H,H)� 8.95 Hz, 4J(H,H)� 1.1 Hz, 5J(H,H)� 0.7 Hz, 2 H; 5,5'-H);
13C NMR (125.76 MHz, CDCl3, 25 8C): d� 13.91 (CH3), 13.97 (CH3), 20.01
(CH2), 20.28 (CH2), 62.14 (OCH3), 125.80, 126.80, 127.13, 128.37, 128.42,
128.91, 131.85, 133.73, 136.35 (Caryl), 146.82 (C�C), 147.58 (C�C), 153.11 (C-
10, C-10'), 185.43 (C�O), 188.82 (C�O); IR (CH2Cl2): nÄ � 1657 cmÿ1 (vs,
C�O); MS (70 eV, EI): m/z (%): 586.2 ([M]� , 91), 571.1 ([MÿCH3]� , 20),
555.1 ([MÿOCH3]� , 100); HRMS (70 eV, EI): calcd for C38H34O6


586.2355; found 586.2367.


(R,S)-5 : Orange foam; Rf� 0.42 (petroleum ether/diethyl ether, 3:1),
yield� 0.21 g (0.36 mmol, 36%); 1H NMR (500.13 MHz, CDCl3, 25 8C):
d� 0.97 (t, 3J(H,H)� 7.35 Hz, 6 H; CH3), 1.46 (�sex�, 3J(H,H)� 7.39 Hz,
4H; CH2), 1.62 (�quin�, 3J(H,H)� 7.60 Hz, 4H; CH2), 2.64 (td, 3J(H,H)�
7.65 Hz, 4J(H,H)� 1.09 Hz, 4 H; CH2), 3.50 (s, 6 H; OCH3), 6.71 (t,
4J(H,H)� 1.19 Hz, 2 H; 2,2'-H), 7.13 (br, d, 3J(H,H)� 8.24 Hz, 2H; 8,8'-
H), 7.35 (ddd, 3J(H,H)� 8.34 Hz, 3J(H,H)� 6.95 Hz, 4J(H,H)� 1.24 Hz,
2H; 6,6'-H), 7.59 (ddd, 3J(H,H)� 8.84 Hz, 3J(H,H)� 6.80 Hz, 4J(H,H)�
1.34 Hz, 2H; 7,7'-H), 9.37 (br, d, 3J(H,H)� 8.85 Hz, 2H; 5,5'-H); 13C NMR
(125.76 MHz, CDCl3, 25 8C): d� 13.80 (CH3), 22.47 (CH2), 29.02 (CH2),
29.89 (CH2), 62.10 (OCH3), 125.73, 126.10, 127.37, 128.15, 128.60, 129.05,


131.88, 133.68, 134.20, 136.37 (Caryl), 151.48, 153.06 (C-2, C-3), 185.01,
188.88 (C-1, C-4); IR (CH2Cl2): nÄ � 1659 cmÿ1 (vs, C�O); MS (70 eV, EI):
m/z� 586.1 (M�, 58), 555.1 ([M�ÿOCH3]� , 100), 513.1 ([MÿOCH3ÿ
C3H6]� , 35); HRMS (70 eV, EI): calcd for C38H34O6 586.2355; found
586.2355.


(R,S)-6,6''-Dibromo-2,2''-3,3''-tetraethyl-10,10''-dihydroxy-9,9''-bi(phenan-
threne-1,4-dione) (6): Boron tribromide (0.57 mL, 6 mmol) was added to a
solution of bi(phenanthrenequinone) (R,S)-4 (0.58 g, 1 mmol) in CH2Cl2


(10 mL) at ÿ78 8C. The solution was stirred for 2 h at this temperature and
for an additional 4 h at 25 8C. Water was added (20 mL) and the mixture
was stirred vigorously for 2 h. After addition of CH2Cl2 (100 mL) the
organic layer was separated, washed with water, dried over MgSO4, and
filtered. The solvent was evaporated and the residue was purified by
column chromatography (silica gel, CH2Cl2, Rf� 0.95) to give a deep
purple solid. Yield 0.22 g (0.31 mmol, 31 %); 1H NMR (500.13 MHz,
CDCl3, 25 8C): d� 1.19 (t, 3J(H,H)� 7.45 Hz, 6 H; CH3), 1.24 (t, 3J(H,H)�
7.45 Hz, 6H; CH3), 2.66 (m, 4H; CH2), 2.74 (m, 4 H; CH2), 6.97 (d,
3J(H,H)� 9.15 Hz, 2 H; 8,8'-H), 7.40 (dd, 3J(H,H)� 9.15 Hz, 4J(H,H)�
1.90 Hz, 2H; 7,7'-H), 9.70 (d, 4J(H,H)� 1.95 Hz, 2 H; 5,5'-H), 12.50 (s,
2H; OH); 13C NMR (125.76 MHz, CDCl3, 25 8C): d� 13.89 (CH3), 14.08
(CH3), 19.53 (CH2), 20.69 (CH2), 118.20, 122.82, 125.00, 126.15, 126.26,
127.76, 130.60, 133.01, 136.05 (Caryl), 145.56, 151.28 (C-2, C-3), 154.06 (C10),
187.06, 191.96 (C-1, C-4); IR (CH2Cl2): nÄ � 3212 (s, OÿH), 1653 (s, C�O),
1638 [vs, C�O), 1620 cmÿ1 (s, C�C); MS (FAB): m/z (%) 718.0 ([M� 2H]� ,
100), 638 ([M� 2HÿBr]� , 44%); C36H28Br2O6 (716.42): calcd C 60.35, H
3.94; found C 60.42, H 4.19.


6,7,11,12-Tetraethyl-5,8,10,13-tetrahydrodiphenanthro[9,10-b:9,10-d]fur-
an-5,8,10,13-tetraone (7): TMSI (0.95 mL, 7 mmol) was added to a solution
of bi(phenanthrenequinone) (R,S)-4 (0.58 g, 1 mmol) in CH2Cl2 (10 mL)
and the mixture was stirred at 25 8C for 48 h. Methanol (20 mL) was then
added and the solution was stirred for an additional 5 h. The solvent was
evaporated and the residue was dissolved in THF (20 mL). A solution of
(NH4)2[Ce(NO3)6] (16.3 g, 30 mmol) in nitric acid (60 mL, 0.1m) was added
and the mixture was stirred for 2 h. After addition of diethyl ether (30 mL)
a red solid formed at the phase boundary and was extracted to give pure
product. The organic layer was separated, washed twice with water, dried
over MgSO4, and filtered. The solvent was then evaporated and the residue
was purified by column chromatography (silica gel, CH2Cl2, Rf� 0.66) to
give a bright red solid. Yield 0.195 g (0.36 mmol, 36%); 1H NMR
(500.13 MHz, CDCl3, 25 8C): d� 1.26 (m, 12H; CH3), 2.77, 2.75 (�q�,
3J(H,H)� 7.55 Hz, 8H; CH2), 7.78 (m, 4H; 1,17-H, 2,16-H), 8.94 (dd,
3J(H,H)� 8.30 Hz, 4J(H,H)� 1.09 Hz, 2 H; 3,15-H), 9.49 (dd, 3J(H,H)�
8.45 Hz, 4J(H,H)� 1.39 Hz, 2 H; 4,14-H); 13C NMR (125.76 MHz, CDCl3,
25 8C): d� 14.12 (CH3), 14.14 (CH3), 19.84 (CH2), 20.63 (CH2), 119.79,
124.31, 125.12, 127.77, 128.16, 128.52, 129.48, 129.88, 130.86 (Caryl), 146.05,
148.82 (C�C), 152.47 (C-9 a), 184.27, 187.85 (C�O), IR (CH2Cl2): nÄ �
1658 cmÿ1 (s, C�O); MS (70 eV, EI): m/z (%): 540.2 ([M]� , 100), 525.1
([MÿCH3]� , 3), 512.1 ([MÿC2H4]� , 9), 497.2 ([MÿC2H4ÿCH3]� , 22),
469.1 ([Mÿ 2C2H4ÿCH3]� , 1); HRMS (70 eV, EI): calcd for C36H28O5:
540.1937; found 540.1936.


2,2''-3,3''-Tetraethyl-10,10''-dihydroxy-9,9''-bi(phenanthrene-1,4-dione) (8):
Dry aluminium trichloride (1.33 g, 10 mmol) was added to a solution of
bi(phenanthrenquinone) (R,S)-4 (0.58 g, 1 mmol) in CH2Cl2 (50 mL). The
mixture was stirred for 4 h at 25 8C, and then hydrochloric acid (40 mL,
1.0m) was added to the solution. The mixture was stirred vigorously
overnight. After addition of diethyl ether the organic layer was separated,
washed with saturated aqueous NaHCO3 and water, dried over MgSO4,
and filtered. The solvent was evaporated and the residue was purified by
column chromatography (silica gel, CH2Cl2, Rf� 0.9) to give a purple-black
solid. Yield� 0.48 g (0.86 mmol, 86%); 1H NMR (500.13 MHz, CDCl3,
25 8C): d� 1.19 (t, 3J(H,H)� 7.56 Hz, 6 H; CH3), 1.24 (t, 3J(H,H)� 7.55 Hz,
6H; CH3), 2.62 ± 2.80 (m, 8H; CH2), 7.13 (br, d, 3J(H,H)� 8.55 Hz, 2H;
8,8'-H), 7.33 (ddd, 3J(H,H)� 8.58 Hz, 3J(H,H)� 6.68 Hz, 4J(H,H)�
1.26 Hz, 2H; 7,7'-H), 7.50 (ddd, 3J(H,H)� 9.00 Hz, 3J(H,H)� 6.71 Hz,
4J(H,H)� 1.37 Hz, 2 H; 6,6'-H), 9.40 (br, d, 3J(H,H)� 8.95 Hz, 2 H; 5,5'-H),
12.47 (s, 2 H; OH); 13C NMR (125.76 MHz, CDCl3, 25 8C): d� 13.90 (CH3),
14.06 (CH3), 19.44 (CH2), 20.63 (CH2), 117.73, 124.89, 125.21, 125.49, 127.70,
128.51, 128.89, 129.51, 137.76 (Caryl), 145.22, 151.09 (C-2, C-3), 153.68 (C-10),
187.62, 192.08 (C-1, C-4); IR (CH2Cl2): nÄ � 3213 (s, OÿH), 1652 (s, C�O),
1637 (vs, C�O), 1618 cmÿ1 (s, C�C); MS (FAB): m/z (%): 560.2 ([M�2H]� ,
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61), 559.2 ([M�H]� , 100), 558.2 ([M]� , 71). The enantiomerically pure
quinones (R)-4, (R)-5, (R)-6, and (R)-8 were prepared from the biscarbene
complex (R)-1 by the same procedure.


X-ray structural analysis of 7:[29] C36H28O5 ´ CHCl3, Mr� 659.95 gmolÿ1,
triclinic space group P1Å (no. 2), red plates, crystal size 0.35� 0.18�
0.08 mm, Z� 2, a� 10.540(1), b� 11.623(1), c� 12.663(1) �, V�
1511.6(2) �3, a� 89.47(1)8, b� 78.66(1)8, g� 83.67(1)8, 1calcd�
1.450 g cmÿ3, m(CuKa)� 3.121 mmÿ1, T� 200(2) K, 6130 reflections were
collected, of which the 5682 symmetry-independent reflections were used
for structure solution (direct methods)[30] and refinement (full-matrix least-
squares on F 2, 461 parameters, 275 restraints),[31] non-hydrogen atoms were
refined anisotropically. H atoms were located by difference electron
density and treated as riding atoms (wR2� 0.221, R1� 0.074 for I>
2.0s(I)). One quinone ring is partly disordered. An empirical absorption
correction was made on the basis of Y-scans. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-102614. 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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Molecular Batteries Based on Carbon ± Carbon Bond Formation and
Cleavage in Titanium and Vanadium Schiff Base Complexes


Federico Franceschi,[a] Euro Solari,[a] Carlo Floriani,*[a] Marzio Rosi,[b]


Angiola Chiesi-Villa,[c] and Corrado Rizzoli[c]


Abstract: The reduction of titanium(iii)
and vanadium(iii) salophen complexes
led to the reductive coupling of imino
groups in the ligands, and thus to the
formation of CÿC-bonded dimers which
released electrons on subsequent cleav-
age of the CÿC bond. On reduction of
[M(salophen)(Cl)(thf)] [M�Ti (1), V
(2)] with sodium metal in a 1:1 molar
ratio the dimers [M2(salophen2)(thf)2]
[M�Ti (3), V (4)] formed, in which two
salophen units are joined by a single
CÿC bond. Further reduction resulted in
the introduction of an additional CÿC
bridge between the two salophen units
and thus to the formation of [M2(*salo-
phen2*)(Na)2(thf)6] [M�Ti (6), V (7)],
in which *salophen2* is a dinucleating,
octadentate, octaanionic ligand. In 6 and
7, the two metal centers are very close


together [Ti ´´ ´ Ti� 2.518(1) � in 6 ;
V ´´´ V� 2.393(1) � in 7]. Complexes 3
and 4 reacted with 9,10-phenanthrene-
quinone to give [M(salophen)(9,10-
phen)] [M�Ti (9), V (10)], using both
the electrons stored at the CÿC bond
and those from the oxidation of MIII to
MIV. The reaction of 3 and 4 with O2


yielded the oxometal(iv) complexes
[M(salophen)(O)] [M�Ti (13), V
(11)] with a four-electron oxidation of
the starting dimers. The intermediate
oxovanadium(iii) complex [V(salo-
phen){m-O-Na(DME)2}] (16), which
can be subsequently oxidized to 11, was


isolated from the reaction of 7 with O2.
The reaction became synthetically and
mechanistically interesting when organ-
ic azides were used as oxidizing agents:
reaction of 3 with PhN3 and Me3SiN3 led
to the m-phenylimido dimers [Ti2(salo-
phen2)(m-PhN)(thf)2] (17) and [Ti2(salo-
phen2)(m-Me3SiN)] (18), which was hy-
drolyzed to the analogous m-oxo [{Ti2-
(salophen2)(m-O)}2] (19). The reaction of
3 with Ph3CN3 led to the phenylimido
complex [Ti(salophen)(NCPh3)] (20),
and 4 reacted with PhN3 to give
[V(salophen)(NPh)] (21). Extended
Hückel calculations enabled us to sub-
stantiate the electron-transfer process,
which never involves the CÿC site as a
reactive center; it only functions as an
electron reservoir.


Keywords: electron transfer ´ mo-
lecular devices ´ redox chemistry ´
Schiff bases ´ titanium ´ vanadium


Introduction


The redox chemistry of transition metal complexes containing
either macrocyclic or polydentate ligands essentially involves
variations in the oxidation state of the metal centers. The
metal-assisted redox chemistry of the macrocyclic or poly-
dentate ligand has been studied far less, coming into play only
when the delocalization of electrons or positive charges over a
p-delocalized system is concerned.[1] Very rarely does the
redox chemistry of the ligand have chemical consequences,


such as the formation or cleavage of bonds, and even more
rarely is this event reversible. A successful approach to this
field would provide the possibility of storing and releasing
electrons, a process which could be coupled to the variation in
the oxidation state of the metal and which would produce a
type of molecular battery.[2]


We approached this goal by studying the redox chemistry of
transition metals bonded to tetradentate, highly p-delocalized
Schiff bases, and choose titanium(iii) and vanadium(iii) bound
to the salophen [N,N'-phenylenebis(salicylideneiminato) dia-
nion] ligand as model compounds. In such a chemical
environment, it is difficult to reduce titanium and vanadium
to lower oxidation states; thus the reduction affected the
ligand exclusively. This investigation led us to discover the
reductive coupling of imino groups across two monomeric
units, with the consequent formation of CÿC bonds which
function as reversible reservoirs of two electrons. They can be
coupled or not with the metal, to function as long-range
electron-transfer agents. Some results in this field, with
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transition metals such as zirconium,[3] cobalt,[4] nickel,[5] and
manganese,[2] have already been reported, while the structure
of one of the vanadium complexes has been communicated.[6]


We report herein the synthesis, structure, and chemical
behavior of titanium(iii) and vanadium(iii) salophen com-
plexes reductively coupled to dimers and bridged by one or
two single CÿC bonds. In contrast to work previously
reported[2±6] in this field, we were able to explore the reactivity
of the reduced species of the titanium and vanadium
compounds described here. In these reactions the electrons
stored at the CÿC bond and in the metal atom can be
selectively used, either separately or all together, in the
reduction of O2, quinones, and other substrates. An extended
Hückel analysis substantiated the hypothesis that the reduc-
tion of TiIII and VIII salophen complexes occurs with the
electron density stored at the carbon centers involved in the
CÿC bridges across the two salophen units. The same
calculations suggest that the first step in the transfer of the
electrons stored at the CÿC bonds occurs with the oxidation of
the metal, followed by an electron withdrawal from nitrogen,
and finally with the cleavage of the CÿC bridge, which is never
involved directly as a reactive site.


Results and Discussion


Reductive coupling to produce CÿC bonds across two metal ±
salophen units : The synthesis of the starting titanium(iii)[7] and
vanadium(iii)[8] Schiff base complexes was performed as
reported in Scheme 1, by reaction of the sodium salt of the
Schiff base, prepared in situ, with the corresponding metal(iii)
chloride. In the case of vanadium, there is an alternative
synthesis starting from the free Schiff base and VCl3 ´ 3 thf in
the presence of tBu3N (see Method B in the Experimental
Section). Complexes 1 and 2 have been fully characterized
(see Experimental Section), including an X-ray analysis of 2,[8]


which demonstrates the hexacoordination of the metal and
the planar arrangement of the salophen ligand.


Complexes 1 and 2 undergo stepwise reduction with sodium
metal in THF to 6 and 7, respectively. The sequence is shown
in Scheme 2, whose upper part presents the structural
consequences on the two salophen skeletons upon reduction,


Scheme 1. Synthesis of the starting compounds.


while the lower part consists of the corresponding chemical
equations. The starting materials 1 and 2 are drawn as two
overlapping, nonbonded, monomeric, cationic units. We have
omitted the THF and Clÿ in the coordination sphere of the
metal. The one-electron reduction of 1 and 2 does not change
the oxidation state (�3) of the metal. The chloride anion is
removed as NaCl, and one electron is introduced into each
monomer, resulting in a reductive coupling between two
imino groups and the formation of CÿC bonded dimer.


Recrystallization of 4 in the presence of pyridine gave
crystals of [V2(salophen2)(Py2)] (5) that were suitable for
X-ray analysis. The structural analysis of 5 (vide infra) shows,
however, that the CÿC bond formation is accompanied by the
sharing of one of the oxygens of the Schiff base across the two
vanadium ions. The introduction of two further electrons into
the dimers 3 and 4 probably generates a diradical at the imino
groups and leads to a second C ± C coupling. Such a coupling is
accompanied by a change in the bonding mode of the
salophen skeleton, which can be visualized by rotating all
the oxygen arms in opposite directions, as can be followed
with the oxygen labeling employed in Scheme 2. At the same
time, each nitrogen atom bridges the two metal atoms. The
oxygen labeling in Scheme 2 shows that the two-electron
reduction of 1 and 2 not only results in the formation of a CÿC
bond, but also causes the exchange of the two salophen
skeletons between the two metal centers. The degree of
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Scheme 2. The redox pathway showing the reversible formation and cleavage of CÿC bonds. In the structural representation, THF and Clÿ in the
coordination sphere of the metal have been omitted for the sake of clarity.
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coupling, that is the formation of one or of two CÿC bonds,
between the two starting monomeric units is controlled by the
molar ratio between the metal and the reducing agent, which
is exactly 1:1 for 3 and 4 and 1:2 for 6 and 7. The second step in
the reduction process proceeds either intramolecularly, as
reported here for titanium and vanadium, or intermolecularly,
as in the case of nickel, which yields a CÿC-bridged polymer.[5]


The choice between the two pathways is controlled by the
coordination sphere of the metal, which is pentacoordinate or
hexacoordinate in the case of Ti, V, and Mn,[2] unlike NiII,[5]


which remains strictly planar tetracoordinate in such an
environment.


Complexes 3 ± 7 have been fully characterized; X-ray
structural analyses for 5 ± 7 have been carried out. Crystal
data are given in Table 1 and selected bond lengths and angles
in Table 2. The structure of 5 displays the main features given
in Scheme 2. Crystals suitable for X-ray analysis were
obtained from pyridine, which replaces thf in the coordination
sphere of the metal. The dimer shown in Figure 1 has a
crystallographically imposed C2 symmetry, with the twofold
axis running perpendicular to the C(7) ± C(7)' bond
(1.595(5) �, Table 2). Vanadium has a distorted octahedral
coordination with the equatorial plane defined by the N2O2


set of donor atoms from salophen, and the axial positions
filled by pyridine and the oxygen O(1)' of the adjacent
salophen. The N2O2 core is planar, the deviations from
planarity ranging from ÿ0.009(3) to 0.009(3) � for N(1) and
N(2), respectively. As a consequence of the CÿC bond
formation, the six-membered chelating ring involving C(7) is
folded along the C(7) ´´´ O(1) line; the dihedral angle between
the V(1)-N(1)-C(7)-O(1) and the O(1)-C(1)-C(6)-C(7) mean
planes is 40.7(2)8. The V ± O and V ± N distances are close to
those found in 2,[8] while the distances of vanadium to the
bridging oxygens are much longer [V(1)' ± O(1) 2.052(3);
V(1) ± O(1)' 2.055 �]. The original salophen ligand has been
converted in the reduction, assisted by the metal, into the
dinucleating hexaanionic salophen2, which holds the two
metal ions rather close [V(1) ´´´ V(1)' 3.099 �].


Figure 1. ORTEP view of complex 5 (30 % probability ellipsoids). The
prime denotes a transformation of ÿx, y, 0.5ÿ z.


The major structural changes between 3/4 and 6 (Figure 2)/
7 (Figure 3) are depicted in Scheme 2.


The salophen moieties coupled by two CÿC bonds [C(7) ±
C(14)', 1.605(6) � in 6 and 1.585(6) � in 7] form the
centrosymmetric, dinucleating, octaanionic *salophen2* li-
gand, which has been drawn without the metal centers in
Figure 4. The two centrosymmetric metal atoms are bonded to
the opposite sides of the centrosymmetric N(4) planar core at
distances ranging from 2.120(4) to 2.135(2) � in 6 and from
2.054(2) to 2.072(3) � in 7. The coordination around each
metal is completed by two cis-arranged oxygens [O(1), O(2)
around Ti(1) or V(1)] (Figure 5). Referring to Figure 5, it
should be mentioned that i) the metal ion does not occupy the
center of the prism; the displacements from the three
faces O(1),O(2),N(1),N(2), O(1),O(2),N(1)',N(2)', and


Table 1. Crystallographic data for complexes 5 ± 7, 16, 19, and 20.


Complex 5 6 7 16 19 20


formula C50H38N6O4V2 ´
3C4H8O


C68H84N4Na2O11Ti2 ´
2C4H8O


C64H76N4Na2O10V2 ´
2C4H8O


C48H48N4Na2O10V2 C80H56N8O10Ti4 ´
2C7H8


C39H29N3O2Ti


a [�] 15.742(1) 12.971(5) 21.275(2) 12.026(2) 12.502(2) 9.528(1)
b [�] 20.343(2) 13.806(5) 17.029(2) 20.888(3) 14.800(3) 17.573(3)
c [�] 17.262(2) 12.527(5) 19.552(2) 9.641(1) 11.190(2) 18.534(3)
a [8] 90 95.87(3) 90 92.56(2) 97.72(2) 90
b [8] 94.30(1) 115.91(2) 100.90(1) 106.98(2) 108.16(2) 90
g [8] 90 62.26(3) 90 92.71(2) 79.19(1) 90
V [�3] 5512.4(9) 1771.4(14) 6955.7(13) 2309.3(6) 1926.0(7) 3103.3(8)
Z 4 1 4 1 2 1
Mr 1105.1 1419.4 1353.4 988.8 1665.3 619.6
space group C2/c (No. 15) P1Å (No. 2) C2/c (No. 15) P1Å (No. 2) P1Å (No. 2) P212121 (No. 19)
T [8C] 22 ÿ 135 22 ÿ 135 ÿ 135 22
l [�] 0.71069 1.5478 0.71069 1.54178 1.54178 0.71069
1calcd [gcmÿ3] 1.332 1.331 1.292 1.422 1.436 1.326
m [cmÿ1] 3.84 25.66 3.31 41.26 39.78 3.09
transm. coeff. 0.907 ± 1.000 0.766 ± 1.000 0.968 ± 1.000 0.725 ± 1.000 0.744 ± 1.000 0.929 ± 1.000
R[a] 0.052 0.070 0.053 0.054 0.055 0.060 [0.064]
wR2[b] 0.122 0.208 0.136 0.161 0.163 0.120 [0.127]


[a] R�S jDF j /S jFo j based on the unique observed data [I> 2s(I)]. [b] wR2� [Sw jDF 2 j 2/Sw jF 2
o j 2]1/2 calculated on the unique data with I> 0.
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Figure 2. ORTEP view of complex 6 (50 % probability ellipsoids). THF
molecules are omitted for clarity. The prime denotes a transformation of
ÿx, 1ÿ y, ÿz.


Figure 3. ORTEP view of complex 7 (30 % probability ellipsoids). THF
molecules are omitted for clarity. The prime denotes a transformation of
0.5ÿ x, 0.5ÿ y, ÿz.


Figure 4. Numbering scheme of the *salophen2* ligand.


Figure 5. SCHAKAL drawing of the coordination polyhedra around
titanium and vanadium cations in complexes 6 and 7, respectively.


N(1),N(2),N(1)',N(2)' are 0.825(2), 0.364(1), and 1.259(1) for
6, and 0.706(1), 0.495(1), and 1.196(1) � for 7, respectively;
ii) the Ti(1) ± Ti(1)' separation is 2.518(1) and V(1) ± V(1)' is
2.393(1) �. Such a short metal ± metal distance is particularly
relevant in the explanation of the magnetic properties of 6 and
7. The *salophen2* ligand defines an approximately planar 12-
membered ring (see Figure 4) (maximum deviation
0.090(4) � for N(1) in 6 and 0.103(4) � for C(7)) which is


Table 2. Selected bond lengths [�]and angles [8] for complexes 5 ± 7, 16, 19, and 20.


5[a] 6[b] 7[c] 16[d] 19[e] 20
Molecule
A


Molecule
B


V(1) ± O(1) 2.052(3) Ti(1) ± O(1) 2.050(3) V(1) ± O(1) 1.999(2) V(1) ± O(1) 1.954(3) Ti(1) ± O(1) 1.832(5) 1.823(5) Ti(1) ± O(1) 1.915(4)
V(1) ± O(1)' 2.055(4) Ti(1) ± O(2) 2.052(3) V(1) ± O(2) 1.993(2) V(1) ± O(2) 1.930(4) Ti(1) ± O(2) 1.883(6) 2.035(5) Ti(1) ± O(2) 1.902(4)
V(1) ± O(2) 1.925(2) Ti(1) ± O(5) 2.363(3) V(1) ± N(1) 2.054(3) V(1) ± O(3) 1.617(4) Ti(1) ± O(3) 1.787(4) 1.847(5) Ti(1) ± N(1) 2.153(4)
V(1) ± N(1) 1.955(4) Ti(1) ± N(1) 2.135(3) V(1) ± N(1)' 2.065(2) V(1) ± N(1) 2.036(4) Ti(1)B ± O(2)B' 2.144(5) Ti(1) ± N(2) 2.151(4)
V(1) ± N(2) 2.064(3) Ti(1) ± N(2) 2.132(4) V(1) ± N(2) 2.054(2) V(1) ± N(2) 1.994(4) Ti(1) ± N(1) 1.996(7) 1.987(4) Ti(1) ± N(3) 1.686(4)
V(1) ± N(3) 2.170(4) Ti(1) ± N(1)' 2.127(3) V(1) ± N(2)' 2.072(3) N(1) ± C(7) 1.350(7) Ti(1) ± N(2) 2.147(6) 2.153(6) N(1) ± C(7) 1.293(9)
N(1) ± C(7) 1.465(5) Ti(1) ± N(2)' 2.120(4) N(1) ± C(7) 1.470(5) N(2) ± C(14) 1.400(8) N(1) ± C(7) 1.464(9) 1.484(8) N(2) ± C(14) 1.295(7)
N(2) ± C(14) 1.293(7) N(1) ± C(7) 1.458(7) N(1) ± C(8) 1.409(4) Na(1) ± O(1) 2.309(4) N(2) ± C(14) 1.315(11) 1.278(12) N(3) ± C(21) 1.469(6)
C(7) ± C(7)' 1.595(5) N(1) ± C(8) 1.400(6) N(2) ± C(13) 1.407(5) Na(1) ± O(2) 2.289(4) C(7)A ± C(7)B 1.587(10) Ti(1)-N(3)-C(21) 174.1(3)


N(2) ± C(13) 1.395(5) N(2) ± C(14) 1.462(5) Na(1') ± O(3) 2.284(4)
N(2) ± C(14) 1.470(6) C(7) ± C(14)' 1.585(6)
C(7) ± C(14)' 1.605(6)


[a] '�ÿx, y, 0.5ÿ z. [b] '�ÿx, 1ÿ y, ÿz. [c] '� 0.5ÿ x, 0.5ÿ y, ÿz. [d] '�ÿ1ÿ x, ÿy, 1ÿ z. [e] '�ÿx, 1ÿ y, 1ÿ z.
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almost coplanar with the two o-phenylenediamine rings
C(8) ´´´ C(13); the dihedral angle is 6.5(1)8 in 6 and 2.4(1)8
in 7. A better description of the macroring is that formed by
two nearly planar N(1),N(2),C(7),C(8),C(13),C(14) and
N(1)',N(2)',C(7)',C(8)',C(13)',C(14)' moieties [maximum dis-
placement 0.079(4) � for C(14) in 6, and 0.085(4) for C(7) in
7] which are parallel from symmetry requirements and
separated by 0.153(8) in 6, and 0.065(7) � in 7. The N2O2


cores are almost perpendicular to the planar macroring
system [dihedral angle 88.0(1)8 in 6 and 73.1(1)8 in 7] and to
the C(8) ´´´ C(13) aromatic ring [dihedral angle 84.3(1)8 in 6
and 75.5(1)8 in 7]. The TiÿO, TiÿN, VÿO, and VÿN bond
lengths (Table 2) are close to those of titanium(iii) and
vanadium(iii) bonded to the Schiff base ligands previously
reported. The conformation of the ligands gives rise to cavities
which can accommodate two centrosymmetric sodium cati-
ons; each cation is bonded to the O(1) and O(2) oxygen atoms
of the same Schiff base (Figures S1 and S2 in the information
deposited at FIZ). Coordination around Na(1) is completed
by the O(3), O(4), O(5) oxygen atoms from three THF
molecules to give a distorted square pyramid. A further THF
molecule was found to be disordered about the inversion
center at 1ÿ x, ÿy, 1ÿ z in such a way as to provide a partial
sixth coordination site to two sodium cations which belong to
adjacent dimeric units, and which are symmetry-related by the
inversion center, in the case of 6.


At this stage we should comment on an important structural
parameter in 6 and 7, namely the very short metal ± metal
bond length. The metal ± metal separation, per se, seems to
suggest a direct metal ± metal interaction,[9] though we are
aware that such a geometric proximity may be the conse-
quence of the constraint imposed by the very crowded
dinucleating *salophen2* ligand. We expected that some
evidence for the existence of a metal ± metal interaction
would come from the analysis of the magnetic properties of 6
and 7 (Figure 6). The temperature dependence of the
magnetic moments of 3 and 4 are typical of antiferromagneti-
cally coupled TiIII and VIII dimers, respectively. Effective
magnetic moments close to the expected values of 1.73 and
2.83 BM are observed at room temperature with a strong
decrease as the temperature is lowered. Essentially diamag-
netic behavior is shown by 6 and 7, although the latter
compound shows a residual paramagnetism with a value of
almost 1 BM at room temperature. Such behavior can be
attributed to a high temperature-independent paramagnetism
(TIP), probably as a result of the presence of a low-lying,
thermally nonpopulated, paramagnetic excited state.[10]


Therefore, we remain with the hypothesis of a considerable
degree of metal ± metal single bond character in 6, and a
double bond in 7.


The alternative synthesis of 3 and 4 led us to discover a
major property of the CÿC bound Schiff base ligands: mixing
equimolar amounts of 1 and 6 or 2 and 7 in THF at room
temperature led to high yields of 3 and 4 as red-brown crystals
(Scheme 3), through the same steps depicted in detail in
Scheme 2. The occurrence of such a reaction is significant in
many respects: i) the CÿC bond formation and cleavage is
reversible (see the reduction of 3 and 4 to 6 and 7, and reaction
in Scheme 3); ii) the CÿC bond functions as a shuttle for two


Figure 6. Magnetic properties of a) 6 and b) 7.
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Scheme 3. The intermolecular electron transfer which occurs with cleav-
age and formation of the CÿC bond.


electrons; iii) such an electron transfer can occur intermolec-
ularly. As far as the last point is concerned, we believe that the
reaction within the two complexes 1 and 6 or 2 and 7 is most
probably assisted by the alkali cations, which allow the two
species to come in contact by coordination to the same sodium
ions.[11]


The CÿC bond functioning as a two-electron reservoir : The
most attractive property of complexes 3 ± 7 is their tendency
to function as reducing agents. Depending on the oxidation
agent, both the electron stored at the CÿC bond and/or the
electrons available from the low oxidation state of the metal
can be made accessible. In Scheme 4 we report reactions in
which only the electrons stored at the CÿC bond are used. In
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Scheme 4. The CÿC bond functioning as an electron reservoir.


the reaction of 3 and 4 with benzyl chloride we observed the
formation of [Ti(salophen)Cl2] and 2 respectively, along with
toluene as a result of hydrogen abstraction from the solvent,
and 1,2-diphenylethane from the dimerization of the benzyl
radical. The reaction of 4 with [Cp2Fe]�[BPh4]ÿ implies
electron transfer only, without the formation of any chemical
bond with the oxidized substrate in 8.[12] The preferential use
of 3 and 4 rather than 6 and 7 as electron transfer agents is due
to their neutral form, since the identification of the reaction
products in the latter case requires the separation of the
titanium and vanadium derivatives from the sodium salts
derived from the reduction of the substrate.


In this context we examined the reaction of 3 ± 7 with
dioxygen and o- and p-quinones, which can be considered as
electronically equivalent. Quinones function primarily as two-
rather than four-electron oxidizing agents, and the reduced
form remains bonded to the metal without providing any oxo
species. In the reaction shown in Scheme 5, o-phenanthrene-
quinone was treated with 3 and 4 in THF solution. On


Scheme 5. The two-electron transfer from the CÿC bond to 9,10-phenan-
threnequinone.


refluxing the suspension we obtained the brown-red micro-
crystalline solids 9 and 10. They have been fully characterized,
including a preliminary X-ray analysis of 9 recrystallized from
DMSO. Although the atom connectivity is quite well defined,
the crystallographic structural data are so far very poor. The
reaction in Scheme 5 is a two-electron oxidation per mono-
meric fragment; one electron comes from the CÿC bond and
the other from the oxidation of MIII to MIV. In fact, 9 is a
diamagnetic titanium(iv) derivative, for which the 1H NMR
spectrum has been recorded (see the Experimental Section),
and 10 is a vanadium(iv) derivative [meff� 1.61 BM at 293 K].
The two-electron reduced form of 9,10-phenanthrenequinone
mimics the cis bonding mode of the peroxo species. The
reaction of 4 with p-benzoquinone (Scheme 6), which should
mimic dioxygen to give the trans-peroxo-type of species, led,
unexpectedly, to its unprecedented deoxygenation and thus to
the formation of the oxovanadium(iv) derivative 11. In the


Scheme 6. The deoxygenation of p-benzoquinone.


reactions represented in Schemes 5 and 6 we observed a four-
electron oxidation of the dimer; two electrons were supplied
by the cleavage of the CÿC bond and two by the oxidation of
the two metal atoms (MIII!MIV). The reactions of 3 and 4
with dioxygen (Scheme 7) emphasizes the major differences
between titanium and vanadium as a result of the difference in
the relative stability of the corresponding monomeric metal-
(iv)oxo derivatives.[13]


Scheme 7. The electron transfer from CÿC bonds to dioxygen, mediated by
titanium and vanadium.


Both compounds absorb dioxygen in an O2/dimer molar
ratio of 1:1. The plausible peroxo species 12 undergoes a
different evolution, depending on the nature of the metal, to
give a stable monomeric oxometal(iv), 11 in the case of
vanadium, while in the case of titanium the derivative 13
polymerizes,[14] usually to 14. It has to be mentioned that the
terminal oxotitanium(iv) moiety has only rarely been identi-
fied and structurally characterized.[14±16] In order to show that
6 and 7, which contain two CÿC bonds, can be involved
equally well in redox processes, we treated 7 with dioxygen
(Scheme 8). The reaction proceeds with the very rapid
absorption of a mole of O2, followed by slower absorption
of a second mole per mole of starting material. The reaction
terminates with the formation of [VO(salophen)] (11) and
sodium peroxide. A plausible pathway can be drawn, based on
the isolation of the intermediate 16, which is intercepted when
the reaction is carried out with a limited amount of oxygen.
The first compound to form is probably the m-peroxo species
15, which still contains a CÿC bond across the two Schiff base
units; this is presumably followed by the simultaneous
cleavage of the OÿO and the CÿC bonds. The reaction leads
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Scheme 8. Reduction of dioxygen with electrons stored in the vanadium
molecular battery.


to the formation of a quite unusual oxovanadium(iii) complex
dimer,[17] 16, which can, eventually, absorb a further mole of
dioxygen to give the oxovanadium(iv) complex 11 and sodium
peroxide. The low yield of 16 is a consequence of the
sensitivity of 16 to oxygen.


Complex 16 consists of two crystallographically independ-
ent [VO(salophen)]ÿ anions, bridged in centrosymmetric
dimers by two [Na(DME)]� cations (Figure 7). Since the
crystals contain two independent dimers, the structural


Figure 7. ORTEP view of molecule 1 in complex 16 (50 % probability
ellipsoids). The prime denotes a transformation of ÿ1ÿ x, ÿy, 1ÿ z.


parameters will be discussed only for the dimer containing
V(1). Vanadium has a square-pyramidal coordination, in
which the N2O2 set of atoms from the salophen ligand defines
the base and the O(3) oxo oxygen atom is at the apex. The
metal is displaced from the mean basal plane by 2.205(4) �,
with a V ± O distance of 1.617(4) �. As is usual in pentacoor-
dinated salophen ± metal complexes, the ligand assumes a
nearly planar conformation. Coordination around the sodium


cation is provided by the O(1) and O(2) atoms from the Schiff
base and by the O(3)' oxo atom from the vanadyl fragment,
which are symmetry-related by the inversion center. Two
oxygen atoms from a DME molecule complete the coordina-
tion to produce a distorted trigonal bipyramid.


The reaction of 3 and 4 with organic azides, which are the
source of the nitrene PhN, which is electronically equivalent
to O, parallels the reaction with oxo-transfer reagents.[13] Such
a reaction is not only mechanistically interesting with regard
to our work, but it is also a novel synthetic approach to
terminal and bridging metal ± amido derivatives.[13]


The results from the reaction of 3 with organic azides are
summarized in Scheme 9. A significant dependence on the R
substituent and the metal has been observed. The reaction of 3


Scheme 9. Formation of imido complexes of titanium with electrons stored
at the CÿC bonds.


with PhN3 and Me3SiN3 allowed the isolation of m-phenyl-
imido complexes 17 and 18, derived from the oxidation of
titanium(iii) to titanium(iv), while the CÿC bridging bond
remained intact. These reactions provide evidence to support
the hypothesis that, in the initial step, the incoming substrate
binds and oxidizes the metal before drawing electrons from
the CÿC bond reservoir. Both compounds have been fully
characterized. The low-quality X-ray structure of 17 and the
proposed bond connectivity is reported in the data deposited
at FIZ. In the case of 18, controlled hydrolysis gave a complex
which had retained the same skeleton, but in which the
phenylimido group is replaced by a bridging oxo ligand in 19,
which has been structurally characterized (vide infra). A
bridging bonding mode would be difficult in the case of
hindered substituents at the azide functionality; thus the
reaction probably follows a different pathway. Indeed, the
reaction of 3 with Ph3CN3 resulted in the formation of the
monomeric alkylimido 20 (Scheme 9).[18] The formation of 20
requires both the oxidation of the metal and a concomitant
cleavage of the CÿC bond. Its structure is discussed below.
According to the distinctive tendency of vanadium to
preferentially form terminal instead of bridging oxo or
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phenylimido complexes, the latter type is a peculiarity of
titanium, the reaction of 4 with PhN3 led to the monomeric
phenylimido complex 21 (Scheme 10).[19] This reaction paral-
lels that of 4 with PyO which gives the corresponding
oxovanadium(iv) complex 11 (Scheme 10).


Scheme 10. Formation of vanadium(iv)-phenylimido and -oxo with elec-
trons stored both at the CÿC bond and at the metal.


The structure of 19 consists of two neutral dimeric
[{Ti(salophen)}2(m-O)] units which both contain a CÿC bond
between two iminic carbon atoms of the adjacent salophen
ligands (ligands A and B) [C(7)A ± C(7)B, 1.587(10) �]. The
O(2) oxygen atom from the Schiff base B acts as a bridge
between the metal atoms of adjacent dimeric units to produce
the tetranuclear structure depicted in Figure 8. The tetramer


Figure 8. ORTEP view of complex 19 (30 % probability ellipsoids). The
prime denotes a transformation of ÿx, 1ÿ y, 1ÿ z.


possesses a crystallographically imposed Ci symmetry; the
inversion center lies at the center of gravity of the Ti(1)-
B,O(2)B,Ti(1)B',O(2)B' inner core. The coordination around
Ti(1)A is square-pyramidal, with the base defined by the
donor atoms of the salophen ligand A and the O(3) oxo
oxygen atom at the apex. The N2O2 core is nearly planar, with
deviations from planarity ranging from ÿ0.012(6) to
0.012(6) � for N(1)A and N(2)A, respectively. The Ti(1)A ±


O(3) vector forms a dihedral angle of 3.1(2)8 with the normal
to the N2O2 core. Hexacoordination around Ti(1)B is
provided by the donor atoms of the salophen ligand B,
namely the O(3) oxygen atom and the O(2)B' oxygen atoms
from the symmetry-related Schiff base. The metal atom is
displaced by 0.195(2) � out of the equatorial plane towards
O(3). The Ti(1)A ´´´ Ti(1)B and Ti(1)B ´´´ Ti(1)B' separations
are 3.246(2) and 3.386(2) �, respectively. The TiÿO(oxo)
bond length is longer for the hexacoordinate [Ti(1)BÿO(3),
1.847(5) �] than for the pentacoordinate titanium
[Ti(1)AÿO(3), 1.787(4) �]. The TiÿN bond lengths are short-
er for the negatively charged N(1) atom [mean value
1.989(4) �] than for the neutral N(2) atom [mean value
2.150(3) �] (Table 2). As a consequence of the CÿC bond
formation, the six-membered chelation ring which involves
the C(7) carbon atoms is folded along the C(7) ´´ ´ O(1) line;
the dihedral angle between the Ti(1),N(1),C(7),O(1) and
O(1),C(1),C(6),C(7) mean planes is 21.0(3) and 17.7(3)8 for
the salophen ligands A and B, respectively.


Complex 20 consists of discrete [Ti(salophen){NC(Ph)3}]
molecules (Figure 9). Titanium exhibits a square-pyramidal
coordination with the N and O donor atoms from the
salophen ligand at the base and the nitrogen atom from the


Figure 9. ORTEP view of complex 20 (30 % probability ellipsoids).


imido ligand at the apex. The metal is displaced by 0.562(1) �
from the nearly planar N2O2 core (maximum displacements
ranging from ÿ0.014(4) to 0.014(4) �). The line between Ti
and N(3) forms a dihedral angle of 5.8(1)8 with the normal to
the N2O2 core. The TiÿN(3) bond length (1.686(4) �) is in
good agreement with the values reported in the literature for
TiÿN(terminal nitrene) distances (e.g. 1.664(4) � in dichloro-
(tert-butylimido)(N,N,N',N'-tetramethylethylenediamine)tita-
nium and 1.681(7) � in dichloro(tert-butylimido)(N,N'-diiso-
propylethylenediamine)titanium.[20] The approximate linear-
ity of the Ti-N(3)-C(21) bond angle (174.1(3)8) is in agree-
ment with a TiÿN triple bond.


It should be emphasized that the reactions in Schemes 9 and
10 are a collection of two- and four-electron oxidations of the
dimers 3 and 4, and represent an interesting synthetic access
to bridging and terminal metal ± imido functionalities in
macrocyclic chemistry.[21] In addition, these reactions provide
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very interesting information on the occurrence of the redox
reactions. It seems that the incoming reducible substrate binds
the metal, and the interconnected processes, namely the
oxidation of the metal, the formation of the metal ± nitrogen
double bond, and the cleavage of the carbon ± carbon bond,
occur as a cascade according to the sequence mentioned
above. Therefore, the removal of electrons from the metal,
then from the nitrogen will terminate with the cleavage of the
CÿC bond. This hypothesis is in agreement with the obser-
vation that not one of the oxidation reactions reported
involves the CÿC bond as a reactive site. We obtained
significant support for such a hypothesis from the extended
Hückel calculations carried out on the reduced species 6 and 7.


Extended Hückel analysis on titanium and vanadium Schiff
base complexes : Extended Hückel calculations[22, 23] were
performed on the complexes [M(salophen)(Cl)(thf)] [M�Ti,
V] and [M2(*salophen2*)]2ÿ, where *salophen2* functions as a
dinucleating, octadentate, octaanionic ligand (see Figure 4),
in order to elucidate the nature of the reductive coupling of
imino groups that leads to CÿC bonded dimers. Such a
reaction can be made reversible, so that the CÿC bond
functions as a unit to store and release electrons and which
may be incorporated into rather complex structures. Our aim
is to understand the role played by the transition metal in the
redox process by means of an analysis of the electronic
structure of the oxidized and the reduced species. The
[M(salophen)(Cl)(thf)] complex was simplified by replacing
thf with a water molecule, introduced in order to retain
hexacoordination around the metal center. The oxidized form
of the complexes has been investigated further by considering
the MIV complex [M(salophen)(Cl)2] to be strictly related to
the ZrIV system [Zr(salophen)(Cl)2(thf)],[3] as well as to the
dimer [{M(salophen)(Cl)}2], in which the two units interact
through oxygen bridges in a fashion similar to that found
experimentally for [{Mn(salophen)(Py)}2].[2] For the reduced
form of the complexes, we have considered only the species
[M2(*salophen2*)]2ÿ, which is directly related to the exper-
imental isolated system [M2(*salophen2*)(Na)2(thf)6]. The
geometries, which were deduced from the available exper-
imental X-ray structures, were idealized to C2v symmetry for
[M(salophen)(Cl)2], Cs for [M(salophen)(Cl)(OH2)], and Ci


for the dimers [{M(salophen)(Cl)}2] and [M2(*salophen2*)]2ÿ.
Let us start our analysis with [Ti(salophen)Cl2]. The


molecular orbitals of this TiIV complex are reported in
Figure 10. The lowest unoccupied molecular orbital (LUMO)
is the 11b1 orbital, which is mainly C�N p-antibonding in
character, with a strong polarization of the orbital towards the
carbon centers. The reduction of this system should therefore
imply a decrease of the carbon ± nitrogen bond order and an
acquisition of electron density, mainly by the carbon centers.
This is confirmed by the Mulliken population analysis
performed on the neutral and the reduced systems with a
fixed geometry; these results are reported in Table 3 as net
charges. The electron density increased by 0.12 e on Ti, 0.12 e
on N, and 0.34 e on C for a one-electron reduction and by
0.23 e on Ti, 0.24 e on N, and 0.70 e on C for a two-electron
reduction. A similar description applies also for [Ti(salo-
phen)(Cl)(OH2)] and [{Ti(salophen)(Cl)}2], although here the


Figure 10. Energy levels of [Ti(salophen)Cl2], [Ti(salophen)(Cl)(OH2)],
and [{Ti(salophen)(Cl)}2].


picture is more complicated because of the presence of
unpaired electrons. For [Ti(salophen)(Cl)(OH2)] the 38a'
orbital is singly occupied. This orbital is mainly Ti dxz and C�N
p-antibonding in character, while the 31a'', which is the
LUMO, is essentially C�N p-antibonding in character and is
polarized towards the carbon center. For [{Ti(salophen)(Cl)}2]
the 64au and 64ag orbitals are singly occupied and show a
character similar to the 38a' orbital of [Ti(salophen)-
(Cl)(OH2)], while the 65au and 65ag orbitals, which are


Table 3. Net charges (electronic units), obtained by Mulliken population
analysis, on the centers involved in the redox process of the titanium
complex.


Charge of
the system


Q(Ti) Q(N) Q(C)


[Ti(salophen)Cl2] 0 1.64 ÿ 0.59 0.46
ÿ 1 1.52 ÿ 0.65 0.29
ÿ 2 1.41 ÿ 0.71 0.11


[Ti(salophen)(Cl)(OH2)] 0 1.71 ÿ 0.63 0.31
ÿ 1 1.46 ÿ 0.67 0.15
ÿ 2 1.44 ÿ 0.72 ÿ 0.07


[{Ti(salophen)(Cl)}2] 0 1.81 ÿ 0.64 0.29
ÿ 2 1.56 ÿ 0.66 0.16
ÿ 4 1.47 ÿ 0.70 0.01


[Ti2(*salophen2*)]2ÿ ÿ 2 1.48 ÿ 0.70 0.24
0 2.25 ÿ 0.63 0.25
2 2.29 ÿ 0.47 0.27
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unoccupied, are essentially C�N p-antibonding in character.
For these systems also, an increase in the electron density of
the carbon centers upon reduction is observed, though we
have an additional slight decrease in the oxidation state of the
metal. Indeed, from Table 3 we can see that the electron
density increases by 0.25 e on Ti, 0.08 e on N, and 0.32 e on C
for a one-electron reduction and by 0.27 e on Ti, 0.18 e on N,
and 0.76 e on C for a two-electron reduction for [Ti(salo-
phen)(Cl)(OH2)]. For the dimer [{Ti(salophen)(Cl)}2] we
have to consider a two- and a four-electron reduction: in
Table 3 we notice that the overall increase in the electron
density is 0.50 e on Ti (0.25 e for each metal center), 0.08 e on
N, and 0.52 e on C for a two-electron reduction, and 0.68 e on
Ti, 0.24 e on N, and 1.12 e on C for a four-electron reduction.


The molecular orbitals of [Ti2(*salophen2*)]2ÿ are reported
in Figure 11, which also includes the interactions with the


Figure 11. Molecular orbital diagram for the [Ti2(*salophen2*)]2ÿ complex
which depicts the interactions with the frontier orbitals of two
[Ti(salophen)]ÿ units.


frontier orbitals of two [Ti(salophen)]ÿ units. The 59ag and
59au orbitals describe the CÿC s bonds between the two
salophen units, while the 60au and 60ag are mainly composed
of N p orbitals perpendicular to the N4 plane. A small
delocalization of these orbitals towards the rings coplanar to
the N4 core is present. The 61ag, which is the highest occupied
molecular orbital (HOMO), is mainly Ti dx2ÿy2 and binds the
two titanium atoms. Small N p components are present, which
also ascribe a weak TiÿN bonding character to this orbital.
The lowest unoccupied orbitals, 61au and 62ag, are essentially
titanium d orbitals. Therefore, the oxidation of this system
implies, as a first step, the oxidation of the metal centers and
does not affect the CÿC s bonds between the two salophen


units, at least as long as the geometry does not change, while a
more pronounced oxidation strongly involves the nitrogen
centers. This is confirmed by the Mulliken population analysis
(Table 3): the electron density decreases overall by 1.54 e on
Ti (0.77 e for each metal center), 0.28 e on N, and 0.04 e on C
for a two-electron oxidation and by 1.62 e on Ti, 0.92 e on N,
and 0.12 e on C for a four-electron oxidation.


A similar description also applies for the analogous
vanadium complexes. In particular, as we can see from
Figure 12, which presents the molecular orbital diagram for
the [V2(*salophen2*)]2ÿ complex, the orbitals describing the
CÿC s bondings between the two salophen units, which are
the 59ag and 59au orbitals, are more than 2 eV lower than the
energy of the HOMO in this system as well. The 60au and 60ag


orbitals are mainly N p perpendicular to the N4 plane in
character, while the 61ag orbital describes the bonding
between the two vanadium atoms. The 61au and 62ag orbitals,
which constitute the HOMO and the LUMO for the singlet
state, are very close in energy to vanadium d-orbitals. This
situation gives rise to an excited triplet state very close to the
singlet state, which is suggested to be the ground state from
the experimental magnetic behavior of [V2(*salophen2*)-
(Na)2(thf)6]. The oxidation of the [V2(*salophen2*)]2ÿ system
should therefore strongly affect the vanadium centers. This is
confirmed by the Mulliken population analysis performed on
[V2(*salophen2*)]2ÿ and its oxidized species at fixed geome-
try. The electron density decreased by 0.91 e on each
vanadium atom for the release of two electrons, and by
1.76 e for the release of four electrons, while the electron
densities on N and C remain almost unchanged.


Figure 12. Molecular orbital diagram for the [V2(*salophen2*)]2ÿ complex
depicting the interactions with the frontier orbitals of two [V(salophen)]ÿ


units.


Conclusions


This report deals with a rather unique investigation into the
chemical reduction of early transition metal ± Schiff base
complexes. This kind of experimental approach enabled us to
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discover: i) the possibility of investigating the reduction
pathways of p-delocalized ligands in the case of metals which
are difficult to reduce; ii) a novel mode of storing and
releasing electrons based on the reversible formation and
cleavage of CÿC bonds; iii) CÿC bonds which function as two-
electron reservoirs without being involved in the chemical
reactivity; iv) the metal-assisted long-range electron transfer
from the CÿC bonds to incoming substrates; v) the introduc-
tion (see the nitrene reactivity) of important functionalities by
the use of the electron-rich forms.


Experimental Section


General procedure : All reactions were carried out in an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods. Infrared spectra were recorded with a Perkin ± Elmer FT1600
spectrophotometer, UV/Vis spectra were recorded with a Hewlett ± Pack-
ard 8452A diode array spectrophotometer, and NMR spectra were
recorded on a Bruker AC 200 instrument. Phenyl azide was prepared
according to the reported procedure.[24] Magnetic susceptibility was
measured at 80 ± 300 K on a MPMS5 SQUID susceptometer (Quantum
Design) operating at a magnetic field strength of 3 kOe. Corrections were
applied for diamagnetism calculated from Pascal constants.


Synthesis of Ph3CN3 : NaN3 (6 g, 100 mmol) was suspended in CHCl3


(80 mL) in a three-necked flask equipped with a mechanical stirrer. The
suspension was cooled to ÿ5 8C in an ice ± salt bath, and then trifluoro-
acetic acid (28.6 g, 250 mmol) was added. After 10 min, triphenylmethanol
(13 g, 50 mmol) was added to give a yellow slurry that slowly became white.
This mixture was kept at ÿ5 8C for 3.5 h, and was then allowed to reach
room temperature. The mixture was neutralized by the slow addition of an
aqueous solution of ammonia (12 %, 36 mL) and then transferred to a
separation funnel. The organic layer was separated and the aqueous
solution extracted with fresh CHCl3 (80 mL). The combined organic
extracts were then washed with water (50 mL), separated, dried over
MgSO4, and filtered. The solvent was removed under vacuum to give a pale
yellow oil. Yield: 14.04 g (98 %). As far as we found, this azide can be
handled without any particular precautions. 1H NMR (200 MHz, CDCl3,
298 K): d� 7.34 (br s); IR (liquid film): nÄmax� 2096 (s), 1955 (w), 1810 (w),
1732 (w), 1594 (w), 1486 (m), 1445 (s), 1252 (m), 1210 (w), 1084 (w), 1032
(w), 943 (w), 898 (w), 760 (s), 715 (m), 696 (s), 667 (w), 626 (w) cmÿ1.


Synthesis of 1 ´ thf : Sodium hydride (7.0 g, 292 mmol) was slowly added to a
yellow suspension of (salophen)H2 (42.4 g, 134 mmol) in THF (1100 mL).
This mixture was stirred at room temperature for 10 min, then refluxed for
1 h. The suspension was filtered and the yellow solid extracted with the
mother liquor to remove excess sodium hydride. To the resulting orange
solution was added TiCl3 ´ 3 thf (49.6 g, 134 mmol) to give a deep blue
suspension, which was then refluxed for 3 h. The product was filtered and
the solid extracted with the mother liquor from the filtration, which was
better than fresh solvent, in order to eliminate sodium chloride. The
suspension was reduced to half of its volume and the deep blue product
dried in a vacuum. Yield: 62 g (85 %); IR (nujol): nÄmax� 1597 (s), 1567 (s),
1548 (w), 1525 (s), 1493 (m), 1430 (s), 1338 (m), 1321 (s), 1283 (m), 1257
(m), 1231 (m), 1192 (s), 1152 (s), 1126 (m), 1062 (s), 1030 (s), 967 (m), 927
(s), 878 (m), 818 (s), 788 (w), 755 (s), 664 (w), 625 (s), 601 (w), 587 (w), 558
(m), 541 (s), 511 (w), 486 (s), 459 (m), 441 (w) cmÿ1; anal. calcd for
C28H30ClN2O4Ti: C 62.06, H 5.58, N 5.17; found: C 61.89, H 5.27, N 5.28.


Synthesis of 2 ´ thf :


Method A : Sodium hydride (4.19 g, 175 mmol) was slowly added to a
yellow suspension of (salophen)H2 (20.5 g, 64.8 mmol) in THF (500 mL)
and the mixture stirred at room temperature for 10 min, then refluxed for
1 h. The suspension was filtered and the yellow solid extracted with the
mother liquor in order to remove excess sodium hydride. To the resulting
orange solution was added VCl3 ´ 3 thf (23.2 g, 64.8 mmol) to give a brown
suspension which was refluxed for 3 h. The product was extracted with the
mother liquor to eliminate sodium chloride. The suspension was reduced to
half of its volume and the brown product collected and dried in a vacuum.


Yield: 28.3 g (80 %); anal. calcd for C28H30ClN2O4V: C 61.71, H 5.55, N
5.14; found: C 61.07, H 5.35, N 4.88.


Method B : Tributylamine (18.8 g, 100 mmol) was added to a solution of
(salophen)H2 (12.84 g, 40.6 mmol) in THF (250 mL). The color turned from
yellow to brown after the addition of VCl3 ´ 3 thf (14.5 g, 40.6 mmol). The
suspension was refluxed for 3 h and then allowed to stand at room
temperature for 1 h. The crystalline brown product was filtered, washed
with cooled THF (50 mL), and dried in a vacuum. Yield: 18.83 g (85 %); IR
(nujol): nÄmax� 1602 (s), 1574 (s), 1532 (s), 1318 (m), 1256 (m), 1191 (m),
1152 (m), 1032 (w), 924 (m), 868 (m), 814 (m), 758 (s), 622 (m), 538 (m), 497
(w) cmÿ1; UV/Vis (THF): lmax (emax , mÿ1 cmÿ1)� 308 (20 400), 336 (17 500),
388 (14 100), 435 sh nm (8000); anal. found: C 61.45, H 5.31, N 5.11.


Synthesis of 3 ´ thf :


Method A : Sodium sand (386 mg, 16.8 mmol) was added to a dark blue
suspension of 1 ´ thf (9.09 g, 16.8 mmol) in THF (250 mL). This mixture was
stirred at room temperature for 3 days. Sodium chloride was filtered off and
the solvent was evaporated to dryness. The brown residue was then treated
with Et2O (150 mL) to give a suspension from which a brown microcrystal-
line product was collected. Yield: 5.69 g (78 %); anal. calcd for C48H44N4O6-
Ti2: C 66.37, H 5.10, N 6.45; found: C 66.18, H 5.11, N 6.45.


Method B : 1 ´ thf (3.54 g, 6.53 mmol) was added to a brown solution of 6
(3.93 g, 3.27 mmol) in THF (500 mL). This mixture was stirred at room
temperature for 4 days. Sodium chloride was filtered off and the solvent
was evaporated to dryness. The residue was then treated with pentane
(150 mL), to give a suspension from which a brown product was collected
and dried in a vacuum. Yield: 4.9 g (86 %); IR (nujol): nÄmax� 1593 (m), 1544
(w), 1270 (s), 1190 (w), 1106 (m), 1081 (m), 1026 (m), 907 (m), 863 (m), 808
(w), 753 (s), 639 (m), 553 (w) cmÿ1; anal. found: C 66.51, H 5.42, N 6.73.


Synthesis of 4 :


Method A : Sodium sand (133 mg, 5.80 mmol) was added to a brown
suspension 2 ´ thf (3.16 g, 5.80 mmol) in THF (250 mL). This mixture was
stirred at room temperature for 3 days. Sodium chloride was filtered off and
the solvent was evaporated to dryness. The brown residue was then treated
with Et2O (100 mL) resulting in a suspension from which a dark violet
microcrystalline product was collected and dried in a vacuum. Yield: 2.1 g
(83 %); anal. calcd for C48H44N4O6V2: C 65.91, H 5.07, N 6.41; found: C
65.10, H 5.40, N 6.89.


Method B : 2 ´ thf (6.22 g, 11.4 mmol) was added to a brown solution of 7
(6.90 g, 5.71 mmol) in THF (500 mL). This mixture was stirred at room
temperature for 2 days. Sodium chloride was filtered off and the solvent
was evaporated to dryness. The brown residue was then treated with Et2O
(200 mL) to give a suspension from which a dark violet microcrystalline
product was collected and dried in a vacuum. Yield: 3.5 g (70 %); IR
(nujol): nÄmax� 1600 (s), 1578 (m), 1528 (m), 1267 (m), 1144 (w), 1028 (w),
917 (w), 856 (w), 750 (s), 606 (w), 544 (m), 438 (w) cmÿ1; UV/Vis (THF):
lmax (emax, mÿ1 cmÿ1)� 294 sh (33 400), 392 (16 600), 548 nm (5920); anal.
found: C 64.99, H 5.77, N 6.18. Recrystallization from THF/Py produced
crystals of [Ti2(salophen2)(Py2)] (5) which were suitable for X-ray analysis.


Synthesis of 6 :


Method A : Sodium sand (0.418 g, 18.2 mmol) was added to a dark blue
suspension of 1 ´ thf (4.68 g, 8.64 mmol) in THF (250 mL). The color
immediately turned dark green and then slowly brown-red. The suspension
was stirred at room temperature for 30 min, then refluxed for 2 h. Sodium
chloride was filtered off and the solution was concentrated to 30 mL. Et2O
(70 mL) was added dropwise and the suspension was left to stand overnight
at room temperature. A brown crystalline product was collected and dried
in a vacuum. Yield: 3.92 g (75 %); anal. calcd for C64H76N4Na2O10Ti2: C
63.89, H 6.37, N 4.66; found: C 63.23, H 5.71, N 4.84.


Method B : Sodium sand (0.280 g, 12 mmol) was added to a brown
suspension of 3 (5.21 g, 6 mmol) in THF (300 mL). The mixture was stirred
for 2 days. The solution was concentrated to 30 mL before Et2O (100 mL)
was added dropwise. The suspension was left to stand overnight at room
temperature and the brown crystalline product was collected and dried in a
vacuum. Yield: 5.56 g (77 %); IR (nujol): nÄmax� 1586 (w), 1546 (w), 1255
(s), 1147 (w), 1103 (w), 1045 (s), 895 (w), 845 (w), 753 (m), 730 (s), 639
(w) cmÿ1; anal. found: C 63.38, H 5.98, N 4.36;


Synthesis of 7:


Method A : Sodium sand (0.214 g, 9.33 mmol) was added to a brown
suspension of 2 ´ thf (2.31 g, 4.24 mmol) in THF (100 mL). This mixture was
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stirred at room temperature overnight and then refluxed for 3 h. Sodium
chloride was filtered off, the brown solution was reduced to half of its
volume, Et2O (100 mL) was added, and the solution was then left at 0 8C for
12 h. An amber microcrystalline solid was collected and dried in a vacuum.
Yield: 1.81 g(71 %); anal. calcd for C64H76N4Na2O10V2: C 63.57, H 6.33, N
4.63; found: C 63.16, H 6.91, N 4.95.


Method B : Sodium sand (184 mg, 8 mmol) was added to a brown
suspension of 4 (3.5 g, 4 mmol) in THF (150 mL) and the mixture was
stirred for 2 days. The solvent was evaporated to dryness and the residue
was treated with Et2O (100 mL), collected, and dried it in a vacuum. Yield:
1.76 g (73 %); IR (nujol): nÄmax� 1589 (m), 1561 (w), 1282 (s), 1233 (m), 1105
(w), 1085 (w), 1049 (s), 801 (w), 756 (s), 726 (s), 706 (m), 542 (w) cmÿ1; UV/
Vis (THF): lmax (emax, mÿ1 cmÿ1)� 286 (39 400), 340 sh nm (21 000); anal.
found: C 62.96, H 6.33, N 4.12.


Reaction of 3 with PhCH2Cl : Freshly distilled benzyl chloride (4.39 g,
34.7 mmol) was added to a solution of 3 (1.46 g, 1.68 mmol) in THF
(125 mL), the mixture was refluxed overnight, and allowed to cool to room
temperature. A brown microcrystalline solid precipitated. The solvent was
evaporated to dryness and [Ti(salophen)Cl2] was then stirred in Et2O
(100 mL), filtered, and dried in a vacuum. Yield: 1.16 g (80 %); 1H NMR
(200 MHz, [D6]acetone, 298 K): d� 7.98 (s, 1 H, CH), 7.02 (m, 2H, Ar), 6.91
(m, 2H, Ar), 6.63 (m, 2H, Ar); IR (nujol): nÄmax� 1594 (s), 1572 (s), 1544 (s),
1294 (m), 1267 (s), 1235 (m), 1200 (m), 1150 (w), 1117 (w), 1033 (w), 967
(w), 922 (m), 867 (m), 833 (s), 750 (s), 661 (s), 567 (w), 540 (m), 485 (m), 440
(w) cmÿ1; anal. calcd for C20H14N2O2Cl2Ti: C 55.46, H 3.26, N 6.49; found: C
55.81, H 3.73, N 6.28.


Reaction of 4 with PhCH2Cl : Freshly distilled benzyl chloride (3.24 g,
25.6 mmol) was added to a solution of 4 (1.25 g, 1.43 mmol) in THF
(100 mL). The mixture was refluxed overnight and allowed to cool to room
temperature. A brown microcrystalline solid precipitated. The solution was
concentrated to 2/3 of its initial volume, 2 ´ thf was collected and dried in a
vacuum. Yield: 1.36 g (87 %); anal. found: C 61.83, H 5.28, N 5.07. For
spectroscopic data vide supra.


Reaction of 4 with [(Cp)2Fe]�[BPh4]ÿ , synthesis of 8 : To a solution of 4
(1.17 g, 1.34 mmol) in THF (150 mL) at ÿ40 8C was added
[(Cp)2Fe]�[BPh4]ÿ (2.17 g, 4.29 mmol) in one portion. The mixture was
allowed to slowly reach room temperature and a color change from violet
to dark-orange was observed. The solvent was evaporated to dryness and
the brown residue was suspended in hexane (150 mL). The orange solution
was discarded and the brown solid extracted in hot THF (100 mL). The
solvent was evaporated to dryness and the product was suspended in
hexane (100 mL), collected, and dried in a vacuum. Yield: 2 g (89 %); IR
(nujol): nÄmax� 1945 (w), 1883 (w), 1821 (w), 1603 (s), 1533 (s), 1439 (s), 1304
(m), 1282 (w), 1264 (w), 1238 (w), 1191 (w), 1151 (m), 1122 (w), 1104 (w),
1031 (w), 1016 (w), 965 (w), 922 (w), 864 (m), 813 (m), 754 (m), 729 (m), 700
(s), 627 (m), 609 (m), 540 (m), 496 (w), 442 (w) cmÿ1; anal. calcd for
C52H50BN2O4V: C 75.72, H 5.99, N 3.33; found: C 75.33, H 6.18, N 3.04


Synthesis of 9 : Complex 3 (2.80 g, 3.22 mmol) was added to a solution of
9,10-phenanthrenequinone (1.34 g, 6.45 mmol) in THF (250 mL). The
brown suspension was refluxed overnight and then concentrated to half of
its volume. Hexane (100 mL) was added, and the brown solid was then
filtered and dried in a vacuum. Yield: 3.10 g (75 %); 1H NMR (200 MHz,
[D6]DMSO, 298 K): d� 9.53 (s, 1 H, CH�N); 8.49 (dd, Jo� 6.8 Hz, Jm�
2.0 Hz, 1H, quin); 8.05 (m, 1 H, Ar); 7.91 (dd, Jo� 6.8 Hz, Jm� 2.0 Hz, 1H,
quin); 7.75 (td, Jo� 6.8 Hz, Jm� 2.0 Hz, 1 H, quin); 7.55 (m, 1H, Ar); 7.26
(m, 1 H, Ar); 7.16 (t, J� 6.8 Hz, 1H, quin); 7.04 (m, 2 H, Ar); 6.85 (m, 1H,
Ar); 3.58 (m, 2 H, THF); 1.75 (m, 2H, THF); IR (nujol): nÄmax� 1608 (s),
1580 (s), 1543 (s), 1489 (m), 1441 (s), 1334 (w), 1294 (s), 1281 (s), 1200 (w),
1150 (m), 1123 (w), 1110 (w), 1059 (m), 1026 (m), 925 (w), 861 (m), 814 (m),
790 (w), 754 (s), 724 (w), 690 (w), 640 (s), 623 (m), 600 (s), 543 (m), 486 (m),
452 (w), 412 (m) cmÿ1; anal. calcd for C38H30N2O5Ti: C 71.03, H 4.71, N 4.36;
found: C 70.29, H 4.63, N 4.28.


Synthesis of 10 : Complex 4 (1.9 g, 2.17 mmol) was added to a solution of
9,10-phenanthrenequinone (0.9 g, 4.34 mmol) in THF (150 mL). The
brown suspension was refluxed overnight and was then concentrated to
half of its volume. Hexane (100 mL) was added and the brown solid was
filtered and dried in a vacuum. Yield: 1 g (71 %); meff (293 K)� 1.61 BM; IR
(nujol): nÄmax� 1606 (s), 1572 (s), 1533 (s), 1439 (s), 1311 (s), 1256 (w), 1194
(m), 1150 (s), 1028 (m), 922 (w), 850 (w), 806 (m), 750 (s), 722 (m), 622 (w),


539 (m), 500 (w) cmÿ1; anal. calcd for C38H30N2O5V: C 70.70, H 4.68, N 4.34;
found: C 70.78, H 4.73, N 4.14.


Reaction of 4 with p-benzoquinone, synthesis of 11: Complex 4 (1.37 g,
1.57 mmol) was added to an orange solution of p-benzoquinone (0.169 g,
1.57 mmol) in THF (100 mL). The resulting dark green suspension was
stirred for 20 min and then refluxed overnight. The solvent was evaporated
to dryness and the residue was treated with hexane (100 mL), collected, and
dried in a vacuum. Yield of 11 ´ thf: 1.15 g (80 %); IR (nujol): nÄmax� 1600
(s), 1578 (m), 1528 (m), 1267 (m), 1144 (w), 1028 (w), 917 (w), 856 (w), 750
(s), 606 (w), 544 (m), 438 (w) cmÿ1; anal. calcd for C24H22N2O4V: C 63.58, H
4.89, N 6.18; found: C 63.13, H 4.20, N 6.03.


Reaction of 3 with dioxygen, synthesis of 14 : A solution of 3 (0.92 g,
1.06 mmol) in THF (100 mL) was exposed to dry oxygen. The color
changed from brown to dark red and a pale brown solid precipitated. Gas
volumetry showed that the solution absorbed 1.02 mmol of O2 within
160 min. The solid was collected and dried in a vacuum. Yield: 0.71 g
(88 %); IR (nujol): nÄmax� 1612 (s), 1583 (s), 1539 (s), 1444 (s), 1311 (s), 1189
(m), 1140 (m), 1117 (w), 1033 (w), 922 (w), 872 (m), 817 (m), 750 (s), 623
(m), 540 (m), 490 (w), 450 (w) cmÿ1; anal. calcd for C20H14N2O3Ti: C 63.51,
H 3.73, N 7.41; found: C 62.71, H 3.98, N 6.73.


Reaction of 4 with dioxygen : A solution of 4 (1.18 g, 1.35 mmol) in THF
(100 mL) was exposed to dry oxygen. The color changed from violet to dark
green. Gas volumetry showed that the solution absorbed 1.04 mmol of O2


within 129 min. The solvent was evaporated to dryness and was washed
with hexane (100 mL), the green product was collected and dried in a
vacuum. Yield of 11 ´ thf: 1 g (81 %); anal. found: C 63.73, H 4.21, N 6.85.
For spectroscopic data vide supra.


Reaction of 7 with dioxygen : A solution of 7 (1.33 g, 1.1 mmol) in THF
(100 mL) was exposed to dry oxygen. An immediate color change from
brown to wine-red was observed. Gas volumetry showed that the solution
absorbed 2.3 mmol of O2. The solvent was evaporated to dryness and the
pale brown residue was suspended in doubly distilled water. The product
was obtained by filtration of the Na2O2-containing solution and recrystal-
lization from CHCl3. Yield of complex 11: 0.5 g (60 %); anal. calcd for 11,
C20H14N2O3V: C 63.00, H 3.70, N 7.35; found: C 63.26, H 3.58, N 7.67. For
spectroscopic data vide supra.


Synthesis of 16 : Complex 7 (2.3 g, 1.90 mmol) was dissolved in DME
(110 mL). The brown solution was exposed to a slow diffusion of O2 for 8 h,
until the color turned deep violet. The mixture was then allowed to stand at
ÿ5 8C for 3 days. The crystalline solid which formed was collected and
analyzed. Yield: 220 mg (13 %); IR (nujol): nÄmax� 1606 (s), 1585 (s), 1536
(m), 1481 (s), 1440 (s), 1322 (s), 1270 (s), 1172 (w), 1151 (m), 1128 (w), 1050
(m), 949 (s), 920 (m), 865 (w), 801 (w), 746 (s), 732 (s), 627 (m), 610 (m), 569
(w), 543 (m), 506 (w), 474 (w), 431 (w) cmÿ1; anal. calcd for 16,
C44H44N4Na2O10V2: C 65.00, H 5.45, N 6.32; found: C 64.73, H 5.11, N 6.88).


Synthesis of 17: Phenyl azide (0.442 g, 3.71 mmol) was added to a solution
of 3 (1.61 g, 1.85 mmol) in THF (90 mL). The color immediately turned
dark red. The mixture was stirred overnight and then concentrated to
30 mL. n-Hexane (100 mL) was added dropwise and the product was
collected and dried in a vacuum. Yield: 1.35 g (76 %). Crystals suitable for
X-ray analysis were grown in a toluene solution. 1H NMR (200 MHz,
CD3CN, 298 K): d� 9.18 (s, 2H, CH�N); 7.95 (m, 2 H, Ar); 7.71 (dd, Jo�
7.8 Hz, Jm� 1.5 Hz, 2 H, Ar); 7.55 ± 7.45 (m, 4H, Ar); 7.09 ± 6.81 (m, 13H,
Ar); 6.71 ± 6.36 (m, 8 H, Ar); 5.85 (s, 2 H, CH-N); 3.65 (m, 8 H, THF); 1.8
(m, 8H, THF); IR (nujol): nÄmax� 1600 (s), 1578 (s), 1533 (s), 1444 (s), 1306
(s), 1272 (s), 1144 (m), 1028 (w), 922 (w), 856 (m), 750 (s), 622 (m), 544
(w) cmÿ1; anal. calcd for 17, C54H49N5O6Ti2: C 67.58, H 5.15, N 7.30; found: C
67.18, H 5.05, N 7.03.


Synthesis of 18 : Trimethylsilyl azide (0.53 g, 4.60 mmol) was added to a
suspension of 3 (2 g, 2.30 mmol) in THF (100 mL). The mixture was stirred
overnight, refluxed for 30 min, and then filtered and dried. The product was
washed with n-hexane (100 mL), collected, and dried in a vacuum. Yield:
1.17 g (63 %); 1H NMR (200 MHz, C6D6, 298 K): d� 8.36 (s, 2H, CH�N),
7.40 ± 6.10 (m, 24H, Ar), 5.71 (s, 2 H, CH�N), ÿ0.19 (s, 9 H, CH3); IR
(nujol): nÄmax� 1596 (s), 1575 (s), 1440 s), 1307 (m), 1280 (m), 1030 (w), 920
(w), 856 (w), 750 (s), 620 (m), 545 (w) cmÿ1; anal. calcd for 18,
C43H37N5O4SiTi: C 63.63, H 4.59, N 8.63; found: C 63.08, H 4.51, N 8.57.


Synthesis of 19 : Complex 18 (0.4 g, 0.493 mmol) was dissolved in wet
toluene (70 mL). The solution was stirred for 1 day and then allowed to
stand at ÿ2 8C for 2 days. A red-brown solid was collected and dried in a
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vacuum. Yield: 0.036 g (9.92 %). Crystals suitable for X-ray analysis were
grown in the mother liquor. 1H NMR (200 MHz, C6D6, 298 K): d� 8.23 (s,
2H, CH�N), 7.52 ± 5.98 (m, 24H, Ar), 5.68 (s, 2 H, CH-N); anal. calcd for
19, C40H28N4O5Ti2: C 64.89, H 3.81, N 7.57; found: C 64.21, H 3.98, N 7.95.


Synthesis of 20 : Complex 3 (2.10 g, 2.42 mmol) was added to a solution of
triphenylmethyl azide (1.38 g, 4.83 mmol) in THF (150 mL). The solution
was stirred for 6 h, refluxed for 1 h, then allowed to reach room temper-
ature, and left to stand overnight which gave a precipitate. The solution was
concentrated to 20 mL and n-hexane (100 mL) was added dropwise. The
brown product was collected and dried in a vacuum. Yield: 2.03 g (67.8%).
Crystals suitable for X-ray analysis were grown in a THF/Et2O solution.
1H NMR (200 MHz, TDF, 298 K): d� 8.99 (s, 2 H, CH�N), 7.83 (dd, 2H,
Jo� 6.35 Hz, Jm� 2.93 Hz, Ar salophen); 7.55 ± 7.40 (m, 6H, Ar salophen),
7.37 (dd, 2 H, Jo� 6.35 Hz, Jm� 2.93 Hz, Ar salophen), 7.08 (d, 2 H, J�
8.30 Hz, Ar salophen), 6.90 ± 6.65 (m, 17H, Ar salophen�Ph); IR (nujol):
nÄmax� 1601 (s), 1576 (s), 1534 (s), 1440 (s), 1315 (s), 1221 (s), 1191 (s), 1145
(s), 1121 (m), 1076 (w), 1024 (w), 963 (w), 921 (w), 888 (w), 864 (w), 846 (w),
815 (m), 788 (w), 754 (s), 697 (s), 636 (m), 621 (m), 557 (w), 542 (s), 496 (m),
481 (w), 460 (w), 442 (w), 416 (m) cmÿ1; anal. calcd for 20, C39H29N3O2Ti: C
75.61, H 4.72, N 6.78; found: C 75.34, H 4.81, N 6.93.


Reaction of 4 with PhN3, synthesis of 21: Phenyl azide (0.332 g, 2.79 mmol)
was added to a solution of 4 (1.22 g, 1.39 mmol) in THF (100 mL). An
immediate color change from violet to brown was observed. The mixture
was stirred overnight and a microcrystalline solid separated. The solution
was concentrated to 40 mL and hexane (100 mL) was then added dropwise.
Then the product collected and dried in a vacuum. Yield: 1.18 g (80 %); meff


(295 K)� 1.77 BM; IR (nujol): nÄmax� 1605 (s), 1578 (s), 1534 (s), 1434 (s),
1315 (s), 1257 (w), 1233 (w), 1187 (s), 1150 (s), 1126 (w), 1066 (w), 1029 (w),
996 (w), 969 (w), 923 (m), 899 (w), 859 (w), 809 (m), 788 (w), 752 (s), 685
(m), 621 (m), 604 (m), 558 (m), 541 (s), 501 (m), 481 (m), 447 (w), 404
(m) cmÿ1; anal. calcd for 21, C30H27N3O3V: C 68.18, H 5.15, N 7.95; found: C
68.17, H 4.68, N 8.72.


Reaction of 4 with pyridine-N-oxide : Pyridine-N-oxide (0.131 g,
1.38 mmol) was added to a violet solution of 4 (1.01 g, 1.15 mmol) in
THF (100 mL). The mixture was refluxed overnight to give a dark green
solution. The solvent was evaporated to dryness and the residue treated
with hexane (100 mL). The product was collected and dried in a vacuum.
Yield: of 11 ´ thf: 0.9 g (85 %); anal. found: C 63.35, H 4.34, N 6.37. For
spectroscopic data vide supra.


X-ray crystallography for complexes 5 ± 7, 16, 19, and 20 : Suitable crystals
were mounted in glass capillaries and sealed under nitrogen. The reduced
cells were obtained with the use of TRACER.[25] Data for complexes 5 ± 7,
16, and 19 were collected on a single-crystal diffractometer (Philips
PW1100 for 5, 7, and Rigaku AFC6S for 6, 16, 19) at 295 K for 5, 7, 19 and
138 K for 6, 16. Data for complex 20 were collected on a KUMA CCD at
295 K. For intensities and background, individual reflection profiles were
analyzed.[26] The structure amplitudes were obtained after the usual
Lorentz and polarization corrections[27] and the absolute scale was
established by the Wilson method.[28] The crystal quality was tested by y-
scans which showed that crystal absorption effects could be neglected
except for 6, 16, and 19. Data of complexes 6, 16, and 19 were then
corrected for absorption by a semiempirical method.[29] Anomalous
scattering corrections were included in all structure factor calculations.[30b]


Scattering factors for neutral atoms were taken from ref. [30a] for non-
hydrogen atoms and from ref. [31] for H.


Structure solutions were based on the observed reflections [I> 2 s(I)]. The
structures were solved by the heavy-atom method starting from a three-
dimensional Patterson map.[32] The least-square refinements were carried
out using the unique reflections with F 2> 0 by minimizing the function
Sw(DF 2)2.[33] The weighting scheme w� 1/[s2(Fo)2� (aP)2] (P� (F 2


o �
2F 2


c )/3), based on the counting statistics, was applied. In the last refinement
cycles a converged at 0.0585, 0.1430, 0.0820, 0.0728, 0.0571, and 0.0352 for 5,
6, 7, 16, 19, and 20 respectively. Refinement was performed with full-matrix
least-squares, first isotropically, then anisotropically for all the non-H
atoms except for the disordered atoms. The hydrogen atoms, but not those
associated with the disordered carbon atoms, which were ignored, were
located from difference Fourier maps and introduced in the subsequent
refinements as fixed contributions with isotropic U�s fixed at 0.08 �2 for 5,
7, and 20 and 0.05 �2 for 6, 16, and 19.


The final difference maps showed no peaks which had a chemical meaning
above the general background, except for a peak of 1.02 e �ÿ3 in 6 located
midway along the Ti(1)ÿN(2) bond.


The refinement of complexes 16 and 20 was straightforward.


Complex 5 : The three THF solvent molecules of crystallization were
affected by severe disorder. The O(3), C(32) ± C(34) and O(4), C(35) ±
C(38) THF molecules were found to be statistically distributed over two
positions about an inversion center and a two-fold axis, respectively. The
atoms were therefore isotropically refined with a site occupation factor of
0.5. The O(5), C(39) ± C(42) THF molecule was distributed over four
positions about a two-fold axis. The best fit was obtained by splitting the
O(5) atom over two positions (A and B) and isotropically refining the
atoms with a site occupation factor of 0.75 for C(40), C(42) and 0.25 for
O(5)A, O(5)B, C(39), and C(41). During the refinement, the CÿO and CÿC
bond lengths within the disordered THF solvent molecules were con-
strained to be 1.48(1) and 1.54(1) �, respectively.


Complex 6 : The C(31) carbon atom of a coordinated THF molecule
showed high thermal parameters which indicate the presence of disorder.
The atom was then split over two positions (A and B) and isotropically
refined with site occupation factors of 0.8 and 0.2, respectively. One THF
molecule was found to be statistically distributed over two positions about
an inversion center approximately sharing the C(33) atom and alternatively
coordinating the sodium cations of adjacent complexes. The best fit was
obtained by isotropically refining the O(6), C(34), and C(35) atoms with a
site occupation factor of 0.5 and anisotropically refining the C(33) atom.
The C(41) ± C(44) carbon atoms of the THF solvent molecule of
crystallization were found to be disordered over two positions (A and B)
and were isotropically refined with a site occupation factor of 0.5. During
the refinement, the CÿO and CÿC bond lengths involving the disordered
THF solvent molecules were constrained to be 1.48(1) and 1.54(1) �,
respectively.


Complex 7: The C(22), C(27), and C(28) carbon atoms of THF molecules
coordinated to the sodium cation showed high thermal parameters which
indicate the presence of disorder. The best fit was found by splitting the
atoms over two positions (A and B) and were isotropically refined with a
site occupation factor of 0.5. Additionally, ten independent residual peaks
were interpreted in terms of one THF solvent molecule of crystallization
disordered over two positions and isotropically refined with a site
occupation factor of 0.5. The position of the oxygen atom could not be
unambiguously determined.


Complex 19 : The C(21) ± C(27) toluene solvent molecule of crystallization
was found to be statistically distributed over two positions (C and D) and
was isotropically refined with site occupation factors of 0.5. The disordered
aromatic rings were constrained to have a D6h symmetry.


Complex 20 : Since the complex crystallizes in a polar space group, the
crystal chirality was tested by inverting the coordinates (x,y,z!x,ÿ y,ÿ z)
and refining to convergence again. The resulting R values quoted in
brackets in Table 1 indicated that the original choice should be considered
to be the correct one.


Further details of the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds-
hafen (Germany) (fax: (� 49) 7247-808-606; e-mail : crysdata@fiz.karlsru-
he.de) on quoting the depository numbers CSD-410113 (5), 410114 (6),
410115 (7), 410116 (16), 410117 (17), 410118 (19), 410119 (20).
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Water-Soluble Calixarene Hosts that Specifically Recognize the Trimethyl-
ammonium Group or the Benzene Ring of Aromatic Ammonium Cations:
A Combined 1H NMR, Calorimetric, and Molecular Mechanics Investigation


Giuseppe Arena,*[a] Alessandro Casnati,[b] Annalinda Contino,[a] Gaetano G. Lombardo,[a]


Domenico Sciotto,*[a] and Rocco Ungaro*[b]


Abstract: The complexation of N,N,N-
trimethylanilinium (TMA), benzyltri-
methylammonium (BTMA) and p-nitro-
benzyltrimethylammonium (BTMAN)
cations by two different water-soluble
calix[4]arenes, 1 and 2, both fixed in the
cone conformation, was studied at neu-
tral pH by 1H NMR spectroscopy and
calorimetry. In contrast to the conforma-
tionally mobile calix[4]arene tetrasulfo-
nate 3, host 1 specifically binds the
TMA ± N


�
(CH3)3 group, whereas 2 rec-


ognizes only the aromatic ring of TMA.
The introduction of a spacer between


the charged polar group and the aro-
matic residue (BTMA) or an electron-
withdrawing group on the aromatic
moiety (BTMAN) does not alter this
selectivity for host 1, whereas host 2
selectively recognizes the -N


�
(CH3)3


group of BTMAN, but complexes
BTMA unselectively both by the
-N
�


(CH3)3 group and the aromatic moi-


ety. The binding constants for all three
guests with 1 and 2, as determined by
both 1H NMR spectroscopy and calori-
metric titrations, show that inclusion is
favored by the presence of the sulfonate
groups and that the greater stability
observed with 2 mainly arises from a
favorable enthalpic contribution. The
factors driving inclusion of the ammo-
nium cation by the two hosts are dis-
cussed. Molecular mechanics calcula-
tions allow determination of the con-
formational properties of hosts 1 and 2
and of their inclusion complexes.


Keywords: calixarenes ´ calorime-
try ´ molecular modeling ´ molec-
ular recognition


Introduction


Water-soluble cyclophanes[1] are becoming increasingly im-
portant in supramolecular chemistry because they allow a
deeper understanding of the basic forces involved in host ±
guest recognition processes in a solvent where most biological
processes occur. Moreover, these studies permit the design of
more sophisticated artificial systems for use in chemical
technology. Calixarenes[2] are a special class of cyclophanes
which have been used as such, or after functionalization, for
the recognition of neutral molecules,[3] metal ions,[3, 4] and,
more recently, anions.[5] Calixarene receptors have also been
used as active components in mass-sensitive devices for


solvent vapors[6] or analytes in aqueous solution.[7] However,
despite the versatility of calixarene hosts, few examples of
inclusion of organic molecules by calixarenes in aqueous
solution have been reported.[2d, 8] Even fewer papers deal with
the evaluation of the enthalpy and entropy of association,
which are relevant in quantifying binding interactions and in
understanding the forces driving the inclusion process in
water.[9] Shinkai et al.[8b] previously reported that TMA was
unselectively included by the conformationally mobile calix-
arene 3.
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We later showed that the rigidification of the calixarene
receptor causes the TMA aromatic nucleus to be selectively
incorporated into the cavity[10] and that the inclusion of
ethanol is assisted by the presence of sulfonate groups at the
upper rim of the cavity.[11] Lehn et al. also reported that the
sulfonate groups play a role in the binding of the methyl-
ammonium group of choline derivatives[8f] by calixarene
receptors. On the basis of these findings, we have explored
the possibility of inducing selectivity in the recognition of
tetraalkylammonium ions by using the conformationally
immobilized (cone conformation) calix[4]arenes 1 and 2. In
this paper we report a combined 1H NMR and calorimetric
investigation of the inclusion of three methylammonium
cations, namely N,N,N-trimethylanilinium (TMA), benzyltri-
methylammonium (BTMA) and p-nitrobenzyltrimethylam-
monium (BTMAN) by two water-soluble calixarene recep-
tors, 1 and 2, fixed in their cone conformations.


Results and Discussion


1H NMR studies : 1H NMR spectra of hosts 1 and 2 recorded
at different concentrations showed no change in the signals of
the various protons, thus ruling out micelle formation in the
explored range (1� 10ÿ4 ± 1� 10ÿ2 mol dmÿ3).[12] Figures 1a
and 1b show the observed changes (Ddobs� dobsÿ dfree guest) in
chemical shifts induced by the complexation of TMA with 1
and 2, respectively.


No change in the chemical shifts of either host 1 or 2 has
been observed. Log K values (Table 1) show that the inclusion
of TMA is more favorable for 2 than for 1. In the same table


Figure 1. a) Plots of Ddobs (ppm) versus [1]/[TMA] in D2O, 25 8C, [1]� 1�
10ÿ3 mol dmÿ3, pD� 7.3 (0.1 mol dmÿ3 phosphate buffer); b) plots of Ddobs


(ppm) versus [2]/[TMA] in D2O, 25 8C, [2]� 1� 10ÿ3 mol dmÿ3, pD� 7.3
(0.1 mol dmÿ3 phosphate buffer). Solid lines were obtained by applying a
curve-fitting procedure to the experimental data used for the evaluation of
the association constants.


we have also reported the chemical shifts of the uncomplexed
guest for the protons used for the fitting procedure. The
upfield shifts experienced by TMA protons upon inclusion are
due to the ring current effect of the aromatic nuclei of the
host;[8a, b, 13] for 1 ± TMA a significant complexation-induced
shift (dcomplexÿ dfree guest) is observed for the ammonium methyl
protons, whereas the signals of the aromatic para and meta
protons do not change. Interestingly, the ortho protons show a
slight, but still significant, upfield shift. This indicates that the
-N
�


(CH3)3 group is selectively included into the cavity, as
illustrated in Figure 2a. In contrast, for the 2 ± TMA complex


Abstract in Italian: La complessazione dei cationi N,N,N-
trimetilanilinio (TMA), benziltrimetilammonio (BTMA) e
p-nitrobenziltrimetilammonio (BTMAN) da parte di due
diversi calix[4]areni solubili in acqua 1 e 2, entrambi bloccati
nella conformazione a cono, � stata studiata a pH neutro
mediante 1H NMR e calorimetria. A differenza del calix[4]a-
rene tetrasolfonato 3, conformazionalmente mobile, il recettore
1 riconosce selettivamente il gruppo -N


�
(CH3)3 del TMA,


mentre 2 complessa esclusivamente l�anello aromatico. Intro-
ducendo uno spaziatore tra il gruppo carico positivamente e il
residuo aromatico (BTMA) o un gruppo elettron-attrattore su
quest�ultimo (BTMAN), non si osserva alcuna variazione nel
caso del recettore 1 mentre 2 complessa selettivamente il
gruppo -N


�
(CH3)3 del BTMAN ma in modo non selettivo il


BTMA. Le costanti di associazione di 1 e 2 con tutti e tre i
substrati, determinate sia mediante 1H NMR che mediante
Calorimetria, mostrano che l�inclusione � favorita dalla
presenza dei gruppi solfonici e che la maggiore stabilità dei
complessi, osservata nel caso del recettore 2, � dovuta ad un
contributo entalpico piuÃ favorevole. Sono discussi i fattori che
controllano l�inclusione dei cationi ammonio nella cavità dei
due recettori. I calcoli di Meccanica Molecolare permettono di
avere informazioni sulle proprietà conformazionali dei recet-
tori 1 e 2 e dei loro complessi.


Table 1. Log K and chemical shift limiting values (dcomplex) for the complex
formation of TMA, BTMA, and BTMAN with hosts 1 and 2 ; pD� 7. 3. s


values are given in parentheses.


Reaction Log K dcomplex
[a] dfree guest


1�TMA!1 ± TMA 2.2 (1) 0.77 (5) -N
�


(CH3)3 3.64
2�TMA!2 ± TMA 3.3 (1) 3.36 (5) Hpara 7.61


1�BTMA!1 ± BTMA 1.7 (1) 0.71 (5) -N
�


(CH3)3 3.05


2�BTMA!2 ± BTMA 3.3 (1) 1.30 (5) -N
�


(CH3)3 3.05


1�BTMAN!1 ± BTMAN 1.7 (1) 1.34 (5) -N
�


(CH3)3 3.12


2�BTMAN!2 ± BTMAN 3.4 (1) 1.43 (5) -N
�


(CH3)3 3.12


[a] Protons used for the fitting procedure.
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Figure 2. Mode of inclusion of N,N,N-trimethylanilinium ion by: a) host 1;
b) host 2.


(Figure 1b) only a slight upfield shift is observed for the
methyl protons while the aromatic protons experience a CIS
that follows the order Hpara>Hmeta>Hortho. This indicates that
the aromatic nucleus of the guest is selectively included in the
cavity as illustrated in Figure 2b.


It is noteworthy that in the case of the conformationally
flexible calix[4]arene tetrasulfonate 3, both the ammonium
and aromatic moieties of TMA are unselectively bound by the
host at pD� 7.3,[8b] while they are selectively recognized by
our hosts at the same pD value. In addition, the unique mode
of inclusion of TMA remains so even at low pD values;
1H NMR spectra measured for 2 ± TMA at pD� 2 (where the
carboxylate anions are protonated[14]) show the same trend
observed at pD� 7.3. This clearly indicates that the preorga-
nization of the cavity of 1 and 2 plays a key role in determining
the selective inclusion of the guest, regardless of the pH.
Higher values of logKs are also observed for 2-BTMA
compared with 1 ± BTMA (Table 1). In the last case the guest
is selectively included by the aliphatic moiety only, since both
the methyl and methylene protons of BTMA are shifted
upfield upon complexation, whereas the resonances of the
aromatic protons remain practically unmodified (Figure 3a).
Thus inclusion of BTMA into 1 occurs in a manner similar to
that illustrated for 1 ± TMA (Figure 1a). Instead, in 2 ± BTMA
all guest protons shift to higher magnetic fields (Figure 3b),
thus indicating that there is an equilibrium between the two
inclusion modes of the guest as depicted in Figure 4. Titration
experiments similar to those recorded in Figure 1 indicate that
BTMAN is included only by the ammonium group and that
host 2 is more efficient than host 1 (Table 1).


Calorimetric investigation : Since DH8 and DS8 contributions
reveal specific interactions not expressed in the DG8 term, we
determined these quantities by direct calorimetry (Table 2).
This allowed us not only to verify the log K values obtained by
1H NMR but also to determine DH8 values directly, thus
avoiding the use of van�t Hoff plots, which can have the severe
limitation[15] of neglecting the DCp contribution, which for
inclusion processes may be relevant.[15e, g] The logK values
obtained by calorimetry (Table 2) are in excellent agreement
with those obtained by 1H NMR (Table 1). The thermody-


Figure 3. a) Plots of Ddobs (ppm) versus [1]/[BTMA] in D2O, 25 8C,
[BTMA]� 1� 10ÿ3 mol dmÿ3, pD� 7.3 (0.1 mol dmÿ3 phosphate buffer);
b) plots of Ddobs (ppm) versus [2]/[BTMA] in D2O, 25 8C, [BTMA]� 4�
10ÿ3 mol dmÿ3, pD� 7.3 (0.1 mol dmÿ3 phosphate buffer). Solid lines were
obtained by applying a curve-fitting procedure to the experimental data
used for the evaluation of the association constants.


Figure 4. Modes of inclusion of BTMA into host 2.


namic data show that, for all three guests, the inclusion
complex with 2 is more stable than the analogous complex
with 1, and that this results from a more favorable DH8
contribution. The sulfonate groups appear to serve as
anchoring points for the positively charged ammonium
cations, thus leading to a more stable inclusion complex.
The process is enthalpically driven for all systems reported
here. Interestingly, the inclusion of neutral aromatic guests by
cyclophanes in water is also enthalpically driven and has a
negative entropic contribution.[15c, g] In contrast, the inclusion
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of TMA, BTMA, and BTMAN by 1 and 2 is, on average,
entropically less unfavored, since the presence of a positive
charge leads to greater desolvation. The DH8 for the
interaction of 2 with TMA is much more favorable than that
for 1. This can be ascribed primarily to the stacking interaction
between the guest and host aromatic moieties,[15b, c, e, g, 16±18]


which is strengthened by the electrostatic interaction between
the ammonium group of the guest and the sulfonate groups of
the host. The guest molecules are held tightly in the cavity, and
the stiffening of the system is also reflected in the DS8 value,
which is more unfavorable than one would expect for classical
� /ÿ interactions, since the positive contribution arising from
desolvation is partially masked by the tighter binding. This
interpretation is strongly supported by the 1H NMR results
showing that in the 2-TMA complex the guest is more deeply
included into the cavity of 2 than into the cavity of 1 (vide infra).


A comparison between the three pairs of complexes reveals
some interesting aspects of the inclusion process. In such a
comparison any differences arising from factors that are
difficult to analyze individually (e.g. the solvation of guests,
solvation of hosts, etc.) are factored out. The DDH8 difference
follows the order TMA>BTMA>BTMAN, where DDH8�
DHo


1ÿguestÿDHo
1ÿguest . Keeping in mind that BTMAN is bound


by both host 1 and 2 by the -N
�


(CH3)3 group (cation ± p[19a] or
CH ± p[19b] interactions, vide infra) the observed DDH8 differ-
ence (1.4 kcal molÿ1) mainly reflects the difference in com-
plementarity between the two hosts and the guest. For TMA
the DDH8 difference becomes significantly larger
(3.8 kcal molÿ1); this results from the involvement in 2-TMA
of a p ± p interaction, which is enthalpically more favored than
the CH ± p interaction.[20] This interpretation is supported by
the intermediate DDH8 difference obtained for the BTMA
pair (2.3 kcal molÿ1), which reflects the difference between a
host ± guest system where only a CH ± p interaction is taking
place (1-BTMA) and a system (2-BTMA) in which two
structures (which give rise to either CH ± p or p ± p inter-
actions) are in equilibrium (Figure 4).


The calorimetric results obtained with host 1 also help to
clarify the so called TMA effect which was proposed after the
observation that in several host ± guest systems the -N


�
(CH3)3


group is quite often directed in the interior of the macrocycles,
rather than exposed to the aqueous environment.[15b] This
phenomenon has been explained as arising from cation ± p[19a]


or CH ± p[19b] interactions between activated methyl groups
and the electron-rich macrocyclic cavity. Our data show that,
although the enthalpic contribution is dominant, the entropy
term is less negative than for other complexes (e.g. 2-TMA). It


is evident that all guests prefer to insert the -N
�


(CH3)3


group into the cavity of host 1 since, by doing so, they
can take advantage of both a CH ± p interaction (DH8<
0) and the entropically favorable desolvation of the -
N
�


(CH3)3 group following inclusion. If TMA were
inserting the aromatic moiety into the cavity of host 1,
this would involve only the p ± p interaction, giving rise
only to a favorable enthalpic contribution. The above
explanation also rationalises the inclusion of the guests
by the -N


�
(CH3)3 group when no additional interactions


(i.e. with the negatively charged sulfonate groups) are
provided by the host backbone. Since these two differ-


ent binding modes (aromatic moiety vs. ammonium group)
are in competition, it is likely that in BTMAN the presence of
a bulky substituent on the aromatic ring favors incorporation
via the -N


�
(CH3)3 group.


Molecular mechanics calculations : Calculations were per-
formed using the MM� force field of the Hyperchem
package[21] after calculation of the atomic charges of each
single molecule with the MNDO method,[22] which has been
used previously for calixarene host ± guest complexes.[23] The
optimized structures are shown in Figure 5a ± i. Some of the
relevant distances are reported in Table 3. They refer to
energy minima and are those calculated for the most stable
conformations. The distances between the upper-rim carbon
atoms of the aromatic rings of the cavities indicate that both
free ligands assume approximately the same conformation;
that is, they have a C2v elongated shape (Table 3, 1 and 2). The
aromatic rings of the C2 and C4 atoms project outwards,
whereas the C1 and C3 aromatic rings project inwards and lie
parallel. As demonstrated for other cone calix[4]arenes by
1H NMR[24] as well as molecular dynamics studies,[8e] each host
undergoes a rapid C2v ± C2v interconversion, the average
structure of which is a C4v cone. The data for free and
complexed hosts (Table 3 and Figure 5) show that the
inclusion of the -N


�
(CH3)3 group forces the C1 and C3 aromatic


rings to move away from one another and the C2 and C4


aromatic rings to move inwards, thus rendering the cavity
more symmetrical. The cone still maintains a C2v symmetry
but with a less elongated shape (Figure 5c ± e). In both 2 ±
TMA and 2 ± BTMA* (see Table 3), where inclusion of the
guest takes place by the aromatic moiety, the cavity is more
elongated, which allows two aromatic rings of the hosts to
remain cofacially oriented, accommodating the aromatic
residue of the guests in a sandwich-type arrangement, which
maximizes the p ± p interaction. Figures 5d and 5f and Table 3
also show that in 2 ± TMA, as well as in 2 ± BTMA*, the guest
is not symmetrically included. This is in agreement with
results obtained for similar calixarenes by a molecular
dynamics study.[8e] The distances between the positively
charged ammonium residue and the sulfonate groups (S ± N
distances) show that the -N


�
(CH3)3 group tilts towards the


negatively charged -SO3
ÿ group, thus confirming that the


sulfonate groups of the upper rim serve as anchoring points.
The inclusion of the -N


�
(CH3)3 group (1 ± TMA, 1 ± BTMA, 1 ±


BTMAN, 2 ± BTMA**, and 2 ± BTMAN) allows a signifi-
cantly more symmetrical incorporation of the guests, as
indicated by the C ± N distances for each of the above systems


Table 2. Log K values and thermodynamic parameters of complex formation of
TMA, BTMA, and BTMAN with hosts 1 and 2 ; pH� 7.0. s values are given in
parentheses.


Reaction Log K DG8
[kcal molÿ1]


DH8
[kcal molÿ1]


DS8
[kcal molÿ1 Kÿ1]


1�TMA!1 ± TMA 2.2 (1) ÿ 3.0 (1) ÿ 4.9 (2) ÿ 6.3 (7)
2 �TMA!2 ± TMA 3.3 (1) ÿ 4.5 (1) ÿ 8.7 (2) ÿ 14 (1)
1�BTMA!1 ± BTMA 1.7 (1) ÿ 2.4 (1) ÿ 4.1 (2) ÿ 6 (1)
2�BTMA!2 ± BTMA 3.2 (1) ÿ 4.4 (1) ÿ 6.4 (1) ÿ 6.8 (3)
1�BTMAN!1 ± BTMAN 1.6 (1) ÿ 2.2 (2) ÿ 5.0 (5) ÿ 9 (1)
2�BTMAN!2 ± BTMAN 3.4 (1) ÿ 4.6 (1) ÿ 6.4 (1) ÿ 6 (1)
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(see Table 3). The structures in Figure 5 (MM energy minima)
depict frozen images of dynamic systems, as is demonstrated
by the NMR equivalence of the four equatorial protons and of
the four axial protons of the methylene bridges between the
four aromatic rings of the hosts, as well as by the equivalence
of the aromatic meta protons of the hosts (C4v averaged
symmetry). In 2 ± TMA and in 2 ± BTMA* as well as in all the
complexes with host 2, the -N


�
(CH3)3 group experiences in turn


the electric field of each sulfonate group; the guest is tilted
away from the C4 axis but its average position coincides with
the C4 axis, as indicated by the 1H NMR spectra. The signals
for the guest reveal the equivalence of the methylammonium
protons, of the two ortho as well as of the two meta protons,
and, in the case of 2 ± BTMA*, of the two methylene protons.
In order to estimate the depth of inclusion of the guest by the


two hosts, we have calculated the distance (D) between the
center of mass of each guest and the center of mass of the
cavity of each host.[25] The shortest distance (5.88 �) is found
for 2 ± TMA. This is consistent with the 1H NMR simulation of
the shieldings produced by the ring currents of the calixarene
cavity. We have also compared the experimental and calcu-
lated 1H NMR diamagnetic shifts for both 1 ± TMA and 2 ±
TMA by calculating the shielding values as a function of the
depth of guest inclusion along the calixarene C4v symmetry
axis (Figure 6). We used Johnson and Bovey�s method,[26]


taking into account that the experimental shifts (dcomplexÿ
dfree guest) result from the ring current effect of four symmetri-
cally placed aromatic rings. For both 1 ± TMA and 2 ± TMA
the experimentally determined shielding values (DdCH3


/4�
ÿ0.717 and DdHpara


/4�ÿ1.062, respectively) intercept the


Figure 5. Optimized structures (molecular mechanics) in water, generated for: a) host 1; b) host 2 ; c) 1 ± TMA; d) 2 ± TMA; e) 1-BTMA; f) 2 ± BTMA*;
g) 2 ± BTMA**; h) 1 ± BTMAN; i) 2 ± BTMAN.


Table 3. Relevant distances (in �) for compounds 1 and 2 and their complexes with TMA, BTMA, and BTMAN obtained by MM� optimization.


1 1 ± TMA 1 ± BTMA 1 ± BTMAN 2 2 ± TMA 2 ± BTMA*[a] 2 ± BTMA**[a] 2 ± BTMAN


C1 ± C3 4.99 7.57 7.11 7.51 4.92 6.92 6.88 7.99 8.02
C2 ± C4 9.95 8.50 9.04 8.81 10.01 9.32 9.45 8.31 8.42
C1 ± N 4.68 4.25 4.25 4.66 4.45
C2 ± N 5.16 5.85 4.90 4.87 5.03
C3 ± N 4.33 4.22 4.30 4.36 4.53
C4 ± N 4.93 4.86 5.19 4.55 4.38
S1 ± N 5.13 5.95 5.01 4.88
S2 ± N 8.63 4.97 5.45 5.62
S3 ± N 5.07 5.10 4.77 5.07
S4 ± N 5.40 9.60 4.96 4.94
D 6.75 6.35 6.92 5.88 6.03 6.95 6.79


[a] 2 ± BTMA* and 2 ± BTMA** indicate the complexes of BTMA with host 2 in which inclusion of the guest takes place by the aromatic moiety or the
-N
�


(CH3)3 group respectively.
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Figure 6. Calculated shielding (Dd, ppm) by an aromatic ring of a
calix[4]arene cavity as a function of the distance along the C4v symmetry
axis, measured from the geometrical center of the lower rim.


theoretical curve at two different distance values from the
center of the lower rim cavity along the C4v axis (0.75 and
3.63 � for 1-TMA; 1.52 and 2.59 � for 2-TMA). Considering
that the lower value obtained for 1 ± TMA (0.75 �) is clearly
incompatible with the dimensions of the cavity and the methyl
group size, we can reasonably conclude that TMA is more
deeply included into the cavity of host 2 than into the cavity
of 1.


Conclusion


In this paper we have shown that the N,N,N,-trimethylanili-
nium (TMA) cation has a dual binding mode (charged group
vs. aromatic moiety inclusion) which occurs in a nonselective
fashion with flexible water-soluble calix[4]arene hosts such as
3. The binding mode can, however, be effectively controlled
and turned into a selective process by preorganization of the
calixarene cavity into the cone structure.


Host 1 is able to complex the TMA charged group
exclusively, while host 2 includes TMA by the aromatic ring,
that is, TMA binding occurs in the calixarene cavity in two
specific and opposite modes, depending on the presence of
sulfonate groups at the upper rim. Besides serving as
anchoring points for the positively charged guests, the
sulfonate groups significantly deepen the cavity of host 2,
thus improving its inclusion capability.


The combination of 1H NMR, calorimetric, and molecular
mechanics data allows us to fully understand the factors
controlling the inclusion processes of TMA, BTMA, and
BTMAN. In all cases inclusion is enthalpically driven and
entropically unfavored. This shows that attractive interaction
rather than entropically favorable desolvation is the major
driving force for the selective inclusion of these small guests.
In line with Diederich�s[15g] and our own findings,[17, 18] the
thermodynamic characteristics (DH8< 0 and DS8< 0) for the
formation of a tight inclusion complex from small solutes in
water differ remarkably from those established for the
formation of looser aggregates such as micelles and mem-
branes. In other words, in a tight inclusion complex the
number of degrees of freedom of the small binding partners is
significantly reduced; this results in a strong entropic loss
which masks any gain in desolvation entropy.


Experimental Section


Materials : The synthesis of hosts 1 and 2 has been previously described.[27]


The purity of 2 was also checked potentiometrically following the
procedure previously described by us.[14, 28, 29] This was not possible for 1,
since this host is not soluble over the entire pH range in which the acid ±
base titration should be performed. N,N,N-Trimethylanilinium (TMA)
chloride, benzyltrimethylammonium (BTMA) chloride and p-nitrobenzyl-
trimethylammonium (BTMAN) chloride were obtained from Aldrich and
purified by crystallization either from acetonitrile (TMA) or from an
ethanol:acetone mixture (2:5, BTMA and BTMAN). Their analytical
concentrations were determined by titration of chloride ions by the Mohr
method. NaH2PO4 and Na2HPO4, used to prepare the buffer solutions,
were obtained from Carlo Erba. NaD2PO4 and Na2DPO4 were prepared by
deuteration of the above commercial products. Doubly distilled water and
Grade A glassware were used throughout.


1H NMR spectra : Spectra were obtained in D2O at 25 8C with a Varian
Inova 500 MHz spectrometer. Chemical shifts (d) were externally refer-
enced to DSS (3-trimethylsilyl 1-propanesulfonic acid, sodium salt) in order
to avoid any possible interaction of the reference with the calix[4]arene
derivatives or with the guest. All experiments were performed in
deuterated phosphate buffer (0.1 mol dmÿ3) with a pD value of 7.3.
1H NMR titrations were carried out in the two following ways: 1) the
guest concentration was kept constant (usually 1� 10ÿ3 mol dmÿ3) while the
host concentration was varied from 1� 10ÿ4 to 5� 10ÿ3 mol dmÿ3 ; 2) the
guest concentration was varied over the concentration range 1� 10ÿ2 to
3.5� 10ÿ4 mol dmÿ3 while the host concentration was set at 1�
10ÿ3 mol dmÿ3. In all cases the signals of the guest were followed. Each
experiment consisted of about ten points.


Calorimetric measurements : The calorimetric runs were performed under
both isothermal and isoperibol conditions. The isothermal titrations were
carried out in an LKB 2277 microcalorimeter equipped with a perfusion
system having a 2.5 mL stainless steel cell; the term micro refers to both the
volume of titrant used and the amount of heat that can be detected under
appropriate conditions. Integration of the power curve gives the heat
involved in the reaction, provided the calorimeter has been calibrated by
introducing known power values through built-in precision resistors. The
isoperibol measurements were performed with a Tronac 450 calorimeter
equipped with a 4 mL dewar cell. This calorimeter measures the temper-
ature changes, following the addition of titrant, through a precision
thermistor which generates a voltage output; this output is converted into a
heat quantity by a precision heater.[30] As recommended,[31] the dewar was
calibrated beforehand to ensure that the volume increase resulting from the
addition of titrant did not cause an increase in the heat leakage constant of
the calorimetric vessel. For the specific cells used for the experiments
described here the volume upper limit was found to be 3.4 mL. Con-
sequently, the amount of titrant added was never allowed to exceed 0.3 mL.
Usually a 0.2 ± 0.5 mol dmÿ3 solution of the guest (TMA, BTMA, or
BTMAN) was added to a 3 ± 5� 10ÿ 3 mol dmÿ3 solution of host 1 or 2
buffered at pH 7.0, and 20 ± 30 points recorded for each of the 4 ± 6
independent titrations (see supporting information).


Calculations : In order to obtain K values from 1H NMR titrations, the data
were treated with a nonlinear least-squares curve-fitting procedure.[32] K
and DH8 values were obtained with a modified version of the computer
program EQDH.[31] Other details can be found in refs. [25, 26a, and 30].


Molecular mechanics calculations : These calculations were performed with
the Hyperchem package.[21] In the first step, the atomic charges of each
single molecule were calculated by the MNDO method.[22] In the second
step, each calix, with the appropriate trimethylammonium ion, was inserted
into a box containing 300 water molecules and a minimum was found.
Finally, the ammonium ions were included into the cavity of 1 or 2 and the
resulting complexes were inserted into a box containing 300 water
molecules and a minimum was also found. The calculations were
performed with the MM� force field, using the standard parameters of
the package. The minimization was performed by the conjugate gradient
method (Fletcher ± Reeves) and was carried out until the RMS gradient
reached a value of 0.1 kcal �ÿ1 molÿ1 (average number of iterations 400).
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Tantalum ± Carbon Functionalities Bonded to a Calix[4]arene-Oxo Matrix:
The Chemistry of Mono-, Dialkyl, and Butadiene Derivatives of Tantalum(v)


Barbara Castellano,[a] Euro Solari,[a] Carlo Floriani,*[a] Nazzareno Re,[b]


Angiola Chiesi-Villa,[c] and Corrado Rizzoli[c]


Abstract: The synthesis of the start-
ing compounds [Ta2{m-p-tBu-calix[4]-
(O)4}2Cl2] (3) and [Ta{p-tBu-calix[4]-
(OMe)(O)3}Cl2] (4) for our investiga-
tions of calix[4]arene ± tantalum organo-
metallic chemistry has been achieved by
the reaction of TaCl5 with p-tBu-calix[4]-
(OH)4 (1) and p-tBu-calix[4]-(OMe)2-
(OH)2 (2), whereby the latter compound
underwent an acid-assisted demethyla-
tion. The alkylation of 3 by standard
procedures led to the dimeric [Ta2{m-p-
tBu-calix[4]-(O)4}2R2] derivatives (R�
alkyl or aryl), which are in equilibrium
with the corresponding monomeric
forms in solution. An alternative route


to these complexes is the pyridine-as-
sisted demethylation of [Ta{p-tBu-cal-
ix[4]-(OMe)(O)3}R2], which is obtained
from the alkylation of 4. The latter
complexes, unlike [Ta2{m-p-tBu-calix[4]-
(O)4}2R2], undergo migratory insertion
reactions with CO and tBuNC to give
the corresponding h2-ketones and h2-
imines. Both classes of compounds un-
dergo a pyridine-induced demethyla-
tion. The bis(allyl) derivative [Ta-


{p-tBu-calix[4]-(OMe)(O)3}(h3-allyl)2]
undergoes a double migratory insertion
reaction of the allyl groups to give the
corresponding h2-ketone and h2-imine,
respectively, in the reactions with CO
and tBuNC. Although butadiene is
p2,h4-bonded to the metal, the tanta-
lum ± butadiene fragment in [Ta{p-tBu-
calix[4]-(OMe)(O)3}(h4-C4H6)] (25) be-
haves as if it were h4,s2-p bonded in the
migratory insertion reaction with tBuNC
and Me2CO. In the reaction with PhN3,
complex 25 behaves as a source of d2-
tantalum(iii) and leads to the nitrene
derivative 28.


Keywords: butadiene ´ calix[4]ar-
ene ´ migratory insertion reactions
´ tantalum ´ unsaturated ligands


Introduction


Calix[4]arenes[1] can be used in organometallic chemistry as a
preorganized set of O4 donor atoms with a number of
distinctive peculiarities versus four independent phenoxo
groups.[2] The coordination environment is largely governed
by the set of four oxygen atoms attached to the calix[4]arene
skeleton in a quasiplanar arrangement with the axial coordi-
nation site inside the cavity very rarely or almost inaccessible.
We can tune both the overall charge of the macrocycle and the
strength of the metal ± oxygen interactions by partial methyl-
ation of the phenoxo groups. The resulting ether group, which
would never act as a monodentate ligand, is kept close to the


metal by a macrocyclic effect and can function as a spectator
ligand, weakly interacting with the metal when necessary, or
even able to provide an additional coordination site. The
metal ± calix[4]arene fragment has a particularly attractive
diversity compared to the very well-known [Cp2M] frag-
ment.[3] It can engage four frontier orbitals, three of which are
more accessible. In addition, the three orbitals have a facial
arrangement in contrast to the meridional arrangement found
in the [Cp2M] complexes.[2d, 2e] We would also emphasize that
the calix[4]arene fragment acts as a spectroscopic probe in the
1H NMR spectrum with the differentiation of the tBu
substituents and, mainly, with the bridging methylenes
behaving as heterotopic hydrogens in the structure rigidified
by the metalation. These hydrogens appear as a pair of
doublets, whose separation is somehow related to the
coordination number of the metal, and which are very
sensitive to the symmetry of the substrate bound to the
metal. This report deals with the organometallic chemistry of
tantalum(v) anchored to the tetraoxo matrix, as defined by
either the calix[4]arene tetraanion (A) or the monomethoxy-
calix[4]arene trianion (B). In particular, we describe the
synthesis and the chemical reactivity of tantalum s- and p-
bonded to organic fragments, including the base-induced
demethylation of the methoxycalix[4]arene. This reaction
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allows the transfer from one model ligand to the other one
without affecting the organic functionality bonded to tanta-
lum. We should mention that some of the most relevant
results of tantalum organometallic chemistry have been
associated with the alkoxo ancillary ligands. This field has
been developed, among others, by Rothwell[4] and Wolczan-
ski.[5] Some preliminary results have been communicated.[6]


Results and Discussion


The parent compounds 3 and 4 can be considered a useful
entry into the organometallic chemistry of calix[4]arene ±
tantalum. While the synthesis of 3 from 1 and TaCl5 is
straightforward, without the addition of any base, the syn-
thesis of 4 deserves some comments (Scheme 1): the most
convenient starting material is 2, which undergoes demethy-
lation in the reaction with TaCl5 to yield 4. Demethylation of
mono- and dimethoxycalix[4]arene is a simple acid- or base-
assisted reaction.[2i] Metals in a high oxidation state induce
demethylation with the simultaneous formation of MeCl, via
the plausible dimethoxychloro intermediate [p-tBu-calix[4]-
(OMe)2(O)2TaCl3] as in the case of 4. The demethylation of 4
proceeds further in the presence of a base, such as pyridine, to
give 5, in which the pyridine functions as the acceptor of the
methyl carbocation. In both cases, we suppose that the methyl
carbocation leaves the calix[4]arene, is captured by a nucle-
ophile from the metal coordination sphere or from the
outside. The structure of 3 has been proposed according to
that determined for the analogous Nb complex.[7] Accord-
ingly, in the 1H NMR spectrum of 3, the four tBu groups


Scheme 1. Synthetic scheme for the parent compounds and their alkyla-
tion products.


display three singlets in the ratio 1:1:2, while two pairs of
doublets appear for the bridging methylenes. In the spectrum
of 5, a single pair of doublets has been observed along with
two singlets for the tBu substituents.


Crystallographic data and details associated with data
collection are given in Table 1. Selected bond lengths and
angles for complexes 4, 8 a, 13, 19, and 28 are listed in Table 2.
Table 3 compares the most relevant conformational parame-


Table 1. Crystallographic data for complexes 4, 8 a, 13, 19, and 28.


4 8a 13 19 28


formula C45H55Cl2O4Ta ´
C7H8


C102H118O8Ta2 ´
11C5H5N


C60H69O5Ta ´
1.5C6H6 ´ 0.5C6H14


C63H71NO4Ta ´ C6H8N ´
2.5C6H6 ´ C4H10O


C102H120N2O8Ta2 ´
4C7H8


a [�] 10.282(2) 17.761(3) 16.399(8) 16.784(3) 14.347(2)
b [�] 26.422(4) 17.950(3) 17.074(9) 23.934(5) 17.524(3)
c [�] 18.773(3) 13.029(2) 11.854(5) 19.424(3) 13.088(2)
a [8] 90 109.45(2) 99.10(5) 90 100.57(2)
b [8] 105.10(2) 103.33(2) 107.92(3) 97.00(2) 102.67(2)
g [8] 90 108.66(2) 88.70(4) 90 108.66(2)
V [�3] 4924.0(15) 3436.5(15) 3117(3) 7745(3) 2924.9(10)
Z 4 1 2 4 1
Mr 1003.9 2704.1 1211.4 1450.7 2232.5
space group P21/c (No. 14) P1Å (No. 2) P1Å (No. 2) P21/c (No. 14) P1Å (No. 2)
T [8C] 22 ÿ 140 ÿ 140 ÿ 140 ÿ 140
l [�] 0.71069 1.54178 0.71069 1.54178 1.54178
1calcd [gcmÿ3] 1.354 1.307 1.291 1.244 1.267
m [cmÿ1] 23.55 33.33 17.88 29.85 19.00
transmission coeff. 0.707 ± 1.000 0.812 ± 1.000 0.467 ± 1.000 0.432 ± 1.000 0.383 ± 1.000
R[a] 0.096 0.064 0.061 0.072 0.072
wR2[b] 0.288 0.179 0.165 0.223 0.197


[a] R�S jDF j /S jFo j calculated on the unique observed data [I> 2 s(I)]. [b] wR2� [Sw jDF 2 j 2/Sw jF 2
o j 2]1/2 calculated on the unique data with I> 0.
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ters for the four complexes. The aromatic rings of the phenolic
units containing O(1), O(2), O(3), and O(4) are referred to as
A, B, C, and D, respectively. The structure of 4 is depicted in
Figure 1.


The macrocycle has an elliptical cross-section with the
opposite-facing A and C rings pushed outwards and the B and
D rings pulled into the cavity, as indicated by the dihedral
angles they form with the reference plane (Table 3) and by the
values of the distances between opposite p-carbon atoms


Figure 1. A SCHAKAL view of complex 4. Disorder has been omitted for
clarity.


[C(4) ´´ ´ C(17), 10.01(3) �; C(10) ´´´ C(24), 7.46(3) �]. The
guest toluene molecule was found to be statistically distrib-
uted over two positions (A and B). In both positions the
molecule is oriented with the methyl group pointing outside
the cavity. The octahedral coordination around tantalum
involves the four oxygen atoms from the methoxycalixarene
ligand and two cis-arranged chlorine atoms. The best equa-
torial plane is defined by the O(1), O(3), Cl(1), Cl(2) donor
atoms [maximum deviation from planarity is 0.021(11) � for
O(3)]; the metal lies out of this plane by 0.183(1) � towards
O(4). The hexacoordination of the metal removes the
planarity of the O4 core, which shows remarkable tetrahedral
distortions that range from ÿ0.503(11) to 0.535(12) �. The
values of the Ta ± O bond lengths with O(1), O(3), and O(4)
[mean value 1.832(18) �] fall in a narrow range and are
noticeably shorter than the Ta ± O(2) bond length
[2.266(11) �] from the methoxy group. The bond angles Ta-
O(1)-C(1) [152.4(10)8] and Ta-O(3)-C(20) [169.9(10)8], which
are considerably larger than the bond angles Ta-O(2)-C(13)
[129.5(12)8] and Ta-O(4)-C(27) [125.5(10)8], are consistent
with a Ta ± O p interaction.


The alkylation of 3 furnished the corresponding alkyl/aryl
derivatives (Scheme 1), which have been obtained as light
yellow, thermally stable, crystalline solids. Although the solid-
state structures of 7 and 8 (vide infra) reveal their dimeric
nature, solutions of compounds 6 ± 8 are in equilibrium with
their corresponding monomeric form. As can be judged from
the 1H NMR spectrum, such an equilibrium is completely
shifted to the right in the case of 7, while in the case of 6 and 8
both forms are equally present in solution. The X-ray
structure of 7 a is reported in the material deposited with
the Cambridge Crystallographic Data Centre (see Experi-
mental Section). The structure of 8 a consists of centrosym-
metric dimers (Figure 2). The O4 core shows remarkable
tetrahedral distortions (displacements from planarity), which
range from ÿ0.260(8) to 0.238(8) �, while tantalum lies
0.667(2) � out of the mean plane. The planar Ta2O2 ring is
perpendicular to the O4 core; the dihedral angle they form is
88.5(7)8. The Ta ´´´ Ta' separation is 3.609(2) �. The Ta ± O(1)
bond length [1.876(6) �] is significantly shorter than those of
Ta ± O(2) and Ta ± O(4) [mean value 1.921(9) �], in accor-


Table 2. Selected bond lengths [�] and angles [8] for complexes 4, 8a, 13, 19,
and 28.


4 8a 13 19 28


Ta(1) ± X(1) 2.354(6) 2.106(6) 1.942(4) 1.965(10) 2.042(6)
Ta(1) ± X(2) 2.384(6) 2.136(11) 2.100(9) 2.200(15) 2.040(9)
Ta(1) ± O(1) 1.802(12) 1.876(6) 1.895(5) 2.017(10) 1.919(8)
Ta(1) ± O(2) 2.266(11) 1.912(7) 2.297(6) 1.994(8) 2.320(7)
Ta(1) ± O(3) 1.826(9) 2.184(6) 1.900(5) 1.969(9) 1.897(6)
Ta(1) ± O(4) 1.867(11) 1.929(7) 1.971(5) 1.995(8) 1.942(6)
O(1) ± C(1) 1.387(17) 1.328(11) 1.353(7) 1.323(19) 1.326(13)
O(2) ± C(13) 1.42(2) 1.362(13) 1.406(10) 1.398(12) 1.396(13)
O(2) ± C(45) 1.47(2) 1.479(9) 1.457(12)
O(3) ± C(20) 1.340(18) 1.389(14) 1.349(10) 1.319(17) 1.350(10)
O(4) ± C(27) 1.39(2) 1.373(14) 1.375(9) 1.389(14) 1.390(12)
X(1) ± X(2) 1.405(11) 1.43(2)


O(3)-Ta(1)-O(4) 90.6(5) 84.4(2) 90.0(2) 82.6(3) 90.0(3)
O(2)-Ta(1)-O(4) 164.6(4) 154.1(3) 157.9(3) 157.7(3) 158.6(3)
O(2)-Ta(1)-O(3) 79.0(4) 84.9(3) 81.1(2) 81.7(3) 76.7(3)
O(1)-Ta(1)-O(4) 89.0(4) 83.9(3) 91.0(2) 87.0(4) 88.7(3)
O(1)-Ta(1)-O(3) 94.6(5) 126.6(3) 136.0(3) 126.5(3) 101.4(3)
O(1)-Ta(1)-O(2) 80.6(4) 83.6(3) 81.8(2) 89.8(4) 77.9(3)
X(1)-Ta(1)-X(2) 85.0(2) 80.4(4) 40.4(3) 39.7(5) 75.6(3)
Ta(1)-O(1)-C(1) 152.4(10) 161.9(7) 152.4(5) 131.0(9) 169.3(6)
Ta(1)-O(2)-C(45) 129.5(12) 128.8(5) 128.1(6)
Ta(1)-O(2)-C(13) 117.3(9) 136.9(6) 118.6(4) 126.6(7) 118.2(5)
C(13)-O(2)-C(45) 113.2(13) 112.6(6) 113.7(8)
Ta(1)-O(3)-C(20) 169.9(10) 113.8(6) 154.9(5) 164.8(8) 169.3(7)
Ta(1)-O(4)-C(27) 125.5(10) 134.5(6) 122.9(5) 124.1(6) 121.8(6)
Ta(1)-X(1)-Ta(1)' 114.6(3) 104.4(3)
Ta(1)-X(1)-X(2) 75.8(4) 79.1(7)
Ta(1)-X(2)-X(1) 63.7(4) 61.3(6)
Ta(1)'-X(1)-C(51) 128.0(6)
Ta(1)-X(1)-C(51) 127.5(6)


[a] X(1)�Cl(1), O(4)', O(5), and N(1) for 4, 8a, 13, 19, and 28, respectively;
X(2)�Cl(2), C(51), C(51), and N(1)' for 4, 8 a, 13, 19, and 28, respectively. A
prime denotes a transformation of ÿx, ÿy, ÿz and ÿx, 1ÿ y, ÿz for 8a and 28,
respectively.


Table 3. Comparison of the relevant conformational parameters within
calixarene for complexes 4, 8a, 13, 19, and 28.


4 8 a 13 19 28


Dihedral angles [8] between planar moieties[a]


aE ± ring A 157.6(4) 156.0(3) 132.1(2) 123.3(3) 148.1(2)
aE ± ring B 110.5(4) 127.9(3) 110.4(2) 115.5(3) 107.7(2)
aE ± ring C 147.1(4) 107.6(3) 134.1(2) 152.9(3) 146.7(3)
aE ± ring D 118.2(4) 128.0(3) 115.5(2) 112.9(3) 112.6(2)
aring A ± ring C 124.7(5) 106.3(4) 95.8(2) 95.5(4) 114.8(3)
aring B ± ring D 131.3(5) 103.8(3) 134.0(2) 131.4(4) 139.7(3)


Contact distances [�] between para-carbon atoms of opposite
aromatic rings
C4 ´´´ C17 10.01(3) 8.234(14) 9.182(12) 8.38(2) 9.956(14)
C10 ´´´ C24 7.46(3) 8.727(18) 7.306(13) 7.372(18) 7.046(13)


[a] E�Reference plane and refers to the least-squares mean plane defined
by the bridging methylenic carbons C(7), C(14), C(21), and C(28).
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Figure 2. A SCHAKAL view of complex 8a. The prime denotes a
transformation of ÿx, ÿy, ÿz. Disorder has been omitted for clarity.


dance with the Ta-O(1)-C(1) bond angle [161.9(7)8]. Rather
long bond lengths are found for the bridging oxygen O(3)
[Ta ± O(3), 2.184(6) �; Ta ± O(3)', 2.106(6) �]. The Ta ± C(51)
bond length [2.136(11) �] falls in the lower range of values
reported for Ta ± C(primary alkyl) s bonds [mean value
2.204(14) �].[4, 5] The conformation of the calixarene macro-
cycle has an asymmetrical elliptical cross-section (Table 3).


Reaction of 4 with Grignard reagents led to 9 ± 11, which
are all equally thermally stable in boiling benzene for 24 h.
However, depending on the R substituent, they display
different reactivities under various conditions. All of them
undergo demethylation to 6 ± 8 in the presence of pyridine.
The byproducts of the reaction are the R ± R coupled hydro-
carbons and a mixture of alkylated pyridines. For comments
on the demethylation mechanism see below. The benzyl
derivative 10 undergoes demethylation quite readily in the
presence of light or under an atmosphere of H2.


The migratory insertion reactions of the Ta ± C function-
alities in complexes 9 ± 11 are presented in Scheme 2.[8] In the
reaction of 9 ± 11 with either CO or tBuNC, we observed the
migration, under mild conditions (i.e. room temperature), of
both alkyl and aryl groups to afford h2-ketones 12 ± 14 and h2-
imino derivatives, 15 ± 17. Unlike the case of [Cp2M] or
polyphenoxo derivatives of Ta, migration of the second alkyl
or aryl group to produce the intermediate h2-acyl or h2-
iminoacyl derivatives is very fast, which prevented us from
intercepting the precursor.[8, 9] As with the [(h8-C8H8)ZrR2]
derivatives,[10] such a pathway is assisted by the presence on
the metal of the three facial frontier orbitals (vide infra). All
the h2-ketone and h2-imino compounds have been fully
characterized by 1H NMR spectroscopy in solution and their
structure is exemplified by that of 13, shown as a SCHAKAL
representation in Figure 3. Coordination around tantalum is
determined by the four oxygen atoms from calixarene and by
the O(5) and C(51) atoms from dibenzylketone. The Ta ± O(5)
and Ta ± C(51) bond lengths are consistent with an asymmet-
ric h2-C,O-interaction [Ta ± O(5), 1.942(4) �; Ta ± C(51),


Scheme 2. Migratory insertion reactions into the Ta ± C bonds.


Figure 3. A SCHAKAL view of complex 13. Disorder has been omitted
for clarity.


2.100(9) �]. The two-electron reduced form of the ketone is
supported by the O(5) ± C(51) bond length [O(5) ± C(46),
1.405(11) �]. The O4 core shows tetrahedral distortions which
range from ÿ0.144(6) to 0.144(6) � and the metal atom is
displaced by 0.550(3) � out of the mean plane towards the h2-
C,O-bonded ligand. The plane through the h2-bonded atoms
[Ta, O(5), C(51)] is perpendicular to the O4 core; the dihedral
angle they form is 90.6(3)]8. The Ta ± O bond lengths and
related Ta-O-C angles (Table 2) suggest a significant p


interaction of the metal, essentially with O(1) and O(3), and
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none with the methoxy group O(2). As a consequence, the
conformation of the calixarene cavity assumes an elliptical
cross-section, as indicated by the values of the distance
between opposite p-carbon atoms: C(4) ´´ ´ C(17) 9.182(12) �;
C(10) ´´´ C(24) 7.306(13) � (Table 3).[11]


Both classes of compounds 12 ± 14 and 15 ± 17 are partic-
ularly thermally stable and the MÿC bond does not undergo a
further insertion reaction. They can be quite sensitive to the
presence of a base which causes demethylation and formation
of the corresponding anionic species, as illustrated by the
reaction of 13, 16, and 17 with pyridine. This reaction, which
leads to 18 ± 20, has been followed by NMR; however, only
products 19 and 20 were isolated. Although the reaction of 4,
9 ± 11, 13, 16, and 17 with bases, and particularly with pyridine,
led to the demethylation of the monomethoxycalix[4]arene
independently of the functional group attached to the metal,
this group does affect the reaction pathway: in the case of the
chloride (complex 4), h2-ketones (complexes 12 ± 14), or h2-
imines (complexes 15 ± 17), the p-donating ability of the
functional groups makes the metal less accessible to outside
attack. Thus the pyridine will remove the methyl carbocation
from the methoxy group without the assistance of the metal
and forms, almost exclusively, a pyridine-methyl cation. In the
case of the dialkyl derivatives 9 ± 11, where the metal is more
electrophilic (vide infra), the assistance of the metal is much
more likely and led, through a much more complex mecha-
nism, to a mixture of by-products, such as the alkylated forms
of pyridine and the coupled alkyl residues. It should be
emphasized that it is unlikely that the formation of 18 ± 20 can
be achieved by another synthetic route.


The nature of an anionic form of the h2-metal bonded
ketone or imine is exemplified by the structure of 19
(Figure 4): the pyridinium cation is hosted inside the calix[4]-
arene cavity. Coordination around tantalum is provided by the
four oxygen atoms from calixarene and by the N(1) and C(51)
atoms from the imino ligand. The Ta ± N(1) and Ta ± C(51)
bond lengths are consistent with a slightly asymmetric h2-N,C-


Figure 4. A SCHAKAL view of complex 19. Disorder has been omitted
for clarity.


interaction [Ta ± N(1) 1.965(10) �; Ta ± C(51), 2.200(15) �],
while the N(1) ± C(51) bond length [1.43(2) �] is that of a
single bond. The O4 core shows remarkable tetrahedral
distortions which range from ÿ0.284(9) to 0.254(8) �, and
the metal is displaced by 0.618(1) � out of the mean plane
towards the h2-N,C-bonded ligand. The plane through the h2-
bonded atoms [Ta, N(1), C(51)] is almost perpendicular to the
O4 core; the dihedral angle they form is 93.0(4)]8. The Ta ± O
bond lengths, which are not remarkably different (Table 2),
and the Ta-O-C angles are in agreement with a Ta ± O p


interaction. The bond lengths of Ta ± N(1) [1.965(10) �] and
Ta ± C(51) [2.200(15) �] are close to the values reported in the
literature [mean values 1.955(9) and 2.209(25) � for Ta ± N
and Ta ± C bond lengths, respectively].[12] The conformation of
the calixarene macrocycle assumes an elliptical cross-section,
as indicated by the values of the distance between opposite p-
carbon atoms: C(4) ´´ ´ C(17) 8.38(2) �; C(10) ´´ ´ C(24)
7.372(18) � (Table 3). The methylpyridinium cation sits in
the cavity of the calixarene and the aromatic ring is oriented
nearly perpendicularly to the A and C rings [dihedral angles
86.4(4) and 89.9(4)8, respectively] and parallel to the B and D
rings [dihedral angles 26.1(3) and 23.3(3)8, respectively.


It has to be mentioned that, under the same conditions, the
alkyl and aryl derivatives 6 ± 8 do not undergo any migratory
insertion reaction with CO, RNC, or olefins. This is not
surprising because complexes 6 b ± 8 b, though in a monomeric
form, do not bind pyridine, which would simulate the
precoordination of a substrate preceding a migratory inser-
tion reaction with carbon monoxide and isocyanide. In the
latter case, the only detectable reaction was the reversible
formation of an adduct when 7 was reacted with tBuNC. The
reaction was followed both by IR and NMR spectroscopy (see
Experimental Section) at different temperatures. The proton
chemical shift of the tBu [tBuNC], in particular, clearly
indicates a coordination of isocyanide within the calix[4]arene
cavity.


Complex 4 can also be used as a starting material to
synthesize complexes which contain unsaturated carbon
functionalities that are bonded to the metal (Scheme 3). Very
probably, the reaction with LiC�CPh proceeds through the
formation of a bis(phenylacetylide) derivative A (Scheme 3),
which then reacts with a third equivalent of LiC�CPh by an
attack of the a-carbon of one of the acetylide ligands to form
21. Complex 21 contains a s-bonded acetylide, and an h2-
bonded 1,4-diphenylbutadiyne, PhÿC�CÿC�CÿPh. The addi-
tion of yet a further equivalent of LiC�CPh is, very probably,
prevented by the existence of only three available frontier
orbitals on the [calix[4]-(OMe)(O)3Ta] fragment; the fourth
orbital is only available for nonbonding electrons (vide infra).
The low-quality X-ray structure of 21 is reported in the
material deposited with the Cambridge Crystallographic Data
Centre (see Experimental Section). Reaction of 4 with allyl-
MgCl led to the complete replacement of both chlorides and
to the formation of the bis(allyl) derivative 22, which has been
isolated as a yellow microcrystalline solid. The h3-bonding
mode of both allyl groups (shown in Scheme 3) is supported
by the 1H NMR spectrum (see the Experimental Section),
which did not change as a function of the temperature.
Complex 22 behaves in a similar manner to s-bonded alkyl or
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Scheme 3. Synthesis and reactivity of allyl and acetylide derivatives of Ta ±
monomethoxycalix[4]arene.


aryl derivatives undergoing migratory insertion with CO and
tBuNC to give 23 and 24, respectively. They apparently do not
display any particularities as compared with the analogous
derivatives 12 ± 17, and have been fully characterized (see the
Experimental Section).


The tantalum ± butadiene derivative 25 was obtained from
the reaction of 4 with [Mg(C4H6)] in the form of an orange
microcrystalline solid (Scheme 4). The tantalum ± butadiene


Scheme 4. Synthesis and reactivity of Ta ± butadiene bonded to mono-
methoxycalix[4]arene.


functionality exists in various forms in the cyclopentadienyl
series,[13] while 25 is a quite unusual compound in tantalum ±
alkoxo organometallic chemistry. The cis-p2,h4-bonding mode
we suggest for 25 is unlike that found in many of the
cyclopentadienyl derivatives,[13] and is essentially based on the
information from NMR and theoretical studies (vide infra).
The chemistry and structural features of 25 parallel those of
the analogous [p-tBu-calix[4]-(OMe)2(O)2Zr(h4-C4H6)].[14]


Three different modes of reaction have been identified
towards tBuNC, PhN3, and Me2CO. In the reaction with
tBuNC, the butadiene ligand behaves as though it is bonded to
the metal in a h4,s2-p fashion and affords the imino complex
26, as a consequence of a double migration such as we
observed for the complexes 9 ± 11. Butadiene behaves in a
similar manner in the reaction with acetone, to give the nine-
membered dioxo metallacycle, 27. In the reaction with PhN3,
complex 25 behaves as a source of the d2-tantalum(iii)
fragment [p-tBu-calix[4]-(OMe)(O)3Ta] to give a phenylimido
derivative (Scheme 4), that is the m-phenylnitrene dimer 28. In
addition to the analytical and spectroscopic data, the struc-
tures of 27 (very preliminary) and 28 received further support
from their X-ray analysis.


The structure of 28 consists of centrosymmetric dimers
(Figure 5). The conformation of the macrocycle assumes an
elliptical cross-section similar to that observed in 4 (Table 3).
This conformation enables a toluene solvent molecule to be


Figure 5. A SCHAKAL view of complex 28. The prime denotes a
transformation of 1ÿ x, 1ÿ y, 1ÿ z. Disorder has been omitted for clarity.


accommodated inside the cavity as a guest with the aromatic
ring oriented nearly perpendicular to the A and C rings
[dihedral angles 87.2(4) and 87.3(3)8, respectively] and parallel
to the B and D rings [21.1(3) and 19.2(3)8, respectively].[15]


The metal exhibits a distorted octahedral coordination; the
O(1), O(3), N(1), N(1)' atoms define the best equatorial plane
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out of which tantalum is displaced by 0.166(1) � towards
O(4). As observed in complex 4, the hexacoordination of the
metal removes the planarity of the O4 core, which shows
remarkable tetrahedral distortions, which range from
ÿ0.421(7) to 0.417(7) �, while tantalum is displaced by
0.771(1) � out of the mean plane. The Ta2N2 ring, which is
planar from symmetry requirements, is perpendicular to the
O4 core; the dihedral angle between the two planes is 88.0(2)8.
The Ta ´´ ´ Ta' separation is 3.226(1) �. The C(51) ´´ ´ C(56)
aromatic ring is nearly perpendicular to the Ta2N2 core; the
dihedral angle is 84.638. The Ta ± O and Ta-O-C parameters
(Table 2) support a significant p interaction between the
metal and O(1) and O(3). The TaÿN bond lengths [mean
value 2.041(1) �] are in good agreement with the values
reported for complexes containing bridging imido groups
[mean value 2.029(4) � calculated with 8 complexes].[16]


Extended Hückel analysis : Extended Hückel calculations[17]


were performed to gain a better understanding of the main
electronic and structural properties of the tantalum com-
plexes supported by the calix[4]arene-O4 matrix and their
reactivity patterns. The aim of these calculations is: i) to study
the frontier orbitals of the organometallic building blocks, in
which the tantalum is anchored, to mono- and unmethylated
calix[4]arene matrices and their consequences on the reac-
tivity of these organometallic fragments, ii) to study the base-
assisted demethylation of 4 and 9, iii) to study the migratory
insertion of CO in 6 and 9, and iv) to provide insight into the
nature of the bonding between tantalum and butadiene in 25.


Two organometallic fragments have been considered in
which the tantalum is coordinated by the nonmethylated and
monomethylated forms of calix[4]arene, that is [calix[4]-
(O)4Ta]� and [calix[4]-(OMe)(O)3Ta]2�, respectively. The
ligands have been slightly simplified by replacing the tBu
groups and the methylene bridges by hydrogens, and by
applying C4v and Cs symmetries, respectively. This simplified
model retains the main features of the whole ligand; in
particular the geometrical constraints on the O4 set of donor
atoms has been maintained by fixing the geometry of the four
phenoxo groups to the experimental values observed for the
mono- or dichloro derivatives.


The lowest unoccupied orbitals of these fragments are
depicted in Figure 6. For both these TaV species with a d0


electron count, we found four low-lying, empty, metal-based
orbitals. The dx2ÿy2 , which point more closely towards the
oxygen ligands, are pushed higher in energy while the
remaining four d orbitals are found within 1 eV of each other.
For the [calix[4]-(O)4Ta] fragment the LUMO is a 1a1 (dz2)
with a doubly degenerate 1e (dxz, dyz) about 0.5 eV above it.
Due to in-plane p interactions with the four oxygen atoms,
the 1b2 (dxy) orbital is destabilized and lies 0.5 eV higher in
energy.


In the [calix[4]-(OMe)(O)3Ta]� fragment, due to the
reduced s and p interactions with the methylated phenoxo
ligand in the xz plane, the (dxz, dyz) set is expected to split ; the
dxz component would be lower in energy and closer to the
(dz2). Moreover, because of the lower molecular symmetry
(Cs), the two lowest orbitals of dz2 and dxz character have the
same a' symmetry and mix strongly to give rise to two


Figure 6. Lowest unoccupied orbitals of the [calix[4]-(O)4Ta]� and [cal-
ix[4]-(OMe)-(O)3Ta]2� fragments.


hybridized 1a' and 2a' orbitals lying in the xz plane and tilted,
respectively, towards the (O) and (O ± Me) directions (see
also Figure 7).


Figure 7. The lowest 1a' and 2a' orbitals of the [calix[4]-(OMe)(O)3Ta]2�


fragment.


Most of the structures discussed in this work can be easily
rationalized on the basis of the frontier orbitals of the above
fragments. Let us first consider the hexacoordinated com-
pounds formed by the monomethylated calixarene fragment
with two mainly s-bonding ligands, that is [calix[4]-
(OMe)(O)3Ta X2] [X�Cl (4), Me (9)], in which the two Xÿ


ligands lie in the Ta(O)2 plane (yz). Only two of the low-lying
d orbitals are used, notably the dz2 and dyz, which interact with
the in-phase and out-of-phase combinations, respectively, of
the two s orbitals of the Xÿ groups, to leave as the LUMO an
a' orbital of essentially dxz character with the a'' (dxy) orbital
slightly higher in energy. A difference is, however, observed
between the dialkyl and dichloro compounds: for a purely s-
donating ligand, such as Me, the metal orbitals of the [calix[4]-
(OMe)(O)3Ta]2� fragment not involved in the M ± X bonding,
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a' (dxz) and a' (dxy), remain essentially unaltered at about the
same energies observed for the [calix[4]-(OMe)(O)3Ta]�


fragment. A different situation is found when we consider a
p-donor ligand, such as Clÿ, where the interaction with the p-
donor orbitals of Clÿ results in a destabilization of these two
metal orbitals which are therefore considerably higher in
energy. This difference between the two complexes has
important consequences on their base-assisted demethylation
(vide infra).


We then considered the behavior of the [calix[4](O)4TaX]
compounds [X�Cl (3), Me (6 b)] and assumed an idealized
monomeric pentacoordinated structure in which the Xÿ ligand
lies along the z axis. In these species we have a strong bonding
interaction between the metal dz2 and the s orbital of Xÿ. For a
purely s-donating ligand, such as Me, the remaining low-lying
orbitals of the metal fragment remain essentially unaltered so
that the LUMO is the 1e (dxz, dyz) pair, while for a p-donor
ligand, such as Clÿ, the interaction with the p-donor orbitals
leads to a destabilization of the 1e (dxz, dyz) to leave the
1b2 (dxy) as a singly occupied orbital.


We now turn our attention to the base-induced demethy-
lation of 4 and 9 which leads to [calix[4]-(O)4TaCl2]ÿ[PyMe]�


(5), and [calix[4]-(O)4TaMe] (6 b), respectively. This reaction
was modeled with the help of a NH3 molecule. An analysis of
the frontier orbitals and of the Mulliken charges of 4 and 9
shows that in both cases the LUMO orbitals are essentially
localized on the tantalum and that it also bears the highest
positive charge. Therefore, we expect the metal to be the most
electrophilic center in these compounds and to undergo direct
attack by the base. The spatial extension of the a' (dxz) LUMO
suggests that the favorable approach of the nucleophilic NH3


species occurs along a line in the xz plane which forms an
angle of approximately 458 with the z-axis. We first simulated
the initial stages of the NH3 attack by performing extended
Hückel calculations on the [calix[4]-(OMe)(O)3TaX2]-NH3


system (X�Cl, Me) with different (NH3)-to-metal distances
(L), (5.0 to 2.5 �), along the expected most favorable line. At
each point along the attack pathway we relaxed the X-Ta-X
angle, the dihedral angle between the TaMe2 and Ta(O)2


planes, and the angular position of NH3. The two total energy
profiles (Figure 8) show that the attack on the metal is far
more energetically favorable for the bis(methyl) than for the
bis(chloro) complex. For the bis(methyl) complex a small
activation barrier is observed at �3 �, although this is not
followed by a significant stabilization at shorter distances.
Instead, in the case of the bis(chloro) complex, the energy
profile reaches 2 eV at the shortest considered distance of
2.5 �. This implies that the bis(chloro) complex is less
electrophilic than the bis(methyl) analogue, which is in
agreement with the higher energy of the LUMO orbital
(ÿ9.7 versus ÿ10.6 eV) and the lower charge on tantalum
(�1.0 versus �1.1). The analysis reported in Figure 8 suggests
that demethylation is probably a metal-assisted process in the
case of 9 ± 11, while we can admit a direct attack of the base on
the positively charged methyl (�0.34) in the case of complex
4.


The complexes reported here are appropriate models to
study the migratory insertion reaction of CO into a M ± C
bond anchored to an oxo surface. We started this study by


Figure 8. Total energy profile for the attack of NH3 on tantalum in
[calix[4]-(OMe)(O)3TaX2].


examining the reaction of carbon monoxide with 9. We first
simulated the initial stages of the attack of CO by performing
extended Hückel calculations on the [(calix[4]-(OMe)(O)3-
TaMe2]-CO system with different (CO)-to-metal distances
(5.0 to 2.5 �) along the expected most favorable line (see
above). At each point along the attack pathway we relaxed
the Me-Ta-Me angle, the dihedral angle between the TaMe2


and Ta(O)2 planes, and the angular position of CO. The total
energy profile (Figure 8) shows an energy barrier of only
0.5 eV followed by a significant stabilization, which thus
allows the facile insertion of CO into the Ta ± C bond to give
an h2-acyl intermediate. We have considered this hypothetical
intermediate [calix[4]-(OMe)(O)3TaMe(h2-COMe)] in the
idealized structure C (Scheme 5) with the planar h2-acyl
moiety lying perpendicular to the TaMe2 reference plane of


Scheme 5. h2-Acyl (C) and butadiene (D, F, G, H) bonding modes to Ta ±
calix[4]arene moieties and to Cp2Zr (E).







FULL PAPER C. Floriani et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0730 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2730


the dimethyl reagent (yz in our frame). Previous calcula-
tions[2e] on the analogous intermediate compound [calix[4]-
(OMe)2(O)2ZrMe(h2-COMe)] have shown that this is the
most stable structure, at variance with the structurally
characterized zirconium bis(cyclopentadienyl)-methyl h2-acyl
species [Cp2ZrMe(h2-COMe)] in which the planar h2-acyl
moiety lies in the ZrMe2 reference plane of the dimethyl
reagent. This structural difference has already been discussed
and interpreted in terms of the different nature of the low-
lying metal orbitals for the [Cp2Zr]2� and [calix[4]-
(OMe)2(O)2Zr]2� fragments. For the [Cp2Zr]2� fragment only
orbitals in the equatorial plane are available; this permits only
meridional geometries and rules out nonplanar structures,
such as C, while for [calix[4]-(OMe)2(O)2Zr]2� as well as for
[calix[4]-(OMe)(O)3Ta]2� there are vacant low-energy orbi-
tals lying on both the perpendicular symmetry planes.


An analysis of the orbital energies and the charge on the
acyl and methyl carbon atoms in [calix[4]-(OMe)(O)3Ta
Me(h2-COMe)] helps to explain the fast migration of the
second alkyl in the hypothetical species [calix[4]-(OMe)(O)3-
TaMe(h2-COMe)], which leads to the h2-ketone complex.
Hoffmann et al. have shown that the reactivity of such an h2-
coordinated acyl can be described in terms of its carbenium-
type character, and is determined by a positive charge on the
carbon atom and the presence of a low-lying LUMO, made up
essentially of the p*


CO perpendicular to the acyl plane.[18] Both
effects make the acyl carbon electrophilic; this favors its
insertion into the second alkyl group to give the h2-ketone.
Our calculations on [calix[4]-(OMe)(O)3Ta Me(h2-COMe)]
showed a significant charge on the acyl carbon (�0.5) and a
low-energy p*


CO orbital (ÿ9.9 eV), which suggests a facile
attack by the second alkyl group of carbanion character (the
methyl carbon bears a negative charge of ÿ0.3) with the
formation of the h2-ketone. This insertion of CO into metal ±
calix[4]arene dialkyl complexes, which leads directly to a h2-
ketone without the formation of an intermediate h2-acyl
species, has already been observed for analogous [calix[4]-
(OMe)2(O)2ZrR2] compounds. It is at variance with the
behavior of bis(cyclopentadienyl)dialkyl complexes of early
transition metals, for which the h2-acyl intermediate has been
isolated and structurally characterized (see ref. [2e] for a
discussion of this difference in behavior). In the case of the
monoalkyl derivatives 6 ± 8, for which no migratory insertion
of CO or tBuNC has been observed, the energy profile for the
approach of CO towards the metal (Figure 9) looks quite
different and shows strong stabilization upon the coordination
of CO to tantalum. Such a profile was obtained by adjusting
only the angular position of CO and methyl. This result would
suggest the formation of a stable CO adduct which does not
undergo any migratory insertion. As a matter of fact, in the
reaction of 7 with tBuNC (see preceding section), a reversible
coordination of tBuNC was found. The lack of a migration
reaction may be due either to the thermodynamically
unfavorable formation of an h2-acyl or h2-iminoacyl inter-
mediate, which, in the present case, cannot evolve to the
stable h2-ketone or h2-imine, or even to the binding of CO and
RNC to the metal, but rather to the coordination of tBuNC
inside the cavity of the calix[4]arene. Such a geometrical
alkyl ± CO reciprocal arrangement would prevent any migra-


Figure 9. Total energy profile for the attack of CO on tantalum in [calix[4]-
(OMe)(O)3TaMe2] and in [calix[4]-(O)4TaMe].


tory insertion reaction. Significant support for the coordina-
tion of RNC inside the cavity comes from the reaction of
tBuNC with 7, where such a kind of binding was observed.


Extended Hückel calculations were also performed to
elucidate the nature of the bonding between the butadiene
unit and the central metal in complex 25. The coordination
geometry of the butadiene unit was optimized with respect to
the three parameters R, L, and q depicted in Scheme 5 (D),
while all the other geometrical parameters were kept fixed. R
represents the distance of the butadiene from tantalum, L
defines its departure from the main symmetry axis (z) of the
metal fragment, while q represents the dihedral angle
between the butadiene plane and the reference plane of the
fragment. The geometrical parameters taken for the metal
fragment were Ta ± O� 1.99 (phenoxy), Ta ± O� 2.35 (Me-
phenoxy), O ± C(Ph)� 1.33 (phenoxy), O ± C(Ph)� 1.41 (Me-
phenoxy), O ± C(Me)� 1.43, O-Ta-O� 1148 (phenoxy), O-Ta-
O� 1538 (Me-phenoxy), Ta-O-C(Ph)� 1728 (phenoxy), Ta-
O-C(Ph)� 1168 (Me-phenoxy), and Ta-O-C(Me)� 1318. The
butadiene moiety was considered as a planar unit with the
geometrical parameters taken from the analogous [calix[4]-
(OMe)2(O)2Zr(butadiene)] complex:[14] C1 ± C2� 1.43, C2 ±
C3� 1.44, C ± H� 1.09, C1-C2-C3� 1208, and C-C-H� 1208.
The minimum was calculated for R� 1.95 �, L� 0.75 �, and
q� 158, which corresponds to a p2,h4 structure, in agreement
with the 1H and 13C NMR data. The electronic structure was
analyzed in terms of the interactions between the frontier
orbitals of the metal fragment and of the butadiene unit (see
Figure 10). The orbitals of the [calix[4]-(OMe)(O)3Ta] frag-
ment are reported in the second column of Figure 6. For such
a TaII fragment with a d2 electron count, the lowest, almost
degenerate, 1a' and 2a' orbitals are occupied by two electrons.
On the extreme right of Figure 10 we show the frontier
orbitals of butadiene, that is the four p and p* orbitals. The
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Figure 10. Orbital interaction diagram for [Ta{calix[4]-(OMe)(O)3}(h4-
C4H6)].


interaction between the [calix[4]-(OMe)(O)3Ta] fragment and
the butadiene moiety is illustrated by the molecular orbital
diagram for 25 in the central column of Figure 10. Two
significant interactions can be seen from Figure 10: the empty
1a'' (dyz) interacts with the occupied p2-orbital, while the
occupied 1a' and 2a' match with the empty p3* and produce
the HOMO of the complex. The former interaction is of the
donation type while the latter describes the back-donation
from the metal to butadiene. These interactions are similar to
those observed in the [Fe(CO)3(butadiene)] complex[19] and
lead to an analogous p2,h4-bonding mode with all four carbon
atoms of butadiene almost equally involved in the metal ±
butadiene bond. This is confirmed by the overlap populations
calculated for 25 and compared, in Table 4, with the reported
values for the [Fe(CO)3(butadiene)] and [Cp2Zr(butadiene)]
complexes.[19] We see that in 25 all four Ta ± C bonds show the
same bond strength and that also the C1 ± C2 and C2 ± C3 bonds
are equally strong.


The p2-coordination mode of butadiene in 25 is different
from the s2-p metallacyclopentene structure observed in
[Cp2Zr(butadiene)] (E in Scheme 5) and in other butadiene
complexes of electropositive, early transition metals.[20] This


seemingly surprising difference is easily explained on the basis
of the different frontier orbitals of the [calix[4]-(OMe)(O)3Ta]
and [Cp2Zr] metal fragments. In the [Cp2Zr] fragment, only
one dp orbital, 1b2 (dyz), is available for the donation from p2 ,
and the back-donation is described by 1a1-p3* mixing
(Scheme 6) which, as a result of the higher components on
the outer carbon in p3*, involves mainly the two terminal
carbon atoms.[19] Instead, in 25 a second dp orbital (the dxz


spread in 1a' and 2a') is available for the back-donation to p3*
and all four carbon atoms are involved in this interaction
(Scheme 6).


Scheme 6. Back-bonding in the [Cp2Zr] fragment (a) and in complex 25
(b).


Figure 10 illustrates that a low-lying orbital of dz2 character,
mixed with dxz in the 1a' and 2a' orbitals, is also available for
the [calix[4]-(OMe)(O)3Ta] fragment so that a dz2-p3* inter-
action would be expected for 25 (Scheme 6) which would lead
to a s2-p character. In order to study this point, we performed
EH calculations on 25 in which the dihedral angle q was
progressively increased from 158 (the optimal value for the p2


structure) to 308, which is a typical value for a s2-p geometry.
A small increase in energy was observed, and the s2-p
structure was calculated to be only�10 kcal molÿ1 higher than
that for the optimal p2 structure. Moreover, an analysis of the
molecular orbitals shows that as q increases, the HOMO shifts
continuously from a dxz-p3* to a dz2-p3* character to reach a
mainly dz2-p3* configuration in the final s2-p geometry. In
other words, the two low-lying, almost degenerate, 1a' and 2a'
orbitals of [calix[4]-(OMe)(O)3Ta] are combinations of the dxz


and dz2, whose back-donation to the p3* orbital of butadiene
leads, respectively, to a p2 or a s2-p structure. The observed
preference for the former structure is probably determined by
the better dxz-p3* overlap, but the s2-p structure is easily
available and may play an important role in the peculiar
reactivity pattern of this butadiene complex.


Although no X-ray analysis could be performed on 25,
some structural information was obtained from the NMR
spectra (vide infra) which suggests that the plane bisecting the
butadiene lies in the xz plane which contains the methoxy
group of the calix[4]arene ligand. This orientation (F in
Scheme 5) is analogous to that observed for the structurally
characterized [calix[4]-(OMe)2(O)2Zr(butadiene)] com-
pounds in which the plane bisecting the butadiene lies in the


Table 4. Comparison of the calculated overlap populations in 25 with those
for [Cp2Zr(butadiene)] and [Fe(CO)3(butadiene)].[19]


25 [Fe(CO)3(butadiene)] [Cp2Zr(butadiene)]


M ± C1 0.233 0.202 0.338
M ± C2 0.196 0.184 0.060
C1 ± C2 0.994 0.979 0.991
C2 ± C3 0.941 0.974 1.012
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xz plane that contains the two methoxy groups of the
calix[4]arene ligand. This orientation is determined by the
more favorable interaction of the butadiene p2 and p3*
orbitals with the two dp orbitals of the [calix[4]-(OMe)(O)3-
Ta)] fragment, and also leads to a lower steric repulsion
between the butadiene and the methoxy group of the
calix[4]arene ligand. The alternative orientation with the
plane bisecting the butadiene in the orthogonal yz plane (G in
Scheme 5) has been calculated, with reoptimization of R, L,
and q, and is �35 kcal molÿ1 higher in energy, which suggests
that butadiene rotation does not occur at room temperature.
The 13C NMR data indicate that the bonding of the diene
ligand has a mainly h4,p2 character rather than a h4,s2-p
character. Indeed, the 13C ± 1H coupling constant observed for
the terminal CH2 in 25 (J� 151 Hz) is only slightly smaller
than the usual values for the hybridized sp2 carbon atoms (J�
155 ± 160 Hz); this indicates a small amount of rehybridization
of the diene methylene group towards sp3 hybridization. The
observed JCH is significantly higher that the usual value for a
sp3-hybridized carbon atom (J� 125 Hz) and application of
Newton�s semiempirical equation[21] allows a rough estimate
of n� 2.2 for the extent of spin hybridation for the methylene
carbons in 25. The 1H and 13C NMR (200 MHz) spectra of 25
revealed a fluxional character of the diene ± tantalum bond
above ÿ60 8C. In the spectrum at room temperature the
terminal butadiene protons are in equilibrium and show only
one doublet at d� 2.69. Only one multiplet at d� 6.45 is
observed for the two protons of the meso carbons. This
pattern did not change when the temperature was lowered,
and only a partial splitting into two groups, assignable to syn
and anti protons at the butadiene termini, could be observed
at the lowest measured temperature of ÿ60 8C. The inter-
conversion of the terminal protons in 25 could be explained by
the envelope flipping of the butadiene ligand through a planar
metallacyclopentene transition state (Scheme 7). This mech-
anism has been investigated by the calculation of the relative


Scheme 7. Rearranging modes of butadiene over a Ta ± monomethoxy
calix[4]arene moiety.


energy of the postulated planar metallacyclopentene transi-
tion state. The geometry of this species has been optimized by
variation of the distance R between tantalum and the C1 ± C4


line (H in Scheme 5); the results indicate an energy barrier of
�16 kcal molÿ1, which is compatible with the observed
1H NMR behavior.


Useful structural information on the molecular symmetry
of 25 can be deduced from the 1H NMR data: complex 25
exhibits a Cs symmetry, as evidenced by its 1H NMR spectrum
which shows two pairs of doublets (d� 3.18, 4.22, and 3.28,
4.54 at 30 8C) for the bridging methylene protons. This pattern
did not change when the temperature was lowered, which
indicates that 25 maintains its Cs symmetry at ÿ60 8C. This
behavior suggests that the coordination geometry of the


butadiene, with its bisecting plane lying in the xz plane
containing the methoxy group of the calix[4]arene ligand (F in
Scheme 5), is favored over the alternative orthogonal geom-
etry (G in Scheme 5) which would give a C1 geometry and
even account for the flipping process (see above). This is in
agreement with our extended Hückel calculations (see
above), which indicate for G a much higher energy than F
(35 kcal molÿ1).


Conclusions


The organometallic chemistry of tantalum(v) bonded over an
oxo-matrix was illustrated by the calix[4]arene-tantalum(v)
fragments. A number of relevant results were obtained:
1) The acid-base chemistry of the metal is synergic with the


cleavage of the CÿO bond and leads to the demethylation
of methoxy groups on a calix[4]arene skeleton. In some
cases this can be an interesting synthetic route to otherwise
inaccessible anionic forms of h2-acyls and h2-iminoacyls.
The extended Hückel calculations enabled discrimination
between metal-assisted and non-metal-assisted processes.


2) The migratory insertion reactions of CO and RNC with
[TaR2] fragments led exclusively to the formation of the h2-
ketone or the h2-imine, respectively, without the possibility
of intercepting the corresponding h2-acyls or h2-iminoacyl.
Such a result is in agreement with a facial rather than a
meridional (see Cp2Zr fragments) arrangement of the
three frontier orbitals involved in the process.


3) When the formation of a h2-ketone or h2-imine is
prevented, the [Ta ± R] functionality (see complexes 6 ±
8) does not undergo any migratory insertion reaction. In
such cases the reversible precoordination of tBuNC was
observed.


A quite rare example of a tantalum(v) ± butadiene func-
tionality, bound over an oxo-matrix, was reported. Although
butadiene displays an essentially h4,p2-bonding mode, the
Ta ± butadiene complexes behave either similarly to diallyl
derivatives in insertion reactions, as expected for a h4,s2-p-
bonding mode of the butadiene, or similarly to a source of
tantalum(iii)-d2 carbenoid fragment, depending on the nature
of the substrate.


Experimental Section


General procedure : All reactions were carried out under an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods. 1H NMR and IR spectra were recorded on Bruker AC200,
DPX 400, and Perkin ± Elmer FT 1600 instruments, respectively. GC and
GC-MS analyses were carried out with a HP 5890 Series II system and a
HP 5890AGC system, respectively. The synthesis of [p-tBu-calix[4]-
(OMe)2(OH)2] (2) was performed as reported in the literature.[22]


Synthesis of 3 : TaCl5 (18.55 g, 51.8 mmol) was added to a suspension of 1 ´
CH2Cl2 (38.06 g, 51.8 mmol) in toluene (500 mL) at room temperature. The
mixture was heated to reflux for 14 h, then volatiles were removed in a
vacuum, and toluene was added to the yellow residue that was collected
and dried in a vacuum. Yield: 43.20 g (85 %); 1H NMR (CD2Cl2, 298 K):
d� 7.22 (m, 13H; arom), 5.11 (d, J� 12.4 Hz, 2H; CH2-calix), 4.59 (d, J�
13.6 Hz, 2 H; CH2-calix), 3.53 (d, J� 12.4 Hz, 2H; CH2-calix), 3.4 (d, J�
13.6 Hz, 2 H; CH2-calix). 2.34 (s, 3 H; CH3-toluene), 1.33 (s, 9H; tBu-calix),
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1.24 (s, 18 H; tBu-calix), 1.18 (s, 9H; tBu-calix); anal. calcd for 3 ´ 2 C7H8,
C102H120Cl2O8Ta2 (1906.87): C 64.25, H 6.34; found: C 64.54, H; 6.31.


Synthesis of 4 : TaCl5 (20.95 g, 58.5 mmol) was added to a solution of 2
(39.2 g, 57.9 mmol) in toluene (400 mL). The mixture was refluxed for 36 h,
then volatiles were removed in a vacuum, and the yellow residue was
washed with n-hexane (200 mL), collected, and dried in a vacuum. Yield:
43.23 g (74 %). Crystals suitable for X-ray analysis were grown from a
saturated solution in toluene and n-hexane at room temperature. 1H NMR
(C6D6, 298 K): d� 7.00 (m, 13 H; arom), 4.97 (d, J� 13.8 Hz, 2H; CH2-
calix), 4.36 (d, J� 13.3 Hz, 2 H; CH2-calix), 3.95 (s, 3 H; OCH3), 3.30 (d, J�
13.8 Hz, 2H; CH2-calix), 3.15 (d, J� 13.3 Hz, 2H; CH2-calix), 2.10 (s, 3H;
CH3-toluene), 1.34 (s, 18 H; tBu-calix), 0.73 (s, 9H; tBu-calix), 0.67 (s, 9H;
tBu-calix); anal. calcd for 4 ´ C7H8, C52H63Cl2O4Ta (1003.92): C 62.21, H
6.32; found: C 61.78, H 6.12. A sample of the product in C5D5N gave
complex 5, as shown by the NMR spectrum: 1H NMR (C5D5N, 298 K): d�
7.55 (m, 8H; arom), 5.30 (d, J� 12.7 Hz, 4 H; CH2-calix), 4.10 (s, 3 H; CH3-
N), 3.53 (d, J� 12.7, 4H; CH2-calix), 1.40 (s, 18H; tBu), 0.79 (s, 18 H; tBu).


Synthesis of 5 : Pyridine (10 mL) was added to a yellow solution of 4 ´ C7H8


(2.00 g, 1.99 mmol) in toluene (100 mL). After 12 h the solution gave a
suspension of white solid which was collected and dried in a vacuum. Yield:
1.4 g (68 %); 1H NMR (C5D5N, 298 K): d� 8.85 (d, J� 5.87 Hz, 2H;
pyridine), 8.27 (t, J� 7.8 Hz, 1 H; pyridine), 7.73 (m, 2 H; pyridine), 7.48 (s,
4H; arom-calix), 7.26 (m, 2.5 H; tol), 7.09 (s, 4H; arom-calix), 5.32 (d, J�
12.8 Hz, 4 H; CH2-calix), 4.17 (s, 3 H; CH3-N), 3.52 (d, J� 12.7 Hz, 4H;
CH2-calix), 2.2 (s, 1.5H; CH3-tol), 1.34 (s, 18H; tBu), 0.82(s, 18 H; tBu);
anal. calcd. for 5 ´ 0.5 C7H8, C53.5H64Cl2NO4Ta (1036.95): C 61.97, H; 6.22, N
1.35; found: C 61.98, H 6.11, N 1.45.


Synthesis of 7: A solution of (PhCH2)2Mg (0.17m, 3.06 mmol) in THF
(18 mL) was added dropwise to a suspension of 3 ´ 2C7H8 (5.84 g,
3.06 mmol) in benzene (200 mL). The yellow suspension was heated to
reflux for 1 h, yielding a brown suspension. Dioxane (2 mL) was added to
the reaction mixture, then volatiles were removed in a vacuum, and the
solid residue was extracted with benzene (300 mL). The solvent was then
evaporated to dryness, and the residue washed with n-hexane (60 mL) and
collected as a white powder. Yield: 2.33 g (42 %). Crystals suitable for
X-ray analysis were grown from a saturated benzene and n-hexane solution
at room temperature. 1H NMR (C6D6, 298 K): d� 7.43 (d, J� 8.2 Hz, 2H;
arom), 7.23 (m, 2H; arom), 7.06 (s, 8H; arom-calix), 6.91 (t, J� 7.2 Hz, 1H;
arom), 4.98 (d, J� 12.2 Hz, 4H; CH2-calix), 3.62 (s, 2 H; CH2-Bn), 3.28 (d,
J� 12.2 Hz, 4 H; CH2-calix), 1.09 (s, 36H; tBu-calix) corresponds to the
monomeric form 7b. 1H NMR (CD2Cl2, 298 K): d� 7.39 (m, 5 H; arom),
7.12 (s, 8 H; arom), 4.69 (d, J� 12.2 Hz, 4H; CH2-calix), 3.79 (s, 2H;
CH2Ph), 3.34 (d, J� 12.2 Hz, 4 H; CH2-calix), 1.19 (s, 36 H; tBu-calix); anal.
calcd. for C102H118O8Ta2 (1833.95): C 66.80, H 6.49; found: C 66.66, H 6.68.
A stoichiometric amount of tBuNC was added to a sample of 7 in toluene.
The reaction was followed by IR and 1H NMR spectroscopy. The IR
spectrum showed the presence of two characteristic peaks: nÄ � 2133 cmÿ1


(free tBuNC) and 2169.2 cmÿ1 (coordinated tBuNC). The NMR spectra in
CD2Cl2 showed broad peaks for endo-CH2 of calix[4]arene, CH2Ph, and
coordinated tBuNC (at d�ÿ0.26). Upon the addition of excess tBuNC, the
NMR signals for endo-CH2 and CH2Ph shifted and became sharper. The
peak of coordinated tBuNC became sharper at low temperature (263 K).
1H NMR (CD2Cl2, 263 K): d� 7.39 (d, J� 8 Hz, 2H; arom), 7.31 (m, 2H;
arom), 7.18 (s, 8H; arom-calix), 6.95 (t, J� 8 Hz, 1H; arom), 4.76 (d, J�
12 Hz, 4H; CH2-calix), 3.36 (d, J� 12 Hz, 4 H; CH2-calix), 3.25 (s, 2H;
CH2Ph), 1.42 (s, free tBuNC), 1.18 (s, 18H; tBu-calix), ÿ0.33 (s, 9H;
coordinated tBuNC).


Synthesis of 8 : A solution of p-MeC6H4MgBr (0.8m, 6.05 mmol) in THF
(7.6 mL) was added dropwise to a suspension of 3 ´ 2C7H8 (5.77 g,
3.02 mmol) in THF (100 mL). The yellow suspension was heated to reflux
for 12 h. Dioxane (3 mL) was added to the reaction, then the volatiles were
removed in a vacuum, and the solid residue was extracted with benzene
(300 mL). The solvent was then evaporated to dryness, the solid residue
washed with n-hexane (60 mL), and then collected. Yield: 2.5 g (45 %). A
mixture of 8 a and 8 b was detected in the 1H NMR spectrum: 1H NMR
(dimeric form 8a) (C6D6, 298 K): d� 8.33 (d, J� 7.32 Hz, 2H; arom), 7.37
(d, J� 2 Hz, 2H; arom), 7.24 (d, J� 2 Hz, 2 H; arom), 6.89 (s, 2 H; arom),
6.78 (s, 2H; arom), 6.75 (d, J� 7.32 Hz, 2 H; arom), 5.94 (d, J� 12.2 Hz,
2H; CH2-calix), 5.32 (d, J� 13.18 Hz, 2H; CH2-calix), 3.49 (d, J� 12.2 Hz,
2H; CH2-calix), 3.41 (d, J� 13.18 Hz, 2 H; CH2-calix), 1.78 (s, 3 H; CH3-p-
tol), 1.27 (s, 18 H; tBu), 1.00 (s, 9H; tBu), 0.93 (s, 9H; tBu); 1H NMR


(monomeric form 8 b) (C6D6, 298 K): d� 8.64 (d, J� 7.80 Hz, 2 H; arom),
7.24 (m, 10H; arom), 5.15 (d, J� 12.2 Hz, 4 H; CH2-calix), 3.35 (d, J�
12.2 Hz, 4 H; CH2-calix), 2.04 (s, 3 H; CH3-p-tol), 1.13 (s, 36 H; tBu-calix);
anal. calcd. for C102H118O8Ta2 (1833.95): C 66.80, H 6.49; found: C 66.48, H
6.55. A sample of the product heated in C5D5N gave only the monomeric
species: 1H NMR (C5D5N, 298 K): 8.46 (d, J� 7.82 Hz, 2H; arom), 7.4 (m,
10H; arom), 4.98 (d, J� 12.2 Hz, 4 H; CH2-calix), 3.55 (d, J� 12.2 Hz, 4H;
CH2-calix), 2.08 (s, 3H; CH3-p-tol), 1.12 (s, 36 H; tBu).


Synthesis of 9 : A solution of MeLi (1.12m, 12.15 mmol) in diethyl ether
(10.84 mL) was added dropwise to a yellow solution of 4 ´ C7H8 (6.10 g,
6.07 mmol) in toluene (300 mL) at ÿ10 8C. The mixture was refluxed for
12 h to give a dark suspension. Volatiles were removed in a vacuum and the
solid residue was extracted with diethyl ether (300 mL). The solvent was
evaporated to dryness, the residue dissolved in n-hexane (60 mL), and the
mixture was kept at ÿ30 8C for 6 days to yield a white precipitate that was
collected and dried in a vacuum. Yield: 2.7 g (46 %); 1H NMR (C5D5N,
298 K): d� 7.44 (d, J� 2.44 Hz, 2 H; arom), 7.31 (d, J� 2.44 Hz, 2 H; arom),
6.90 (s, 2H; arom), 6.68 (s, 2H; arom), 4.92 (d, J� 13.18 Hz, 2H; CH2-
calix), 4.31 (d, J� 13.18 Hz, 2H; CH2-calix), 3.79 (s, 3H; OCH3), 3.49 (d,
J� 13.18 Hz, 2 H; CH2-calix), 3.28 (d, J� 13.18 Hz, 2 H; CH2-calix), 1.47 (s,
6H; CH3), 1.40 (s, 18H; tBu), 1.17 (m, 8H; hexane), 1.06 (s, 9 H; tBu), 0.83
(s, 9H; tBu), 0.82 (m, 6H; hexane); 1H NMR (C6D6, 298 K): d� 7.23 (s, 4H;
arom), 6.86 (s, 2 H; arom), 6.83 (s, 2H; arom), 4.88 (d, J� 13.16 Hz, 2H;
CH2-calix), 4.36 (d, J� 12.7, 2H; CH2-calix), 3.54 (s, 3 H; OCH3), 3.34 (d,
J� 13.16, 2 H; CH2-calix), 3.19 (d, J� 12.7, 2H; CH2-calix), 1.79 (s, 6H;
CH3), 1.39 (s, 18H; tBu), 1.23 (m, 8H; hexane), 0.88 (m, 6 H; hexane), 0.80
(s, 9H; tBu), 0.71 (s, 9 H; tBu); anal. calcd for 9 ´ C6H14, C53H75O4Ta
(973.12): C 66.50, H 7.91; found: C 66.33, H 7.56. Complex 9 is thermally
stable in solution. A sample of 9 heated in C5D5N at 90 8C for 24 h gave a
mixture of 6 a and 6 b, which we were unable to synthesize from 3. 1H NMR
(6a) (C5D5N, 298 K): d� 7.34 (m, 8 H; arom-calix), 5.79 (d, J� 12.2 Hz, 2H;
CH2-calix), 4.55 (d, J� 13.66 Hz, 2H; CH2-calix), 3.89 (d, J� 12,2 Hz, 2H;
CH2-calix), 3.65 (d, J� 13.66 Hz, 2 H; CH2-calix), 1.41 (s, 3 H; CH3), 1.28 (s,
18H; tBu), 1.25 (s, 9 H; tBu), 1.21 (s, 9 H; tBu); 1H NMR (6 b) (C5D5N,
298 K): d� 7.34 (m, 8H; arom-calix), 4.88 (d, J� 12.2 Hz, 4H; CH2-calix),
3.53 (d, J� 12.2 Hz, 4H; CH2-calix), 1.42 (s, 3 H; CH3), 1.12 (s, 36 H; tBu).


Synthesis of 10 : A solution of (PhCH2)2Mg (0.34m, 3.73 mmol) in THF
(10.96 mL) was added dropwise to a yellow solution of 4 ´ C7H8 (3.74 g,
3.73 mmol) in toluene (150 mL). The mixture became orange in seconds,
and dioxane (6 mL) was added after 15 min. The reaction mixture was
stirred for 1 h, the salts were filtered off, and the volatiles were removed in
a vacuum. The yellow residue was washed with n-hexane (70 mL),
collected, and dried in a vacuum. Yield: 1.6 g (42 %); 1H NMR (C6D6,


298 K): d� 7.16 (m, 18 H; arom), 4.44 (d, J� 13.2 Hz, 2 H; CH2-calix), 4.31
(d, J� 13.3 Hz, 2 H; CH2-calix), 3.60 (br s, 4H; CH2-Ph), 3.23 (d, J�
12.6 Hz, 2H; CH2-calix), 3.19 (s, 3H; OCH3), 3.12 (d, J� 13.3 Hz, 2H;
CH2-calix), 1.39 (s, 18 H; tBu), 0.72 (s, 9H; tBu), 0.67 (s, 9H; tBu); anal.
calcd for C59H69O4Ta (1023.14): C 69.26, H 6.80; found: C 69.35, H 7.10. The
product is thermally stable in solution (benzene, 100 8C, 24 h), but it is
photosensitive: a sample of 10 exposed to visible light in benzene over 24 h
gave 1,2-diphenylethane and 7, while heated at 80 8C in pyridine it gave 7
and a mixture of 2-benzylpyridine and 4-benzylpyridine (GC-MS). The
same transformation of 10 into 7 occurs in the presence of H2 (1 atm) in
benzene.


Synthesis of 11: A solution of p-MeC6H4MgBr (0.98m, 6.25 mmol) in THF
(6.4 mL) was added dropwise to a yellow solution of 4 ´ C7H8 (3.13 g,
3.12 mmol) in toluene (150 mL). After 20 min, dioxane (6 mL) was added
to the reaction mixture. Salts were filtered off. The solvent was evaporated
to dryness and the gray-yellow residue was washed with n-hexane (70 mL)
and collected. Yield: 1.59 g (50 %); 1H NMR (C6D6, 298 K): d� 8.37 (d, J�
7.60 Hz, 4 H; arom), 7.30 (d, J� 2.2 Hz, 2 H; arom), 7.28 (d, J� 2.2 Hz, 2H;
arom), 7.14 (d, J� 7.60 Hz, 4H; arom), 6.87 (s, 2 H; arom), 6.81 (s, 2H;
arom), 4.95 (d, J� 13.2 Hz, 2H; CH2-calix), 4.6 (d, J� 12.5 Hz, 2H; CH2-
calix), 3.65 (s, 3 H; OCH3), 3.29 (d, J� 12.5 Hz, 4 H; CH2-calix), 2.12 (s, 6H;
CH3-p-tol), 1.37 (s, 18H; tBu), 0.77 (s, 9H; tBu), 0.71 (s, 9H; tBu); anal.
calcd for C59H69O4Ta (1023.14): C 69.26, H; 6.80; found: C 69.32, H 7.17. The
solution of 11 in toluene is quite thermally stable, though it very slowly
forms a mixture containing 8. Complex 11, heated to 80 8C for 2 h in C5D5N,
gave quantitatively 8 and 4,4'-dimethylbiphenyl (GC-MS).


Synthesis of 12 : A solution of MeLi (1.76m, 7.5 mmol) in diethyl ether
(4.29 mL) was added dropwise to a yellow solution of 4 ´ C7H8 (3.77 g,
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3.75 mmol) in toluene (200 mL). Refluxing this mixture for 12 h resulted in
a dark suspension, which was filtered to remove the salts, and then
saturated with CO. After 2 h, the solvent was evaporated to dryness, and
the residue dissolved in n-hexane (60 mL). The product was very soluble
and could not be isolated. 1H NMR (C5D5N, 298 K): d� 6.96 (m, 8H;
arom), 4.98 (d, J� 12.20 Hz, 2H; CH2-calix), 4.36 (s, 3 H; OCH3), 4.21 (d,
J� 12.20 Hz, 2H; CH2-calix), 3.28 (d, J� 12.2 Hz, 2H; CH2-calix), 3.10 (d,
J� 12.2 Hz, 2 H; CH2-calix), 2.79 (s, 6 H; CH3), 1.39 (s, 18H; tBu), 0.85 (s,
9H; tBu), 0.68 (s, 9H; tBu).


Synthesis of 13 : A solution of 10 (2.34 g, 2.28 mmol) in toluene (120 mL)
was saturated with CO. The mixture was stirred at room temperature for
2 h to give a yellow solution. The solvent was removed in a vacuum and the
yellow residue was dissolved in n-hexane (50 mL), filtered, and kept at
ÿ30 8C for 12 h to yield a white precipitate that was collected. Yield: 1.37 g
(57 %). Crystals suitable for X-ray analysis were obtained by cooling a
saturated solution in n-hexane/benzene (10:1) from room temperature to
2 8C. 1H NMR (C6D6, 298 K): d� 7.70 (d, J� 8.28 Hz; 4H; arom), 7.02 (m;
14H; arom), 4.94 (d, J� 12.50 Hz, 2H; CH2-calix), 4.42 (d, J� 14.70 Hz,
2H; CH2Ph), 4.32 (s, 3H; OCH3), 4.15 (d, J� 14.7 Hz, 2 H; CH2Ph), 4.06 (d,
J� 12.50 Hz, 2H; CH2-calix), 3.26 (d, J� 12.50 Hz, 2H; CH2-calix), 3.10 (d,
J� 12.50 Hz, 2 H; CH2-calix), 1.38 (s, 18H; tBu), 0.83 (s, 9 H; tBu), 0.67 (s,
9H; tBu); anal. calcd for C60H69O5Ta (1051.15): C 68.56, H 6.62; found: C
68.62, H 7.33. The product is thermally and photochemically stable in
solution. A sample heated to 80 8C in C5D5N gave 18 quantitatively:
1H NMR (C5D5N, 298 K): d� 7.83 (d, J� 8 Hz; 4H; arom), 7.19 (m, 14H;
arom), 5.23 (d, J� 11.72 Hz, 4H; CH2-calix), 4.49 (d, J� 15.14 Hz, 2H;
CH2-Bn), 4.42 (s, 3H; H3C-N), 4.05 (d, J� 15.14 Hz, 2 H; CH2-Bn), 3.4 (d,
J� 11.72 Hz, 4H; CH2-calix), 1.2 (s, 36H; tBu).


Synthesis of 14 : A solution of 11 (2.94 g, 2.87 mmol) in toluene (120 mL)
was saturated with CO. The mixture was stirred at room temperature for
3 h to give a yellow solution. The solvent was evaporated to dryness.
Diethyl ether was added to the yellow residue and the mixture was filtered.
The solvent was removed in a vacuum and the yellow residue was washed
with n-hexane (50 mL) and then collected. Yield: 1.50 g (50 %); 1H NMR
(C6D6, 298 K): d� 8.20 (d, J� 8.20 Hz, 4H; arom), 7.24 (s, 2 H; arom), 7.20
(s, 2H; arom), 7.08 (d, J� 2.35 Hz, 2 H; arom), 7.03 (d, J� 2.35 Hz; 2H;
arom), 6.81 (d, J� 8.20 Hz, 4H; arom), 4.69 (d, J� 12.44 Hz, 2 H; CH2-
calix), 4.48 (s, 3H; OCH3), 4.16 (d, J� 12.44 Hz, 2H; CH2-calix), 3.09 (d,
J� 12.58 Hz, 2H; CH2-calix), 3.03 (d, J� 12.58 Hz, 2H; CH2-calix), 2.17 (s,
6H; CH3-p-tol), 1.30 (s, 18H; tBu), 0.79 (s, 9H; tBu), 0.66 (s, 9H; tBu); anal.
calcd for C60H69O5Ta (1051.15): C 68.56, H 6.62; found: C 68.29, H 6.99.


Synthesis of 15 : tBuNC (0.27 g, 3.30 mmol) was added to a stirred solution
of 9 ´ C6H14 (3.16 g, 3.30 mmol) in benzene (120 mL). After 10 h the mixture
was filtered. The solvent was removed in a vacuum and the brown residue
dissolved in n-hexane (60 mL), filtered, and kept at ÿ30 8C for 6 days to
yield a light gray precipitate that was collected. Yield: 1.5 g (44 %);
1H NMR (C6D6, 298 K): d� 7.23 (d, J� 2.44 Hz, 2H; arom), 7.20 (d, J�
2.44 Hz, 2H; arom), 6.86 (s, 2 H; arom), 6.82 (s, 2H; arom), 4.98 (d, J�
12.2 Hz, 2H; CH2-calix), 4.32 (d, J� 12.2 Hz, 2H; CH2-calix), 4.18 (s, 3H;
OCH3), 3.25 (d, J� 12.2 Hz, 2H; CH2-calix), 3.21 (d, J� 12.2 Hz, 2H; CH2-
calix), 2.38 (s, 6H; CH3), 1.98 (s, 9 H; tBuN), 1.40 (s, 18H; tBu), 1.23 (m, 8H;
hexane), 0.88 (m, 6H; hexane), 0.85 (s, 9 H; tBu), 0.70 (s, 9H; tBu); anal.
calcd for 15 ´ C6H14, C58H84NO4Ta (1040.26): C 66.97, H 8.14, N 1.34; found:
C 66.84 H 7.86, N 1.14.


Synthesis of 16 : tBuNC (0.14 g ,1.68 mmol) was added to a stirred solution
of 10 (1.72 g, 1.68 mmol) in benzene (120 mL). After 12 h the solvent was
removed in a vacuum and the yellow residue was dissolved in n-hexane
(60 mL), filtered, and then kept at ÿ30 8C for 6 days to give a light yellow
precipitate that was collected. Yield: 1.00 g (50 %); 1H NMR (C6D6,
298 K): d� 7.54 (d, J� 6.84 Hz, 4H; arom), 7.10 (m; 10 H; arom), 6.84 (s,
2H; arom), 6.74 (s, 2H; arom), 5.06 (d, J� 12.7 Hz, 2H; CH2-calix), 4.24 (d,
J� 14.16 Hz, 2H; CH2Ph), 4.08 (d, J� 14.16 Hz, 2 H; CH2Ph), 3.84 (d, J�
12.7 Hz, 2 H; CH2-calix), 3.47 (s, 3H; OCH3), 3.31 (d, J� 12.2 Hz, 2H; CH2-
calix), 2.95 (d, J� 12.2 Hz, 2H; CH2-calix), 2.05 (s, 9H tBuN), 1.39 (s, 18H;
tBu), 1.23 (m, 8H; hexane), 0.88 (m, 6 H; hexane), 0.86 (s, 9 H; tBu), 0.68 (s,
9H; tBu); anal. calcd for 16 ´ C6H14, C70H92NO4Ta (1192.45): C 70.51, H 7.78,
N 1.17; found: C 70.79, H 7.85, N 1.21. The product is thermally and
photochemically stable in solution. A sample in C5D5N for 24 h gave 19
quantitatively: 1H NMR (C5D5N, 298 K): d� 7.89 (d, J� 6.84 Hz, 4H;
arom), 7.19 (m, 14 H; arom), 5.20 (d, J� 11.72 Hz, 4H; CH2-calix), 4.82 (d,
J� 15.62 Hz, 2 H; CH2-Bn), 4.47(d, J� 15.62 Hz, 2 H; CH2-Bn), 3.40 (s, 3H;


H3C-N), 3.32 (d, J� 11.72 Hz, 4H; CH2-calix), 1.94 (s, 9 H; tBuNC), 1.15 (s,
36H; tBu).


Synthesis of 17: A solution of tBuNC (0.17 g, 2.08 mmol) in toluene
(20 mL) was added dropwise by to a stirred solution of 11 (2.13 g,
2.08 mmol) in toluene (100 mL). After 2 h the solvent was removed in a
vacuum and diethyl ether (100 mL) was added to the yellow residue. The
ethereal solution was filtered, the solvent removed in a vacuum, the residue
washed with n-hexane (70 mL), and collected. Yield: 1.06 g (46 %);
1H NMR (C6D6, 298 K): d� 7.98 (d, J� 8.2 Hz; 4H; arom), 7.25 (d; J�
2.3 Hz, 2 H; arom), 7.14 (d, J� 2.3 Hz, 2H; arom), 7.05 (d, J� 8.2 Hz, 4H;
arom), 6.86 (s, 2 H; arom), 6.76 (s, 2H; arom), 5.20 (d, J� 12.34 Hz, 2H;
CH2-calix), 4.24 (s, 3 H; OCH3), 4.14 (d, J� 12.34 Hz, 2H; CH2-calix), 3.35
(d, J� 12.5 Hz, 2H; CH2-calix), 3.11 (d, J� 12.5 Hz, 2H; CH2-calix), 2.19
(s, 6H; CH3p-tol), 1.94 (s, 9H; tBuN), 1.36 (s, 18 H; tBu), 0.87 (s, 9H; tBu),
0.61 (s, 9 H; tBu); anal. calcd for C64H78NO4Ta (1106.28): C 69.49, H 7.11, N
1.27; found: C 69.46, H 7.26, N 1.12. The product is thermally and
photochemically stable in solution. A sample of 17 heated at 80 8C for 24 h
in C5D5N gave 20 quantitatively: 1H NMR (C5D5N, 298 K): d� 8.24 (d, J�
8.3 Hz, 4H; arom), 7.16 (m, 12 H; arom), 5.13 (d, J� 11.2 Hz, 4 H; CH2-
calix), 4.02 (br s, 3H; CH3N), 3.21 (d, J� 11.2 Hz, 4 H; CH2-calix), 2.26 (s,
6H; CH3-p-tol), 2.17 (s, 9 H; tBuN), 1.12 (s, 36H; tBu); 13C NMR (C5D5N,
298 K): d� 156.93 (arom-quat), 148.53 (arom-quat), 140.98 (arom-quat),
132.85 (arom-quat), 130.27 (CH-p-tol), 127.60 (CH-p-tol), 124.26 (CH-
arom), 77.75 (CN-quat), 63.84 (CN-quat),47.74 (NCH3), 34.51 (tBu-quat),
33.82 (CH2-calix), 33.35 (CH3-tBuNC), 31.78 (CH3-tBu-calix), 20.95 (CH3-
p-tol).


Synthesis of 19 : Pyridine (20 mL) was added to a yellow solution of 16 ´
C6H6 (0.97 g, 0.81 mmol) in toluene (60 mL). After 36 h volatiles were
removed in a vacuum and the solid residue was washed with pentane
(50 mL) and collected. Yield: 0.601 g (63 %); 1H NMR (C5D5N, 298 K): d�
8.19 (br d, J� 6.34 Hz, 2 H; arom), 7.98 (br s, 2 H; arom), 7.91 (d, J� 7.32 Hz,
4H; arom), 7.38 (m, 3H; arom), 7.21 (s, 8H; arom-calix), 7.18 (m, 4H;
arom), 5.22 (d, J� 11.22 Hz, 4H; CH2-calix), 4.83 (d, J� 15.62 Hz, 2H;
CH2Ph), 4.50 (d, J� 15.62 Hz, 2 H; CH2Ph), 3.50 (br s, 3 H; CH3-N), 3.33 (d,
J� 11.22 Hz, 4 H; CH2-calix), 1.95 (s, 9H; tBuNC), 1.16 (s, 36H; tBu-calix);
1H NMR (C6D6, 298 K): d� 7.72 (d, J� 7.32 Hz, 4H; arom), 7.06 (m, 6H;
arom), 6.92 (s, 8H; arom-calix), 6.41 (br s, 1 H; pyridine),6.05 (br s, 2H;
pyridine), 5.85 (br s, 2H; pyridine), 5.06 (d, J� 12.68 Hz, 4H; CH2-calix),
4.88 (d, J� 16.1 Hz, 2H; CH2Ph), 4.41 (d, J� 16.1 Hz, 2 H; CH2Ph), 3.13 (d,
J� 12.68 Hz, 4H; CH2-calix), 2.01 (s, 9 H; tBuNC), 1.64 (br s, 3H; CH3-N)
1.03 (s, 36 H; tBu-calix); anal. calcd for C69H83N2O4Ta (1185.38): C 69.92, H
7.06, N 2.36; found: C 66.18, H 7.41, N 2.21.


Synthesis of 20 : Pyridine (20 mL) was added to a yellow solution of 17
(0.95 g, 0.85 mmol) in toluene (60 mL). After 24 h volatiles were removed
in a vacuum and the solid residue was washed with n-hexane (60 mL) and
collected. Yield: 0.75 g (75 %); 1H NMR (C5D5N, 298 K): d� 8.56 (br s, 2H;
pyridine), 8.24 (d, J� 8.28 Hz, 4H; p-tol), 8.03 (br s, 1 H; pyridine), 7.34
(br t, 2 H; pyridine), 7.14 (d, J� 8.28 Hz, 4H; p-tol), 7.12 (s, 8H; arom-
calix), 5.12 (d, J� 11.24 Hz, 4H; CH2-calix), 3.94 (br s, 3H; CH3-N), 3.21 (d,
J� 11.24 Hz, 4 H; CH2-calix), 2.26 (s, 6 H; CH3-p-tol), 2.17 (s, 9H; tBuNC),
1.12 (s, 36 H; tBu-calix); anal. calcd for C69H83N2O4Ta (1185.38): C 69.92, H
7.06, N 2.36; found: C 68.04, H 7.29, N 2.10.


Synthesis of 21: A solution of LiC�CPh (1.20 g, 11.15 mmol) in THF
(20 mL) was added dropwise to a stirred yellow solution of 4 ´ C7H8 (5.60 g,
5.58 mmol) in toluene (100 mL). After 12 h a black suspension was
observed. Volatiles were removed in a vacuum and the residue extracted
with diethyl ether (120 mL). The solvent was evaporated to dryness, the
residue washed with n-hexane (70 mL), and collected as a yellow micro-
crystalline solid. Yield: 3.33 g (42 %). Crystals suitable for X-ray analysis
were grown from a saturated diethyl ether solution at room temperature.
1H NMR (C6D6, 298 K): d� 8.97 (d, J� 7.6 Hz, 4 H; arom), 7.23 (m, 19H;
arom), 5.18 (d, J� 13.8 Hz, 1H; CH2-calix), 5.16 (d, J� 13.18 Hz, 1H; CH2-
calix), 4.71 (d, J� 13.8 Hz, 1H; CH2-calix), 4.59 (d, J� 14.0, 1H; CH2-
calix), 3.76 (s, 3H; OCH3), 3.51 (d, J� 13.8 Hz, 1H; CH2-calix), 3.47 (d, J�
13.8 Hz, 1 H; CH2-calix), 3.34 (d, J� 13.8 Hz, 1 H; CH2-calix), 3.16 (d, J�
14.0 Hz, 1 H; CH2-calix), 2.34 (br s, 8H; Et2O), 1.48 (s, 9 H; tBu), 1.35 (s,
9H; tBu), 1.07 (s, 9H; tBu), 1.03 (s, 9H; tBu), 0.62 (br s, 12H; Et2O); IR
(Nujol): nÅ� 2087 cmÿ1; anal. calcd. for 21 ´ 2 Et2O, C77H90O6Ta (1292.51): C
71.55, H 7.02, found: C 70.86, H 6.97. Complex 22 is formed, regardless of
the Ta/LiC�CPh stoichiometry employed (i.e. 1:2.)
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Synthesis of 22 : A solution of (CH2�CH-CH2)MgCl (0.58m, 12.93 mmol) in
THF (22.29 mL) was added dropwise to a yellow solution of 4 ´ C7H8


(6.49 g, 6.46 mmol) in THF (120 mL) at ÿ10 8C. The mixture became
orange in seconds. After 2 h dioxane (3 mL) was added. Volatiles were
removed in a vacuum and the solid residue was extracted with diethyl ether
(300 mL). The solvent was evaporated to dryness, the very soluble residue
was washed with benzene (80 mL), and collected as a yellow powder. Yield:
2.2 g (34 %); 1H NMR (C6D6, 298 K): d� 7.26 (d, J� 2.42 Hz, 2H; arom),
7.23 (d, J� 2.42 Hz, 2H; arom), 7.15 (s, 6H; benzene), 6.94 (qt, J�
10.74 Hz, 2 H; CH-allyl), 6.82 (s, 4 H; arom), 5.02 (d, J� 12.7 Hz, 2H;
CH2-calix), 4.46 (d, J� 12.7 Hz, 2H; CH2-calix), 4.06 (d, J� 10.74 Hz, 8H;
CH2-allyl), 3.71 (s, 3H; OCH3), 3.35 (d, J� 12.7 Hz, 2 H; CH2-calix), 3.22
(d, J� 12.7 Hz, 2H; CH2-calix), 1.39 (s, 18 H; tBu), 0.78 (s, 9H; tBu), 0.70 (s,
9H; tBu); anal. calcd. for 22 ´ C6H6, C57H71O4Ta (1001.14): C 68.38, H 7.15;
found: C 68.67, H 7.20. The 1H NMR spectrum of 22 in C7D8 at ÿ80 8C did
not show any significant changes.


Synthesis of 23 : A solution of (CH2�CH-CH2)MgCl (0.58m, 9.49 mmol) in
THF (16.36 mL) was added dropwise to a yellow solution of 4 ´ C7H8


(4.76 g, 4.74 mmol) in benzene (120 mL). The mixture turned orange
within seconds. After 3 h dioxane (3 mL) was added. Volatiles were
removed in a vacuum and n-hexane (40 mL) and diethyl ether (40 mL)
were added to the residue. The salts were filtered off and the resulting
solution was saturated with CO. The mixture turned light orange within
seconds and was then kept at ÿ30 8C for 48 h to yield a white precipitate.
Yield: 2.07 g (46 %); 1H NMR (C6D6, 298 K): d� 7.24 (d, J� 2.2 Hz, 2H;
arom), 7.15 (d, J� 2.2 Hz, 2H; arom), 6.87 (s, 2H; arom), 6.81 (s, 2H;
arom), 6.65 (m, 2 H; CH-allyl), 5.38 (dd, J� 17.2 Hz, J� 2 Hz, 2H; CH2-
vinyl), 5.27 (dd, J� 10 Hz, J� 2 Hz, 2 H; CH2-vinyl), 4.96 (d, J� 12.4 Hz,
2H; CH2-calix), 4.31 (s, 3H; OCH3), 4.19 (d, J� 12.4 Hz, 2 H; CH2-calix),
3.97 (dd, J� 14.8 Hz, J� 8 Hz, 2 H; CH2-allyl), 3.66 (dd, J� 14.8 Hz, J�
6.4 Hz, 2 H; CH2-allyl), 3.25 (d, J� 12.4 Hz, 2 H; CH2-calix), 3.10 (d, J�
12.4 Hz, 2 H; CH2-calix), 1.38 (s, 18H; tBu), 0.85 (s, 9 H; tBu), 0.68 (s, 9H;
tBu); anal. calcd for C52H65O5Ta (951.03): C 65.67, H 6.89; found: C 65.60, H
6.75.


Synthesis of 24 : A solution of CH2�CHCH2MgCl (0.7m, 7.50 mmol) in THF
(10.72 mL) was added dropwise to a yellow solution of 4 ´ C7H8 (3.77 g,
3.75 mmol) in THF (200 mL). The mixture turned orange within seconds.
After 8 h dioxane (3 mL) was added. Volatiles were removed in a vacuum
and benzene was added to the orange residue. Salts were filtered off and
tBuNC (0.31 g, 1.7 mmol) was added to the solution. The mixture turned to
red in seconds. After 12 h the volatiles were removed in a vacuum, the solid
residue was washed with pentane (60 mL), and a very light orange powder
was collected. Yield: 1.4 g (38 %); 1H NMR (C6D6, 298 K): d� 7.32 (s, 4H;
arom), 6.87 (s, 2 H; arom), 6.82 (s, 2H; arom), 6.28 (m, 2H; CH-allyl), 5.16
(dd, J� 17.32 Hz, J� 2.44 Hz; 2H; CH2 vinyl), 5.06 (dd, J� 9.76 Hz, J�
2.44 Hz, 2 H; CH2-vinyl), 4.98 (d, J� 12.4 Hz, 2H; CH2-calix), 4.52 (d, J�
12.4 Hz, 2H; CH2-calix), 4.24 (s, 3H; OCH3), 3.79 (dd, J� 14.9 Hz, J�
6.4 Hz, 2H; CH2-allyl), 3.31 (dd, J� 14.9 Hz, J� 8.0 Hz, 2H; CH2-allyl),
3.26 (d, J� 12.4 Hz, 2 H; CH2-calix), 3.25 (d, J� 12.4 Hz, 2 H; CH2-calix),
1.93 (s, 9H; tBuN), 1.40 (s, 18H; tBu), 0.86 (s, 9 H; tBu), 0.70 (s, 9H; tBu);
anal. calcd for C56H74NO4Ta (1006.16): C 66.85, H 7.41, N 1.39; found: C
65.72, H 7.71 N 1.36.


Synthesis of 25 : [Mg(C4H6) ´ thf2] (13.18 g, 14.14 mmol) was added to a
yellow solution of 4 ´ C7H8 (14.20 g, 14.14 mmol) in benzene (250 mL) at
room temperature. The mixture became red in seconds. The mixture was
stirred for 2 h, then dioxane (5 mL) was added to the suspension that was
extracted with benzene. Volatiles were removed in a vacuum and the
orange residue was washed with n-hexane (80 mL), collected, and dried in a
vacuum. Yield: 9.5 g (71 %); 1H NMR (C6D6, 298 K): d� 7.26 (d, J�
2.44 Hz, 2 H; arom), 7.22 (d, J� 2.44 Hz, 2H; arom), 7.05 (m, 2.5 H; tol),
6.87 (s, 2H; arom), 6.82 (s, 2 H; arom), 6.45 (m, 2H; CH-butadiene), 4.54
(d, J� 12.7 Hz, 2H; CH2-calix), 4.22 (d, J� 12.2 Hz, 2H; CH2-calix), 3.99
(s, 3 H; OCH3), 3.28 (d, J� 12.7 Hz, 2H; CH2-calix), 3.18 (d, J� 12.2 Hz,
2H; CH2-calix), 2.69 (d, J� 7.32 Hz, 4H; CH2-butadiene), 2.1 (s, 1.5H;
CH3-toluene), 1.41 (s, 18H; tBu), 0.82 (s, 9 H; tBu), 0.72 (s, 9H; tBu);
13C NMR (decoupled) (C7H8, 298 K): d� 159.6 (arom-quat), 157.0 (arom-
quat), 154.1 (arom-quat), 148.9 (arom-quat), 144.1 (arom-quat), 143.1
(arom-quat), 132.3 (arom-quat), 132.1 (arom-quat), 130.1 (arom-quat),
128.5 (arom-quat), 127.3 (CH-arom), 126.0 (CH-butadiene), 125.8 (CH-
arom), 125.2 (CH-arom), 123.7 (CH-arom), 67.9 (-OCH3), 66.8 (CH2-
butadiene), 34.4 (tBu-quat), 34.2 (CH2-calix), 33.8 (CH2-calix), 33.4 (tBu-


quat), 32.0 (CH3-tBu-calix), 31.1 (CH3-tBu-calix), 30.6 (CH3-tBu-calix);
13C NMR (coupled) (C7D8, 298 K): d� 67.9 (q, J� 146.7 Hz, OCH3), 66.8
(br t, J� 151 Hz; CH2-butadiene); anal. calcd for 25 ´ 0.5C7H8, C52.5H65O4Ta
(941.04): C 67.01, H 6.96; found: C 66.97, H 7.08.


Synthesis of 26 : A solution of tBuNC (0.27 g, 3.28 mmol) in toluene
(20 mL) was added dropwise to a stirred solution of 25 ´ 0.5C7H8 (1.54 g,
1.64 mmol) in toluene (100 mL). The mixture was stirred for 7 days. The
solvent was removed in a vacuum and the orange residue washed with n-
hexane (50 mL) and collected as a white powder. Yield: 1.00 g (63 %);
1H NMR (C6D6, 298 K): d� 7.23 (d, J� 2.44 Hz, 2H; arom), 7.21 (d, J�
2.44 Hz, 2H; arom), 6.87 (s, 2H; arom), 6.82 (s, 2H; arom), 6.05 (s, 2H;
CH-butadiene.), 4.97 (d, J� 12.7 Hz, 2 H; CH2-calix), 4.35 (d, J� 12.2 Hz,
2H; CH2-calix), 4.17 (s, 3 H; OCH3), 3.78 (d, J� 15.6 Hz, 2 H; CH2-
butadiene), 3.26 (d, J� 12.7 Hz, 2H; CH2-calix), 3.21 (d, J� 12.2 Hz, 2H;
CH2-calix), 3.16 (d, J� 15.6 Hz, 2H; CH2-butadiene), 1.99 (s, 9 H; tBuN),
1.40 (s, 18 H; tBu), 0.85 (s, 9H; tBu), 0.69 (s, 9H; tBu); 13C NMR (C6D6,
298 K): d� 156.12 (arom-quat), 153.06 (arom-quat), 150.33 (arom-quat),
149.97 (arom-quat), 144.67 (arom-quat), 142.56 (arom-quat), 133.40 (CH-
butadiene), 132.66 (arom-quat), 132.41 (arom-quat), 130.47 (arom-quat),
130.17(arom-quat), 127.43 (CH-arom), 125.58 (CH-arom), 125.32 (CH-
arom), 123.43 (CH-arom),74.43 (CN-quat), 72.05 (-OCH3), 63.04 (CN-
quat), 45.84 (CH2-butadiene), 34.31 (tBu-quat), 33.81 (tBu-quat), 33.49
(tBu-quat), 33.40 (CH3-tBuNC), 33.31 (CH2-calix), 33.27 (CH2-calix), 31.95
(CH3-tBu-calix), 31.17 (CH3-tBu-calix), 30.55 (CH3-tBu-calix); anal. calcd
for C54H70NO4Ta (978.10): C 66.31, H 7.21, N 1.43; found: C 65.67, H 7.64, N
1.25.


Synthesis of 27: (CH3)2CO (0.136 g, 2.34 mmol) was added to a solution of
25 ´ 0.5C7H8 (1.1 g, 1.17 mmol) in benzene (120 mL). The orange solution
immediately turned light yellow. The solution was filtered, the solvent
evaporated to dryness, the white residue washed with n-hexane (30 mL)
and then collected. Yield: 0.9 g (76 %). Crystals suitable for X-ray analysis
were grown from a saturated solution in THF and n-hexane at room
temperature. 1H NMR (C6D6, 298 K): d� 7.40 (d, J� 1.96 Hz, 2H; arom),
7.35 (d, J� 1.96 Hz, 2H; arom), 7.06 (s, 2H; arom), 7.03 (s, 2H; arom), 5.69
(m, 2H; CH-butadiene), 5.05 (d, J� 13.16 Hz, 2H; CH2-calix), 4.31 (d, J�
13.18 Hz, 2H; CH2-calix), 3.86 (s, 3H; OCH3), 3.59 (d, J� 13.16 Hz, 2H;
CH2-calix), 3.48 (d, J� 13.18 Hz, 2 H; CH2-calix), 2.45 (br s, 2H; buta-
diene), 2.08 (br s, 2 H; butadiene),1.42 (s, 18 H; tBu), 1.34 (s, 6H; Me-
acetone), 1.09 (s, 6 H; Me-acetone), 0.84 (s, 9 H; tBu), 0.75 (s, 9 H; tBu);
anal. calcd for C55H73O6Ta (1011.13): C 65.33, H 7.28; found: C 65.70, H
7.48.


Synthesis of 28 : PhN3 (0.59 g, 4.94 mmol) was added to a solution of 25 ´
0.5C7H8 (1.54 g, 1.64 mmol) in THF (120 mL). After 7 days the orange
solution was filtered. The solvent was evaporated to dryness, the white
residue washed with n-hexane (50 mL), and then collected. Yield: 1.00 g
(63 %). Crystals suitable for X-ray analysis were grown in a saturated
solution in toluene/pentane at 4 8C. 1H NMR (C6D6, 298 K): d� 7.49 (d, J�
7.32 Hz, 2H; arom), 7.02 (m, 12.5 H; arom), 6.38 (t, J� 7.32 Hz, 1H; arom),
4.96 (s, 3 H; OCH3), 4.91 (d, J� 13.18 Hz, 2H; CH2-calix), 4.54 (d, J�
12.4 Hz, 2H; CH2-calix), 3.32 (d, J� 13.18 Hz, 2H; CH2-calix), 3.28 (d, J�
12.4 Hz, 2H; CH2-calix), 2.1 (s, 1.5 H; CH3-tol), 1.35 (s, 18 H; tBu), 0.78 (s,
9H; tBu), 0.67 (s, 9 H; tBu); anal. calcd for 28 ´ C7H8, C109H128N2O8Ta2


(1956.12): C 66.93, H 6.60, N 1.43; found: C 66.94, H 6.90, N 1.26.


X-ray crystallography of complexes 4, 8a, 13, 19, and 28 : Suitable crystals
were mounted in glass capillaries and sealed under nitrogen. Reduced cells
were obtained with the use of TRACER.[23] Data were collected on a
single-crystal diffractometer (Siemens AED for 4 and Rigaku AFC6S for
8a, 13, 19, and 28) at 295 K for 4 and at 133 K for 8a, 13, 19, and 28. The
individual reflection profiles were analyzed for intensities and back-
ground.[24] The structure amplitudes were obtained after the usual Lorentz
and polarization[25] corrections, and the absolute scale was established by
the Wilson method.[26] For all complexes the crystal quality was tested by y-
scans which showed that crystal absorption effects could not be neglected.
Data were then corrected for absorption with the program ABSORB[27] for
4 and a semiempirical method[28] for 8a, 13, 19, and 28. The function
minimized during the full-matrix least-square refinements was Sw(DF 2)2.
Anomalous scattering corrections were included in all calculations of the
structural factors.[29b] Scattering factors for neutral atoms were taken from
ref. [29a] for non-hydrogen atoms and from ref. [30] for H. Structure
solutions[31] were based on the observed reflections [I> 2 s(I)] while the
refinements were based on the unique reflections with I> 0. The structures
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were solved by the heavy-atom method starting from a three-dimensional
Patterson map. Refinements were performed by full-matrix least-squares,
first isotropically and then anisotropically for all non-H atoms, except for
the disordered atoms. For all complexes, the hydrogen atoms were placed in
geometrically calculated positions and introduced into the refinements as
fixed atom contributions (Uiso� 0.12, 0.05, 0.05, 0.05, and 0.06 �2 for 4, 8a,
13, 19, and 28, respectively). The H atoms associated with the disordered
carbon atoms were ignored. In the last stage of refinement the weighting
scheme w� 1/[s2(F2


o)� (aP)2] (with P� (F 2
o � 2 F 2


c )/3 was applied which
gave a� 0.1700, 0.1101, 0.1306, 0.0994, and 0.1342 for 4, 8a, 13, 19, and 28,
respectively. All calculations were performed by with SHELX 93.[32] The
final difference map for complex 4 showed a residual peak of 1.27 e�ÿ3


near the metal atom in the direction of the Ta ± O(2) bond (general
background 0.52 e �ÿ3). For complex 8 a, four residual peaks, which range
from 3.64 to 1.61 e �ÿ3, were found in the proximity of the metal atom along
with the Ta ± O bonds (general background 0.61 e �ÿ3). In complex 13, two
residual peaks of 1.79 and 1.74 e �ÿ3 were found in the proximity of the
metal atom in the direction of the Ta ± O(4) and Ta ± O(2) bonds (general
background 0.75 e�ÿ3). In complex 19, two residual peaks of 2.33 and
1.76 e �ÿ3 were found in the proximity of the metal atom in the direction of
the Ta ± O(3) and Ta ± O(1) bonds (general background 0.52 e�ÿ3). In
complex 28, two residual peaks of 5.20 and 5.00 e �ÿ3 were found in the
proximity of the metal atom in the direction of the Ta ± N(1) and Ta ± O(1)
bonds (general background 0.65 e�ÿ3).


Complex 4 : All the methyl carbon atoms of the tBu groups were affected by
high thermal parameters which indicates the presence of disorder. The best
fit was obtained by splitting the atoms over two positions (A and B), and
isotropically refined with a site occupation factor of 0.5. The C ± C bond
lengths within the disordered tBu groups were constrained to be 1.54(1) �.
The guest toluene solvent molecule (C(51) ± C(57)) was found to be
statistically distributed over two positions (A and B) and isotropically
refined with a site occupation factor of 0.5.


Complex 8a : All but one out of the five and a half crystallographically
independent pyridine solvent molecules of crystallization were affected by
severe disorder. This was solved by splitting the atoms over two positions
(A and B), and isotropically refined with site occupation factors of 0.5. The
nitrogen atom of three molecules could not be unambiguously determined.
During the refinement the disordered pyridine rings were constrained to
have a D6h symmetry.


Complex 13 : The C(35) and C(36) methyl carbon atoms of a tBu group
were affected by high thermal parameters which indicates the presence of
disorder. The best fit was found by splitting the atoms over two positions (A
and B), and isotropically refined with site occupation factors of 0.5.


Complex 19 : The C(30) and C(31) methyl carbon atoms of a tert-butyl
group reached rather high thermal parameters, so they were split over two
positions (A and B), and isotropically refined with site occupation factors
of 0.7 and 0.3, respectively. The methylpyridinium cation, the diethyl ether
solvent molecule, and two of the benzene solvent molecules were affected
by severe disorder. This was solved by splitting the atoms over two
positions (A and B). The C ± C and C ± O bond lengths within the
disordered Et2O molecule were constrained to be 1.54(1) and 1.44(1) �,
respectively. During the refinement the disordered aromatic rings were
constrained to have a D6h symmetry.


Complex 28 : Some methyl carbon atoms of two tBu were affected by
disorder, which was solved by splitting the atoms over two positions (A and
B), and isotropically refined with site occupation factors of 0.75 and 0.25,
respectively, for C(30) ± C(32), and of 0.5 for the A and B positions of
C(38) ± C(40). Moreover, the toluene solvent molecule of crystallization
showed rather high thermal parameters, which indicates the presence of
disorder. The best fit was obtained by splitting the C(72) and C(73) atoms
over two positions (A and B), and isotropically refined with site occupation
factors of 0.6 and 0.4, respectively.


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-102 934 (4),
102 935 (7 a), 102 936 (8a), 102 937 (13), 102 938 (19), 102 939 (21), and
102 940 (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.cam.ac.uk).
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Abstract: The dirhenioethyne (OC)5-


ReC�CRe(CO)5 (1) behaves as an h2-
ligand towards CuI, AgI, and AuI in a
similar way to organic alkynes or mono-
metalated alkynes LnMC�CR. Com-
pound 1 reacts with CuCl to give [{(h2-
1)Cu(m-Cl)}2] (3). Reactions of [Cu(NC-
Me)4]PF6, [Ag(NCMe)4]BF4, AgSbF6,
and AgO2SOCF3 with 1 and (OC)5-


ReC�CSiMe3 (2) gave the cationic bis-
(alkyne) complexes [(h2-1)2M]� (4, 6, 7,


8) and [(h2-2)2Cu]� (10) and the cationic
dimetallic tetrahedrane [(m-h2 :h2-
1)Cu2(NCMe)4]2� (5). The gold com-
plexes [(h2-1)AuPPh3]SbF6 (11) and
[(h2-1)2Au]SbF6 (12) form an equilibri-
um in solution. Hydrolysis of [(m-h2 :h2-


1)Cu2(NCMe)4](PF6)2 or treatment of 2
with [Cu(MeCN)4]PF6 in moist CH2Cl2


afforded the difluorphosphate-bridged
complexes [{m-h2 :h2-[(OC)5ReC�CR]}2-
Cu4(m2-O2PF2)4] (13 : R�Re(CO)5;14 :
R� SiMe3). The compounds 4, 5, 7, 13
and 14 were characterized by X-ray
structure analysis. The stability of these
complexes increases with the metal
Ag<Au�Cu and the ligand 2< 1.


Keywords: acetylide complexes ´
clusters ´ copper ´ gold ´ rhenium
´ silver


Introduction


Organometallic substitued al-
kynes LnMC�CR[1] exhibit a
rich coordination chemistry
with copper(i), silver(i), and
gold(i) ions,[2±6] forming com-
plexes of the types I ± III
(Scheme 1; M'� CuI, AgI, and AuI). This versatile and
structurally interesting field was comprehensively reviewed
by Lang et al.[7]


In the following we report on the capability of the
pentacarbonylrhenium alkynes (OC)5ReC�CR (R�Re-
(CO)5 (1), SiMe3 (2))[8] to act as h2-ligands in Group 11 metal
complexes. We were especially interested in the coordination
mode of the dirhenioacetylide (OC)5ReC�CRe(CO)5.[9] In a
series of papers it was shown[10a,b] that the Re(CO)5 group
which in many cases is stable towards CO substitution


behaves like an isolobal[11] hydrogen atom or alkyl group.
Indeed, the observed C�C bond lengths[9b,10a] and theoretical
calculations for (OC)5ReC�CRe(CO)5 by Trogler et al.[9b] and
for complexes LnMC�CMLn of late transition metals by
Sgamellotti et al.[10d] indicate that there is little change in the
C�C bond on substitution of an organic substituent by an
isolobal metal fragment and that the acetylenic structure
MC�CM dominates. Bimetallic acetylide-bridged complexes
were shown to be suitable building blocks for the synthesis of
metal clusters[10c,12] quite similarly as organic alkynes[13] and
monometallated alkynes.[10c,14]


Experimental Section


Spectroscopy and analyses : 1H, 13C, 13P, and 19F NMR: Jeol FX90, GSX270
and EX400. Chemical shifts are given relative to solvent peaks or TMS
except 13P shifts which were referenced to an external standard solution of
85% H3PO4. Low-temperature measurements were always conducted on a
GSX400 spectrometer. Microanalyses: Heraeus VT. IR: Perkin-Elmer


[a] Prof. Dr. W. Beck, Dr. S. Mihan, Prof. Dr. K. Sünkel
Institut für Anorganische Chemie der Universität Meiserstrasse 1,
D-80333 München (Germany)
Fax: (�49) 89-590-2214
E-mail : wbe@anorg.chemie.uni-muenchen.de


[=] Presented in part at the 1995 International Congress of Pacific Basin
Societies, Honolulu, Hawaii, December 17 ± 22, 1995, Abstract No
1146. Professor Reinhard Nast is the pioneer in the field of metal
alkynyl complexes. Part XLV: O. Briel, A. Fehn, W. Beck, J.
Organomet. Chem. in press.
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Scheme 1. Coordination chemistry of organometallic substituted alkyne complexes LnMC�CR.
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Model 841 and Nicolet ZDX 5 FT-IR (4000-200 cmÿ1). Finnigan MAT 90
was used for mass spectra (FAB MS: 3-nitrobenzyl alcohol as matrix and
argon as exciting gas). The solvent was subtracted from the IR spectra
measured in solution. Owing to the thermal instability and the tendency to
decompose of the compounds, the elemental analysis and melting points of
some compounds are not included in this paper.


Materials and methods: All reactions were carried out under dry high
purity argon by using standard Schlenk techniques. Solvents were dried and
distilled before use. Teflon or steel tubes were used to transfer dried
solvents and air-sensitive solutions. Compounds [Cu(NCCH3)4]PF6,[15]


[Ag(NCCH3)4]BF4,[16] Ph3PAuCl,[17] Me2SAuCl,[18] (OC)5ReC�CRe(CO)5


(1),[9] and (OC)5ReC�CSiMe3 (2)[8] were prepared according to slightly
modified literature procedures. Other compounds were used as purchased.
Silver salts were dried in vacuo for 24 h.


Preparation of the complexes


3 : CuCl (8 mg, 0.08 mmol) was added to a solution of 1 (50 mg, 0.07 mmol)
in THF (20 mL). The suspension was stirred vigorously at room temper-
ature for 2.5 h to give a red solution. The solution was filtered off and the
solvent removed in vacuo. The residue was washed with diethyl ether and
dried under vacuum to give 3 as a bright red powder. Yield 55 mg (94 %).
M.p. 118 8C (decomp). IR (KBr): nÄ � 2151 m,sh, 2146 sh, 2088 m, 2045 vs,sh,
2031 vs,sh, 2010 vs,sh, 1974 vs, 1960 sh, 1912 vs,br (C�O; C�C) cmÿ1; MS
(CI, negative-ion mode, 200 8C): m/z : 1224 ± 1084 [MÿRe, n(CO)]� (n�
5 ± 10); C24Cu2Cl2O20Re4 (1551.1): calcd C 18.58; found C 18.97.


4 : [Cu(NCMe)4]PF6 (27.2 mg, 0.073 mmol) was added to a solution of 1
(99 mg, 0.15 mmol) in dichloromethane (20 mL). The orange solution
turned pale yellow. After the mixture had been stirred for 1 h, the solvent
was removed, and the residue was washed with pentane (2� 5 mL) to give 4
as a pale yellow powder. Yield 114 mg (100 %). M.p. 103 8C (decomp); IR
(nujol): nÄ � 2155 m, 2148 m, 2094 m, 2085 m, 2045 vs, 2026 vs,sh, 2012 vs,
1992 vs, 1976 sh, 1925 m,br (C�O, C�C), 886 m, 846 vs, 835 sh (P ± F) cmÿ1;
13C NMR (100.53 MHz, [D6]acetone, 25 8C): d� 180.2 (s, COeq), 180.0 (s,
COax), 97 (s,br, C-ethyne); MS (FAB, positive-ion mode): m/z : 1417(56.5)
[M�HÿPF6]� , 1389 ± 1053 [M�Hÿ nCOÿPF6]� (n� 1 ± 12);
C24O20CuF6PRe4 (1561.6): calcd C 18.46, found C 18.56.


5 : [Cu(NCMe)4]PF6 (82 mg, 0.22 mmol) was added to a solution of 1
(146 mg, 0.21 mmol) in dichloromethane (20 mL). The solution was stirred
for 1 h, then it was evaporated to 5 mL and left to crystallize overnight.
Yellow prisms of 5 were collected and washed with diethyl ether (3 mL)
and pentane(8 mL). Yield (crystals) 38 mg (27 %). M.p. 91 8C (decomp); IR
(nujol): nÄ � 2160 m, 2150 s, 2112 vw, 2090m, 2064 vs, 2045 vs,sh, 2039 vs,sh,
2021 vs, 2005 vs, 1997 vs,sh 1950 w,br, (C�O, C�C), 2350 vw, 2319 w, 2280 w,
(N�C), 881 w,sh, 850 vs (P ± F) cmÿ1; 13C NMR (100.53 MHz, [D6]acetone,
ÿ40 8C): d� 178.7 (s, COeq), 178.0 (s, COax), 122.3 (s, CH3CN), 107. 8 (s,br,
C�), 3.4 (s, CH3CN); 1H NMR (400 MHz, [D6]acetone): d� 2.26 (s,
CH3CN); C20H12N4O10Re2Cu2P2F12 (1257.7): calcd C 19.10, H 1.0, N 4.45;
found C 20.41, H 1.92, N 4.05.


6 : [Ag(NCMe)4]BF4 (32 mg, 0.089 mmol) was added to a solution of 1
(120 mg, 0.177 mmol) in dichloromethane (20 mL). After the mixture had
been stirred for 30 min at room temperature, the solvent was removed in
vacuo, and the residue was washed with diethyl ether (5 mL) and cold
pentane (2� 5 mL) to give a light brown powder that decomposed slowly
(gray-brown, Ag). Yield: 125 mg (91 %). IR (KBr): nÄ � 2155 w,sh, 2145 m,
2132 vw,sh, 2090 m,sh, 2042 s,sh, 2011 vs, 1970 vs 1910 m,sh,br (C�O; C�C),
1056 s,br, 1035 sh, 950 sh (B ± F) cmÿ1; 13C NMR (67.94 MHz, CD2Cl2): d�
177.6 (s, COeq), 177.4 (s, COax), 88.8 (s, C-ethyne); C24AgBF4O20Re4


(1547.7): calcd C 18.62, found C 18.43.


7: AgSbF6 (110 mg, 0.320 mol) was added at room temperature to a
solution of 1 (124.1 mg, 0.183 mmol) in THF (6 mL). After the mixture had
been stirred for 2 h, the solvent was removed and the residue was dried in
vacuo to give a colorless powder that decomposed slowly (brown, Ag). The
powder was dissolved in dichloromethane (2 mL). Colorless crystals were
separated from the solution which were suitable for X-ray diffraction
(black by-products). IR (crystals in nujol): nÄ � 2159 m, 2154 m, 2146 s, 2098
s, 2087 s, 2065 sh, 2045 vs, 2036 vs, 2022 vs, 2005 vs, 1993 vs, 1979 vs 1917 sh
(C�O; C�C), 659 s, 642 w,sh (Sb ± F) cmÿ1; 13C NMR (67.94 MHz) (crude
product, [D6]acetone): d� 179.8 (s, COeq), 179.4 (s, COax), 98 (s,br C�).


8 : AgO3SCF3 (50 mg, 0.20 mmol) and 1 (66 mg, 0.10 mmol) are dried in
vacuo for 30 min at 30 8C. After addition of dichloromethane (20 mL) and
stirring for 2 h, a precipitate was formed which was centrifuged off from the


yellow solution, washed with pentane (2� 5 mL) and dried in vacuo. Yield
82 mg (100 %). M.p. 78 8C (decomp); IR (nujol): nÄ � 2162 w, 2155 m,
2093m,sh, 2057 s, 2049 s, 2031 vs, 2015 vs,br, 1825 w,br (C�O; C�C), 1280
s,sh, 1272 s, 1250 sh, 1229 m, 1181 m, 1149 m, 1040s, 643 s (SO, CF3) cmÿ1;
13C NMR (100.53 MHz, [D6]acetone): d� 179.3 (s, COax), 179.3 (s, COeq),
121.2 (q, 3J(CF)� 320 Hz, CF3), 84.9 (s, C�C); 19F NMR (84.29 MHz,
[D6]acetone): d�ÿ78 (s, CF3); C25AgF3O23Re4S (1610.0): calcd C 18.65;
found C 18.45.


9 : A solution of 1 (88 mg, 0.13 mmol) in THF (20 mL) was added to
AgO3SCF3 (66.8 mg, 0.26 mol), had been previously dried in vacuo (30 min,
50 8C), and stirred. The original orange-yellow solution became colorless
and after 1 h the solvent was removed. The residue was washed with diethyl
ether (2� 5 mL) and pentane (3� 8 mL) and dried in vacuo to give a white
powder that became gray (Ag) on standing. Yield 82 mg (53 %). M.p. 60 8C
(decomp); IR (nujol): nÄ � 2154 m,sh, 2146 m, 2088m, 2080 sh, 2060 s,sh,
2041 vs,sh, 2023 vs, 2010 vs,sh, 1993 vs, 1919 w,br (C�O, C�C), 1353m, 1294
s, 1239 s,sh, 1220 s,sh, 1212 vs,br, 1185 vs, 1038 s, 1026 s, 642 s, 633 s (SO,
CF3) cmÿ1; 13C NMR (100.53 MHz, [D6]acetone): d� 178.6 (s, COeq), 177.8
(s, COax), 98 (br, C�C); (CF3 -signal not observed); 19F NMR (84.29 MHz,
[D6]acetone): d�ÿ75.7, ÿ76.57, ÿ77.89 (s, CF3); C14Ag2F6O16Re2S2


(1190.4): calcd C 14.13; found C 14.45.


10 : Compound 2 (151.5 mg, 0.36 mmol) and [Cu(NCMe)4]PF6 (67 mg,
0.18 mmol) were dissolved in dichloromethane (10 mL). The resulting pale
yellow solution was stirred for 1 h and left for 20 h at room temperature.
The solvent was removed in vacuo and the residue was washed with
pentane and dried in vacuo. Orange yellow oil. Yield 179 mg (95 %). IR
(nujol): nÄ � 2157 m, 2093 sh, 2072 sh, 2036 vs, 2014 vs, 1995 vs, 1985 sh, 1933
m,br (C�O, C�C), 849vs,br (P ± F) cmÿ1; 13C NMR (100.53 MHz, CD2Cl2,
ÿ40 8C): d� 177.5 (s, COeq), 177.4 (s, COax), 125.8, 117. 5, (s,br, C�), 0.22
(CH3); 1H NMR (400 MHz, ÿ40 8C): d� 0.28 (CH3). C20H18CuF6O10PRe2-


Si2 (1055.4): calcd C 22,75, H 1.70; found C 22.45, H 1.25.


Reaction of 2 with AgSbF6: AgSbF6 (22 mg, 0.06 mmol) was added to a
solution of 2 (54 mg, 0.13 mmol) in dichloromethane (5 mL). The colorless
solution became pale yellow. After the mixture had been stirred for 15 min
at room temperature, the solvent was removed in vacuo. A pale orange oil
was obtained, which was stirred with pentane (10 mL) to get a colorless
powder. This complex was unstable and decomposed even atÿ20 8C within
a few hours. IR(KBr): nÄ � 2151 vw, 2133 w, 2071 sh, 2035 vs, 2002 vs, 1905 m
(C�O, C�C) cmÿ1


11, 12 : A solution of Au(PPh3)SbF6, prepared by treating a dried mixture of
Au(PPh3)Cl (72 mg, 0.15 mmol) and AgSbF6 (50 mg, 0.15 mmol) with
dichloromethane (10 mL) and centrifugation of the resulting suspension,
was added to a solution of 1 (99.5 mg, 0.15 mmol). After the mixture had
been stirred for 10 min, the solvent volume was reduced to 2 mL and the
solution was kept at 5 8C for 15 h. Removal of the solvent in vacuo gave a
light orange powder that decomposed on standing within a few days. IR
(nujol): nÄ � 2156 sh, 2146 m, 2089 m, 2035 vs, 2016 vs, 2002 vs, br (C�O);
1920 sh,br, 1880 s, br (C�C), 718 sh, 661 s (Sb ± F) cmÿ1; 1H NMR
(400 MHz, CD2Cl2, ÿ40 8C): d� 7.5 (m, Ph); 13C NMR (100.53 MHz,
CD2Cl2, ÿ40 8C): d �178.3(s, COeq), 178.1 (s, COax), 133.7, 132.1, 129.2,
127.5 (Ph), 114.2 (s, br, C�); 19F NMR (83.29 MHz CD2Cl2, 25 8C): d�
ÿ182, ÿ167, ÿ160, ÿ135, ÿ134, ÿ89, ÿ67 (all broad signals); 31P NMR
(109.38 MHz, CD2Cl2, 25 8C ): d� 38.1 (s, PPh3), 39.4 (s, PPh3); MS (FAB,
mNBA): (11) m/z : 1135 [Mÿ SbF6]� , 1107 ± 855 [MÿSbF6ÿnCO]� , (n�
1 ± 10), 459 [AuPPh3]� ; (12) m/z : 1551 [Mÿ SbF6]� , 1523 ± 1299 [Mÿ
SbF6ÿ nCO]� , (n� 1 ± 9), 721 [Au(PPh3)2]� .


12 (from Me2SAuCl): A mixture of AgSbF6 (27.5 mg, 0.08 mmol) and
Me2SAuCl (23.5 mg, 0.08 mol) was dried for 1 h in vacuo, and dichloro-
methane (10 mL) was added. The precipitated AgCl was filtered off and a
solution of 1 (107.2 mg, 0.16 mmol) was added to the colorless solution of
Me2SAuSbF6. Gas evolution was observed. After the mixture had been
stirred for 10 min at room temperature, the solution volume was reduced to
2 mL and the light orange product was precipated by addition of pentane
(20 mL). Yield 54 mg (38 %). M.p. 73 8C (decomp); IR (nujol): nÄ � 2157 sh,
2154 w, 2147 m, 2098 s, 2090 s, 2065 sh, 2045vs, 2024 vs, 2007 vs, 1993 vs,sh,
1982 vs, 1917 sh (CO, C�C), 659 s, 642 w,sh (Sb ± F) cmÿ1; 13C NMR
(67.94 MHz, [D6]acetone): d� 179.8 (s, COeq), 179.4 (s, COax), 116 (s,br,
C�). C24AuF6O20Re4Sb (1785.8): calcd C 16.14; found C 16.06.


13 : After addition of wet dichloromethane (1 mL) to a freshly prepared
solution of 5 (45 mg, 0.036 mmol) in dichloromethane (8 mL), the mixture
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was left to stand for three days. The originally yellow solution became
colorless, and the product precipitated as a white powder and as crystals.
Yield 35 mg (97 %). M.p. 86 8C (decomp); IR (nujol): nÄ � 2154 m, 2146 s,
2091 sh, 2067 sh, 2048 vs, 2025 vs, 2010 vs, 1984 vs, 1937 m (CO), 1735 v,br,sh
(C�C), 1321 vs, 1164 vs, 1154 vs (PO), 900 s, 890 s, 863, 858 (PF) cmÿ1.
C24Cu4F8O28Re4P4 (2011.1): calcd C 14.33; found C 13.61.


14 : Compound 2 (124 mg, 0.29 mmol) and [Cu(NCMe)4]PF6 (255 mg,
0.68 mmol) were dissolved in wet dichloromethane (20 mL) under gentle
warming. After several days colorless crystals separated from the colorless
solution which were suitable for X-ray diffraction. M.p. 69 8C (decomp); IR
(nujol): nÄ � 2154 s, 2091 s, 2083 sh, 2049 vs, 2021 vs, 2003 sh, 1990 vs, 1954 m
(C�O), 1785 w, 1746 m (C�C), 1313 vs, 1164 vs, 1155 vs (P-O), 905 s, 895 s,
864 s, 849 s (P ± F) cmÿ1. C20H18Cu4F8O18Re2Si2P4 (1505.0): calc. C 15.96, H
1.21; found C 15.88, H 1.52.


Crystal structure analyses : The molecular structures of compounds 4, 5, 7,
13 and 14 were dertermined on a Syntex R3 diffractometer. All measure-
ments were carried out at 293 K. MoKa radiation with a graphite
monochromator was used in all cases. Data were collected with the omega
scan technique. Semiempirical absorption corrections were performed by
means of psi-scans for all structures. The Patterson method was used to
solve the structures with SHELXTL PLUS 4.11/V. Refinements were
performed with a PC version of SHELXL-93. Hydrogen positions were
fixed geometrically and refined with the riding model approximation with a
temperature factor fixed at 1.3 times the value of the equivalent isotropic
displacement parameter of the corresponding carbon atom. In compounds
4 and 5 the fluorine atoms of the disordered PF6 groups were refined
isotropically. Additionally, C(15) of compound 5 and C(13) of compound 7
had to be refined isotropically. Details of the crystal structure analyses are
given in Table 1.


Reactions of (OC)5ReC�CR (R�Re(CO)5, SiMe3,) with copper(ii),
silver(ii) and gold(ii) compounds


Introductory remarks : Some aspects of the chemistry of the pentacarbo-
nylrheniumacetylides 1 and 2 have already been reported.[8, 12a] IR
spectroscopy has proven to be a
suitable method to monitor the course
of chemical reactions involving the
(OC)5Re group:[8] The n(CO) fre-
quencies of the products are higher
than those of the starting s-alkynyl
complexes (OC)5ReC�CR, and most
significantly, the a1-CO absorption


band of the Re(CO)5 group appears about 15 ± 25 cmÿ1 higher. The
n(C�C) bands show a bathochromic shift of about 50 ± 100 cmÿ1 upon side-
on p coordination of the acetylenic triple bond. This decrease is similar to
that observed upon coordination of organic alkynes to copper(i) and
silver(i) salts and also in many other alkyne complexes.[19] However, due to
both the presence of two Re(CO)5 groups (with sometimes lower symmetry
than C4v) and a coordinated C�C bond, coupling of C ± O and C ± C
vibration modes may lead to superposition of these vibrations, making an
unambiguous assignment of observed IR bands to one or the other
vibration mode impossible. Also 13C NMR measurements proved to be
difficult for several reasons:
* long relaxation times of quaternary carbon atoms (e.g. CO, C�C) lead in


combination with coordination to large quadrupole nuclei such as Cu to
weak and broad NMR absorptions


* low solubility of the obtained high-molecular-weight species.
* Many complexes establish dynamic equilibria between different species


in solution, due to the high lability of alkyne ligands in complexes with
the coinage metals.[19±21]


As was also observed by others before,[4a, 19, 20] despite the relatively strong
influence of p coordination on the C ± O (and C ± C) IR absorptions, only a
marginal influence on the chemical shifts of the carbonyl ligands and the
acetylenic carbon atoms can be seen in the 13C NMR spectra.


Results and Discussion


CuCl has been treated before with several iron, ruthenium,
molybdenum and manganese acetylide complexes LnMC�CR
resulting in either monomeric[2c, 3] or dimeric chloro-bridged p


complexes[2a,b, 4a] . The complex 1 reacts with a suspension of
CuCl in THF to give a red solution of 3 (Scheme 2).


Table 1. Crystallographic data[32] for 4, 5, 7, 13, and 14.


4 5 7 13 14


empirical formula C24CuF6O20PRe4 C20H12Cu2F12N4O10P2Re2 C24AgF6O20Re4Sb C24Cu4F8O28P4Re4 C20H18Cu4F8O18P4Re2Si2


MW 1561.55 1257.76 1696.66 2011.08 1504.96
crystal size [mm] 0.38� 0.17� 0.12 0.35� 0.1� 0.1 0.50� 0.30� 0.30 0.3� 0.24� 0.12 0.28� 0.09� 0.08
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2(1)/c P2(1)/c P2(1)/n P2(1)/n P2(1)/n
a [�] 10.830(6) 13.598(5) 12.773(4) 9.079(6) 10.856(8)
b [�] 15.713(6) 22.370(4) 24.148(9) 9.103(5) 10.544(6)
c [�] 22.805(5) 11.810(7) 12.807(5) 17.469(10) 19.326(9)
b [8] 91.06(3) 97.55(4) 93.26(3) 94.78(2) 90.03(5)
V [�3] 3880.1(27) 3561.3(26) 3943.8(25) 2419.6(10) 2209.0(23)
Z 4 4 4 2 4
1calcd [gcmÿ3] 2.673 2.346 2.857 2.760 2.263
m [mmÿ1] 13.116 8.159 13.491 11.932 7.643
2q range [8]
4.42!44.10 3.02!43.12 4.38!44.20 4.08!44.16 4.22!42.10
index ranges � h, �k, � l � h, ÿk, � l � h, �k, ÿ l � h, �k, � l ÿ h, �k, � l
reflections coll. 5094 8206 9978 5964 2531
indep. refl. (Rint) 4790 (0.0635) 4119 (0.0770 ) 4862 0.0964 ) 2994 (0.0669) 2372 (0.0553)
observed (F> 4s(F)) 3454 2947 3418 2521 1750
max./min. transm. 0.299/0.092 0.299/0.092 0.052/0.024 0.065/0.018 0.245/0.118
largest diff. hole/peak [e �ÿ3] ÿ 1.595/1.772 ÿ 1.215/2.793 ÿ 1.031/1.096 ÿ 1.220/1.038 ÿ 2.053/2.497
R1/wR2 [F> 4s(F)] 0.0518/0.1188 0.0757/0.1597 0.0497/0.1025 0.0342/ 0.0780 0.0735/0.1932
R1/wR2 (all data) 0.0845/0.1372 0.1089/0.1766 0.0793/0.1150 0.0443/ 0.0834 0.1013/0.2288
GoF 1.041 1.147 1.120 1.025 1.099


Scheme 2. Reaction of 1 with CuCl.
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No signals were detected in a 13C NMR spectrum run
overnight. The IR spectrum of 3, especially the shift of the a1


CO band to 2151 cmÿ1 (from 2135 cmÿ1 in 1) and the
appearance of a very strong n(C�C) absorption band at
1912 cmÿ1, suggests p coordination. Evidence for the dimeric
structure of 3 comes from the mass spectrometric results,
although the molecular ion is missing. Attempts to obtain
crystals of 3 afforded the thermodynamically very stable
compound (OC)5ReCl. Such a substitution of the alkynyl
ligand by chloride has been observed before in reactions of
manganese alkynyl complexes with AuCl(tht) or
[NMe3(CH2Ph)]Cl.[3] To avoid this problem, metal salts with
weakly coordinating anions were chosen as starting materi-
als.[22]


Cationic CuI complexes, formed in situ from [Cu(NCMe)4]�


and chelating nitrogen donor ligands such as tropocoro-
nands,[23] phenanthroline[19] or bipyridine,[21b] reacted with
organic alkynes to give either monomeric 1:1 complexes
[Cu(NN)(RC�CR)]� or alkyne-bridged 2:1 complexes
{[Cu(NN)]2(RC�CR)}2�, (NN� chelating nitrogen donor
ligand), depending on the nature of NN and R, and to a
lesser extent on the stoichiometry of the reactants. In some
instances equilibria between these two types were establish-
ed.[21b] The reaction of equimolar amounts of [Cu(NC-
Me)4]PF6 and 1 gives presumably first the 1:1 complex [(h2-
1)Cu(NCCH3)2]PF6, which displays an IR absorption at
1930 cmÿ1 immediately after the onset of the reaction,
possibly due to n(C�C) (by comparison with other alkyne-
copper(i) complexes[3, 4a, 23] and the Raman absorption of 1 at
2002 cmÿ1). This absorption gradually disappears and is
replaced by new bands before a precipitate forms. This
precipitate was identified by X-ray diffraction to be the
tetrametallic alkyne-bridged complex 5 (Scheme 3).


The 13C NMR spectrum shows a broad absorption at d�
107.8, which we assign to the coordinated alkyne carbon


Scheme 3. Formation of the tetrametallic alkyne-bridged complex 5.


atoms. This corresponds to a low-field shift of more than
13 ppm compared to the free ligand, which is quite unusual for
CuI complexes of organic as well as metal-organic alkynes
(see above).


When the same reactants are mixed in a copper/alkyne ratio
of 1:2.1 in the same solvent (CH2Cl2), another product 4
(Scheme 4) can be isolated after recrystallization, as evi-
denced by a slightly different IR spectrum and a broad
13C NMR signal at d� 97, assigned to the alkyne carbon
atoms. A crystal structure determination (see below) con-
firmed that this compound was a copper bis(alkyne) complex.
Compounds of this type were obtained by Riera et al. by
treating the CuCl complex of [Mn(CO)3(dppe)(C�CR)] with
TlPF6 in the presence of free alkynyl complex.[3] The relatively
small downfield shift of the acetylenic 13C resonance upon
coordination is in accordance with other alkyne copper(i)
complexes, which contain only one copper ion coordinated to
the triple bond. From the IR data we assume that in solution
there is an equilibrium between 4 and 5, which presumably
proceeds via the intermediate [(h2-1)Cu(NCCH3)2]� .


Scheme 4.


In comparison to the amount of research on the interactions
between CuI and alkynes, there has been far less work on the
analogous interactions with AgI ions. An early study by
Lewandos et al. on the reaction of silver triflate with alkynes
showed rapid equilibria between free and complexed al-
kynes.[24] NMR titrations of solutions containing alkynes with
AgO3SCF3 showed a maximum Ag�/alkyne ratio of 1:1, and so
far only silver alkyne complexes with stoichiometries 1:2 or
1:1 have been characterized.[7, 25]


When we treated 1 with 0.5 equivalents of [Ag(NC-
Me)4]BF4 or with 2.0 equivalents of AgO3SCF3 in dichloro-
methane, two products 6 and 8 were isolated. According to
their elemental analyses both these compounds exhibited 2:1
stoichiometries, similar to that for the copper complex 4.
Compounds 6 and 8 display sharp resonances in their
13C NMR spectra at d� 88.8 (CD2Cl2) and d� 84.9 ([D6]ace-
tone), respectively. We assign these signals to the acetylenic
carbon atoms, which are high-field shifted from those in 1, as
observed with other alkyne silver(i) complexes.[4b, 26] The initial
step of the reaction might involve the analogous silver
complex [(h2-1)AgL2]� .


The reaction of 1 with 1.75 equivalents of AgSbF6 in THF
yielded, after evaporation of the solvent, an unstable com-
pound that displays a broad 13C NMR signal at d� 98 in
acetone. The shape of this signal suggests the occurrence of
equilibria in solution, which might involve a dimetallatetra-
hedrane [(m-h2:h2-1)Ag2(thf)4]2�, analogous to 5. However,
when the crude product was recrystallized from dichloro-
methane, a compound was obtained that was characterized by
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X-ray diffraction to be the bis(alkyne) complex 7. Thus it
seems that in CH2Cl2 the low solubility of the {Ag[(OC)5Re-
C�C-Re(CO)5]2}� complex allows its isolation, regardless of
the stoichiometry of the starting materials employed.


Treatment of 1 with two equivalents of AgO3SCF3 in THF
gives, after evaporation of solvent, a product 9, which is
different from the CH2Cl2 reaction product 8. The appearance
of a broad 13C NMR absorption at d� 98 as well as the lack of
a 13C NMR signal for the CF3 group and the occurrence of
three 19F NMR signals suggests the presence of several species
that are in rapid equilibrium. The elemental analysis is
consistent with a formulation as 1 ´ 2 AgO3SCF3 (9), a
composition which corresponds to that of 13.


Most of the silver complexes 6 ± 9 decompose on standing,
apparently under formation of elemental Ag, especially the
products 7 and 9 from the reactions in THF. This indicates
that 1 is oxidized rather giving stable p complexes. The mass
spectra of the reaction products revealed a number of
different complexes; the molecular ion at m/z 324
might correspond to the [(OC)9Re2C2]2� cation which
could be formed from a primary oxidation product
[(OC)5Re�C�C�Re(CO)5]2� by CO elimination. The oxida-
tion of polyacetylide-bridged compounds LnM(C�C)mMLn,
for example, with silver(i) ions to give highly interesting
cumulenes LnM�(C�C)m�MLn has recently been a matter of
extensive research.[27]


Riera et al. reported the reactions of [Mn(CO)3(dp-
pe)(CCPh)] and gold complexes Au(L)(X) (L� PPh3 or tht
and X�PF6), prepared in situ from the corresponding chloro
complex and TlPF6. With the phosphane complex, a cationic
monoalkyne complex was obtained, which readily dispropor-
tionated into [Au(PPh3)2]� and a cationic bis(alkyne) com-
plex, which could also be obtained directly from the tht
complex and two equivalents of the manganese alkynyl
complex.[3] Also when we treated 1 with one equivalent
Au(PPh3)SbF6 (in fact the integrity of the anion is not sure,


since the 19F NMR spectrum of the product mixture showed
seven broad signals, spread over 120 ppm, suggesting the
presence of several species of the type X-F-(SbF4)-F, e.g.
Sb2F11


ÿ), prepared in situ from the chloride and AgSbF6, we
obtained an equilibrium mixture of monoalkyne complex 11,
bis(alkyne) complex 12, and [Au(PPh3)2]� (Scheme 5). This
was confirmed by a FAB-MS spectrum, which showed the
fragmentation patterns for both complexes. Independently,
compound 12 was obtained from Au(SMe2)SbF6, prepared in
situ from the chloride and AgSbF6, and two equivalents of 1,
and was characterized by a 13C NMR absorption at d� 116 (in
[D6]acetone) (d� 117.5 in CD2Cl2). The broadness of this
signal suggests that 12 is prone to further equilibration
reactions.


We also examined the reaction of 2 with [Cu(NCMe)4]PF6


and AgSbF6, respectively. Under conditions similar to those
employed for the formation of 4 a product 10 is obtained,
which according to its elemental analysis is also a bis(alkyne)
complex (Scheme 6). The 13C NMR spectrum displays two
signals in the range d� 100 ± 130, that is at d� 117.5 and d�
125.8, which, if attributable to the alkyne carbon atoms, would
imply an unusually large downfield shift for both carbon
atoms in comparison to 2, und thus indicate a dimetallate-
trahedrane structure like 5. The product derived from the
analogous reaction of AgSbF6 with two equivalents of 2
decomposes very fast in solution even atÿ20 8C and could not
be characterized.


When 2 was treated with two equivalents of [Cu(NC-
Me)4]PF6 in dry dichloromethane for one hour, only a mixture
of several compounds, presumably containing the unconvert-
ed copper salt, is obtained. When the reaction was performed,
however, in warm wet dichloromethane for several days, a
crystalline compound 14 was isolated (Scheme 6), which was
identified by X-ray diffraction as being composed of two
dimetallatetrahedranes bridged by four difluorophosphate
anions. This structure type was first obtained by Reger et al.


Scheme 5. Equilbrium between 11 and 12.


Scheme 6. Synthesis of 10, and 13 and 14 from 1 or 2 and CuL4.
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from the reaction of Cu4(O2CCF3)4 ´ 2 C6H6 and several
alkynes about ten years ago.[21a]


A similar complex 13 resulted from the deliberate hydroly-
sis of 5. As could be ascertained by another X-ray structure
determination, 13 is an octanuclear complex with four
difluorophosphate bridges between two dimetallatetrahe-
drane units. The partial hydrolysis of hexafluorphosphate
has been observed for a series of complexes[28] and it can be
assumed that hydrolysis takes place by catalytic action of the
copper ion.[29] We are particularly interested in complex 13
since it contains components of two of our major research
fields: weakly coordinated anions[10b] and hydrocarbon-bridg-
ed metal complexes.[10a]


Unfortunately, NMR studies could not be conducted on 13
and 14 because of the low solubility of the complexes. In the
IR spectra the n(C�C) absorptions (nujol) are shifted from
2000 (1, Ra) to 1735 cmÿ1 for 13, and from 2116 (2) to
1746 cmÿ1 for 14, as would be expected by comparison with
other alkyne copper complexes in which the alkyne acts as a
four-electron donor. This observation also shows the very
different electronic effect of the anionic PO2F2


ÿ ligand in
comparison to the neutral acetonitrile ligands in 5, where no
IR absorptions were identified in the 1800 ± 1600 cmÿ1 range.


X-ray structure determinations of 4, 5, 7, 13, and 14


4 and 7 (Figures 1 and 2): In both complexes the two alkyne
ligands lie perpendicular to each other (interplanar angle
between the MC�C planes is 90.58 (4) and 89.28 (7)); the
average Cu ± C distance in 4 is 2.055(10) � and the average
Ag ± C distance in 7 is 2.25 (1) �. Thus, in both complexes the
metal has a pseudo-tetrahedral environment, as might be
expected for a d10 ion with four carbon donors. A similar
arrangement of ligands was observed in the copper ± manga-
nese acetylide complex {Cu[Mn(CO)3(dppe)(m-C�CtBu)]2}-
PF6,[3] which showed an average Cu ± C distance of 2.081(1) �
and a dihedral angle of 71(1)8. The average C�C bond lengths


Figure 1. Structure of [(h2-1)2Cu] (4) in the crystal (20 % probability
ellipsoids). Selected bond lengths [�] and angles: Re1 ± C2 2.19(2), Re2 ±
C1 2.15(2), C1 ± C2 1.22(3), C1 ± Cu 2.06(2), C2 ± Cu 2.02(2), C3 ± C4
1.28(3), C3 ± Cu 2.07(2), C3 ± Re3 2.11(2), C4 ± Cu 2.07(2), C4 ± Re4
2.14(2); C2-C1-Re2 167(2), C1-C2-Re1 172(2), C4-C3-Re3 171(2), C3-
C4-Re4 174.3(14).


Figure 2. Structure of [(h2-1)2Ag]� (7) in the crystal (20 % probability
ellipsoids). Selected bond lengths [�] and angles [8]: Re1 ± C1 2.15(2),
Re2 ± C2 2.21(2), Re3 ± C3 2.14(2), Re4 ± C4 2.17(2), Ag1 ± C2 2.21(2),
Ag1 ± C1 2.24(2), Ag1 ± C4 2.24(2), Ag1 ± C3 2.32(2), C1 ± C2 1.21(2), C3 ±
C4 1.21(2); C2-C1-Re1 162(2), C1-C2-Re2 163(2), C4-C3-Re3 166.0(14),
C3-C4-Re4 163(2).


in 4 (1.25(2) �) and 7 (1.21(1) �) are comparable to that in
the manganese acetylide complex (1.237(12) �). In the
recently reported alkynyl ruthenium silver triflate complex
{[Ru(dippe)2]2(m-Cl)3(s,p-C�CPh)2[Ag2(m-dippe)]}BPh4


[25] both
silver ions are coordinated to only one alkynyl moiety each;
the average Ag ± C bond length is 2.39(1) � and the average
C�C bond length is 1.25(2) �. The average Re ± C bond
length is 2.15(1) � in 4 and 2.17(1) � in 7, thus in 4 the longer
C�C bond corresponds to a shorter Re ± C bond than in 7. The
bend-back angles (C-C-R) at the coordinated triple bond are
on average 8.9(9)8 in 4 and 16.5(9)8 in 7. The corresponding
angles are 9.5(10)8 (C-C-Mn) in the above-mentioned man-
ganese complex and 5.5(7)8 (C-C-Ru) in the ruthenium
complex. Due to the relatively large standard deviations in
all these structures these bond parameters should be discussed
with the necessary caution. However, the structure of the
silver complex 7 appears more unusual than the copper
complex 4. It seems strange that on one hand the C�C bond
length in 7 is shorter than in 1 or in 4, which indicates only a
very weak interaction between the Ag� ion and the alkyne
ligand, but that on the other hand the bend-back angle is
nearly twice that in 4, and also much larger than in the two
cited reference compounds, which is usually taken as an
indication of a stronger interaction.[19]


These structures can also be compared to a series of h2-
coordinated complexes of monometallated alkynes [(h2-
RCCMLn)CuICl]n, the copper phenanthroline complexes
[Cu(phen)(h2-RCCH)]� , and the polymeric cyclododeca-
diyne complexes [M(C12H16)(OSO2CF3)]x (M� Cu, Ag)
(Table 2). As can be seen from these data, there is quite a
strong influence of both the substituents at the acetylenic
triple bond and the co-ligands at the Cu/Ag center on these
bond parameters, bringing the observed values in the
structures of 4 and 7 in the range of earlier structure
determinations. However, the relation between the Cu and
Ag complexes of 1 is different from the findings with the
(polymeric) Cu and Ag complexes of cyclododecadiyne,
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where the copper compound has the shorter C�C bond length
and the larger bend-back angle.


5 (Figure 3): In the crystal of 5 the PF6 anions are strongly
disordered. The structure contains a dimetallatetrahedrane
Cu2C2. The planes Cu1-C6-C7 and Cu2-C6-C7 form an angle
of 89.88. The Cu ± Cu distance is 2.786(5), the C�C distance


Figure 3. Structure of [(h4-1)Cu2(NCMe)4]2� (5) in the crystal (20 %
probability ellipsoids). Selected bond lengths [�] and angles [8]: Re1 ± C6
2.19(3), Re2 ± C7 2.22(3), Cu1 ± N2 1.95(3), Cu1 ± N1 1.97(3), Cu1 ± C7
2.06(2), Cu1 ± C6 2.06(3), Cu1 ± Cu2 2.786(5), Cu2 ± N3 1.95(3), Cu2 ± N4
1.98(2), Cu2 ± C7 2.04(2), Cu2 ± C6 2.07(2), C6 ± C7 1.22(3); N2-Cu1-N1
92.4(10), N1-Cu1-C7 120.2(10), N2-Cu1-C6 112.7(10), C7-Cu1-C6 34.4(9),
N3-Cu2-N4 103.9(10), N3-Cu2-C7 113.1(10), N4-Cu2-C6 111.2(9), C7-Cu2-
C6 34.5(9), C7-C6-Re1 160(2), C6-C7-Re2 158(2).


1.22(3) �, and the four Cu ± C distances average to 2.06(1) �.
The sum of bond angles within the CuN2C2 moiety is 359.78 at
Cu1 and 362.78 at Cu2, thus manifesting a planar coordination
geometry around both copper centers (ignoring the second
copper ion). An arrangement like this was postulated by
Reger et al for {[Cu(bpy)]2(alkyne)}2� complexes, but wasn�t
supported by an X-ray structure determination.[21b] The
closest crystallographically characterized relatives to 5 are
the tropocoronand complexes [Cu2(TC-6,6)(ROOC-C�C-
COOR)] prepared by Lippard et al., in which the copper
centers are coordinated to both alkyne carbon atoms and to


two nitrogen atoms of the macrocycle, which also bridges the
two copper centers.[23] The Cu ± Cu distances in these com-
plexes are 2.806(1) � and 2.788(1) � for R� Et and Me,
respectively, and the bond angles around the copper centers
sum up to 3608, parameters which are more or less identical to
the values found in 5. However, the average Cu ± C distance in
these complexes is about 1.95 � and the C�C bond lengths are
1.320(6) � and 1.314(9), respectively; thus, much stronger
Cu ± C and weaker C ± C bonds than in 5. The very different
N-Cu-N angles of 92.4(10)8 at Cu1 and 103.9(10)8 at Cu2 is
quite surprising, and the reasons for this finding remain to be
clarified. The bend-back angles at both carbon atoms of the
triple bond average to 21(1)8 in comparison to over 418 in the
tropocoronand complex, which shows again a much stronger
interaction between the alkyne group and the Cu ion than in 5.
However, despite of the nearly unchanged C ± C bond lengths,
these bond angles indicate a stronger interaction than in the
1:1 complex 4 (see above) as expected. The average Re ± C
bond length in 5 is 2.205(20) �, and thus longer than in 4,
which is making up for the shorter C�C bond (although, due
to the relatively large standard deviations, the significance of
these differences should not be overestimated!).


13, 14 (Figures 4 and 5): In the dimeric complexes 13 and 14
two Cu2C2 tetrahedrons are bridged by four difluorophos-
phate anions. Both molecular structures contain a crystallo-
graphic inversion center. In 13 the average Cu ± C distance is
2.043(5) �, the average Re ± C distance 2.168(7) �, and the
C�C bond 1.275(14) � long, while the average bend-back
angle is 20.8(6)8. Thus, upon hydrolysis of 5, the metal ± car-
bon distances become slightly shorter, while the acetylenic
triple bond elongates by 0.05 � and the bend-back angles
don�t change at all. The coordination geometry around both
copper centers is strictly planar (when the second Cu atom is


Figure 4. Structure of [(1)2Cu4(m-O2PF2)4] (13) in the crystal (20 %
probability ellipsoids). Selected bond lengths [�] and angles [8]: Cu2-O21
1.999(8), Cu2 ± O20 2.009(8), Cu2 ± C11A 2.011(10), Cu2 ± C12A 2.040(10),
Cu2 ± Cu1A 2.622(2), O24 ± Cu1 1.988(8), O23 ± Cu1 1.995(8), Cu1 ± C11
2.058(10), Cu1 ± C12 2.063(9), C11 ± C12 1.275(14), C11 ± Re1 2.175(11),
C12 ± Re2 2.160(10); O21-Cu2-O20 101.8(4), O21-Cu2-C11A 110.3(4),
O20-Cu2-C12A 111.2(4), C11A-Cu2-C12A 36.7(4), O24-Cu1-O23 99.5(4),
O24-Cu1-C11 113.1(4), O23-Cu1-C12 111.1(4), C11-Cu1-C12 36.0(4), C12-
C11-Re1 157.1(8), C11-C12-Re2 161.4(8).


Table 2. Comparision of bonding parameters for compounds 4 and 7 with
literature data.


Compound Average dis-
tance between
M and the
C�C [�]


Average
C�C bond
length [�]


a [8][a] Ref.


4 2.055 (10) 1.25(2) 8.9(9) this work
7 2.25(1) 1.21(1) 16.5(9) this work
{[LnFeC�CPh]CuCl}2 1.99(2), 1.27(2) 18(2) [2a]
{[LnRuC�CPh]CuCl} 2.025(7) 1.25(1) 7.4(8) [2c]
{[LnMnC�CPh]CuCl} 2.034(3) 1.226(5) 8.9(3) [3]
[Cu(phen)(RC�CH)]� 1.92 ± 2.00 1.19 ± 1.23 15 ± 25 [19]
[Cu(C12H16)(OSO2CF3)]x 2.11 1.190(14) 15.6(7) [26]
[Ag(C12H16)(OSO2CF3)]x 2.41 1.210(13) 10.9(6) [26]


[a] a� bend back angle� deviation of angle C�CR from linearity.
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ignored) with bond angle sums of 359.78 at Cu1 and 360.08 at
Cu2, which is the same as in 5, although the Cu ± Cu distance
has shortened by 0.16 �. In 14 the dissymetry of the alkyne
ligand has some minor effects on the geometrical parameters
within the dimetallatetrahedrane units. The Cu ± C distances
to the rhenated carbon are slightly longer than those to the
silylated carbon, that is 2.035(14) vs. 2.000(14) �, the Re ± C
bond is 2.19(2) �, and the acetylenic C ± C triple bond is
1.29(3) �. These bond lengths again indicate a stronger
interaction of the Cu centers with the acetylenic triple bonds
compared to that in 5, although the bend-back angle in 14 of
19(2)8 is even slightly smaller than in the bis(acetonitrile)
complex. The coordination geometries around the copper
centers are again planar with bond angle sums of 359.88 and
360.18, but the Cu ± Cu distance of 2.726(4) is closer to the
value found in 5 than in 13.


The four Cu atoms are in a plane with two short distances
(13 : 2.622 �; 14 : 2.726 �) and two long distances (13 : 4.287 �;


14 : 4.154 �), the two Re2C2 li-
gands are perpendicular to this
plane. Due to the long PO2F2


bridge the structures of 13 and
14 are significantly different
from that of carboxylate-
bridged alkynecopper(i) com-
plexes [(RC�CR)2Cu4-
(m-RCO2)4],[20, 21c, 30] in which the
four Cu atoms form (strongly)
distorted tetrahedra (Table 3).
Although in [(Me3SiC�CSiMe3)2-
Cu4(m-O2CMe)4][31] a planar ar-
rangement of the four Cu atoms
is found, the Cu ± Cu distances
are equal in contrast to 13 and 14.


Conclusion


In summary, dirhenioethyne be-
haves as a ligand to copper(i),
silver(i), and gold(i) compounds
like an organic alkyne or a mono-
metallated alkyne, and the for-
mation of complexes with (OC)5-


ReC�CRe(CO)5 as a p ligand can be considered as an
experimental proof for the results of theoretical calculations
on LnMC�CMLn complexes,[9b,10d] in which only the acetylenic
structure was found. Re(CO)5 is isolobal[11] with the hydrogen
atom or with an alkyl group, and the results presented here
are further examples for this concept.[33] The stability of
compounds 4 ± 16 toward decomposition increases with the
metal in the order Ag<Au�Cu and with the ligands 2< 1.
The light-induced reduction of silver(i) and the high tendency
of gold(i) to form symmetrical complexes in contrast to
copper(i) could be a reason for this behavior.


Acknowledgement


Generous support by Deutsche Forschungsgemeinschaft, Fonds der
Chemischen Industrie, and Wacker Chemie, München is gratefully
acknowledged. We thank Professor F. R. Kreiûl, TU München, for mass
spectra.


Figure 5. Structure of [(2)2Cu4(m-O2PF2)4] (14) in the crystal (20 % probability ellipsoids). Selected bond
lengths [�] and angles [8]: Re ± C6 2.19(2), Re ± C4 2.06(3), Cu1 ± O8 1.98(2), Cu1 ± O6 1.99(2), Cu1 ± C7
2.01(2), Cu1 ± C6 2.03(2), Cu1 ± Cu2 2.726(4), Cu2 ± O7A 1.99(2), Cu2 ± C7 1.99(2), Cu2 ± O9A 2.01(2), Cu2 ±
C6 2.04(2), C6 ± C7 1.29(3); O8-Cu1-O6 100.7(8), O8-Cu1-C7 112.1(10), O6-Cu1-C6 109.8(8) C7-Cu1-C6
37.2(9), O7A-Cu2-C7 116.9(9), O7A-Cu2-O9A 97.2(9), C7-Cu2-C6 37.3(9), O9A-Cu2-C6 108.7(9), O7A-Cu2-
Cu1 123.3(5), C7-C6-Re 161(2), C6-C7-Si 152(2).


Table 3. Comparision of X-ray data for compounds 5, 13 and 14 with similar known structures.


Average Cu ´´´ Cu distance [�] Average distance
between Cu and
the C�bond [�]


Average C�C
distance [�]


Average
angle a [8]


Ref.


{(h2-EtC�CEt) [Cu(m-O2CCF3)]2}2 2.810(2) [2� ], 3.128(2) [4� ] 1.976(7) 1.260(14) 27(1) [21c]
{(h2-EtO2CC�CCO2Et) [Cu(m-O2CC6H4Cl)]2}2 2.950(2) [2� ]; 2.995(1) [3� ], 3.129(3)[1� ] 1.957(1) 1.287(3) 31.6(2) [20]
{(h2-tmtch)[Cu(m-O2CCH3)]2}2


[a] 2.769(2) [2� ], 3.136(2) [4� ] 1.974(5) 1.259(7) 37.3(5) [30]
{(h2-Me3SiC�CCSiMe3) [Cu(m-O2CMe)]2}2 3.020(14) 1.992(2) 1.278(6) 21.2(2) [31]
13 2.622(2), 4.287(2) 2.043(5) 1.275(14) 20.8(6) this work
14 2.726(4), 4.154(4) 2.018(10) 1.29(3) 28(2)(Si ± C)


19(2)(Re ± C)
this work


Cu2(TC-6,6) [MeO2CC�CCO2Me] 2.788(1) 1.942(7) 1.314(4) 41.6(4) [23]
5 2.786(5) 2.063(11) 1.22(3) 21(1) this work


[a] tmtch� 3,3,6,6-tetramethyl-1-thia-4cyclododecadiyne.
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Benzene-Bridged Hexaalkynylphenylalanines and First-Generation
Dendrimers Thereof
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Dedicated to Professor Bernt Krebs on the occasion of his 60th birthday


Abstract: The palladium-mediated coupling of p-ethynylphenylalanine (p-epa) with
hexabromobenzene yielded a benzene-bridged hexaalkynyl a-amino acid in high
yield. The use of the hexapodal amino acid and of the corresponding tripodal amino
acid as backbones for the synthesis of first-generation dendrimers based on
poly(trishydroxymethyl) and poly(ornithine) compounds, developed by Newkome
et al. , Denkewalter et al. , and Tam et al., is described.


Keywords: alkynes ´ a-amino acids
´ dendrimers ´ phenylalanine


Introduction


In a previous communication we reported the synthesis of
different benzene-bridged 4-ethynylphenylalanines.[1a] These
bi-, tri-, and tetrapodal amino acids were synthesized by using
the Sonogashira reaction[2] (Heck conditions[3]) between
different halogenated benzenes and p-ethynylphenylalanine
(p-epa), a new non-proteinogenic amino acid, which has been
shown to be a specific inhibitor of tryptophan-hydroxylase.[4]


The synthesis of unnatural amino acids is based either on
electrophilic[5] or nucleophilic[6] equivalents. The derivatiza-
tion of phenylalanines was developed by Schwabacher et al.,[7]


who described a large-scale synthesis of p-iodo-l-phenyl-
alanine. p-Iodo-l-phenylalanine was used as a starting mate-
rial to build, under palladium catalysis, amino acids which are
bridged by a heteroatom[7] or in which the iodo substituent
was replaced by sulfur-containing fragments or trimethyltin.[8]


The palladium-mediated coupling of terminal acetylides with
iodoarenes was used to synthezise fluorescent marker mole-
cules,[9a] a field in which organometallic chemistry is playing
an ever increasing role,[9b-d] and to synthesize markers for
peptides, even under biocompatible conditions in water.[9e]


Undheim et al.[10a] and Crisp et al.[10b] reported the Pd-
catalyzed synthesis of a series of interesting alkyne-bridged
bis- and tris-amino acids and oxazolidines. We anticipated our
synthesized benzene-bridged alkynyl amino acids would be
interesting ligands for multinuclear complexes[1b] and as core
molecules for dendritic materials.


Recently, dendrimers have attracted the attention of many
researchers for a variety of reasons.[11] The highly branched
architecture and the synthetic control over the chemical
composition and the defined number and type of the chain
end functionalities have led to dendrimers with potential
application in catalysis and as sensors,[12] drug delivery
systems,[13] or compounds with interesting electrochemical
properties.[14] Although research into the synthesis of novel
dendrimers continues rapidly,[15] there is also considerable
interest in the functionalization of existing systems either at
the core[16] or the end functionalities.[17]


Results and Discussion


The tripodal phenylalanine 1 was synthesized by reaction of
1,3,5-triethynylbenzene with p-iodo-l-phenylalanine as pre-
viously reported.[1] The synthesis of the hexapodal molecule 2
seemed to be more difficult, because the reaction of hexa-
iodobenzene with p-epa yielded only the 5-substituted benzene
as detected by the additional 1H and 13C NMR signals (as well
as the corresponding FAB mass spectrometric signal) due to
the missing C6 symmetry. Finally, by employing the reaction
conditions used by Vollhardt et al. to synthesize hexaethy-
nylbenzene,[18] and using hexabromobenzene as a source for
hexahalogenated benzene, we obtained the expected mole-
cule 2 with C6 symmetry in high yield (85 %) (Scheme 1).


The symmetry of this molecule, which is one of the rare
examples of a molecule with six amino acid units,[19] is
manifested by the single set of signals in the 1H and 13C NMR
spectra (Figure 1). In addition to the typical 13C NMR signals
of the methyl ester and tert-butyloxycarbonyl groups (d� 172
and 155), the symmetry is apparent from the five C6 signals
(one for the benzene core and four for the C6H4 groups) at
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d� 121 ± 137 and the two signals for the acetylide carbon
atoms (d� 87 and 99).


The convergent synthetic route to poly(trishydroxymethyl)
dendrimers developed by Newkome et al.[20] and to poly-
(lysine)-based dendrimers developed by Denkewalter et al.
and Tam and Shao[21] has allowed incorporation of diverse
core molecules.[11b, 14a, 20, 21] Deprotection of core molecule 1 at
the carboxylate terminus yielded the corresponding free tri-
acid which was treated with the amine H2NC(CH2OCH2CH2-
CO2CH3)3 of the first generation of Newkome�s system to
yield compound 3 (Scheme 2). The analogous reaction of
amino-deprotected 1 with an ornithine system (Boc)Orn-
(Boc)[(Boc)Orn(Boc)]Orn-OH, analogous to that of Denke-
walter et al. and Tam and Shao, yielded the dendritic system 4
(Scheme 2). The hexapodal compound 5 was synthesized by


using the strategy for 3
(Scheme 3). Although the reac-
tion of amino-deprotected 2
with the tris(ornithine) seemed
to work, the product could not
be isolated pure enough to give
satisfactory analytical results.


Compounds 3 and 5 were
isolated as oils, whereas 4 pre-
cipitated as a colorless powder.
All substances were character-
ized by FT-IR, 1H, and
13C NMR spectroscopy and
electrospray mass spectrometry
and are in full agreement with
the proposed structures. Inter-
estingly, the mass signals found
for compounds 3 to 5 always
correspond to the [M� 2 Na]2�


ions. The optical rotation of 3
differs significantly from that of
1 ([a]20


D 1: 65.8; 3 : 21.2), where-
as that of 4 ([a]20


D � 59.8) is
comparable with that of 1.[22]


In conclusion we have syn-
thesized the hexapodal amino acid 2, an aesthetic molecule
from which new peptidomimetics might be obtained.[23] The
formation of first-generation dendrimers with the new back-
bones 1 and 2 has also been demonstrated. Compound 4
resembles previously described peptide dendrimers which are
synthetic peptides. [21b,c]


Experimental Section


General : The synthesis of 2 was carried out in dry solvents under argon.
Compounds 3 ± 5 were synthesized in solvents of p. a. quality. NMR: Jeol
GSX 270, Jeol EX 400; tetramethylsilane as internal standard. IR: 5ZDX
FT-IR. Mass spectra: Finnigan MAT 95Q. Melting points are uncorrected.
Chromatography was carried out on silica gel (Merck, 70 ± 230 mesh); TLC


Scheme 1. Synthesis of 1 and 2. i) 1,3,5-triethynylbenzene, [PdCl2(PPh3)2], CuI; ii) trimethylsilylethyne,
[PdCl2(PPh3)2], CuI, NBu4F ´ 3H2O; iii) hexabromobenzene, [PdCl2(PPh3)2], CuI, PPh3. R�Me; R'�Boc.


Figure 1. 13C NMR spectrum of 2 in CDCl3.
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was performed on silica gel 60 F254


plates (Merck) and 0.2% ninhydrin
was used for visualization. Elemental
analyses were performed by the Uni-
versity of Munich Microanalytical Lab-
oratory. N-tert-Boc-4-ethynyl-l-phenyl-
alanine methyl ester,[1] 4,4',4''-(1,3,5-
benzene-triyltri-2,1-ethynediyl)tris[N-
[(1,1-dimethylethoxy)carbonyl]-l-phe-
nylalanine] trimethyl ester (1),[1]


[PdCl2(PPh3)2],[24] tris(2-methoxycarbo-
nylethoxymethylaminomethane,[20] and
(Boc)Orn(Boc)[(Boc)Orn(Boc)]Orn-
OH[21b,c] were prepared according to
literature procedures. Hexabromoben-
zene, CuI (Aldrich) and HOBT, EDC
(Fluka) were commercial available
compounds.


4,4'',4'''',4'''''',4'''''''',4''''''''''-(1,2,3,4,5,6-Benzene-
hexaylhexa-2,1-ethynediyl)hexakis-
[N-[(1,1-dimethylethoxy)carbonyl]-ll-
phenylalanine]hexamethyl ester (2):
N-tert-Boc-4-ethynyl-l-phenylalanine
methyl ester (1.820 g, 6.00 mmol) was
added to a stirred suspension of hexa-


Scheme 2. Synthesis of 3 and 4 from 1. i) LiOH ´ H2O, THF/H2O; ii) EDC, HOBT, H2NC(CH2OCH2CH2CO2CH3)3; iii) TFA/CH2Cl2; iv) EDC, HOBT,
Orn3CO2H.


Scheme 3. Synthesis of 5 from 2. i) LiOH ´ H2O, THF/H2O; ii) EDC, HOBT, H2NC(CH2OCH2CH2CO2CH3)3.
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bromobenzene (331 mg, 0.60 mmol), [PdCl2(PPh3)2] (30 mg, 0.04 mmol),
CuI (30 mg, 0.16 mmol), and triphenylphosphane (75 mg, 0.29 mmol) in
triethylamine (30 mL) under argon. The mixture was stirred at 95 8C for
48 h, the solvent was evaporated and the resulting precipitate was extracted
with tetrahydrofuran (2� 10 mL). The solvent was evaporated and the
crude product was purified by chromatography on silica gel using
petroleum ether/ethyl acetate 3/2. Yield 962 mg (85 %) as a yellow solid;
m.p. 176 8C; 1H NMR (270 MHz, CDCl3): d� 1.40 (s, 54H, CH3), 3.05 (dd,
J� 13.8 Hz, J� 6.8 Hz, 6H, CH'H), 3.14 (dd, J� 13.8 Hz, J� 6.4 Hz, 6H,
CHH'), 3.71 (s, 18H, CH3), 4.59 (pq, J� 7.0 Hz, 6H, CH), 5.03 (d, J�
7.3 Hz, 6 H, NH), 7.15 (d, J� 8.2 Hz, 12 H, C6H4), 7.53 (d, J� 8.2 Hz, 12H,
C6H4); 13C NMR (67.9 MHz, CDCl3): d� 28.26 (C(CH3)3), 38.51 (CH2),
52.29 (CH3), 54.33 (CH), 80.03 (C(CH3)3), 87.41, 99.17 (C�C), 121.76,
127.36, 129.50, 131.90, 137.33 (42C, C6H4, C6), 155.02 (CON), 172.12 (CO2);
IR (KBr): nÄ � 3368 cmÿ1 (NH), 2204 (C�C), 1746, 1715 (CO2);
C108H120N6O24 (1886.2); calcd. C 68.77, H 6.41, N 4.46; found C 68.65, H
6.49, N 4.21.


Deprotection of the carboxylate terminus of compound 1 and 2 : LiOH ´
H2O (20 mg, 0.45 mmol) was added to a solution of 1 (98 mg, 0.10 mmol) or
2 (94 mg, 0.05 mmol) in a mixture of THF/H2O (3/1) at room temperature.
The mixtures were stirred overnight and the pH was adjusted to �2.5 by
addition of 0.5m NaHSO4. The aqueous solutions were extracted with ethyl
acetate, the organic layer was dried over MgSO4, and evaporated to yield
powders of the free acids. Yield for 1: 87 mg (93 %); yield for 2 : 83 mg
(92 %). The crude free acids of 1 and 2 were not further characterized and
were used without further purification for the synthesis of 3 and 5.


Deprotection of the amine terminus of compound 1: Trifluoroacetic acid
(10 mL) was added slowly to a solution of 1 (98 mg, 0.01 mmol) in
dichloromethane (10 mL). After the mixture had been stirred for 30 min,
the volatiles were evaporated, and the residue was washed with diethyl
ether (4� 5 mL) and dried. Yield: 98 mg (95 %). The crude triflate salt of 1
was not characterized and was used without further purification for the
synthesis of 4.


1,3,5-C6H3{C�CC6H4CH2CH[NHCO2C(CH3)3][CONHC(CH2OCH2CH2-
CO2CH3)3]}3 (3): A solution of tris(2-methoxycarbonylethoxymethyl)ami-
nomethane (97 mg, 0.25 mmol) in tetrahydrofuran (5 mL) and N-ethyl-
morpholine (32.3 mL, 0.25 mmol) was added to a solution of the tri acid of 1
(48 mg, 0.05 mmol) in tetrahydrofuran (5 mL). The solution was cooled to
0 8C and 1-hydroxybenzotriazole (HOBT) (41 mg, 0.30 mmol) and 1-(3-
(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC)
(58 mg, 0.30 mmol) were added. After the mixture had been stirred for
24 h, concentration of the solution gave a colorless oil from which the
product was isolated by flash chromatography on silica gel (30 cm) using
dichloromethane/methanol 30/1. Yield 93 mg (92 %) as a colorless oil;
[a]D� 21.2 (c� 0.7, CHCl3); 1H NMR (270 MHz, CDCl3): d� 1.39 (s, 27H,
CH3), 2.54 (t, J� 6.1 Hz, 18 H, CH2), 2.98 (dd, J� 13.7 Hz, J� 6.3 Hz, 3H,
CH'H), 3.05 (dd, J� 13.7 Hz, J� 6.6 Hz, 3H, CHH'), 3.59- 3.64 (m, 18H,
CH2), 3.64- 3.67 (m, 18H, CH2), 3.68 (s, 27 H, CH3), 4.33 (pq, J� 6.8 Hz,
3H, CH), 5.26 (d, J� 6.7 Hz, 3H, NH), 6.18 (s, 3 H, NH), 7.29 (d, J�
8.3 Hz, 6 H, C6H4), 7.44 (d, J� 8.3 Hz, 6H, C6H4), 7.61 (s, 3 H, C6H3);
13C NMR (67.9 MHz, CDCl3): d� 28.36 (C(CH3)3), 34.75 (CH2), 39.31
(CH2), 51.79 (CH3), 55.89, 59.84 (CH, C), 66.79 (CH2), 69.09 (CH2), 79.74
(C(CH3)3), 87.81 (C�C), 90.50 (C�C), 121.13, 124.14, 129.86, 131.71, 133.99,
138.24 (C6H3, C6H4), 155.26 (CON), 170.80, 172.13 (CO2); IR (CH2Cl2):
nÄ � 3415 cmÿ1 (NH), 2213 (C�C), 1740, 1720 (CO2); ESI-MS m/z : 1034.8
([M� 2Na]2�) (calcd mass: C102H138N6O36 2024.2).


1,2,3,4,5,6-C6{C�CC6H4CH2CH[NHCO2C(CH3)3][CONHC(CH2OCH2-
CH2CO2CH3)3]}6 (5): A solution of tris(2-methoxycarbonylethoxymethyl)-
aminomethane (51 mg, 0.13 mmol) in tetrahydrofuran (5 mL) and N-
ethylmorpholine (16.9 mL, 0.13 mmol) was added to a solution of the hexa
acid of 2 (30 mg, 0.017 mmol) in tetrahydrofuran (5 mL). The solution was
cooled to 0 8C and HOBT (18 mg, 0.13 mmol) and EDC (25 mg,
0.13 mmol) were added. After the mixture had been stirred for 24 h,
concentration of the solution gave a brown oil from which the product was
isolated by flash chromatography on silica gel (30 cm) using dichloro-
methane/methanol 30/1. Yield 93 mg (50 %) as a brown oil; [a]D� 21.2 (c�
0.5, CHCl3); 1H NMR (270 MHz, CDCl3): d� 1.37 (s, 54H, CH3), 2.53 (t,
J� 6.1 Hz, 36 H, CH2), 2.87 ± 3.00 (m, 6 H, CH'H), 3.16 (dd, J� 14.1 Hz,
J� 6.0 Hz, 6H, CHH'), 3.52- 3.70 (m, 126 H, CH2, CH2, CH3), 4.29- 4.41
(m, 6H, CH), 5.32 (d, J� 7.5 Hz, 6H, NH), 6.33 (s, 6 H, NH), 7.33 (d, J�
7.7 Hz, 12 H, C6H4), 7.57 (d, J� 7.7 Hz, 12H, C6H4); 13C NMR (67.9 MHz,


CDCl3): d� 28.32 (C(CH3)3), 34.75 (CH2), 39.14 (CH2), 51.76 (CH3), 55.94,
59.83 (CH, C), 66.81 (CH2), 69.09 (CH2), 79.72 (C(CH3)3), 87.29 (C�C),
99.38 (C�C), 121.37, 127.37, 129.92, 131.79, 138.95 (C6, C6H4), 155.33
(CON), 170.06, 172.14 (CO2); IR (CH2Cl2): nÄ � 3410 cmÿ1 (NH), 2212
(C�C), 1738 (CO2); ESI-MS m/z : 2008.3 ([M� 2 Na]2�) (calcd mass:
C198H270N12O72 3970.3).


1,3,5-C6H3{C�CC6H4CH2CH[NHCO(Orn)3][CO2CH3]}3 (4): (Boc)Orn-
(Boc)[(Boc)Orn(Boc)]Orn-OH (91 mg, 0.12 mmol) and N-ethylmorpho-
line (26.6 mL, 0.21 mmol) was added to a solution of the trifluoroacetate
salt of 1 (31 mg, 0.03 mmol) in tetrahydrofuran (10 mL). The solution was
cooled to 0 8C and HOBT (20 mg, 0.15 mmol) and EDC (29 mg,
0.15 mmol) were added. After the mixture had been stirred for 24 h,
concentration of the solution gave a colorless solid from which the product
was isolated by flash chromatography on silica gel (30 cm) using dichloro-
methane/ethyl acetate/methanol 2/2/1. Yield 85 mg (97 %) as a colorless
solid; m.p. 185 8C (decomp); [a]D� 59.8 (c� 1.00, CHCl3); 1H NMR
(270 MHz, CDCl3� CD3OD): d� 1.34 (s, 108 H, CH3), 1.36 ± 1.75 (m,
36H, CH2), 2.86 ± 3.11 (m, 24 H, CH2), 3.61 (s, 9 H, CH3), 3.85 ± 4.04 (m, 6H,
CH), 4.30 ± 4.41 (m, 3H, CH), 4.65 (pq, J� 6.9 Hz, 3H, CH), 7.08 (d, J�
8.5 Hz, 6H, C6H4), 7.36 (d, J� 8.5 Hz, 6 H, C6H4), 7.53 (s, 3 H, C6H3), 7.64 (d,
J� 8.8 Hz, 3H, NH); 13C NMR (67.9 MHz, CDCl3� CD3OD): d� 25.17,
25.80, 26.01 (CH2), 28.21, 28.32 (C(CH3)3), 29.00, 29.65, 29.86 (CH2), 37.68,
38.15, 38.29, 39.68 (CH2), 52.35, 53.47, 53.57, 54.02 (CH, CH3), 79.22, 80.04
(C(CH3)3), 87.88 (C�C), 90.30 (C�C), 121.42, 124.02, 129.30, 131.83, 133.92,
136.95 (C6H3, C6H4), 156.08, 156.66 (CON), 171.83, 172.17, 172.96, 173.28
(CON, CO2); IR (KBr): nÄ � 3330 cmÿ1 (H2O), 2215 (C�C), 1740, 1692
(CO2); ESI-MS m/z : 1478.1 ([M� 2Na]2�) (calcd mass 2908.6);
C147H225N21O39 ´ CH2Cl2 (2993.5); calcd. C 59.38, H 7.64, N 9.83; found C
59.02, H 7.78, N 9.88.
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The SHi Reaction at SiliconÐA New Entry into Cyclic Alkoxysilanes


Armido Studer* and Hanno Steen[a]


Abstract: A new mild radical method
for the preparation of cyclic five-mem-
bered alkoxysilanes is reported. This
method comprises an intramolecular
homolytic substitution reaction at sili-
con (SHi). Various leaving groups
(SiMe3, GeMe3, SnMe3) were tested in
the homolytic substitution reaction. We
found that high yields were only ob-
tained for silanes bearing a trimethyl-
stannyl functionality as leaving group in


the SHi reaction. Rate constants for the
cyclization reaction were estimated by
conducting standard competition ex-
periments. Based on the kinetic data,
more elaborate reaction sequences such
as radical addition reactions with a


subsequent SHi step were carried out.
Stereoselective cyclization reactions
were also investigated. Excellent 1,2
diastereoselectivities were observed.
The products of the SHi reaction, cyclic
alkoxysilanes, can easily be converted to
the corresponding diol derivatives by
Tamao ± Fleming oxidation as demon-
strated for several examples.


Keywords: homolytic substitution
reactions ´ radical reactions ´ silicon
´ stereoselective reactions ´ tin


Introduction


Forty years ago, Kumada et al. reported the first intramolec-
ular homolytic substitution at silicon.[1] They observed a 1,2
silyl migration from silicon to carbon at 600 8C in the gas
phase (Scheme 1, [Eq. (1)]). Ten years later, Pitt and Fowler
described the first 1,2 silyl shift in solution.[2] Thiyl radicals
were shown to easily undergo an intramolecular homolytic
substitution at silicon to form the corresponding silyl radicals
[Eq. (2)]. A new radical allylation reagent based on this silyl
migration (Si! S) was recently introduced.[3] The silyl
migration from silicon to oxygen was reported to be a fast
process [Eq. (3)].[4] Similar 1,2-silyl shifts from oxygen to
nitrogen [Eq. (4)],[5] from carbon to nitrogen [Eq. (5)],[6] and
from carbon to oxygen (radical Brook rearrangement)[7] were
observed in solution. Very recently, Matsuda et al. suggested a
radical ring-enlargement reaction based on a 1,2 silyl shift
from carbon to carbon [Eq. (6)].[8]


Besides the 1,2 silyl shifts mentioned above, 1,3- (Scheme 2,
[Eq. (7)]),[9] 1,4-,[10] and 1,5- ([Eq. (8)])[11] radical silyl migra-
tions have also been observed. Even an intramolecular
homolytic substitution has been reported.[12] Triplet-sensitized
benzophenone was shown to react with hexamethyldisilane to
form the corresponding ketyl radical [Eq. (9)]. Giese
[Eq. (10)][13] and Utimoto[14] reported intramolecular homo-
lytic substitution (SHi) reactions at tris(trimethylsilyl)-substi-
tuted Si atoms by C-centered radicals. Despite the various


examples mentioned above, the homolytic substitution at
silicon is still not well understood.[15]
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Scheme 1. Radical 1,2 silyl migrations.


In a preliminary communication, we have recently intro-
duced the SHi reaction at silicon using C-centered radicals in
the g position to diphenyl(trimethylstannyl)silyl ethers as an
alternative method for the preparation of cyclic alkoxysi-
lanes.[16] We have shown that the SHi reaction at silicon works
best if a trimethylstannyl group is used as the leaving group
(X� SnMe3 in Scheme 3). Since the tin radical liberated is
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Scheme 2. Various homolytic substitution reactions at silicon.
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Scheme 3. SHi reaction at silicon: a general scheme.


able to propagate the chain by halogen abstraction we can
consider this homolytic substitution at silicon as a unimolec-
ular chain-transfer reaction (UMCT reaction).[17]


Herein we report in full detail[16] the scope and limitations
of the SHi reaction at silicon to form cyclic five-membered
alkoxysilanes. The effect of the substituents at silicon (R1 and
X in Scheme 3) and at the carbon backbone (R2 ± R5) on the
cyclization reaction will be discussed. In addition, some
stereoselective SHi reactions will also be reported.


Results and Discussion


We decided to first study the effect of the substituents at
silicon (R1 and X in Scheme 3) on the outcome of the SHi
reaction. To this end, simple model compounds like o-halo-
substituted benzylsilyl ethers 1, 3, and 5, and their congeners 7,
9, 11, and 13 ± 15 were chosen. These model compounds and
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also their derived SHi products are of little preparative value;
however, these initial experiments do allow us to gain
information about the intrinsic reactivity of silicon in homo-
lytic substitution reactions.


The silyl ether 1 was prepared, following known proce-
dures,[18] from 1-chloro-2,2-dimethyl-1,1,2-triphenyldisilane
and 2-bromobenzyl alcohol. Bromide 3 was obtained from
chloro tris(trimethylsilyl)silane and 2-bromobenzyl alcohol
(DMF, imidazole). Stannylated silyl ether 5 was synthesized
from (chloro(diphenyl)silyl)trimethylstannane[19] and 2-iodo-
benzyl alcohol. The halides 7, 9, 11, and 13 ± 15 were prepared
from 1-phenyl-3-iodo-1-propanol, 3-iodo-1-propanol, or
3-bromo-1-propanol and the corresponding silyl chlorides
(ClSiPh2SnMe3,[19] ClSiPh2SiMe3,[20] ClSiPh2GeMe3,[21] ClSi-
Me2SnMe3,[22] and ClSi(SiMe3)2SnMe3


[23]) from standard pro-
cedures (see Experimental Section).


We first studied the SHi reaction of the aryl radicals derived
from 1, 3, and 5 under various conditions (Scheme 4, Table 1).
The reaction of 1 with 1.2 equivalents of (Me3Si)3SiH afforded
the reduction product 2 (43 %) and only 5 % of the desired
cyclic silyl ether 16 (Table 1, entry 1). The SiÿSi bond in 1 is
probably too strong to be cleaved by aryl radicals.[24] With the
tris(trimethylsilyl)-substituted silyl ether 3 slightly better
results were obtained (entries 2 and 3). Slow addition of
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O R1


R1


O Si


R1 R1


Y R3


R2 R2


17 (R1 = SiMe3)


16 (R1 = Ph) 2,4,6


+1,3,5


Scheme 4. SHi reaction with aryl radicals.


Abstract in German: Einen neuen radikalchemischen Zugang
zu cyclischen Silylethern bietet die intramolekulare homolyti-
sche Substitution (SHi Reaktion) an einem Siliciumzentrum.
Verschiedene Abgangsgruppen wie SiMe3, GeMe3 und SnMe3


wurden in der SHi Reaktion getestet, wobei mit der Stannyl-
gruppe die besten Resultate erzielt wurden. Bei verschiedenen
Systemen wurde die Geschwindigkeitskonstante der Cyclisie-
rungsreaktion abgeschätzt. Basierend auf den Ergebnissen
dieser Kinetikexperimente wurden komplexere Reaktionsse-
quenzen, die eine Additionsreaktion mit anschliessender SHi
Reaktion beinhalten, untersucht. Es wurde auch gezeigt, dass
die Cyclisierung stereoselektiv abläuft. Die Produkte der SHi
Reaktion konnten mittels Tamao ± Fleming Oxidation in die
entsprechenden Diol-Derivate umgesetzt werden.
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Bu3SnH (0.2 equiv) to a solution of 3 in benzene (0.04m)
afforded the SHi product 17 and starting material 3 in a ratio of
58:42. No other side product was detected. This clearly
showed that the UMCT was occurring. However, in order to
get quantitative consumption of the starting material it was
necessary to use up to 0.5 equivalents of initiator. As side
product, the reduced (dehalogenated) silyl ether 4 was formed
in 4 % yield. Even worse results were obtained by use of other
initiation methods (entries 4 ± 6). We also found that the
reaction works better if benzene is replaced by hexane as the
solvent (compare entries 5 and 6). This is probably due to the
fact that silyl radicals add to benzene and are thus prevented
from propagating the chain.[25]


With the stannylated silyl ether 5, addition of only
0.2 equivalents of initiator (Bu3SnH) lead to quantitative
conversion. No reduction product 6 was observed and the
alkoxysilane was isolated in 68 % yield (entry 7). From these
studies we concluded that the SiÿSn bond is superior to the
SiÿSi bond for conducting homolytic substitutions at sili-
con.[26] We have also shown that if the silicon atom is suitably
substituted (additional Me3Si groups) the homolytic substitu-
tion becomes feasible with disilanes (see also the results of
Giese[13] and Utimoto[14]). In order to quantify the substitution
effect at silicon on the cyclization reaction we next estimated
some rate constants.


The various rate constants were estimated by conducting
standard-competition kinetic studies,[27] with the appropriate-
ly calibrated hydrogen donor as exemplified in Scheme 5 for
the compounds 7, 9, and 11 (variation of the leaving group).
All reactions were conducted at 80� 3 8C at different
concentrations in benzene[28] in sealed tubes, generally under
pseudo-first-order conditions (large excess of hydrogen
donor). The ratio of the cyclized product 18 to the corre-
sponding reduced product 8, 10, or 12 (authentic samples were
also prepared) was determined by 1H NMR integration of the
H resonances of the benzylic hydrogen atoms, which are well
separated (about 0.2 ppm) for the two products.[29] In Table 2,
two sets of experiments are presented as examples. All the


other rate constants discussed in the present
paper were estimated in a similar way (see
Experimental Section). In cases where the
cyclization reaction is slow, the kinetic experi-
ments were conducted under second order
conditions. In these experiments the average
hydrogen donor concentration was estimated as
its concentration at 50 % conversion. Therefore
those rate constants should be considered as
estimates. For the germylated derivative 9
(second order conditions) we also calculated
the rate constant with the more elaborate
iterative process proposed by Newcomb.[27]


However, it turned out that similar rates were
obtained with this more accurate procedure
showing that the error introduced by simplify-
ing the analysis is not very significant.


As expected from the results described above
(aryl radicals), the SHi reaction works best for
trimethylstannylated silyl ethers. Thus, for the
primary radical derived from 7 a rate contstant
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Scheme 5. Representative competition experiments.


kSHi of 1� 106 sÿ1 was estimated for the cyclization reaction.
With the trimethylgermyl radical as the leaving group (from
9) a decrease of the rate by two orders of magnitude was
observed (kSHi� 2� 104 sÿ1). For the disilane 11 an even
smaller rate was estimated (kSHi� 103 ± 104 sÿ1). So far, we do
not fully understand the large increase of the rate for the SHi
reaction in going from the disilane and the germylated silane
to the stannylated derivative. A possible explanation could be
a correlation of the bond dissociation energy (BDE) of the
SiÿX bond with the rate of the homolytic substitution reaction
at silicon. However, since no accurate BDEs of silicon with


Table 1. SHi reaction of aryl radicals at silicon bearing different substituents under various
conditions.


Starting Conditions Unreacted Yield [%] Yield [%]
material material


[%][a]


(product)[a] (side
product)[a]


1 1 1.2 equiv (TMS)3SiH, ± 5 (16) 43 (2)
PhH 0.04m AIBN, reflux


2 3 0.2 equiv Bu3SnH, PhH 0.04m, 42 58 (17) ±
AIBN reflux, syring pump[b]


3 3 0.2 equiv Bu3SnH, PhH 0.04m, ± 91 (17) 4 (4)
AIBN, reflux


4 3 0.2 equiv (TMS)3SiH, PhH 0.04m 60 30 (17) ±
AIBN (25 %), reflux, syringe pump[c]


5 3 Bu3SnSnBu3 (10 %), PhH 0.1m, 91 9 (17) ±
acetone, hn, 72 hours


6 3 Bu3SnSnBu3 (10 %), PhH 0.1m 89 11 (17)
hexane, acetone, hn, 45 hours


7 5 0.2 equiv Bu3SnH, PhH 0.04m 80 (68), (16)
AIBN, reflux


[a] Yields were determined by 1H NMR analysis. Yield in brackets (entry 7) refers to isolated
yield. [b] Tin hydride was added as a benzene solution (0.08m) containing AIBN over 7 hours.
[c] (TMS)3SiH was added as a benzene solution (0.13m) containing AIBN over 8 hours.


Table 2. Determination of the rate constant for the SHi reaction of the
radicals derived from 7 and 9.


X YH [7,9] [YH] [18]/[8,10] kSHi [sÿ1]


SnMe3 (Me3Si)3SiH 0.054 0.586 1.73 1.2� 106


SnMe3 (Me3Si)3SiH 0.047 0.560 1.81 1.2� 106


SnMe3 (Me3Si)3SiH 0.047 0.464 2.18 1.2� 106


GeMe3 Bu3SnH 0.049 0.027 0.08 1.4� 104


GeMe3 Bu3SnH 0.047 0.032 0.11 2.3� 104


GeMe3 Bu3SnH 0.040 0.026 0.06 1.0� 104
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heavier Group 4 elements are reported in the literature, this
correlation remains to be proven.


We then studied the effect on the rate of the cyclization
reaction of those substituents at silicon that are not directly
involved in the SHi reaction (R1 in Scheme 3). As already
mentioned above, the radical generated from 7 cyclizes at
80 8C with a rate constant of 1� 106 sÿ1 (see Table 2). By
replacing the two phenyls at silicon with two methyl groups a
decrease of the rate was observed. Thus, a rate of 1� 105 sÿ1


was estimated for the cyclization of radical 19 derived from 13.
Unfortunately, we were not able to prepare a radical
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precursor analoguous to 7 in which the silicon bears two
additional trimethylsilyl groups instead of the phenyl sub-
stituents. The corresponding iodide as well as the bromide
turned out to be too unstable for conducting kinetic experi-
ments. We therefore switched to the more stable[30] silyl ethers
derived from primary alcohols. For radical 20 derived from 14
a rate of 2� 105 sÿ1 was estimated for the SHi reaction. As
expected from the reactions with the aryl radicals (see above)
the replacement of the phenyl groups at silicon with
trimethylsilyl groups leads to an increase of the rate constant
for the cyclization reaction. Radical 21 generated from 15
cyclizes about one order of magnitude faster (2� 106 sÿ1) than
20.


Interestingly, similar substitution effects on the rate con-
stant for the bimolecular reaction of various radicals with
silicon hydrides have already been observed.[31] Furthermore,
replacement of alkyl groups at silicon with phenyl groups
causes a small increase of the rate constant for the hydrogen
transfer (reduction). The tris(trimethylsilyl)-substituted sili-
con hydride ((Me3Si)3SiH) was shown to be an even better
hydrogen donor. In fact, it is now often used as a substitute for
the toxic tin hydride in radical chain reactions.[32] The reasons
for the observed rate enhancement of the SHi reaction by
replacing alkyl substituents at silicon with silyl groups are not
entirely understood. We believe that as for the silicon
hydrides, in which a decrease of the BDE of the SiÿH bond
was observed upon replacing alkyl by silyl groups, a decrease
of the BDE of the SiÿSn bond may lead to the rate
enhancement of the SHi reaction.


Based on these kinetic measurements we decided to use the
relatively easily available diphenyl(trimethylstannylated)silyl
ethers for our further studies on the SHi reaction at silicon.[33]


In order to optimize the reaction conditions for preparative
UMCT chemistry the reaction with the primary iodide 7 was
studied using different initiation methods (Scheme 6, Ta-
ble 3). Under atom-transfer conditions,[34] irradiation (300 W
sun lamp) of a benzene solution of 7 (0.1m) containing
hexabutylditin (0.1 equiv) lead to complete consumption of
the starting material after sixteen hours (Table 3, entry 1).
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Scheme 6. UMCT reaction with the primary iodide 7.


Besides alkoxysilane 18 (87 %, 66 % after chromatography),
the reduced silyl ether 8 (13 %) was observed in the crude
product. Hexabutylditin probably acts as the hydrogen source
in the formation of 8. Therefore, the reaction was conducted
without addition of the ditin compound under otherwise
similar conditions. Indeed, reduction product 8 could no
longer be observed (entry 2). However, the reaction was much
slower and the desilylated alcohol 22 was formed as a side
product. Similar results were obtained when the reaction was
conducted under atom-transfer conditions with either hex-
aphenylditin (entry 3) or tetrakis(trimethylsilyl)silane[17b] (en-
try 4) as additives. The best results were obtained with
Bu3SnH as the initiator of the reaction (entries 5 and 6).


Since the UMCT reactions can be conducted in the absence
of good hydrogen donors (atom-transfer conditions), this
chemistry should be specially suited for studying slow
bimolecular addition reactions. To this end, the radical
acceptor 23 was prepared as described above from the
corresponding homoallylic alcohol. Irradiation of a solution
of olefin 23 in benzene (0.3m) in the presence of Bu3SnSnBu3


(0.1 equiv) and phenyl bromoacetate (1.2 equiv) for sixteen
hours afforded cyclic silyl ether 24 in a very clean reaction
(Scheme 7). In the crude reaction mixture, neither starting
material nor side products derived from 23 could be
identified. Partial product decomposition was observed dur-
ing purification (chromatography, SiO2). Similar results were
obtained for the reaction with ethyl iodoacetate. If the
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Scheme 7. Slow bimolecular addition reactions with a subsequent UMCT
step.


Table 3. UMCT reaction of 7 under different conditions.


Conditions Yield of 18
[%][a]


Yield of 8
[%][a]


Yield of
22 [%][a]


1 Bu3SnSnBu3 (10 %), PhH, 87 13 ±
0.06m, hn, 16 hours


2 PhH, 0.1m, hn, 36 hours 30[b] ± 16
3 Ph3SnSnPh3 (10 %), PhH, 45 ± 21


0.1m, hn, 24 hours
4 (TMS)4Si (10 %), PhH, 41 ± 23


0.1m, hn, 24 hours
5 Bu3SnH (15 %), AIBN, PhH 89 4 ±
6 Bu3SnH (5%), AIBN, PhH 84 2 ±


[a] Yields were determined by 1H NMR analysis. [b] Reaction was stopped
after 36 hours, 16% of remaining starting material was observed.
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reaction (with BrCH2CO2Ph) was conducted under tin
hydride conditions (1 equiv Bu3SnH, syringe pump 6 hours,
benzene 0.2m) only 26 % of 24 was formed. The main
component in the reaction mixture (70%) was unreacted
olefin 23. Thus, the photochemical initiation is superior to the
tin hydride initiation for conducting slow bimolecular reac-
tions.


In Scheme 8, the suggested mechanism for the reaction of
phenyl bromoacetate with 23 is shown. Irradiation (sun lamp
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O
Si Sn
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Me3Sn


Ph Ph
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23 24 + SnMe3


SnMe3 26BrCH2CO2Ph +


+ CH2CO2Ph


26
27


+ BrSnMe3


28 (X = Br, R = Ph)
29 (X = I, R = Et)


Scheme 8. Suggested mechanism for the reaction of phenyl bromoacetate
with 23.


300 W) of the bromide gener-
ates radical 26, which reacts
with acceptor 23 to form the
secondary radical 27. The inter-
mediate 27 then undergoes fast
intramolecular SHi reaction to
afford 24 and the chain-carry-
ing stannyl radical. In the reac-
tion of ethyl iodoacetate, how-
ever, analysis of an aliquot of
the reaction mixture taken after
90 minutes indicated the forma-
tion of iodine-transfer product
29, together with 25 and start-
ing iodide. Further irradiation
of 29 eventually leads to the
cyclic alkoxysilane 25. In a
control experiment, the reac-
tion was stopped after three
hours. The iodine-transfer
product 29 was isolated in
63 % yield. In the reaction with
phenyl bromoacetate, the cor-
responding atom-transfer prod-
uct 28 was not observed at any
point of the reaction. In these
reactions, in contrast to bro-
mine transfer, iodine transfer is
faster than the SHi reaction at
silicon.[35] The ditin compound
is added to scavenge the halo-
gen atom generated during the
initial bond homolysis.[34]


Stereoselective SHi reactions at silicon were studied next.
The racemic silyl ethers 30 ± 32 with an additional chirality
center and racemic 36 ± 39 were prepared from the corre-
sponding alcohols as described in the Experimental Sec-
tion.[36] We found that the photochemical initiation is very
inefficient for slow-cyclizing systems. The secondary iodides
30 and 31 could not be transformed to the cyclic alkoxysilanes
under atom-transfer conditions. Starting material was recov-
ered after prolonged irradiation. However, slow addition of
Bu3SnH to a solution of 30 (mixture of diastereoisomers l :u�
7:3) in benzene (0.1m) afforded the desired SHi product
(trans :cis� 1.7:1) in moderate yield. Due to the instability of
the cyclic alkoxysilane, we directly treated the SHi product
with methyl lithium (MeLi) to afford the secondary alcohol
33, which could be isolated in 30 % yield as a 1.7:1 (l :u)
mixture of diastereoisomers (Scheme 9).[37]


The size of the substituent at the stereogenic center has no
significant effect on the selectivity. With the phenyl-substi-
tuted silyl ether 31 the same selectivity was observed. The
ring-opened product 34 was isolated in 29 % yield (u :l�
1.7:1). From the kinetic experiments discussed above we knew
that upon replacing the two phenyl substituents at silicon with
trimethylsilyl groups the rate of the SHi reaction increases.


Scheme 9. Stereoselective cyclization reactions.
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Indeed, treatment of trisilane 32 (like isomer) under identical
conditions provided, after MeLi treatment, alcohol 35 in 71 %
yield, but with no stereoselectively (1.1:1).


We also studied radical addition reactions with a subse-
quent stereoselective UMCT step. Reaction of homoallylic
silyl ether 36 with ethyl iodoacetate (Bu3SnSnBu3, 50 ± 60 8C,
benzene, hn, 16 hours) did not lead to the desired SHi product.
The iodine-transfer product 44 was isolated in 83 % yield as a
1:1 mixture of diastereoisomers. At higher temperatures
(>100 8C),[38] iodide 44 was slowly converted to the cyclic
alkoxysilane 40. Under these conditions, however, the for-
mation of unidentified side products was observed. The SHi
product 40 was isolated in only 19 % yield as a 1.5:1 mixture of
isomers (trans :cis).


With silyl ether 37, derived from a tertiary alcohol, the
analoguous reaction occurred smoothly at lower temperatures
(50 ± 60 8C). Alkoxysilane 41 was obtained with low selectivity
(trans :cis� 1.5:1) in 67 % isolated yield. The diastereoisomers
could be separated by preparative HPLC. The relative
configuration of the minor isomer was assigned by NOE
experiments, whereas for the major isomer an X-ray crystal
structure could be determined.[39] We also tried to increase the
selectivity by lowering the reaction temperature. Irradiation
of 37 and ethyl iodoacetate in CH2Cl2 (0.25m) in the presence
of Bu3SnSnBu3 (0.1 equiv) for 72 hours at ÿ13 8C afforded 41
in 14 % yield with a slightly higher selectivity (2.7:1). The
main product observed, however, was the corresponding
iodine-transfer product (no selectivity, 61 % yield).


Excellent selectivities were obtained for the reaction of silyl
ether 38 with ethyl iodoacetate. The SHi product 42 was
isolated in 87 % yield as a single isomer. In the cyclization
reaction only the trans product was formed, the relative
configuration of which was assigned by NOE experiments.
Interestingly, the iodine-transfer product, an intermediate in
this radical sequence analoguous to 44, was formed with no
selectivity. With 39 lower, but still good, selectivity (trans :
cis� 22:1) was observed (76% yield).


To summarize the outcome of the stereoselectivity studies
we can state that generally low 1,3 diastereoselectivities are
observed (!33 ± 35, 40, 41), whereas high 1,2 steroselectivities
(!42, 43) are easily obtained. To our knowledge, these are the
first examples of such high stereocontrol in these types of
homolytic substitution reactions. It is also important to note
that in going from silyl ethers derived from tertiary alcohols to
the corresponding ethers derived from secondary ones, a
decrease in the SHi reactivity was observed. In order to
quantify that substitution effect some rate constants for the
SHi reaction of radicals with different substitution patterns
were estimated (variation of R2 ± R5 in Scheme 3).


The radical precursors 45 ± 47 were prepared from the
corresponding alcohols by standard procedures.[19] As already
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mentioned, the primary radical 20 derived from 14 cyclizes
with a rate of 2� 105 sÿ1. An increase of the rate by one order
of magnitude was observed in going to the silyl ether 45
derived from a secondary alcohol (one additional methyl
substituent: kSHi� 1� 106 sÿ1). An even higher rate (1�
107 sÿ1) was estimated for the cyclization of the radical
derived from 46.


The acceleration of the cyclization reaction observed upon
adding methyl substituents in the reacting molecule is a nice
example of the so-called gem-dimethyl effect (Thorpe ± In-
gold), which has been previously observed in nonradical[40] as
well as in radical chemistry.[41] A large decrease in the SHi
reactivity was noticed upon switching from a primary to a
secondary radical. The radical generated from 47 cyclizes
about two orders of magnitude slower than its primary
analogue (9� 104 sÿ1). The estimated rate constants are in full
aggreement with the outcome of the stereoselectivity studies
discussed above, in which high yields for the cyclization
reactions have only been obtained for systems bearing two
substituents next to the oxygen atom (Thorpe ± Ingold, see
37 ± 39).


We also looked at the effect of different Lewis acids on the
rate of the homolytic substitution. The silyl ether 14 was
chosen as substrate in these investigations. With the bulky
aluminum tris(2,6-diphenylphenoxide) [ATPH, 2 equiv, tol-
uene, Bu3SnH] as additive, which has been successfully used
by Maruoka for increasing the rate of radical cyclization
reactions,[42] no SHi reaction occurred. Only the reduction
product was observed in the crude reaction mixture. The same
result was obtained when trimethylaluminum (2 equiv) was
added as Lewis acid. The addition of 2 equivalents of LiBr[43]


lead to a small decrease of the rate constant for the cyclization
of the primary radical derived from 14 (without LiBr: 2�
105 sÿ1; with LiBr: 8� 104 sÿ1). Thus, Lewis acids have a
detrimental effect on the homolytic substitution reactions.


To further demonstrate the preparative value of the SHi
reaction at silicon, the alkoxysilanes or their ring-opened
products were transformed by Tamao ± Fleming oxidation[44]


to the corresponding diol derivatives. Cyclic silyl ethers 24 and
25 were oxidized following established procedures (H2O2, KF,
KHCO3, MeOH, THF, 40 8C).[18] Acidification after standard
workup provided lactone 48, which was isolated in good yields
(71,72 %). Oxidation of 41 ± 43 under similar conditions
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provided the corresponding lactones 49 ± 51. Hydroxysilane
33 (1.7:1 diastereosiomeric mixture) was stereospecifically
transformed in 50 % overall yield to 3-hydroxy-2-pentanol
(52, rac :meso� 1.7:1) from a procedure recently intro-
duced.[45]


Conclusions


With the intramolecular homolytic substitution at silicon, a
new, powerful, mild method for the formation of cyclic five-
membered alkoxysilanes[46] has been uncovered. The results
obtained from the study of various rate constants for different
cyclization reactions (SHi reactions at silicon) allow us now to
predict general reactivity trends of silicon towards homolytic
substitution reactions. In general, good results are only
obtained if stannylated silanes with weak easily cleavable
SiÿSn bonds are used as substrates. Since a tin radical is
liberated in these reactions, we can consider this process as a
unimolecular chain-transfer reaction. In various examples,
Curran has demonstrated the advantages of UMCT reactions
over tin-hydride-mediated radical reactions.[17a±d] In the pres-
ent paper we have pointed out the importance of this new
principle for conducting slow radical reactions difficult to run
under conventional tin hydride conditions. In addition, in
contrast to the tin-hydride-conducted radical reactions in
which the final radical is reduced, in the present method the
final step is a carbon ± heteroatom bond formation.


We have also shown that the substituents at silicon not
directly involved in the cyclization reaction (R1 in Scheme 3)
influence the SHi reactivity. Analogous to the reactivity of
silicon hydrides in hydrogen-transfer reactions, the best
results were obtained when the reacting silicon atom bears
additional trimethylsilyl groups. Another important issue is
the so-called gem-dimethyl effect that also operates in the SHi
reaction and which should be considered in synthetic plan-
ning.


During the last fifteen years, stereoselective radical reac-
tions have become more and more important.[47] Here we
have shown that in the SHi reaction, excellent 1,2 diastereo-
selectivity may be obtained. Finally, we must point out that
the products obtained in the cyclization reaction are easily
converted to the corresponding diol derivatives, a syntheti-
cally important class of compounds, by Tamao ± Fleming
oxidation.[44]


Experimental Section


General : TLC: Merck silica gel 60F254 plates; detection with UV or dipping
into a solution of KMnO4 (1.5 g in 333 mL 1m NaOH) or a solution of
Ce(SO4)2 ´ H2O (10 g), phosphormolybdic acid hydrate (25 g), conc. H2SO4


(60 mL), and H2O (940 mL), followed by heating. Flash chromatography
(FC): Fluka silica gel 60 (40 ± 63 mm); at c.a. 0.3 bar. Preparative HPLC:
Knauer HPLC system (pump type 64, UV detector (variable-wavelength
monitor)), Macherey-Nagel C18-column (Nucleosil 7C18, VP250/21) or a
Chiracel OD column (DAICEL CHEMICAL INDUSTRIES, 422-707-
40513). Melting points: Büchi-510 apparatus; uncorrected. I.R. Spectra:
Perkin ± Elmer 782 spectrophotometer (s� strong, m�medium, w�
weak). NMR Spectra: Bruker AMX 500 (1H 500 MHz, 13C 125 MHz),
AMX 400 (1H 400 MHz, 13C 100 MHz), ARX 300 (1H 300 MHz), Varian


Gemini 300 (1H 300 MHz, 13C 75 MHz), or Gemini 200 (1H 200 MHz, 13C
50 MHz); chemical shifts (d) in ppm relative to SiMe4 (d� 0 ppm); Mass
Spectra: VG Tribrid (EI) in m/z (% of basis peak). For tin-containing
compounds, only the peaks of the 120Sn isotope will be listed. In the case of
the germanium compounds only the peaks of the 74Ge isotope are
presented. Elemental analyses were performed by the Microanalytical
Laboratory of the Laboratorium für Organische Chemie, ETH-Zürich. All
irradiation experiments were carried out in sealed tubes (pyrex glas) with a
300 W sun lamp (OSRAM 300 W standard lamp, clear, distance lamp to the
sealed tube around 15 cm). Tetrahydrofuran (THF) and benzene (PhH)
were freshly destilled from sodium/benzophenone.


2-Bromobenzyl-2,2-dimethyl-1,1,2-triphenyldisilyl ether (1): Chloro-2,2-
dimethyl-1,1,2-triphenyldisilane[20] (0.53g, 1.50 mmol) was dissolved under
Ar in DMF (2 mL). 2-Bromobenzyl alcohol (281 mg, 1.50 mmol) was added
followed by imidazole (154 mg, 2.25 mmol). After stirring at RT for 45 min
Et2O was added and the solution was washed with saturated aqueous
NH4Cl and brine. The organic phase was dried (MgSO4) and evaporated to
yield the crude product. Purification by FC (Et2O/pentane 1:60) yielded 1
(597 mg, 78%). IR (CHCl3): nÄ � 3053 (m), 3008 (m), 1427 (s), 1107 (s), 1086
(s), 1026 cmÿ1 (s); 1H NMR (400 MHz, CDCl3): d� 7.52 ± 7.21 (m, 18H;
aromatic), 7.12 ± 7.08 (m, 1H; aromatic), 4.76 (s, 2 H; CH2O), 0.47 (s, 6H;
CH3Si); 13C NMR (100 MHz, CDCl3): d� 139.84 (C), 137.85 (C), 135.70
(C), 134.73 (CH), 134.30 (CH), 131.98 (CH), 129.72 (CH), 128.80 (CH),
128.21 (CH), 127.98 (CH), 127.83 (CH), 127.75 (CH), 127.29 (CH), 121.10
(C), 65.68 (CH2), ÿ2.92 (2CH3); EI MS: m/z (%): 489.1 (3) [M�(81Br)ÿ
CH3], 369.0 (32), 333.1 (100), 255.0 (83), 211.0 (23), 183.0 (27), 168.9 (26);
C27H27OSi2Br (503.6): calcd C 64.49, H 5.40; found C 64.39, H 5.56.


2-Bromobenzyltris(trimethylsilyl)silyl ether (3): 2-Bromobenzyl alcohol
(561 mg, 3.00 mmol) was dissolved under Ar in DMF (5 mL) and cooled to
0 8C. Slow addition of a solution ClSi(SiMe3)3 [3 mmol, prepared by stirring
of HSi(SiMe3)3 (0.93 mL, 3.00 mmol) in CCl4 (15 mL) for 12 hours] in DMF
(3 mL) at 0 8C. After removal of the ice bath the reaction mixture was
stirred at RT for 30 min. Workup as described above for 1 and purification
by FC (Et2O/pentane 1:60) yielded 3 (1.14 g, 87 %). IR (CHCl3): nÄ � 2950
(m), 2893 (w), 1084 (m), 840 cmÿ1 (s); 1H NMR (300 MHz, CDCl3): d�
7.51 ± 7.47 (m, 2H; aromatic), 7.37 ± 7.30 (m, 1H; aromatic), 7.16 ± 7.08 (m,
1H; aromatic), 4.61 (s, 2H; CH2O), 0.23 (s, 6H; CH3Si); 13C NMR
(75 MHz, CDCl3): d� 140.82 (C), 132.13 (CH), 128.34 (CH), 127.53 (CH),
127.42 (CH), 121.00 (C), 69.41 (CH2), 24.70 (3 CH3); EI MS: m/z (%): 419.0
(1) [M�(81Br)ÿCH3], 361.0 (3) [M�(81Br)ÿSi(CH3)3], 263.1 (100), 248.1
(25), 175.1 (93), 131.1 (42), 117.1 (38); C16H33OSi4Br (433.7): calcd C 44.31,
H 7.67; found C 44.48, H 7.88.


General procedure 1 for the silylation of alcohols (GP 1): The chlorosilane
was dissolved under Ar in Et2O or THF. The solution was cooled to 0 8C
and NEt3 was added. A solution of the alcohol in Et2O/THF was added
over 3 min. DMAP was added and the suspension formed was stirred for
the given time. Addition of hexane and filtration of the solid, after
evaporation of the solvent, gave the crude product, which was purified
either by distillation or flash chromatography (SiO2).


[(2-Iodobenzyloxy)diphenylsilyl]trimethylstannane (5): Compound 5 was
prepared by the use of GP 1 with (chlorodiphenylsilyl)trimethylstannane[19]


(762 mg, 2.00 mmol), Et2O (8 mL� 4 mL), 2-iodobenzyl alcohol (514 mg,
2.20 mmol), and NEt3 (0.32 mL, 2.30 mmol), and a reaction time of 45 min
at 0 8C (without DMAP). Purification by distillation (bulb to bulb, 150 ±
160 8C, 0.07 Torr): 484 mg (78 %). M.p. 48 ± 48.5 8C; IR (CHCl3): nÄ � 3008
(m), 2909 (w), 1428 (s), 1110 (s), 1083 (s), 1013 cmÿ1 (s); 1H NMR
(400 MHz, CDCl3): d� 7.78 (dd, J1� 7.9 Hz, J2� 1.2 Hz, 1H; aromatic),
7.60 ± 7.52 (m, 5 H; aromatic), 7.44 ± 7.31 (m, 7H; aromatic), 6.99 ± 6.94 (m,
1H; aromatic), 4.76 (s, 2 H; CH2O), 0.19 (s, 9 H; JSnH� 47.2 Hz, 49.3 Hz,
Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 142.06 (C), 138.78 (CH),
136.92 (C), 134.25 (CH), 129.90 (CH), 128.79 (CH), 128.22 (CH), 128.18
(CH), 127.65 (CH), 95.99 (C), 71.16 (CH2); ÿ10.38 (3 CH3); EI MS: m/z
(%): 565.0 (2) [M�ÿCH3], 415.0 (100) [M�ÿSn(CH3)3], 217.0 (21), 211.1
(23); C22H25OSiSnI (579.1): calcd C 45.63, H 4.35; found C 45.87, H 4.23.


[(3-Iodo-1-phenylpropan-1-oxy)diphenylsilyl]trimethylstannane (7): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (571 mg, 1.50 mmol), Et2O (5 mL� 2 mL), 3-iodo-1-
phenyl-1-propanol (445 mg, 1.70 mmol), NEt3 (0.25 mL, 1.79 mmol), and
DMAP (36 mg), and a reaction time of 45 min at 0 8C. Purification by FC
(Et2O/pentane 1:200): 820 mg (62 %). IR (CHCl3): nÄ � 3069 (m), 3007 (m),
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1428 (s), 1107 (s), 1084 (s), 1067 cmÿ1 (s); 1H NMR (400 MHz, CDCl3): d�
7.66 ± 7.19 (m, 15 H; aromatic), 4.78 (dd, J1� 7.1 Hz, J2� 5.0 Hz, 1H; HCO),
3.47 ± 3.06 (m, 1 H), 3.03 ± 2.97 (m, 1H), 2.36 ± 2.26 (m, 1 H), 2.19 ± 2,11 (m,
1H), ÿ0.02 (s, 9 H; JSnH� 47.0 Hz, 49.2 Hz, Sn(CH3)3); 13C NMR
(100 MHz, CDCl3): d� 142.78 (C), 137.27 (C), 137.18 (C), 134.76 (CH),
134.23 (CH), 129.99 (CH), 129.62 (CH), 128.46 (CH), 128.17 (CH), 127.95
(CH), 127.75 (CH), 126.18 (CH), 76.74 (CH), 44.44 (CH2), 2.00 (CH2),
ÿ10.40 (3 CH3); EI MS: m/z (%): 593.0 (7) [M�ÿCH3], 443.1 (86) [M�ÿ
Sn(CH3)3], 415.1 (100), 309.1 (87), 167.1 (57); C24H29OSiSnI (607.2): calcd C
47.47, H 4.81; found C 47.57, H 4.76.


[(1-Phenylpropan-1-oxy)diphenylsilyl]trimethylstannane (8): This com-
pound was prepared by the use of GP 1 with (chlorodiphenylsilyl)trime-
thylstannane[19] (191 mg, 0.50 mmol), Et2O (2 mL� 1 mL), 1-phenyl-1-
propanol (0.1 mL, 0.7 mmol), NEt3 (0.1 mL, 0.7 mmol), and DMAP
(15 mg), and a reaction time of 60 min at RT. Purification by FC (Et2O/
pentane 1:100): 194 mg (81 %). IR (CHCl3): nÄ � 3068 (m), 3007 (m), 2976
(m), 1428 (s), 1103 (s), 1053 (s), 1010 cmÿ1 (s); 1H NMR (400 MHz, CDCl3):
d� 7.54 ± 7.17 (m, 15 H; aromatic), 4.65 (t, J� 6.1 Hz, 1 H; HCO), 1.87 ± 1.77
(m, 1 H), 1.76 ± 1.67 (m, 1 H), 0.79 (t, J� 7.4 Hz, 3 H; CH3), 0.00 (s, 9H;
JSnH� 46.7 Hz, 48.8 Hz, Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d�
144.13 (C), 137.74 (C), 137.70 (C), 134.62 (CH), 134.23 (CH), 129.73
(CH), 129.46 (CH), 128.10 (CH), 128.00 (CH), 127.86 (CH), 127.16 (CH),
126.30 (CH), 78.22 (CH), 33.32 (CH2), 9.73 (CH3),ÿ10.44 (3 CH3); EI MS:
m/z (%): 467.2 (2) [M�ÿCH3], 317.2 (6) [M�ÿ Sn(CH3)3], 199.1 (100),
119.1 (13); C24H30OSiSn (481.3): calcd C 59.89, H 6.28; found C 60.05, H
6.32.


(Chlorodiphenylsilyl)trimethylgermane : N,N-Diethylaminochlorodiphe-
nylsilane[20] (8.63 g, 30.0 mmol) was added to lithium wire (833 mg,
120 mmol) in THF (30 mL) as described in ref. [20]. The resulting lithium
silanide was slowly added to a solution of bromotrimethylgermane (3.85 g,
30.0 mmol) in THF (30 mL) at 0 8C. The solution was stirred at 0 8C for
2.5 h. After evaporation of the solvent under reduced pressure the residue
was treated under Ar with dry hexane and was filtered. Removal of the
solvents and purification by distillation (0.02 Torr, 115 8C) yielded the
germylated aminosilane (7.8 g, 70%). The aminosilane (7.8 g, 21.0 mmol)
was dissolved under Ar in CH2Cl2 (23 mL) at 0 8C and was treated with
acetyl chloride (1.82 mL, 25.6 mmol). After stirring for 1 h the solvent was
removed and the residue distilled (0.02 Torr, 109 ± 110 8C) to afford the
(chlorodiphenylsilyl)trimethylgermane (5.9 g, 59 %). IR (CHCl3): nÄ � 3067
(m), 2974 (m), 2903 (m), 1482 (m), 1431 (s), 1107 (s), 831 cmÿ1 (s); 1H NMR
(400 MHz): d� 7.59 ± 7.57 (m, 4 H; aromatic), 7.45 ± 7.39 (m, 6 H; aromatic),
0.36 (s, 9H; Ge(CH3)3); 13C NMR (100 MHz): d� 134.63 (C), 134.27 (C),
130.24 (CH), 128.21 (CH), ÿ2.56 (CH3); EI MS: m/z (%): 336.0 (4) [M�],
321.0 (3) [M�ÿCH3], 217.0 (28), 197.0 (100), 181.0 (13), 249.0 (56), 119.0
(15); C15H19SiGeCl (335.5): calcd C 53.71, H 5.71; found C 53.86, H 5.50.


[(3-Iodo-1-phenylpropan-1-oxy)diphenylsilyl]trimethylgermane (9): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylgermane (600 mg, 1.80 mmol), THF (8 mL� 2 mL), 3-iodo-1-
phenyl-1-propanol (576 mg, 2.20 mmol), NEt3 (0.32 mL, 2.30 mmol), and
DMAP (30 mg), and a reaction time of 12 h at RT. Purification by FC
(Et2O/pentane 1:100): 953 mg (94 %). IR (CHCl3): nÄ � 3068 (m), 3007 (s),
2903 (m), 1492 (m), 1428 (s), 1364 (m), 1109 (s), 1083 (s), 934 (m), 828 cmÿ1


(s); 1H NMR (400 MHz): d� 7.51 ± 7.48 (m, 4 H; aromatic), 7.43 ± 7.20 (m,
11H; aromatic), 4.79 (dd, J1� 6.7 Hz, J2� 5.3 Hz, 1 H; HCO), 3.09 ± 3.03
(m, 1 H; HCI), 2.98 ± 2.92 (m, 1 H; HCI), 2.35 ± 2.27 (m, 1H; CH2), 2.20 ±
2.15 (m, 1 H; CH2), 0.12 (s, 9 H; Ge(CH3)3); 13C NMR (100 MHz): d�
143.04 (C), 136.15 (C), 136.07 (C), 134.90 (CH), 134.51 (CH), 129.87 (CH),
129.60 (CH), 128.31 (CH), 128.00 (CH), 127.84 (CH), 127.60 (CH), 126.13
(CH), 76.20 (CH), 44.46 (CH2), 1.83 (CH3), ÿ1.84 (CH3); EI MS: m/z (%):
561.0 (<1) [M�], 547.0 (2) [M�ÿCH3], 444.0 (30), 443.0 (100), 415.0 (88),
308.9 (83), 288.1 (32), 199.0 (81), 197.1 (76), 167.1 (91), 117.1 (97), 91.0 (32);
C24H29OSiGeI (561.1): calcd C 51.38, H 5.21; found C 51.44, H 5.22.


[(1-Phenylpropan-1-oxy)diphenylsilyl]trimethylgermane (10): This com-
pound was prepared by the use of GP 1 with (chlorodiphenylsilyl)trime-
thylgermane (607 mg, 1.81 mmol), THF (9 mL� 2 mL), 1-phenyl-1-prop-
anol (0.27 mL, 2.00 mmol), NEt3 (0.27 mL, 1.94 mmol), and DMAP
(30 mg), and a reaction time of 12 h at RT. Purification by FC (Et2O/
pentane 1:100): 691 mg (88 %). IR (CHCl3): nÄ � 3068 (m), 3008 (s), 2972 (s),
1428 (s), 1105 (s), 1079 (s), 1054 (s), 1011 (s), 828 cmÿ1 (s); 1H NMR
(400 MHz): d� 7.53 ± 7.48 (m, 4H; aromatic), 7.41 ± 7.16 (m, 11H; aromat-
ic), 4.66 (t, J� 6.1 Hz, 1 H; HCO), 1.84 ± 1.64 (m, 2H; CH2), 0.75


(t, J� 7.4 Hz, 3 H; CH3), 0.14 (s, 9H; Ge(CH3)3); 13C NMR (100 MHz):
d� 144.41 (C), 136.66 (C), 136.62 (C), 134.81 (CH), 134.53 (CH), 129.61
(CH), 129.42 (CH), 127.94 (CH), 127.83 (CH), 127.73 (CH), 126.99 (CH),
126.27 (CH), 77.56 (CH), 33.27 (CH2), 9.54 (CH3), ÿ1.82 (CH3); EI MS:
m/z (%): 436.2 (<1) [M�], 421.1 (2) [M�ÿCH3], 317.1 (36), 199.1 (100);
C24H30OSiGe (435.2): calcd C 66.24, H 6.95; found C 66.39, H 6.88.


[(3-Iodo-1-phenylpropan-1-oxy)diphenylsilyl]trimethylsilane (11): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylsilane[20] (560 mg, 1.93 mmol), THF (8 mL� 2 mL), 3-iodo-1-
phenyl-1-propanol (576 mg, 2.20 mmol), NEt3 (0.32 mL, 2.30 mmol), and
DMAP (30 mg), and a reaction time of 12 h at RT. Purification by FC
(Et2O/pentane 1:100): 921 mg (84 %). IR (CHCl3): nÄ � 3068 (s), 3007 (s),
2953 (s), 1492 (m), 1428 (s), 1364 (m), 1108 (s), 1087 (s), 933 (m), 838 cmÿ1


(s); 1H NMR (400 MHz): d� 7.53 ± 7.46 (m, 4 H; aromatic), 7.40 ± 7.20 (m,
11H; aromatic), 4.77 (dd, J1� 6.6 Hz, J2� 5.4 Hz, 1 H; HCO), 3.07 ± 3.01
(m, 1 H; HCI), 2.96 ± 2.89 (m, 1 H; HCI), 2.36 ± 2.25 (m, 1H; CH2), 2.18 ±
2.09 (m, 1 H; CH2), 0.04 (s, 9 H; Si(CH3)3); 13C NMR (100 MHz): d� 143.30
(C), 136.56 (C), 136.41 (C), 135.05 (CH), 134.73 (CH), 129.63 (CH), 129.43
(CH), 128.26 (CH), 127.89 (CH), 127.80 (CH), 127.52 (CH), 126.16 (CH),
76.00 (CH), 44.52 (CH2), 1.84 (CH2), ÿ1.46 (CH3); EI MS: m/z (%): 501.1
(<1) [M�ÿCH3], 443.1 (26) [M�ÿSi(CH3)3], 415.0 (43), 309.0 (70), 271.1
(100), 239.1 (23), 199.1 (59), 193.1 (44); C24H29OSi2I (516.6): calcd C 55.80,
H 5.66; found C 55.86, H 5.67.


[(1-Phenylpropan-1-oxy)diphenylsilyl]trimethylsilane (12): This com-
pound was prepared by the use of GP 1 with (chlorodiphenylsilyl)trime-
thylsilane[20] (523 mg, 1.80 mmol), THF (8 mL� 2 mL), 1-phenyl-1-prop-
anol (0.31 mL, 2.30 mmol), NEt3 (0.32 mL, 2.30 mmol), and DMAP
(30 mg), and a reaction time of 12 h at RT. Purification by FC (Et2O/
pentane 1:150): 268 mg (40 %). IR (CHCl3): nÄ � 3068 (m), 3008 (s), 2962 (s),
1428 (s), 1105 (s), 1054 (s), 1010 (s), 837 cmÿ1 (s); 1H NMR (400 MHz): d�
7.56 ± 7.49 (m, 4H; aromatic), 7.41 ± 7.20 (m, 11 H; aromatic), 4.66 (t, J�
6.1 Hz, 1H; HCO), 1.82 ± 1.64 (m, 2 H; CH2), 0.75 (t, J� 7.4 Hz, 3H; CH3),
0.07 (s, 9 H; Si(CH3)3); 13C NMR (100 MHz): d� 144.70 (C), 137.10 (C),
136.97 (C), 134.98 (CH), 134.74 (CH), 129.38 (CH), 129.24 (CH), 127.90
(CH), 127.73 (CH), 127.68 (CH), 126.90 (CH), 126.30 (CH), 77.28 (CH),
33.28 (CH2), 9.48 (CH3), ÿ1.43 (CH3); EI MS: m/z (%): 317.3 (2) [M�ÿ
Si(CH3)3], 271.2 (62), 199.2 (100), 84.0 (90); C24H30OSi2 (390.7): calcd C
73.79, H 7.74; found C 73.75, H 7.78.


[(3-Iodo-1-phenylpropan-1-oxy)dimethylsilyl]trimethylstannane (13):
Preparation of the chlorosilane: A solution of N,N-diethylaminochlorodi-
methylsilane[20] (6.6 g, 40 mmol) in THF (24 mL) at 0 8C was treated (slow
addition) with a THF solution of LiSnMe3 (prepared from lithium powder
(1.9 g, 270 mmol) in THF (50 mL) and Me3SnCl (9 g, 45 mmol) at 0 8C for
2 h). The solution was stirred at 0 8C for 2 h. After evaporation of the
solvent under reduced pressure, the residue was treated under Ar with dry
hexane and filtered. Removal of the solvents and purification by distillation
(18 Torr, 80 ± 100 8C) yielded the stannylated aminosilane (7.19 g). The
aminosilane (7.1 g) was dissolved under Ar in CH2Cl2 (16 mL) at 0 8C and
was treated with lauroyl chloride (6.0 mL, 25.3 mmol). After stirring for 1 h
the solvent was removed and the residue distilled (18 Torr, 80 ± 100 8C) to
afford the (chlorodimethylsilyl)trimethylstannane (�60% purity accord-
ing to 1H NMR). The chlorosilane was used without further purification for
silylation.
Preparation of 13 : This compound was prepared by the use of GP 1 with
(chlorodimethylsilyl)trimethylstannane (�1.5 mmol), Et2O (5 mL�
2 mL), 3-iodo-1-phenyl-1-propanol (445 mg, 1.70 mmol), NEt3 (0.25 mL,
1.79 mmol), and DMAP (36 mg), and a reaction time of 1 h at 0 8C.
Purification by FC (Et2O/pentane 1:100): 365 mg (�50 %). IR (CHCl3):
nÄ � 3004 (m), 2958 (s), 2908 (s), 1492 (m), 1452 (m), 1361 (m), 1089 (s), 934
(s), 834 cmÿ1 (s); 1H NMR (400 MHz): d� 7.38 ± 7.22 (m, 5 H; aromatic),
4.70 (dd, J1� 8.0 Hz, J2� 4.3 Hz, 1 H; HCO), 3.75 ± 3.31 (m, 1 H; HCI),
3.27 ± 3.10 (m, 1 H; HCI), 2.28 ± 2.05 (m, 2H; CH2), 0.37 (s, 3 H; SiCH3,
JSnH� 22.8 Hz), 0.29 (s, 3H; SiCH3, JSnH� 22.8 Hz), ÿ0.04 (s, 9H; JSnH�
47.7 Hz, 45.8 Hz, Sn(CH3)3); 13C NMR (100 MHz): d� 143.52 (C), 128.43
(CH), 127.61 (CH), 125.90 (CH), 74.14 (CH), 44.02 (CH2), 3.18 (2 CH3),
3.12 (CH2), ÿ11.50 (CH3); EI MS: m/z (%): 469.0 (5) [M�ÿCH3], 319.1
(47) [M�ÿ Sn(CH3)3], 291.0 (100), 245.0 (20), 149.1 (26), 117.1 (98);
C14H25OSiSnI (483.1): calcd C 34.81, H 5.22; found C 34.97, H 5.06.


[(3-Iodopropan-1-oxy)diphenylsilyl]trimethylstannane (14): (Chlorodi-
phenylsilyl)trimethylstannane[19] (575 mg, 1.51 mmol) was dissolved under
Ar in THF (5 mL) and cooled to ÿ18 8C. After addition of NEt3 (0.25 mL,
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1.79 mmol), a solution of 3-iodo-1-propanol (294 mg, 1.58 mmol) in THF
(2 mL) was slowly added. After stirring at ÿ18 8C for 4 h and workup
according to GP 1, purification by FC (Et2O/pentane 1:400) yielded 14 as a
colorless oil (431 mg, 54%). IR (CHCl3): nÄ � 3069 (m), 3008 (m), 2910 (m),
1710 (m), 1428 (s), 1104 (s), 1047 (m), 925 cmÿ1 (w); 1H NMR (400 MHz,
CDCl3): d� 7.55 ± 7.49 (m, 4 H; aromatic), 7.41 ± 7.36 (m, 6 H; aromatic),
3.77 (t, J� 5.7 Hz, 2H; CH2O), 3.30 (t, J� 6.8 Hz, 2 H; CH2I), 2.07 (m, 2H;
CH2), 0.21 (s, JSnH� 47 Hz, JSnH� 49 Hz, 9H; Sn(CH3)3); 13C NMR
(100 MHz, CDCl3): d� 137.04 (C), 134.23 (CH), 129.84 (CH), 128.13
(CH), 64.41 (CH2), 35.97 (CH2), 3.09 (CH2), ÿ10.39 (CH3); EI MS: m/z
(%): 516.9 (4) [M�ÿCH3], 367.0 (75), 309.0 (100), 197.1 (31); HRMS calcd
for C15H16SiOI [M�ÿ SnMe3] 367.0010; found 367.0017.


[(3-Bromopropan-1-oxy)bis(trimethylsilyl)silyl]trimethylstannane (15):
Preparation of the chlorosilane: (Me3Si)3SiH (12.3 mL, 40.2 mmol) was
dissolved under Ar in THF (80 mL) and cooled to 0 8C. Methyl lithium
(1.58m solution in hexane, 26.7 mL, 42.2 mmol) was slowly added. After
stirring at 0 8C for 12 h, the Li-silanide solution was slowly added to a
solution of Me3SnCl (7.0 g, 35.2 mmol) in THF (20 mL) at 0 8C, and stirring
was continued for 2 h. After evaporation of the solvent under reduced
pressure, the residue was treated under Ar with dry hexane and filtered.
Removal of the solvents and purification by distillation (0.5 Torr, 70 ±
76 8C) yielded the stannylated silane HSi(SiMe3)2SnMe3 (7.1 g, purity�
80%). IR (CHCl3): nÄ � 2952 (s), 2842 (s), 2047 (s), 1400 (m), 846 (s), 830
(s), 610 cmÿ1 (s); 1H NMR (300 MHz, CDCl3): d� 2.45 (s, 1 H; HSi), 0.23 (s,
18H; 2 Si(CH3)3), 0.21 (s, 9 H; Sn(CH3)3); 13C NMR (75 MHz, CDCl3): d�
1.89 (6 CH3), 1.55 (3 CH3); EI MS: m/z (%): 339.1 (4) [M�], 325.1 (12)
[M�ÿCH3], 276.2 (11), 251.1 (20), 202.2 (62), 131.2 (100).


Preparation of 15 : HSi(SiMe3)2SnMe3 (0.6 g, �1.76 mmol) was dissolved
under Ar in CCl4 (5 mL) and was stirred at RT for 14 h. After removal of
the solvent the residue was treated with THF (8 mL) and the solution
cooled toÿ18 8C. After addition of NEt3 (0.25 mL, 1.79 mmol), 3-bromo-1-
propanol (0.17 mL, 1.80 mmol) and DMAP (cat.), the resulting suspension
was stirred for 45 min. Workup as described in GP 1 and purification by FC
(Et2O/pentane 1:150) yielded 15 (500 mg, 60%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d� 3.54 (t, J� 5.7 Hz, 2 H; CH2O), 3.46 (t, J� 6.6 Hz,
2H; CH2I), 1.20 (tt, J1� 6.6 Hz, J2� 5.7 Hz, 2H; CH2), 0.203 (s, 18 H; 2
SiMe3), 0.197 (s, JSnH� 46.8 Hz, JSnH� 44.7 Hz, 9H; Sn(CH3)3); 13C NMR
(75 MHz, CDCl3): d� 66.03 (CH2), 35.54 (CH2), 30.41 (CH2), 0.06 (CH3),
ÿ9.17 (CH3); EI MS: m/z (%): 461.1 (<1) [M�ÿCH3], 403.0 (<1) [M�ÿ
Si(CH3)3], 313.1 (21) [M�ÿSn(CH3)3], 255.0 (37), 131.1 (52), 84.0 (93), 73.0
(100).


1,1-Diphenyl-2-oxa-1-silaindan (16): Silyl ether 5 (100 mg, 0.17 mmol) was
dissolved under Ar in benzene (8.5 mL). After addition of 0.08 mL of a
solution of Bu3SnH (36 mL, 0.13 mmol) and AIBN (6.4 mg) in benzene
(0.80 mL), the mixture was stirred under reflux for 90 min. Then, tin
hydride solution (0.12 mL) was added and stirring was continued for 2 h.
After removal of the solvent, the residue was purified by reversed phase
HPLC (C18 column) with acetonitrile as eluent. To completely remove the
tin residues the product was recrystallized from Et2O to yield 16 (34 mg,
68%). M.p. 84 ± 85 8C; IR (CHCl3): nÄ � 3071 (w), 3008 (m), 1590 (w), 1444
(m), 1429 (s), 1120 (s), 1042 (s), 1020 (s), 820 cmÿ1 (m); 1H NMR (400 MHz,
CDCl3): d� 7.75 ± 7.73 (m, 1 H; aromatic), 7.66 ± 7.63 (m, 4 H; aromatic),
7.46 ± 7.30 (m, 9 H; aromatic), 5.35 (s, 2H; CH2O); 13C NMR (100 MHz,
CDCl3): d� 150.66 (C), 134.94 (CH), 134.03 (C), 132.25 (CH), 131.95 (C),
130.52 (CH), 130.13 (CH), 128.00 (CH), 127.25 (CH), 121.87 (CH), 72.11
(CH2); EI MS: m/z (%): 288.2 (35) [M�], 211.1 (94) [M�ÿphenyl], 210.1
(100), 165.1 (27); C19H16OSi (288.4): calcd C 79.12, H 5.59; found C 78.95, H
5.71.


1,1-Bis(trimethylsilyl)-2-oxa-1-silaindan (17): Silyl ether 3 (173 mg,
0.40 mmol) was dissolved under Ar in benzene (10 mL) and was heated
to reflux. A solution of Bu3SnH (22 mL, 0.08 mmol) and AIBN (7.2 mg) in
benzene (1 mL) was added over 7 h through a syringe pump. After
removal of the solvent, the product mixture was analyzed by 1H NMR
spectroscopy. No side products could be observed; 17 was formed in 58%
yield besides unreacted starting material. For analytical purposes a sample
was purified by preparative TLC (SiO2, Et2O/pentane 1:20). Compound 17
turned out to be very unstable. 1H NMR (300 MHz, CDCl3): d� 7.50 ± 7.46
(m, 1H; aromatic), 7.40 ± 7.20 (m, 3H; aromatic), 5.20 (s, 2H; CH2O), 0.14
(s, 18H; Si(CH3)3); 13C NMR (75 MHz, CDCl3): d� 148.30 (C), 131.19 (C),
130.93 (CH), 128.39 (CH), 126.80 (CH), 121.17 (CH), 74.58 (CH2), ÿ1.20


(CH3); EI MS: m/z (%): 281.1 (29) [M��H], 265.1 (22) [M�ÿCH3], 207.0
(100) [M�ÿ Si(CH3)3], 179.0 (37).


2,2,5-Triphenyl-1-oxa-2-silacyclopentane (18): Silyl ether 7 (87 mg,
0.14 mmol) was dissolved under Ar in benzene (1.4 mL; pyrex glass).
Bu3SnSnBu3 (8 mL, 0.01 mmol) was added and the sealed tube was
irradiated with the sun lamp for 16 h. Removal of the solvent and
evaporation yielded 18 in 87% yield, determined by NMR spectroscopy.
Purification by reversed phase HPLC (C18 column) with acetonitrile as
eluent yielded 30 mg (66 %) of 18. 1H NMR (400 MHz, CDCl3): d� 7.69 ±
7.67 (m, 4 H; aromatic), 7.50 ± 7.30 (m, 11H; aromatic), 5.14 (dd, J1� 9.9 Hz,
J2� 4.6 Hz, 1H; HCO), 2.56 ± 2.49 (m, 1H), 1.96 ± 1.85 (m, 1H), 1.48 ± 1.32
(m, 2 H); 13C NMR (100 MHz, CDCl3): d� 144.18 (C), 134.86 (C), 134.65
(CH), 134.60 (CH), 134.18 (C), 130.24 (CH), 128.34 (CH), 128.29 (CH),
128.00 (CH), 127.80 (CH), 127.14 (CH), 125.44 (CH), 80.79 (CH), 35.15
(CH2), 10.81 (CH2); EI MS: m/z (%): 316.2 (23) [M�], 288.2 (100), 238.1
(43), 210.1 (79), 181.1 (47). Since the compound was too unstable to be fully
characterized, in an additional experiment the crude reaction mixture was
treated after irradiation with a large excess (10 equiv) of MeLi. The
resulting compound was purified after aqueous workup by FC (Et2O/
pentane 1:3) to yield the corresponding alcohol, 3-(methyldiphenylsilanyl)-
1-phenylpropan-1-ol, in 55% yield. IR (CHCl3): nÄ � 3603 (s), 3428 (br.m),
3069 (s), 3008 (s), 1428 (s), 1253 (s), 1112 (s), 998 (m), 834 cmÿ1 (m);
1H NMR (300 MHz, CDCl3): d� 7.49 ± 7.40 (m, 4H; aromatic), 7.40 ± 7.20
(m, 11 H; aromatic), 4.61 ± 4.57 (m, 1H; HCO), 1.88 ± 1.73 (m, 3H; CH2,
OH), 1.26 ± 1.14 (m, 1H; CH), 1.00 ± 0.89 (m, 1H; CH), 0.53 (s, 3 H; CH3);
13C NMR (75 MHz, CDCl3): d� 144.34 (C), 136.92 (C), 134.47 (CH), 129.22
(CH), 128.45 (CH), 127.87 (CH), 127.57 (CH), 126.11 (CH), 76.74 (CH),
33.15 (CH2), 9.91 (CH2), ÿ4.50 (CH3); EI MS: m/z (%): 333.2 (<1)
[M��H], 255.1 (16) [M�ÿ phenyl], 197.1 (100), 137.1 (17); C22H24OSi
(332.5): calcd C 79.47, H 7.27; found C 79.54, H 7.09.


General procedure (GP 2) for conducting kinetic experiments : The silyl
ether (0.04 ± 0.09 mmol) and the appropriate reducing agent (Bu3SnH,
(Me3Si)3SiH, or Ph3SnH) and AIBN were dissolved in benzene (or C6D6).
In a sealed tube the mixture was stirred for (2 ± 3h) at 80� 3 8C. (For
volatile compounds in which the experiments were conducted in C6D6,
anisole was directly added as internal standard and the mixture was then
analyzed by 1H NMR spectroscopy.) After complete reaction the solvent
was evaporated and the crude reaction mixture (anisol was used as internal
standard) was analyzed by 1H NMR spectroscopy. From the ratio of the
cyclized to the reduced product, the rate was calculated according to the
equation specified in Scheme 5. For some slow-cyclizing systems the rate
was calculated according to the equation suggested by Newcomb[27] for
experiments performed under second-order conditions. Mass balances
were good (>80%). Normally, the experiments were repeated two times.
(Rate for the reduction of a primary radical with Ph3SnH at 80 8C: 2.5�
107mÿ1 sÿ1.[48]) The results of the kinetic experiments for 7 and 9 are
presented in Table 2.


Estimation of the rate constant for the cyclization of the radical derived
from 11: The calculated rates for 11 are given in Table 4. Since only small
amounts of cyclization product were observed, larger errors may be
obtained during integration, we therefore suggest for kSHi a value between
103 and 104 sÿ1.


Estimation of the rate constant for the cyclization of the radical derived
from 13 : kSHi� 1� 105 sÿ1 (see Table 5). Since the cyclization product
derived from 13 was too unstable to be characterized, in a separate
experiment we irradiated the silyl ether 13 (100 mg, 0.21 mmol) and
Bu3SnSnBu3 (12 mL, 0.02 mmol) in benzene (2 mL) for 24 h. The reaction
mixture was then treated with MeLi (solution in hexane, 1.22 mL,
2.07 mmol) for 12 h. Purification after aqueous workup by FC (Et2O/
pentane 1:6) yielded the known alcohol 3-(trimethylsilanyl)-1-phenylpro-
pan-1-ol (23 mg, 53%).


Table 4. Determination of the rate constant for the cyclization of the
radical derived from 11.


[11] [Bu3SnH] [18]/[12] kSHi [sÿ1]


0.049 0.055 0.02 7.0� 103


0.041 0.052 0.03 9.9� 103
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Estimation of the rate constant for the cyclization of the radical derived
from 14 : kSHi� 2� 105 sÿ1 (see Table 6). Since the cyclization product
derived from 14 was too unstable to be characterized, in a separate
experiment silyl ether 14 (83 mg, 0.16 mmol) was dissolved in benzene
(3 mL) and heated to reflux. With a syringe pump a solution of Bu3SnH
(41 mL, 0.16 mmol) and AIBN (2 mg) in benzene (0.5 mL) was added over


6 h. Stirring was continued for additional 30 min. The reaction mixture was
then allowed to cool to RT and MeLi (1.5m in hexane, 1.5 mL, 2.25 mmol)
was added and the resulting solution was stirred for 12 h at RT. Water was
carefully added to destroy the excess of MeLi. After addition of Et2O the
solution was washed with saturated aqueous NH4Cl and brine. The organic
phase was dried (MgSO4) and evaporated to yield the crude product.
Purification by FC (Et2O/pentane 1:3) gave the known alcohol 3-(meth-
yldiphenylsilanyl)-propan-1-ol (17 mg, 42 %). 1H NMR (400 MHz, CDCl3):
d� 7.53 ± 7.49 (m, 4H; aromatic), 7.39 ± 7.32 (m, 6 H; aromatic), 3.60 (t, J�
6.7 Hz, 2 H; CH2OH), 1.67 ± 1.59 (m, 2H; CH2), 1.31 (s, 1 H; OH), 1.10 ± 1.05
(m, 2H; CH2Si), 0.56 (s, 3 H; SiCH3); 13C NMR (100 MHz, CDCl3): d�
136.95 (C), 134.45 (CH), 129.23 (CH), 127.87 (CH), 65.60 (CH2), 27.14
(CH2), 9.98 (CH2), ÿ4,49 (CH3); EI MS: m/z (%): 241.1 (3, [MÿCH3]�),
199.1 (65), 197.1 (100), 179.1 (41), 137.1 (41). An authentic sample of the
reduction product was also prepared: [(1-propoxy)diphenylsilyl]trimethyl-
stannane: IR (CHCl3): nÄ � 3067 (w), 2964 (s), 1468 (w), 1428 (m), 1365 (m),
1172 (m), 1102 (s), 1023 (s), 902 (w); 1H NMR (400 MHz, CDCl3): d�
7.54 ± 7.49 (m, 4H; aromatic), 7.38 ± 7.32 (m, 6 H; aromatic), 1.50 ± 1.36 (m,
4H; CH2CH2), 1.23 (s, 6 H; C(CH3)2), 0.87 (t, J� 7.1 Hz, 3H; CH2CH3), 0.16
(s, JSnH� 45.4 Hz, JSnH� 47.4 Hz, 9H; Sn(CH3)3); 13C NMR (100 MHz,
CDCl3): 139.63 (C), 134.30 (CH), 129.28 (CH), 127.83 (CH), 75.60 (C), 47.25
(CH2), 29.88 (CH3), 17.73 (CH2), 14.60 (CH3), ÿ10.07 (CH3); EI MS: m/z
(%): 448.0 (<1) [M�], 433.0 (1), 363.0 (1), 332.9.0 (3), 283.1 (9), 199.1 (100);
C21H32OSiSn (447.3): calcd C 56.39, H 7.21; found C 56.49, H 7.10.


Estimation of the rate constant for the cyclization of the radical derived
from 15 : kSHi� 2� 106 sÿ1 (see Table 7). Since the cyclization product
derived from 15 was too unstable to be characterized, in a separate
experiment silyl ether 15 (120 mg, 0.25 mmol) was dissolved in benzene
(5 mL) and heated to reflux. With a syringe pump a solution of Bu3SnH
(74 mL, 0.27 mmol) and AIBN (5 mg) in benzene (0.5 mL) was added over
6 h. Stirring was continued for additional 30 min. The reaction mixture was
then allowed to cool to RT and MeLi (1.55m in hexane, 1.6 mL, 2.5 mmol)
was added, and the resulting solution was stirred for 45 min at RT. Water
was carefully added to destroy the excess of MeLi. After addition of Et2O
the solution was washed with saturated aqueous NH4Cl and brine. The
organic phase was dried (MgSO4) and evaporated to yield the crude
product. Purification by FC (Et2O/pentane 1:6) gave 3-[methylbis(trime-


thylsilyl)silanyl]-propan-1-ol (31 mg, 49 %). IR (CHCl3): nÄ � 3624 (s), 3448
(br.m). , 2950 (s), 2891 (s), 1396 (m), 836 (s), 621 cmÿ1 (s); 1H NMR
(300 MHz, CDCl3): d� 3.60 (t, J� 6.6 Hz, 2 H; CH2O), 1.65 ± 1.57 (m, 2H;
CH2), 0.71 ± 0.65 (m, 2H; SiCH2), 0.10 (s, 18 H; Si(CH3)3), 0.07 (s, 3H;
SiCH3); 13C NMR (75 MHz, CDCl3): d� 65.97 (CH2), 29.63 (CH2), 7.27
(CH2), ÿ0.88 (CH3), ÿ9.02 (CH3); EI MS: m/z (%): 249.0 (2) [M��H],
233.1 (3) [M�ÿCH3], 175.1 (33), 133.1 (81), 73.1 (100); C10H28OSi3 (248.6):
calcd C 48.32, H 11.35; found C 48.31, H 11.27.


[(4-Methyl-1-penten-4-oxy)diphenylsilyl]trimethylstannane (23): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (572 mg, 1.50 mmol), Et2O (5 mL� 2 mL), 2-methyl-
pent-4-en-2-ol (170 mg, 1.7 mmol), NEt3 (0.25 mL, 1.79 mmol), and DMAP
(36 mg), and a reaction time of 3 h at RT. Purification by distillation (bulb
to bulb, 0.07 Torr, 100 ± 110 8C): 479 mg (72 %). IR (CHCl3): nÄ � 3068 (m),
3007 (m), 2976 (s), 1428 (s), 1144 (m), 1102 (s), 1035 (s), 1024 cmÿ1 (s);
1H NMR (400 MHz, CDCl3): d� 7.56 ± 7.49 (m, 4H; aromatic), 7.39 ± 7.31
(m, 6H; aromatic), 5.94 ± 5.84 (m, 1 H; vinylic), 5.07 ± 4.99 (m, 2H; vinylic),
2.28 (d, J� 7.3 Hz, 2H), 1.23 (s, 6H; CH3), 0.16 (s, 9 H; JSnH� 45.5 Hz,
47.6 Hz, Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 139.42 (C), 134.96
(CH), 134.31 (CH), 129.35 (CH), 127.86 (CH), 117.43 (CH2), 75.21 (C),
49.40 (CH2), 29.69 (CH3), ÿ10.09 (3 CH3); EI MS: m/z (%): 431.1 (0.4)
[M�ÿCH3], 281.2 (75) [M�ÿ Sn(CH3)3], 223.1 (100), 199.1 (55); C21H30O-
SiSn (445.3): calcd C 56.65, H 6.79; found C 56.81, H 6.70.


General procedure (GP 3) for slow bimolecular addition reactions with a
subsequent UMCT step : The silyl ether and the a-halo acetic acid ester
were dissolved under Ar in benzene. Bu3SnSnBu3 was added and the
solution was irradiated in a sealed tube (pyrex glass) for the given time with
a sun lamp. (The lamp was placed at a distance of about 15 cm, reaction
temperature: 50 ± 60 8C). After removal of the solvent the crude product
was purified by FC (SiO2).


3-[2-(Phenoxycarbonyl)ethyl]-5,5-dimethyl-2,2-diphenyl-1,2-oxasilolane
(24): This compound was prepared by the use of GP 3 with silyl ether 23
(100 mg, 0.23 mmol), phenyl bromoacetate (59 mg, 0.28 mmol), and
Bu3SnSnBu3 (14 mL, 0.02 mmol) in benzene (0.88 mL), and a reaction time
of 16 hours. Purification by FC (Et2O/pentane 1:13) yielded 24 : 64 mg
(68 %). IR (CHCl3): nÄ � 3071 (m), 3004 (m), 2970 (s), 2927 (m), 1753 (s),
1493 (s), 1428 (s), 1261 (s), 1118 (s), 969 cmÿ1 (s); 1H NMR (400 MHz,
CDCl3): d� 7.71 ± 7.68 (m, 2 H; aromatic), 7.60 ± 7.58 (m, 2 H; aromatic),
7.47 ± 7.33 (m, 2H; aromatic), 7.23 ± 7.18 (m, 1H; aromatic), 7.02 ± 6.99 (m,
2H; aromatic), 2.63 ± 2.49 (m, 2 H), 2.26 (dd, J1� 12.7 Hz, J2� 7.4 Hz, 1H),
2.04 ± 1.89 (m, 2 H), 1.81 ± 1.71 (m, 1H), 1.66 (t, J� 12.5 Hz, 1 H), 1.54 (s,
3H; CH3), 1.30 (s, 3H; CH3); 13C NMR (100 MHz, CDCl3): d� 171.79 (C),
150.66 (C), 135.01 (CH), 134.74 (C), 134.61 (CH), 133.03 (C), 130.27 (CH),
130.18 (CH), 129.40 (CH), 128.70 (CH), 127.92 (CH), 125.76 (CH), 121.50
(CH), 79.74 (C), 45.38 (CH2), 35.12 (CH2), 31.24 (CH3), 29.34 (CH3), 25.74
(CH2), 24.13 (CH); EI MS: m/z (%): 416.2 (2) [M�], 401.2 (1) [M�ÿCH3],
323.2 (44), 223.2 (56), 199.1 (100); C26H28O3Si (416.6): calcd C 74.96, H 6.77;
found C 75.04, H 6.72.


3-[2-(Ethoxycarbonyl)ethyl]-5,5-dimethyl-2,2-diphenyl-1,2-oxasilolane
(25): This compound was prepared by the use of GP 3 with silyl ether 23
(300 mg, 0.68 mmol), ethyl iodoacetate (97 mL, 0.81 mmol), and Bu3SnSn-
Bu3 (41 mL, 0.07 mmol) in benzene (2.65 mL), and a reaction time of
16 hours. Purification by FC (Et2O/pentane 1:13) yielded 25 : 138 mg
(56 %). IR (CHCl3): nÄ � 3071 (w), 3002 (m), 2972 (s), 2928 (m), 1724 (s),
1428 (s), 1370 (s), 1118 (s), 968 (s), 938 (s), 918 (s), 828 cmÿ1 (s); 1H NMR
(400 MHz, CDCl3): d� 7.67 ± 7.65 (m, 2 H; aromatic), 7.57 ± 7.55 (m, 2H;
aromatic), 7.46 ± 7.35 (m, 6 H; aromatic), 4.08 (q, J� 7.2 Hz, 2 H; CH2O),
2.36 ± 2.17 (m, 3H), 1.92 ± 1.77 (m, 2 H), 1.67 ± 1.58 (m, 2 H), 1.52 (s, 3H;
CH3), 1.28 (s, 3 H; CH3), 1.21 (t, J� 7.1 Hz, 3H; CH3); 13C NMR (100 MHz,
CDCl3): d� 173.36 (C), 135.00 (CH), 134.89 (C), 134.60 (CH), 133.14 (C),
130.18 (CH), 130.09 (CH), 127.99 (CH), 127.86 (CH), 79.69 (C), 60.23
(CH2), 45.39 (CH2), 35.17 (CH2), 31.23 (CH3), 29.30 (CH3), 25.75 (CH2),
24.21 (CH3), 14.22 (CH); EI MS: m/z (%): 368.3 (13) [M�], 353.2 (4) [M�ÿ
CH3], 287.2 (39), 199.1 (100), 181.1 (31); C22H28O3Si (368.6): calcd C 71.70,
H 7.66; found C 71.79, H 7.48.


[(1-Ethoxycarbonyl-3-iodo-5-methylhexan-5-oxy)diphenylsilyl]trimethyl-
stannane (29): This compound was prepared by the use of GP 3 with silyl
ether 23 (50 mg, 0.11 mmol), ethyl iodoacetate (17 mL, 0.14 mmol), and
Bu3SnSnBu3 (7 mL, 0.01 mmol) in benzene (0.5 mL), and a reaction time of
3 hours. Purification by FC (Et2O/pentane 1:12) yielded 29 : 56 mg (63 %).


Table 5. Determination of the rate constant for the cyclization of the
radical derived from 13.


[13] [(Me3Si)3SiH] [cycl.]/[red] kSHi [sÿ1]


0.075 0.158 0.67 1.3� 105


0.068 0.162 0.38 7.4� 104


0.065 0.170 0.65 1.3� 105


Table 6. Determination of the rate constant for the cyclization of the
radical derived from 14.


[14] [(Me3Si)3SiH] [cycl.]/[red] kSHi [sÿ1]


0.044 0.36 0.38 1.6� 105


0.050 0.35 0.31 1.3� 105


0.043 0.43 0.23 1.4� 105


0.044 0.34 0.42 1.7� 105


Table 7. Determination of the rate constant for the cyclization of the
radical derived from 15.


[15] [(Me3Si)3SiH] [cycl.]/[red] kSHi [sÿ1]


0.047 0.232 6.01 1.7� 106


0.043 0.435 3.59 1.9� 106


0.041 0.411 4.69 2.3� 106
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IR (CHCl3): nÄ � 3068 (w), 2976 (s), 2910 (m), 1727 (s), 1428 (s), 1103 (s),
1021 cmÿ1 (s); 1H NMR (400 MHz, CDCl3): d� 7.58 ± 7.48 (m, 4 H;
aromatic), 7.40 ± 7.34 (m, 6 H; aromatic), 4.43 ± 4.12 (m, 1 H), 4.08 (q, J�
7.2 Hz, 2H; CH2O), 2.56 ± 2.47 (m, 1 H), 2.44 ± 2.30 (m, 1 H), 2.27 (dd, J1�
15.1 Hz, J2� 6.9 Hz, 1H), 2.20 ± 2.11 (m, 1H), 2.05 ± 1.96 (m, 1 H), 1.34 (s,
3H; CH3), 1.26 (s, 3H; CH3), 1.21 (t, J� 7.2 Hz, 3 H; CH3), 0.17 (s, 9H;
JSnH� 47.8 Hz, 45.8 Hz, Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d�
172.52 (C), 138.87 (C), 138.83 (C), 134.41 (CH), 134.36 (CH), 129.56
(CH), 129.52 (CH), 127.98 (CH), 127.97 (CH), 76.22 (C), 60.42 (CH2), 55.88
(CH2), 37.06 (CH2), 35.01 (CH2), 31.29 (CH3), 30.75 (CH), 29.14 (CH3),
14.20 (CH3),ÿ10.07 (CH3); EI MS: m/z (%): 645.0 (<1) [M�ÿCH3], 495.1
(44) [M�ÿ Sn(CH3)3], 309.0 (60), 281.1 (30), 199.1 (100), 169.1 (77);
C25H37O3SiSnI (659.3): calcd C 45.55, H 5.66; found C 45.66, H 5.67.


[(4-Iodopentan-2-oxy)diphenylsilyl]trimethylstannane (30): This com-
pound was prepared by the use of GP 1 with (chlorodiphenylsilyl)trime-
thylstannane[19] (1.44 g, 3.67 mmol), THF (13 mL), l-4-iodopentan-2-ol
(700 mg, 3.72 mmol), NEt3 (0.54 mL, 3.76 mmol), and DMAP (cat.), and
a reaction time of 12 h at RT. Purification by FC (Et2O/pentane 1:200)
afforded 30 : 1.27 g (69 %). During silylation epimerization (30 %) occur-
red. IR (CHCl3): nÄ � 3068 (s), 2973 (s), 2914 (s), 1428 (s), 1377 (s), 1142 (s),
1105 (s), 1052 (s), 996 cmÿ1 (s); 1H NMR (400 MHz, CDCl3): l compound:
d� 7.60 ± 7.50 (m, 4H; aromatic), 7.45 ± 7.30 (m, 6H; aromatic), 4.33 ± 4.25
(m, 1 H), 4.15 ± 4.05 (m, 1 H), 2.00 ± 1.85 (m, 1H; CH2), 1.91 (d, J� 6.9 Hz,
3H; CH3), 1.73 ± 1.66 (m, 1 H; CH2), 1.20 (d, J� 6.1 Hz, 3 H; CH3), 0.22 (s,
9H; Sn(CH3)3); u compound: 7.60 ± 7.50 (m, 4H; aromatic), 7.45 ± 7.30 (m,
6H; aromatic), 4.15 ± 4.07 (m, 1H), 4.07 ± 3.99 (m, 1 H), 2.32 ± 2.24 (m, 1H;
CH2), 1.80 (d, J� 6.8 Hz, 3 H; CH3), 1.80 ± 1.70 (m, 1 H; CH2), 1.16 (d, J�
6.1 Hz, 3 H; CH3), 0.21 (s, 9H; Sn(CH3)3); 13C NMR (100 MHz, CDCl3):
l compound: d� 137.99 (C), 137.83 (C), 134.50 (CH), 134.45 (CH), 129.68
(CH), 129.64 (CH), 128.00 (CH), 127.96 (CH), 71.91 (CH), 52.41 (CH2),
29.52 (CH3), 27.75 (CH), 23.93 (CH3), ÿ9.94 (CH3); u compound: 137.67
(2C), 134.36 (CH), 134.32 (CH), 129.76 (CH), 129.72 (CH), 128.07 (CH),
128.04 (CH), 71.27 (CH), 52.21 (CH2), 28.64 (CH3), 24.26 (CH), 22.82
(CH3), ÿ10.27 (CH3); EI MS: m/z (%): 545.0 (<1) [M�ÿCH3], 395.0 (30)
[M�ÿ Sn(CH3)3], 353.0 (100), 309.0 (89), 267.1 (21), 249.0 (56), 199.1 (47),
197.1 (87), 69.1 (25); HRMS calcd for C17H20SiOI [M�ÿSnMe3] 395.0322,
found 395.0325.


[(3-Iodo-1-phenylbutan-1-oxy)diphenylsilyl]trimethylstannane (31): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (275 mg, 0.72 mmol), THF (4 mL� 1 mL), 3-iodo-1-
phenylbutan-1-ol (200 mg, 0.72 mmol), NEt3 (0.11 mL, 0.72 mmol), and
DMAP (cat.), and a reaction time of 12 h at RT. Purification by FC (Et2O/
pentane 1:100) afforded 31: 284 mg (63 %). 1H NMR (400 MHz, CDCl3):
d� 7.55 ± 7.30 (m, 15H; aromatic), 4.90 (dd, J1� 2.8 Hz, J2� 9.2 Hz, 1H;
HCO), 4.31 ± 4.21 (m, 1 H; HCI), 2.10 (ddd, J1� 2.9 Hz, J2� 10.5 Hz, J3�
15.0 Hz, 1 H), 1.99 (ddd, J1� 3.4 Hz, J2� 9.1 Hz, J3� 15.0 Hz, 1H), 1.90 (d,
J� 6.9 Hz, 3 H; CH3), ÿ0.02 (s, 9H; JSnH� 47.0 Hz, 49.1 Hz, Sn(CH3)3);
13C NMR (100 MHz, CDCl3): d� 143.57 (C), 137.43 (C), 137.24 (C), 135.03
(CH), 134.35 (CH), 129.93 (CH), 129.52 (CH), 128.44 (CH), 128.10 (CH),
127.86 (CH), 127.67 (CH), 126.21 (CH), 77.29 (C), 54.31 (CH2), 29.42 (CH3),
27.27 (CH), ÿ10.23 (CH3); EI MS: m/z (%): 607.2 (<1) [M�ÿCH3], 457.2
(8) [M�ÿ Sn(CH3)3], 415.2 (71), 309.1 (69), 197.2 (100), 167.2 (28).


l-[(4-Iodopentan-2-oxy)bis(trimethylsilyl)silyl]trimethylstannane (32):
This compound was prepared by the use of GP 1 with [chlorobis(trime-
thylsilyl)silyl]trimethylstannane (1.8 mmol, for the preparation of this
chlorosilane see the synthesis of 15), THF (8 mL), l-4-iodopentan-2-ol
(428 mg, 2.0 mmol), NEt3 (0.28 mL, 2.00 mmol), and DMAP (cat.), and a
reaction time of 12 h at RT. Purification by FC (Et2O/pentane 1:150)
yielded 32 : 529 mg (48 %). IR (CHCl3): nÄ � 2962 (s), 2893 (s), 1444 (w),
1372 (w), 1141 (s), 1045 (s), 836 cmÿ1 (s); 1H NMR (400 MHz, CDCl3): d�
4.27 ± 4.19 (m, 1H; HCI), 3.63 ± 3.57 (m, 1H; HCO), 1.91 (d, J� 6.9 Hz,
3H; CH3), 1.83 (ddd, J1� 2.6 Hz, J2� 10.8 Hz, J3� 14.8 Hz, 1H), 1.47 (ddd,
J1� 3.1 Hz, J2� 9.2 Hz, J3� 14.8 Hz, 1 H), 1.12 (d, J� 6.1 Hz, 3H; CH3),
0.21 (s, 9H; Si(CH3)3), 0.19 (s, JSnH� 44.2 Hz, 46.3 Hz, 9 H; Sn(CH3)3), 0.19
(s, 9 H; Si(CH3)3); 13C NMR (100 MHz, CDCl3): d� 73.25 (CH), 52.76
(CH2), 29.60 (CH3), 27.76 (CH), 22.89 (CH3), 0.28 (CH3), 0.15 (CH3),ÿ8.73
(CH3); EI MS: m/z (%): 387.1 (1) [M�ÿ Sn(CH3)3], 301.1 (7), 86.0 (60), 84
(100), 49.0 (90); C14H37OSi3SnI (551.3): calcd C 30.50, H 6.76; found C
30.59, H 6.59.


4-(Methyldiphenylsilanyl)pentan-2-ol (33): The silyl ether 30 (300 mg,
0.54 mmol) was dissolved under Ar in benzene (12 mL) and heated to


reflux. With a syringe pump a solution of Bu3SnH (212 mL, 0.78 mmol) and
AIBN (10 mg) in benzene (0.5 mL) was added over 6 h. Stirring was
continued for additional 30 min. The reaction mixture was then allowed to
cool to RT, and MeLi (1.3m in hexane, 7.5 mL, 9.7 mmol) was added and the
resulting solution was stirred for 12 h at RT. Water was carefully added to
destroy the excess of MeLi. After addition of Et2O the solution was washed
with saturated aqueous NH4Cl and brine. The organic phase was dried
(MgSO4) and evaporated to yield the crude product. Purification by FC
(Et2O/pentane 1:5) gave 77 mg of an inseparable mixture of 33 (30 %, 1.7:1
mixture of diastereoisomers) and 4-phenyl-2-pentanol (35 %).[37] The
diastereoselectivity was determined after transformation of the alcohol
into the corresponding trifluoroacetylated compound with subsequent GC
analysis (Chirasil-Val, Macherey-Nagel, 25 m� 4 mm, temperature pro-
gramme: 70 8C for 5 min then heating with a rate of 4 8C minÿ1). Since 33
could not be separated from the side product we oxidized it by Tamao ±
Fleming oxidation to the known diol (see preparation of 52).


3-(Methyldiphenylsilanyl)-1-phenylbutan-1-ol (34): The silyl ether 31
(150 mg, 0.24 mmol) was dissolved under Ar in benzene (5 mL) and
heated to reflux. With a syringe pump a solution of Bu3SnH (79 mL,
0.29 mmol) and AIBN (5 mg) in benzene (0.5 mL) was added over 6 h.
Stirring was continued for additional 30 min. The reaction mixture was then
allowed to cool to RT, and MeLi (1.3m in hexane, 2.7 mL, 3.6 mmol) was
added and the resulting solution was stirred for 12 h at RT. Water was
carefully added to destroy the excess of MeLi. After addition of Et2O the
solution was washed with saturated aqueous NH4Cl and brine. The organic
phase was dried (MgSO4) and evaporated to yield the crude product.
Purification by FC (Et2O/pentane 1:5) gave 55 mg of an inseparable
mixture of 34 (29 %, 1.7:1 mixture of diastereoisomers, 1H NMR spectro-
scopy), 1,3-diphenyl-1-butanol (38 %) and 1-phenyl-1-butanol (28 %) as
determined by 1H NMR spectroscopy. For proof of identity and to assign
the relative configuration of the major isomer of 34, the mixture containing
34 was oxidized according to the procedure of Knölker et al.[45] to afford the
known alcohol, 1-phenyl-1,3-butandiol as 1.7:1 (u :l) mixture of diastereo-
siomers (in analogy to the preparation of 52).


4-[Methylbis(trimethylsilyl)silanyl]pentan-2-ol (35): The silyl ether 32
(300 mg, 0.24 mmol) was dissolved under Ar in benzene (10.8 mL) and
heated to reflux. With a syringe pump a solution of Bu3SnH (147 mL,
0.29 mmol) and AIBN (10 mg) in benzene (0.5 mL) was added over 6 h.
Stirring was continued for additional 30 min. The reaction mixture was then
allowed to cool to RT, and MeLi (solution in hexane, 3.6 mL, 5.4 mmol)
was added and the resulting solution was stirred for 45 min at RT. Water
was carefully added to destroy the excess of MeLi. After addition of Et2O
the solution was washed with saturated aqueous NH4Cl and brine. The
organic phase was dried (MgSO4) and evaporated to yield the crude
product. Purification by FC (Et2O/pentane 1:6) gave 55 mg (37 %) of the
first eluted isomer of 35 and 50 mg (34 %) of the second isomer. IR (CHCl3,
second isomer): nÄ � 3608 (w), 3449 (br.w). , 2949 (s), 2893 (s), 835 cmÿ1 (s);
1H NMR (400 MHz, CDCl3, first eluted isomer): d� 3.97 ± 3.90 (m, 1H;
HCO), 1.60 ± 1.50 (m, 1 H), 1.34 ± 1.20 (m, 1 H), 1.19 (d, J� 6.1 Hz, CH3),
1.05 (d, J� 6.9 Hz, CH3), 0.13 (s, 18H; Si(CH3)3), 0.07 (s, 3H; SiCH3);
1H NMR (400 MHz, CDCl3, second isomer): d� 3.98 ± 3.89 (m, 1H; HCO),
1.61 ± 1.51 (m, 1H), 1.28 (d, J� 4.5 Hz, OH), 1.17 (d, J� 6.1 Hz, CH3),
1.07 ± 0.98 (m, 4H), 0.13 (s, 18 H; Si(CH3)3), 0.07 (s, 3 H; SiCH3); 13C NMR
(100 MHz, CDCl3, first eluted isomer): d� 64.69 (CH), 43.81 (CH2), 24.28
(CH3), 16.31 (CH3), 13.92 (CH), ÿ0.06 (CH3), ÿ0.14 (CH3), ÿ9.48 (CH3);
13C NMR (100 MHz, CDCl3, second isomer): d� 67.44 (CH), 44.28 (CH2),
22.57 (CH3), 17.09 (CH3), 15.61 (CH), ÿ0.12 (CH3), ÿ0.16 (CH3), ÿ9.33
(CH3); EI MS (second isomer): 203.2 (6) [M�ÿSi(CH3)3], 133.1 (100),
117.1 (10), 73.1 (43); C12H32OSi3 (276.6): calcd C 52.10, H 11.66; found C
52.17, H 11.79.


[(1-Phenyl-3-buten-1-oxy)diphenylsilyl]trimethylstannane (36): This com-
pound was prepared by the use of GP 1 with (chlorodiphenylsilyl)trime-
thylstannane[19] (762 mg, 2.0 mmol), Et2O (6 mL� 2.5 mL), 1-phenylbut-3-
en-1-ol (333 mg, 2.25 mmol), NEt3 (0.33 mL, 2.25 mmol), and DMAP
(47 mg), and a reaction time of 3 h at RT. Purification by distillation (bulb
to bulb, 0.07 Torr, 160 ± 170 8C): 675 mg (69 %). IR (CHCl3): nÄ � 3068 (s),
3008 (s), 2909 (s), 1640 (m), 1428 (s), 1105 (s), 1081 (s), 1063 (s), 919 cmÿ1


(s); 1H NMR (400 MHz, CDCl3): d� 7.51 ± 7.15 (m, 15H; aromatic), 5.71 ±
5.61 (m, 1H; vinylic), 4.97 ± 4.91 (m, 2H; vinylic), 4.73 (t, J� 6.2 Hz, 1H;
HCO), 2.59 ± 2.51 (m, 1 H), 2.47 ± 2.40 (m, 1 H), 0.00 (s, 9H; JSnH� 48.9 Hz,
46.8 Hz, Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 143.70 (C), 137.59
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(C), 137.49 (C), 134.66 (CH), 134.53 (CH), 134.27 (CH), 129.78 (CH),
129.51 (CH), 128.15 (CH), 127.99 (CH), 127.86 (CH), 127.34 (CH), 126.28
(CH), 117.32 (CH2), 76.83 (C), 45.05 (CH2), ÿ10.41 (3 CH3); EI MS: m/z
(%): 479.1 (5) [M�ÿCH3], 329.2 (100) [M�ÿSn(CH3)3], 199.1 (79), 131.1
(19), 84.0 (38); C25H30OSiSn (493.3): calcd C 60.87, H 6.13; found C 61.05, H
6.23.


[(4-Phenyl-1-penten-4-oxy)diphenylsilyl]trimethylstannane (37): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (550 mg, 1.44 mmol), Et2O (5 mL� 1.5 mL), 4-phe-
nylpent-1-en-4-ol (280 mg, 1.73 mmol), NEt3 (0.25 mL, 1.73 mmol), and
DMAP (34 mg), and a reaction time of 2 h at RT. Purification by distillation
(bulb to bulb, 0.07 Torr, 185 ± 195 8C): 353 mg (48 %). IR (CHCl3): nÄ � 3068
(s), 3007 (s), 2980 (s), 2911 (s), 1428 (s), 1103 (s), 1071 (s), 996 (s), 918 cmÿ1


(s); 1H NMR (400 MHz, CDCl3): d� 7.58 ± 7.54 (m, 4H; aromatic), 7.49 ±
7.16 (m, 11H; aromatic), 5.71 ± 5.61 (m, 1H; vinylic), 4.99 ± 4.91 (m, 2H;
vinylic), 2.61 (dd, J1� 13.8 Hz, J2� 6.6 Hz, 1 H), 2.53 (dd, J1� 13.8 Hz, J2�
7.1 Hz, 1H), 1.60 (s, 3H; CH3), 0.02 (s, 9H; JSnH� 48.2 Hz, 46.2 Hz,
Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 147.31 (C), 139.42 (C), 138.90
(C), 134.53 (CH), 134.30 (CH), 134.26 (CH), 129.60 (CH), 129.32 (CH),
128.05 (CH), 128.01 (CH), 127.90 (CH), 127.87 (CH), 126.71 (CH), 125.47
(CH), 117.70 (CH2), 78.51 (C), 50.85 (CH2), 28.56 (CH3),ÿ9,98 (3 CH3); EI
MS: m/z (%): 493.1 (<1) [M�ÿCH3], 343.2 (11) [M�ÿ Sn(CH3)3], 199.1
(18), 84.0 (100); C26H32OSiSn (507.3): calcd C 61.55, H 6.36; found C 61.39,
H 6.30.


[(4-Methyl-3-phenyl-1-penten-4-oxy)diphenylsilyl]trimethylstannane (38):
This compound was prepared by the use of GP 1 with (chlorodiphenylsi-
lyl)trimethylstannane[19] (892 mg, 2.33 mmol), THF (5 mL� 2 mL),
4-methyl-3-phenylpent-1-en-4-ol (445 mg, 2.50 mmol), NEt3 (0.36 mL,
2.50 mmol), and DMAP (40 mg), and a reaction time of 4 h at 0 8C.
Purification by distillation (bulb to bulb, 0.05 Torr, 150 ± 160 8C): 743 mg
(61 %). IR (CHCl3): nÄ � 3068 (s), 3007 (s), 2978 (s), 2913 (m), 1428 (s), 1148
(s), 1103 (s), 1021 (s), 920 cmÿ1 (m); 1H NMR (400 MHz, CDCl3): d� 7.47 ±
7.43 (m, 4 H; aromatic), 7.43 ± 7.19 (m, 11 H; aromatic), 6.43 ± 6.34 (m, 1H;
vinylic), 5.13 ± 5.02 (m, 2 H; vinylic), 3.21 (d, J� 9.2 Hz, 1 H), 1.22 (s, 3H;
CH3), 1.13 (s, 3H; CH3), 0.12 (s, 9 H; JSnH� 47.7 Hz, 45.7 Hz, Sn(CH3)3);
13C NMR (100 MHz, CDCl3): d� 141.81 (C), 139.16 (C), 139.11 (C), 138.73
(CH), 134.53 (CH), 134.48 (CH), 129.65 (CH), 129.38 (CH), 129.33 (CH),
127.87 (CH), 127.82 (CH), 127.78 (CH), 126.31 (CH), 116.77 (CH2), 77.07
(C), 62.69 (CH), 29.09 (CH3), 29.02 (CH3), ÿ10.08 (3 CH3); EI MS: m/z
(%): 507.2 (2) [M�ÿCH3], 357.3 (27) [M�ÿ Sn(CH3)3], 299.2 (100), 199.2
(33), 197.2 (42), 84.0 (36); C27H34OSiSn (521.4): calcd C 62.20, H 6.57; found
C 61.97, H 6.55.


[(3,4-Dimethyl-1-penten-4-oxy)diphenylsilyl]trimethylstannane (39): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (870 mg, 2.27 mmol), THF (5 mL� 2 mL), 3,4-dime-
thylpent-1-en-4-ol (285 mg, 2.50 mmol), NEt3 (0.36 mL, 2.50 mmol), and
DMAP (30 mg), and a reaction time of 4 h at 0 8C. Purification by FC
(Et2O/pentane 1:200): 376 mg (36 %). IR (CHCl3): nÄ � 3068 (s), 2978 (s),
2910 (m), 1428 (s), 1136 (s), 1103 (s), 1021 (s), 919 cmÿ1 (m); 1H NMR
(400 MHz, CDCl3): d� 7.55 ± 7.51 (m, 4 H; aromatic), 7.39 ± 7.32 (m, 6H;
aromatic), 5.92 ± 5.83 (m, 1 H; vinylic), 5.02 ± 4.97 (m, 2H; vinylic), 2.23 (m,
1H), 1.18 (s, 3 H; CH3), 1.17 (s, 3H; CH3), 1.07 (d, J� 6.9 Hz, 3 H; CH3),
0.16 (s, 9H; JSnH� 47.5 Hz, 45.5 Hz, Sn(CH3)3); 13C NMR (100 MHz,
CDCl3): d� 141.20 (CH), 139.52 (C), 139.49 (C), 134.41 (CH), 134.39 (CH),
129.34 (CH), 127.84 (CH), 114.80 (CH2), 49.97 (CH), 29.64 (CH3), 27.22
(CH3), 14.95 (CH3), ÿ10.06 (3 CH3); EI MS: m/z (%): 445.1 (<1) [M�ÿ
CH3], 295.1 (51) [M�ÿSn(CH3)3], 237.1 (53), 199.0 (23), 83.9 (100);
C22H32OSiSn (459.3): calcd C 57.53, H 7.02; found C 57.59, H 6.80.


3-[2-(Ethoxycarbonyl)ethyl]-2,2,5-triphenyl-1,2-oxasilolane (40): This
compound was prepared by the use of GP 3 with silyl ether 36 (50 mg,
0.1 mmol), ethyl iodoacetate (15 mL, 0.12 mmol), and Bu3SnSnBu3 (6 mL,
0.01 mmol) in benzene (1 mL), and a reaction time of 20 hours with the sun
lamp close to the reaction vessel (T> 100 8C). Purification by reversed
phase HPLC (C18 column) with acetonitrile/H2O (10:1) as eluent yielded
8 mg (19 %) of 40 as a 1.5:1 (trans :cis) mixture of diastereoisomers as
determined by 1H NMR spectroscopy. 1H NMR (300 MHz, CDCl3, mixture
of the isomers): d� 7.8 ± 7.6 (m, 4H; aromatic), 7.55 ± 7.10 (m, 11H;
aromatic), 5.46 (dd, J1� J2� 6.3 Hz, 1 H; trans isomer, HCO), 5.09 (dd, J1�
11.1 Hz, J2� 3,9 Hz, 1H; cis isomer, HCO), 4.09 (q, J� 7.2 Hz, 2 H; cis
isomer, CH2O), 4.06 (q, J� 7.2 Hz, 2H; trans isomer, CH2O), 2.70 ± 1.60 (m,
7H; both isomers), 1.29 ± 1.17 (m, 3 H; CH3 of both isomers); EI MS: m/z


(%): 416.2 (33) [M�], 328.1 (61), 287.1 (52), 250.1 (58), 199.1 (100), 181.1
(53), 130.1 (40); C26H28O3Si (416.6): calcd C 74.96, H 6.77; found C 74.73, H
6.72.


3-[2-(Ethoxycarbonyl)ethyl]-5-methyl-2,2,5-triphenyl-1,2-oxasilolane (41):
This compound was prepared by the use of GP 3 with silyl ether 37 (145 mg,
0.28 mmol), ethyl iodoacetate (40 mL, 0.34 mmol), and Bu3SnSnBu3 (16 mL,
0.03 mmol) in benzene (1.1 mL), and a reaction time of 24 hours.
Purification by FC (Et2O/pentane 1:15) yielded 41 (82 mg, 67%) as a
1.5:1 mixture of its trans and cis isomer. For analytical purposes and for
assigning the relative configuration, the diastereosiomers were separated
by prep HPLC (Chiracel OD column) with hexane/iPrOH (99:1) as eluent.
The relative configuration of the minor isomer (cis) was assigned by NOE
experiments. For the major isomer an X-ray structure[39] could be obtained
proving the relative trans configuration. IR (CHCl3, mixture of isomers):
nÄ � 3071 (w), 3008 (m), 2980 (m), 2927 (w), 1725 (s), 1428 (s), 1373 (s), 1118
(s), 950 cmÿ1 (s); 1H NMR (400 MHz, CDCl3, trans isomer): d� 7.66 ± 7.63
(m, 2H; aromatic), 7.51 ± 7.40 (m, 6H; aromatic), 7.36 ± 7.32 (m, 4H;
aromatic), 7.24 ± 7.15 (m, 3H; aromatic), 4.01 (m, 2 H; CH2O), 2.75 (dd, J1�
13.0 Hz, J2� 6.6 Hz, 1 H; HÿC4), 2.30 ± 2.16 (m, 2H; CH2CO), 1.91 (dd,
J1� J2� 12.9 Hz, 1 H; H'ÿC4), 1.76 (s, 3 H; CH3), 1.80 ± 1.70 (m, 1H), 1.68ÿ
1.50 (m, 3H), 1.14 (t, J� 5.7 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3,
trans isomer): d� 173.24 (C), 147.57 (C), 135.33 (CH), 135.17 (CH), 133.58
(C), 132.82 (C), 130.43 (CH), 130.23 (CH), 127.92 (CH), 127.89 (CH), 127.83
(CH), 126.42 (CH), 125.08 (CH), 83.37 (C), 60.20 (CH2), 45.67 (CH2), 35.07
(CH2), 33.04 (CH3), 25.00 (CH2), 23.01 (CH3), 14.13 (CH); 1H NMR
(400 MHz, CDCl3, cis isomer): d� 7.78 ± 7.75 (m, 2H; aromatic), 7.61 ± 7.58
(m, 2 H; aromatic), 7.55 ± 7.20 (m, 11 H; aromatic), 4.08 (q, J� 7.2 Hz, 2H;
CH2O), 2.68 (dd, J1� 12.5 Hz, J2� 7.3 Hz, 1 H; H(trans)ÿC4), 2.37 ± 2.24
(m, 2H; CH2CO), 2.06 ± 1.97 (m, 1H; HÿC3), 1.87 (dd, J1� J2� 12.6 Hz,
1H; H(cis)ÿC4), 1.83 ± 1.79 (m, 1H; HÿC1'), 1.70 ± 1.55 (m, 1 H; HÿC1'),
1.54 (s, 3 H; CH3ÿC5), 1.21 (t, J� 7.1 Hz, 3 H; CH3). NOE: Irradiation at
d� 2.68 (dd, J1� 12.5 Hz, J2� 7.3 Hz, 1H; H(trans)ÿC4) led to weak NOEs
for d� 2.06 ± 1.97 (m, 1 H; HÿC3) and 1.54 (s, 3 H; CH3ÿC5); irradiation at
d� 1.54 (s, 3 H; CH3ÿC5) led to NOEs for d� 2.06 ± 1.97 (m, 1H; HÿC3)
and 2.68 (dd, J1� 12.5 Hz, J2� 7.3 Hz, 1 H; H(trans)ÿC4); irradiation at d�
2.06 ± 1.97 (m, 1H; HÿC3) led to an NOE for d� 1.54 (s, 3 H; CH3ÿC5);
13C NMR (100 MHz, CDCl3, cis isomer): d� 173.37 (C), 149.68 (C), 135.16
(CH), 134.71 (C), 134.67 (CH), 132.91 (C), 130.31 (CH), 130.19 (CH),
128.17 (CH), 128.09 (CH), 127.89 (CH), 126.42 (CH), 124.27 (CH), 82.71
(C), 60.29 (CH2), 45.87 (CH2), 35.06 (CH2), 30.92 (CH3), 25.62 (CH2), 23.98
(CH), 14.22 (CH3); EI MS (mixture): 430.3 (9) [M�], 310.2 (30), 302.2 (100),
287.1 (39), 281.1 (33), 199.1 (86), 181.1 (26); C27H30O3Si (430.6): calcd C
75.31, H 7.02; found C 75.42, H 7.17.


trans-3-[2-(Ethoxycarbonyl)ethyl]-5,5-dimethyl-2,2,4-triphenyl-1,2-oxasil-
olane (42): This compound was prepared by the use of GP 3 with silyl ether
38 (150 mg, 0.28 mmol), ethyl iodoacetate (42 mL, 0.35 mmol), and
Bu3SnSnBu3 (17 mL, 0.03 mmol) in benzene (1.1 mL), and a reaction time
of 16 hours. Purification by FC (Et2O/pentane 1:20) yielded 42 (110 mg,
87%) as a diastereoisomerically pure compound. The relative trans
configuration was assigned by NOE experiments. IR (CHCl3): nÄ � 3008
(m), 2974 (m), 2930 (w), 1725 (s), 1428 (s), 1370 (s), 1110 (s), 968 cmÿ1 (s);
1H NMR (500 MHz, CDCl3): d� 7.91 ± 7.94 (m, 2H; aromatic), 7.81 ± 7.84
(m, 2H; aromatic), 7.11 ± 7.28 (m, 10 H; aromatic), 7.06 ± 7.10 (m, 1H;
aromatic), 3.78 ± 3.89 (m, 2H; CH2O), 3.03 (d, J� 13.3 Hz, 1H; PhCH),
2.49 ± 2.54 (m, 1H; SiCH), 2.19 (t, J� 7.4 Hz, 2 H), 1.77 ± 1.83 (m, 1H),
1.59 ± 1.67 (m, 1 H), 1.47 (s, 3 H; CH3), 1.06 (s, 3H; CH3), 0.86 (t, J� 7.1 Hz,
3H; CH3). NOE: Irradiation at d� 1.06 (s, 3 H; CH3) led to an NOE for d�
2.49 ± 2.54 (m, 1H; SiCH); irradiation at d� 3.03 (d, J� 13.3 Hz, 1H;
PhCH) led to an NOE for d� 1.47 (s, 3H; CH3); irradiation at d� 2.49 ±
2.54 (m, 1H; SiCH) led to an NOE for d� 1.06 (s, 3 H; CH3); irradiation at
d� 1.47 (s, 3H; CH3) led to an NOE for d� 3.03 (d, J� 13.3 Hz, 1H;
PhCH); 13C NMR (125 MHz, CDCl3): d� 172.46 (C), 140.47 (C), 135.93
(C), 135.66 (CH), 135.24 (CH), 134.03 (C), 130.53 (CH), 130.47 (CH),
128.42 (CH), 128,39 (CH), 128.29 (CH), 127.94 (CH), 127.10 (CH), 82.14
(C), 62.66 (CH), 59.99 (CH2), 35.09 (CH2), 30.08 (CH3), 28.74 (CH), 25.53
(CH3), 24.75 (CH2), 14.19 (CH3); EI MS: m/z (%): 444.2 (3) [M�], 388.2 (9),
386.2 (100), 295.1 (12), 227.1 (81), 183.1 (53), 199.1 (63); C28H32O3Si (444.6):
calcd C 75.64, H 7.25; found C 75.41, H 7.34.


trans-3-[2-(Ethoxycarbonyl)ethyl]-4,5,5-trimethyl-2,2-diphenyl-1,2-oxasil-
olane (43): This compound was prepared by the use of GP 3 with silyl ether
39 (190 mg, 0.42 mmol), ethyl iodoacetate (59 mL, 0.50 mmol), and
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Bu3SnSnBu3 (25 mL, 0.04 mmol) in benzene (1.7 mL), and a reaction time
of 22 hours. Purification by FC (Et2O/pentane 1:14) yielded 43 (121 mg,
76%) as a diastereoisomeric mixture trans :cis� 22:1 as determined by
1H NMR spectroscopy. (The relative trans configuration was assigned in
analogy to 42). trans-43 : IR (CHCl3): nÄ � 3071 (w), 2972 (s), 2931 (w), 1726
(s), 1428 (s), 1370 (s), 1116 (s), 961 (s), 911 cmÿ1 (s); 1H NMR (400 MHz,
CDCl3): d� 7.68 ± 7.66 (m, 2 H; aromatic), 7.57 ± 7.54 (m, 2 H; aromatic),
7.46 ± 7.34 (m. 6 H; aromatic), 4.06 (q, J� 7.1 Hz, 2 H; CH2O), 2.34 ± 2.22 (m,
2H), 1.99 ± 1.92 (m, 1H), 1.86 ± 1.77 (m, 1 H), 1.47 (s, 3H; CH3), 1.45 ± 1.34
(m, 2H), 1.19 (t, J� 7.2 Hz, 3H; CH3), 1.11 (s, 3H; CH3), 1.07 (d, J� 6.7 Hz,
3H; CH3); 13C NMR (100 MHz, CDCl3): d� 173.19 (C), 135.18 (CH),
134.96 (C), 134.79 (CH), 133.20 (C), 130.15 (CH), 127.97 (CH), 127.86
(CH), 82.45 (C), 60.23 (CH2), 49.38 (CH), 35.26 (CH2), 31.11 (CH), 29.45
(CH3), 24.13 (CH2), 24.10 (CH3), 15.60 (CH3), 14.20 (CH3); EI MS: m/z
(%): 382.3 (9) [M�], 287.2 (61), 227.2 (25), 199.1 (100), 181.1 (42), 105.1 (16);
C23H30O3Si (382.6): calcd C 72.21, H 7.90; found C 72.11, H 8.06.


[(5-Ethoxycarbonyl-3-iodo-1-phenyl-1-pentan-1-oxy)diphenylsilyl]trime-
thylstannane (44): This compound was prepared by the use of GP 3 with
silyl ether 36 (126 mg, 0.25 mmol), ethyl iodoacetate (36 mL, 0.30 mmol),
and Bu3SnSnBu3 (15 mL, 0.03 mmol) in benzene (0.9 mL), and a reaction
time of 14 hours (T� 50 ± 60 8C). Purification by FC (Et2O/pentane 1:15)
yielded 44 (150 mg, 83 %) as a 1:1 diastereoisomeric mixture (inseparable).
IR (CHCl3): nÄ � 3068 (w), 3008 (s), 2907 (w), 1728 (s), 1428 (s), 1376 (s),
1103 (s), 917 cmÿ1 (w); 1H NMR (400 MHz, CDCl3): d� 7.6 ± 7.2 (m, 15H;
aromatic), 4.98 ± 4.91 (m, 1 H; HCO of both isomers), 4.22 ± 4.17 (m, 1H;
HCI), 4.10 (q, J� 7.1 Hz, 2 H; CH2O), 4.05 (q, J� 7.1 Hz, 2H; CH2O),
3.63 ± 3.56 (m, 1 H; HCI), 2.6 ± 2.3 (m, 2 H; both isomers), 2.2 ± 1.7 (m, 4H;
both isomers), 1.22 (t, J� 7.1 Hz, CH3), 1.19 (t, J� 7.1 Hz, CH3), 0.00 (s, 9H;
JSnH� 49.2 Hz, 47.2 Hz, Sn(CH3)3), ÿ0.03 (s, 9H; JSnH� 49.2 Hz, 47.1 Hz,
Sn(CH3)3); EI MS: m/z (%): 693.0 (<1) [M�ÿCH3], 543.1 (100) [M�ÿ
Sn(CH3)3], 415.0 (55), 308.9 (54), 199.0 (41), 197.1 (71), 129.1 (32);
C29H37O3SiSnI (707.3): calcd C 49.25, H 5.27; found C 49.30, H 5.08.


[(1-Iodobutan-3-oxy)diphenylsilyl]trimethylstannane (45): This compound
was prepared by the use of GP 1 with (chlorodiphenylsilyl)trimethylstan-
nane[19] (471 mg, 1.23 mmol), THF (4 mL� 2 mL), 4-iodo-butan-2-ol
(308 mg, 1.54 mmol), NEt3 (0.2 mL, 1.5 mmol), and DMAP (cat.), and a
reaction time of 4 h at 0 8C. Purification by FC (Et2O/pentane 1:200):
438 mg (67 %). IR (CHCl3): nÄ � 3068 (w), 3007 (m), 2972 (m), 1428 (s), 1378
(w), 1103 (s), 1057 (s), 963 cmÿ1 (m); 1H NMR (400 MHz, CDCl3): d�
7.54 ± 7.49 (m, 4 H; aromatic), 7.39 ± 7.34 (m, 6H; aromatic), 4.03 ± 3.96 (m,
1H; HCO), 3.22 ± 3.12 (m, 2 H; CH2I), 2.10 ± 2.01 (m, 1H; CHH), 1.99 ± 1.90
(m, 1H; CHH), 1.17 (d, J� 6.2 Hz, 3 H; CH3), 0.20 (s, JSnH� 45.8 Hz, JSnH�
47.8 Hz, 9H; Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 137.77 (C),
137.67 (C), 134.40 (CH), 134.35 (CH), 129.77 (CH), 129.71 (CH), 128.07
(CH), 128.03 (CH), 71.40 (CH), 43.07 (CH2), 23.19 (CH3), 2.59 (CH2),
ÿ10.17 (CH3); EI MS: m/z (%): 531.0 (3) [M�ÿCH3], 381 (74), 309.1
(100), 199.2 (21); C19H27OSiSnI (545.1): calcd C 41.86, H 4.99; found C
42.36, H 4.98.


[(1-Iodo-3-methylbutan-3-oxy)diphenylsilyl]trimethylstannane (46): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (564 mg, 1.48 mmol), THF (5 mL� 2 mL), 4-iodo-2-
methylbutan-2-ol (380 mg, 1.78 mmol), NEt3 (0.25 mL, 1.78 mmol), and
DMAP (cat.), and a reaction time of 4 h at 0 8C. Purification by FC (Et2O/
pentane 1:200): 277 mg (33 %). IR (CHCl3): nÄ � 3068 (w), 3007 (m), 2974
(s), 1710 (m), 1428 (s), 1367 (m), 1178 (s), 1103 (s), 1022 (s), 996 (m),
904 cmÿ1 (w); 1H NMR (400 MHz, CDCl3): d� 7.51 ± 7.49 (m, 4 H;
aromatic), 7.39 ± 7.34 (m, 6H; aromatic), 3.27 ± 3.23 (m, 2 H; CH2I), 2.16 ±
2.12 (m, 2 H; CH2), 1.23 (s, 6 H; C(CH3)2), 0.17 (s, JSnH� 45.8 Hz, JSnH�
47.8 Hz, 9H; Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 138.90 (C),
134.26 (CH), 129.57 (CH), 128.02 (CH), 76.47 (C), 49.79 (CH2), 29.52
(CH3),ÿ0.19 (CH2),ÿ10.12 (CH3); EI MS: m/z (%): 545.1 (1) [M�ÿCH3],
395.0 (50), 309.0 (36), 199.1 (100); HRMS calcd for C17H20SiOI [M�ÿ
SnMe3] 395.0322; found 395.0318.


[(4-Iodo-2-methylpentan-2-oxy)diphenylsilyl]trimethylstannane (47): This
compound was prepared by the use of GP 1 with (chlorodiphenylsilyl)-
trimethylstannane[19] (631 mg, 1.65 mmol), THF (6 mL� 3 mL), 4-iodo-2-
methylpentan-2-ol (416 mg, 1.82 mmol), NEt3 (0.25 mL, 1.78 mmol), and
DMAP (cat.), and a reaction time of 4 h at 0 8C. Purification by FC (Et2O/
pentane 1:200): 520 mg (55 %). IR (CHCl3): nÄ � 3068 (w), 2875 (m), 2914
(w), 1428 (m), 1384 (w), 1166 (s), 1103 (s), 1021 (s), 939 cmÿ1 (w); 1H NMR
(400 MHz, CDCl3): d� 7.53 ± 7.49 (m, 4 H; aromatic), 7.38 ± 7.32 (m, 6H;


aromatic), 4.53 ± 4.45 (m, 1H; CH), 2.42 (dd, J1� 5.1 Hz, J2� 14.9 Hz, 1H;
CHH), 2.16 (dd, J1� 7.4 Hz, J2� 14.9 Hz, 1H; CHH), 1.99 (d, J� 6.9 Hz,
3H; CHICH3), 1.31 (s, 3 H; CH3), 1.24 (s, 3H; CH3), 0.17 (s, JSnH� 45.8 Hz,
JSnH� 47.8 Hz, 9 H; Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 138.93
(C), 138.91 (C), 134.44 (CH), 134.39 (CH), 129.54 (CH), 129.50 (CH),
127.96 (CH), 76.23 (C), 57.62 (CH2), 31.43 (CH3), 31.30 (CH3), 29.19 (CH3),
22.92 (CH), ÿ10.08 (CH3); EI MS: m/z (%): 559.0 (0.1) [M�ÿCH3], 459.0
(3), 409.1 (15), 367.1 (71), 309.0 (73), 199 (100); C21H31OSiSnI (573.2): calcd
C 44.01, H 5.45; found C 44.29, H 5.34.


Estimation of the rate constant for the cyclization of the radical derived
from 45: kSHi� 1� 106 sÿ1 (see Table 8). Experiments were conducted by
following GP 2 (described above). Since the cyclization product derived
from 45 was too unstable to be characterized, in a separate experiment silyl
ether 45 (174 mg, 0.32 mmol) and Bu3SnSnBu3 (17 mL, 0.03 mmol) were
dissolved in benzene (3.2 mL) and irradiated as described in GP 3. The
reaction mixture was then allowed to cool to RT, and MeLi (1.65m in


hexane, 2.9 mL, 4.8 mmol) was added and the resulting solution was stirred
for 12 h at RT. Water was carefully added to destroy the excess of MeLi.
After addition of Et2O the solution was washed with saturated aqueous
NH4Cl and brine. The organic phase was dried (MgSO4) and evaporated to
yield the crude product. Purification by FC (Et2O/pentane 1:5) gave
1-(methyldiphenylsilanyl)butan-3-ol (44 mg). IR (CHCl3): nÄ � 3607 (w),
3446 (w), 3008 (s), 2968 (m), 2927 (m), 1428 (s), 1377 (w), 1112 (s), 1015 (w),
888 (m), 834 cmÿ1 (m); 1H NMR (400 MHz, CDCl3): d� 7.53 ± 7.49 (m, 4H;
aromatic), 7.39 ± 7.32 (m, 6H; aromatic), 3.76 ± 3.68 (m, 1H; CHOH), 1.55 ±
1.45 (m, 2H; CH2), 1.37 (s, 1 H; OH), 1.22 ± 1.14 (m, 2H; CHH), 1.16 (d, J�
6.2 Hz, 3H; CHCH3), 1.05 ± 0.97 (m, 2H; CHH), 0.55 (s, 3 H; SiCH3);
13C NMR (100 MHz, CDCl3): d� 136.96 (C), 134.45 (CH), 129.22 (CH),
127.87 (CH), 70.27 (CH), 33.31 (CH2), 22.80 (CH3), 9.89 (CH2), ÿ4,53
(CH3); EI MS: m/z (%): 271.1 (<1) [M��H], 214.1 (1), 197.1 (100), 137.0
(92); C17H22OSi (270.45): calcd C 75.50, H 8.20; found C 75.40, H 8.16. An
authentic sample of the reduced product was also prepared: [(Butan-2-
oxy)diphenylsilyl]trimethylstannane. IR (CHCl3): nÄ � 3068 (w), 2971 (m),
2927 (m), 1428 (s), 1377 (m), 1104 (s), 1043 (s), 1008 (s), 947 (m); 1H NMR
(400 MHz, CDCl3): d� 7.56 ± 7.51 (m, 4 H; aromatic), 7.39 ± 7.33 (m, 6H;
aromatic), 3.88 ± 3.81 (m, 1 H; CHO), 1.62 ± 1.43 (m, 2 H; CH2), 1.16 (d, J�
6.1 Hz, 3H; CH3), 0.87 (t, J� 7.5 Hz, 3H; CH2CH3), 0.18 (s, JSnH� 46.2 Hz,
JSnH� 48.3 Hz, 9 H; Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 138.26
(C), 138.15 (C), 134.36 (CH), 134.31 (CH), 129.56 (CH), 129.53 (CH),
127.95 (CH), 127.94 (CH), 72.97 (CH), 32.20 (CH2), 22.95 (CH3), 9.96
(CH3), ÿ10.30 (CH3); EI MS: m/z (%): 420.1 (<1) [M�], 405.1 (19), 333.0
(6), 255.1 (79), 199.0 (100); C19H28OSiSn (419.23): calcd C 54.44, H 6.73;
found C 54.57, H 6.79.


Estimation of the rate constant for the cyclization of the radical derived
from 46: kSHi� 1� 107 sÿ1 (see Table 9). Experiments were conducted by
following GP 2 (described above). Since the cyclization product derived
from 46 was too unstable to be characterized, in a separate experiment silyl
ether 46 (190 mg, 0.34 mmol) and Bu3SnSnBu3 (18 mL, 0.04 mmol) were
dissolved in benzene (3.4 mL) and irradiated as described in GP 3. The
reaction mixture was then allowed to cool to RT, and MeLi (1.3m in hexane,
3.9 mL, 5.1 mmol) was added. The resulting solution was stirred for 12 h at


Table 8. Determination of the rate constant for the cyclization of the
radical derived from 45.


[45] [(Me3Si)3SiH] [cycl.]/[red] kSHi [sÿ1]


0.049 0.98 0.9 1.1� 106


0.050 1.10 0.8 1.0� 106


0.050 1.25 0.7 1.1� 106


Table 9. Determination of the rate constant for the cyclization of the
radical derived from 46.


[46] [Ph3SiH] [cycl.]/[red] kSHi [sÿ1]


0.046 0.36 1.2 1.1� 107


0.046 0.33 1.0 0.8� 107


0.047 0.28 1.6 1.1� 107


0.049 0.64 0.7 1.1� 107


0.046 0.36 1.6 1.4� 107
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RT. Water was carefully added to destroy the excess of MeLi. After
addition of Et2O, the solution was washed with saturated aqueous NH4Cl
and brine. The organic phase was dried (MgSO4) and evaporated to yield
the crude product. Purification by FC (Et2O/pentane 1:3) gave 3-methyl-1-
(methyldiphenylsilanyl)butan-3-ol (58 mg, 60 %). IR (CHCl3): nÄ � 3602
(m), 3440 (w), 3070 (m), 3008 (s), 2971 (s), 2928 (m), 1466 (w), 1428 (s),
1112 (s), 998 (w), 955 (w), 898 (m), 878 cmÿ1 (m); 1H NMR (400 MHz,
CDCl3): d� 7.53 ± 7.49 (m, 4 H; aromatic), 7.39 ± 7.32 (m, 6 H; aromatic),
1.53 ± 1.48 (m, 2H; CH2), 1.22 (s, 1 H; OH), 1.19 (s, 6 H; C(CH3)2), 1.12 ± 1.08
(m, 2H; CH2), 0.55 (s, 3 H; SiCH3); 13C NMR (100 MHz, CDCl3): d�
136.97 (C), 134.46 (CH), 129.21 (CH), 127.88 (CH), 71.58 (C), 37.66 (CH2),
22.80 (C(CH3)2), 8.22 (CH2), ÿ4,61 (CH3); EI MS: m/z (%): 284.2 (<1)
[M�], 266.1 (6), 197.1 (100), 137.0 (40); C18H24OSi (284.47): calcd C 76.00, H
8.50; found C 75.80, H 8.60. An authentic sample of the reduced product
was also prepared as described in GP 1: [(2-Methylbutan-2-oxy)diphenyl-
silyl]trimethylstannane. IR (CHCl3): nÄ � 3067 (w), 2973 (s), 2921 (m), 1462
(w), 1428 (m), 1172 (m), 1102 (s), 1067 (s), 1024 (s), 910 cmÿ1 (w); 1H NMR
(400 MHz, CDCl3): d� 7.55 ± 7.50 (m, 4 H; aromatic), 7.37 ± 7.31 (m, 6H;
aromatic), 1.54 (q, J� 7.5 Hz, 2 H; CH2), 1.22 (s, 6 H; C(CH3)2), 0.92 (t, J�
7.5 Hz, 3 H; CH2CH3), 0.16 (s, JSnH� 45.4 Hz, JSnH� 47.4 Hz, 9 H;
Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d� 139.63 (C), 134.29 (CH),
129.28 (CH), 127.82 (CH), 75.77 (C), 37.27 (CH2), 29.37 (CH3), 8.87 (CH3),
ÿ10.10 (CH3); EI MS: m/z (%): 419.0 (1) [M�ÿCH3], 348.9 (2), 332.9 (1),
269.1 (6), 199.1 (100); C20H30OSiSn (433.3): calcd C 55.45, H 6.98; found C
55.49, H 6.96.


Estimation of the rate constant for the cyclization of the radical derived
from 47: kSHi� 9� 104 sÿ1 (see Table 10). Experiments were conducted by
following GP 2 (described above). Cyclized product: 5,5-Dimethyl-2,2-
diphenyl-1,2-oxasilolane. IR (CHCl3): nÄ � 3070 (w), 3002 (m), 2970 (s), 2868
(m), 1590 (w), 1460 (m), 1428 (s), 1368 (m), 1178 (m), 1117 (s), 969 (s), 932


(s), 879 (m), 825 (m), 635 cmÿ1 (m); 1H NMR (400 MHz, CDCl3): d� 7.67 ±
7.63 (m, 2H; aromatic), 7.58 ± 7.55 (m, 2H; aromatic), 7.45 ± 7.35 (m, 6H;
aromatic), 2.17 ± 2.11 (m, 1 H; CHH), 1.96 ± 1.85 (m, 1H; CHSi), 1.62 ± 1.56
(m, 1H; CHH), 1.50 (s, 3 H; CH3), 1.40 (s, 3 H; CH3), 1.06 (d, J� 7.3 Hz, 3H;
CHCH3); 13C NMR (100 MHz, CDCl3): d� 135.28 (C), 134.95 (CH), 134.52
(CH), 133.49 (C), 130.05 (CH), 129.84 (CH), 127.93 (CH), 127.71 (CH),
79.67 (C), 47.92 (CH2), 31.26 (CH3), 29.41 (CH3), 18.03 (CH), 14.56 (CH3);
EI MS: m/z (%): 282.1 (19) [M�], 267.1 (53), 240.1 (41), 199.1 (100), 182.0
(51); C18H22OSi (282.46): calcd C 76.54, H 7.85; found C 76.50, H 7.86. An
authentic sample of the reduced product was also prepared as described in
GP 1: [(2-Methylpentan-2-oxy)diphenylsilyl]trimethylstannane. IR
(CHCl3): nÄ � 3067 (w), 2964 (s), 1468 (w), 1428 (m), 1365 (m), 1172 (m),
1102 (s), 1023 (s), 902 (w); 1H NMR (400 MHz, CDCl3): d� 7.54 ± 7.49 (m,
4H; aromatic), 7.38 ± 7.32 (m, 6H; aromatic), 1.50 ± 1.36 (m, 4 H; CH2CH2),
1.23 (s, 6H; C(CH3)2), 0.87 (t, J� 7.1 Hz, 3H; CH2CH3), 0.16 (s, JSnH�
45.4 Hz, JSnH� 47.4 Hz, 9 H; Sn(CH3)3); 13C NMR (100 MHz, CDCl3): d�
139.63 (C), 134.30 (CH), 129.28 (CH), 127.83 (CH), 75.60 (C), 47.25 (CH2),
29.88 (CH3), 17.73 (CH2), 14.60 (CH3), ÿ10.07 (CH3); EI MS: m/z (%):
448.0 (<1) [M�], 433.0 (1), 363.0 (1), 332.9.0 (3), 283.1 (9), 199.1 (100);
C21H32OSiSn (447.3): calcd C 56.39, H 7.21; found C 56.49, H 7.10.


General procedure 4 (GP 4) for the oxidation of cyclic alkoxysilanes to the
corresponding diol derivatives : The cyclic silyl ether was dissolved in THF/
MeOH (1:1) at RT. KF (2 equiv), KHCO3 (5 equiv), and H2O2 (30 %) were
added. The resulting suspension was stirred at 50 ± 60 8C for 5 hours. The
reaction mixture was then allowed to cool to RT, and Et2O was added.
After careful addition of 1n HCl (until pH� 2), the biphasic mixture was
stirred for 15 min. After removal of the organic phase the aqueous phase
was additionally extracted twice with Et2O. The combined organic phases
were washed with brine, dried (MgSO4), and evaporated to afford the crude
lactone, which was purified by FC (SiO2).


5-(2-Hydroxy-2-methylpropyl)tetrahydrofuran-2-one (48): This compound
was prepared by the use of GP 4 with alkoxysilane 24 (52 mg, 0.13 mmol),
THF (0.6 mL), MeOH (0.6 mL), KF (15 mg, 0.25 mmol), KHCO3 (63 mg,
0.63 mmol), and H2O2 (0.13 mL). Purification by FC (Et2O/MeOH 15:1)
yielded 48 : 14 mg (71 %). IR (CHCl3): nÄ � 3596 (m), 3460 (br.w)., 3007 (w),
2976 (m), 1772 (s), 1175 (s), 920 cmÿ1 (m); 1H NMR (400 MHz, CDCl3):
d� 4.80 ± 4.73 (m, 1H; HCO), 2.54 ± 2.50 (m, 1 H), 2.42 ± 2.34 (m, 1H),
1.97 ± 1.84 (m, 2H), 1.80 (dd, J1� 14.8 Hz, J2� 3.5 Hz, 1H), 1.32 (s, 3H;
CH3), 1.31 (s, 3H; CH3); 13C NMR (100 MHz, CDCl3): d� 176.96 (C), 78.15
(CH), 69.96 (C), 48.68 (CH2), 30.18 (CH3), 29.68 (CH3), 29.44 (CH2), 28.61
(CH2); EI MS: m/z (%): 159.0 (3) [M��H], 142.1 (31), 125.0 (42), 100.0
(94), 85.0 (100); C8H14O3 (158.2): calcd C 60.74, H 8.92; found C 60.74, H
8.70.


5-(2-Hydroxy-2-phenylpropyl)tetrahydrofuran-2-one (49): This compound
was prepared by the use of GP 4 with alkoxysilane 41 (260 mg, 0.60 mmol,
1.5:1 mixture of trans :cis isomers), THF (2.5 mL), MeOH (2.5 mL), KF
(72 mg, 1.21 mmol), KHCO3 (308 mg, 3.02 mmol), and H2O2 (0.65 mL).
Purification by FC (Et2O/pentane 10:1) yielded 49 : 110 mg (83 %) as a 1.5:1
mixture of its u :l isomers as determined by 1H NMR spectroscopy. IR
(CHCl3): nÄ � 3580 (s), 3007 (w), 1773 (s), 1177 (s), 912 cmÿ1 (m); 1H NMR
(400 MHz, CDCl3, u isomer): d� 7.47 ± 7.42 (m, 2 H; aromatic), 7.38 ± 7.33
(m, 2H; aromatic), 7.29 ± 7.23 (m, 1H; aromatic), 4.43 ± 4.32 (m, 1H; HCO),
2.84 (s, OH), 2.51 ± 2.07 (m, 5H), 1.82 ± 1.72 (m, 1H), 1.59 (s, 3H; CH3);
13C NMR (100 MHz, CDCl3, u isomer): d� 176.41 (C), 147.02 (C), 128.46
(CH), 126.85 (CH), 124.65 (CH), 78.33 (CH), 74.11 (C), 49.05 (CH2), 31.27
(CH3), 28.99 (CH2), 28.28 (CH2); 1H NMR (400 MHz, CDCl3, l isomer):
d� 7.47 ± 7.42 (m, 2H; aromatic), 7.38 ± 7.33 (m, 2 H; aromatic), 7.29 ± 7.23
(m, 1 H; aromatic), 4.43 ± 4.32 (m, 1H; HCO), 2.84 (s, OH), 2.51 ± 2.07 (m,
5H), 1.97 ± 1.89 (m, 1 H), 1.67 (s, 3 H; CH3); 13C NMR (100 MHz, CDCl3,
l isomer): d� 176.81 (C), 146.81 (C), 128.41 (CH), 127.07 (CH), 124.72
(CH), 78.29 (CH), 73.63 (C), 49.39 (CH2), 30.29 (CH3), 29.38 (CH2), 28.64
(CH2); EI MS: m/z (%): 220.2 (28) [M�], 203.1 (100), 121.1 (85), 105.1 (55),
85.1 (41); C13H16O3 (220.3): calcd C 70.89, H 7.32; found C 70.66, H 7.36.


l-5-(2-Hydroxy-2-methyl-1-phenylpropyl)tetrahydrofuran-2-one (50): This
compound was prepared by the use of GP 4 with alkoxysilane 42 (290 mg,
0.65 mmol), THF (3.3 mL), MeOH (3.3 mL), KF (78 mg, 1.31 mmol),
KHCO3 (334 mg, 3.27 mmol), and H2O2 (0.70 mL). Purification by FC
(Et2O/pentane 10:1) yielded 50 : 149 mg (97 %). IR (CHCl3): nÄ � 3580 (m),
3007 (m), 1776 (s), 1174 (s), 1021 (s), 919 cmÿ1 (s); 1H NMR (400 MHz,
CDCl3): d� 7.35 ± 7.27 (m, 3 H; aromatic), 7.20 ± 7.18 (m, 2 H; aromatic),
5.11 ± 5.04 (m, 1 H; HCO), 2.87 (d, J� 10.3 Hz, HCPh), 2.61 (s, 1H; OH),
2.46 ± 2.37 (m, 2H), 2.00 ± 1.92 (m, 1 H), 1.74 ± 1.64 (m, 1H), 1.32 (s, 3H;
CH3), 1.15 (s, 3 H; CH3); 13C NMR (100 MHz, CDCl3): d� 176.36 (C),
137.84 (C), 128.67 (2 CH), 127.54 (CH), 81.00 (CH), 72.82 (C), 61.77 (CH),
29.48 (CH3), 28.59 (CH2), 28.14 (CH2), 27.15 (CH3); EI MS: m/z (%): 252.2
(7) [M��H2O], 234.2 (7) [M�], 217.2 (40), 176.2 (100), 117.2 (65);
C14H18O3 ´ 0.5 H2O (229.3): calcd C 69.11, H 7.87; found C 69.10, H 7.72.


l-5-(1,2-Dimethyl-2-hydroxypropyl)tetrahydrofuran-2-one (51): This com-
pound was prepared by the use of GP 4 with alkoxysilane 43 (245 mg,
0.64 mmol), THF (3.3 mL), MeOH (3.3 mL), KF (76 mg, 1.28 mmol),
KHCO3 (327 mg, 3.20 mmol), and H2O2 (0.70 mL). Purification by FC
(Et2O/pentane 10:1) yielded 51: 63 mg (57 %). IR (CHCl3): nÄ � 3582 (m),
2977 (s), 1778 (s), 1177 (s), 1126 (s), 1014 (s), 906 cmÿ1 (s); 1H NMR
(400 MHz, CDCl3): d� 4.56 ± 4.50 (m, 1H; HCO), 2.55 ± 2.50 (m, 3H),
2.39 ± 2.31 (m, 1 H), 2.03 ± 1.86 (m, 2 H), 1.242 (s, 3 H; CH3), 1.239 (s, 3H;
CH3), 0.90 (d, J� 10.3 Hz, CH3); 13C NMR (100 MHz, CDCl3): d� 176.33
(C), 82.57 (CH), 72.69 (C), 48.26 (CH), 28.64 (CH3), 28.55 (CH2), 27.44
(CH2), 25.53 (CH3), 11.20 (CH3); EI MS: m/z (%): 157.1 (7) [M�ÿCH3],
139.1 (12), 114.1 (50), 85.1 (75), 59.1 (100); C9H16O3 (172.2): calcd C 62.77,
H 9.36; found C 62.75, H 9.23.


Pentan-1,3-diol (52): Silane 33 (0.16 mmol, see preparation of 33) was
dissolved in CH2Cl2 (0.5 mL) at RT and BF3 ´ HOAc (0.11 mL, 0.80 mmol)
was added. The resulting solution was stirred at RT for 7 hours. The
reaction mixture was then poured into saturated aqueous NaHCO3 solution
and extracted twice with CH2Cl2. The combined organic phases were dried
(MgSO4) and evaporated to yield the corresponding fluorosilane, which
was dilluted with THF (3 mL) and MeOH (3 mL). KF (58 mg, 1.0 mmol),
NaHCO3 (42 mg, 0.5 mmol), and H2O2 (0.51 mL, 5.0 mmol) were added.
The resulting suspension was stirred at 50 ± 60 8C for 5 hours. The reaction
mixture was then allowed to cool to RT, and Et2O was added. After
extraction with Et2O, the organic phases were additionally washed with


Table 10. Determination of the rate constant for the cyclization of the
radical derived from 47.


[47] [(Me3Si)3SiH] [cycl.]/[red] kSHi [sÿ1]


0.050 0.45 0.46 8.4� 104


0.050 0.36 0.62 9.0� 104


0.050 0.40 0.58 9.6� 104


0.050 0.55 0.41 9.4� 104


0.050 0.44 0.47 8.5� 104







Cyclic Alkoxysilanes 759 ± 773


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0773 $ 17.50+.50/0 773


brine, dried (MgSO4), and evaporated. Purification by FC (Et2O/pentane
6:1) gave 52 (4 mg, 50%) as a 1.7:1 mixture of the rac and meso pentan-1,3-
diol.
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ArP�C�Si(Ph)Tip: The First Allenic Compound with Doubly Bonded
Phosphorus and Silicon


Leslie Rigon,[a] Henri Ranaivonjatovo,[a] Jean EscudieÂ ,[a]*
Antoine Dubourg,[b] and Jean-Paul Declercq[c]


Abstract: The first allenic compound
with doubly bonded silicon and phos-
phorus, the 3-phospha-1-silaallene 1, has
been obtained by dechlorination of the
corresponding (chlorosilyl)chlorophos-
phaalkene 10 with tert-butyllithium at
low temperature. Compound 1 was char-
acterized by 13C NMR (d� 269.1 for the
allenic carbon), 29Si NMR (d� 75.7),
and 31P NMR spectroscopy (d� 288.7),
and by addition of methanol to the Si�C
double bond. In the absence of a trap-


ping agent, 1 dimerizes above ÿ30 8C to
afford two types of dimers: 14, formed
over one Si�C and one P�C double
bond, and 15, formed over two Si�C
double bonds, probably according to a
concerted pathway. A thermodynamic
equilibrium has been observed between


the two stereoisomers 15 and 16 involv-
ing an isomerization around the P�C
double bond. Compound 16 has been
structurally characterized, displaying a
nearly planar 1,3-disilacyclobutane ring
with the two phenyl (Ph) and the two
2,4,6-tri-tert-butylphenyl (Ar) groups on
the same side of this ring and the two
2,4,6-triisopropylphenyl (Tip) groups on
the other side.


Keywords: disilacyclobutane ´
phosphaalkenes ´ phosphasilaallene
´ phosphorus ´ silicon


Introduction


Many silenes >Si�C< ,[1] heavy homologs of alkenes, and
phosphaalkenes ÿP�C< ,[2] heavy homologs of imines, have
been synthesized in the last two decades and isolated as
monomers owing to a large steric hindrance that is the main
stabilizing factor. The preparation of heavy homologs of other
important organic functions such as alkynes, dienes, hetero-
cumulenes, and so on is now a fast-growing area and
constitutes a great challenge. Among such derivatives, com-
pounds with cumulative double bonds are of particular
interest, due to their unique geometric and electronic
structure. Phosphaallenes ÿP�C�X (X: C,[3a±i] Ge,[3j] N,[3k±n]


P,[3a,b,d,o,r] As,[3s] O,[3t] S[3u]) have begun to be well-known, since
some of them have been prepared recently; however this is
not the case for allenic compounds of silicon, germanium, and


tin, which are still very rare. Some 1-silaallenes >Si�C�C< [4]


have been postulated as intermediates in pyrolysis or photol-
ysis reactions, but only very few of them have been stabilized
so far by a large steric hindrance, by West et al. ,[5] or by
complexation with a complex of ruthenium.[6] A 3-sila-1-
azaallene >Si�C�Nÿ has also been postulated by Weiden-
bruch as intermediate[7a] and a formal 3-stanna-1-azallene has
been isolated by Grützmacher.[7b] Recently stable germaal-
lenes >Ge�C�C< have been reported by West[8] and
Okazaki.[28]


We describe in this paper the synthesis, the physicochemical
data, and the preliminary aspects of the reactivity of the first
allenic compound with both doubly bonded silicon and
phosphorus, the 3-phospha-1-silaallene ArP�C�Si(Ph)Tip 1
(Ar: 2,4,6-tri-tert-butylphenyl, Tip: 2,4,6-triisopropylphenyl).


Results and Discussion


In order to have a phosphasilaallene stable enough to allow its
characterization by physicochemical methods, we have used
the extremely bulky 2,4,6-tri-tert-butylphenyl group (Ar) on
phosphorus; this is widely used in PII chemistry.[2] To afford a
further insight into the nature of the dimerization of the Si�C
double bond (concerted or multistep diradicalar mechanism
that is now controversial), we have attached two different
groups: a phenyl and the bulky 2,4,6-triisopropylphenyl group
(Tip) to the silicon atom.
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Synthesis and characterization of 1: As the P�C double bond
is much less reactive than the Si�C double bond, we first
formed the P�C unsaturation, which should be inert during
the rest of the process. Thus the synthesis of 1 involved the
preliminary preparation of the (halogenosilyl)halogenophos-
phaalkenes ArP�C(X)Si(Y)(Ph)(Tip) (X�Br, Y�F: 5 ; X�
Cl, Y�F: 9,Y�Cl: 10) followed by a dehalogenation.


Starting compounds for the synthesis of these derivatives
are the dichlorosilane 2[9] and the difluorosilane 3 (Scheme 1).
Compound 2 was obtained by a similar procedure to that
already described,[9] but with THF instead of hexane as
solvent for the preparation of TipLi. Treatment of 2 with
aqueous hydrofluoric acid gave its difluoro homolog 3.


Scheme 1. Synthesis of difluorosilane 3.


Treatment of 3 with the carbenoid ArP�C(Br)Li 4,
obtained according to the procedure of Bickelhaupt[10] from
ArP�CBr2, afforded the silylphosphaalkene 5 [31P NMR: d�
340.7 (d, 3J(P,F)� 18.8 Hz)] only in a very poor yield (10 %).
The two main products were the phosphaalkene 6[11] and the
phosphaalkyne ArC�P, arising from the decomposition of
ArP�C(Br)Li around ÿ80 8C before its reaction with the
difluorosilane 3, which is very slow at this temperature
because of the steric hindrance (Scheme 2); a similar for-
mation of ArC�P was reported by Bickelhaupt in the
decomposition of ArP�C(Li)I.[10a]


By contrast, reaction of 2 or 3 with the chlorocarbenoid 8,[12]


which is much more stable as it can be handled to room
temperature without decomposition, afforded 9 and 10 in
excellent yields (Scheme 3). Only one isomer was obtained
for 9 and 10, probably the Z isomer. The formation of this


Scheme 2. Preparation of 5.


Scheme 3. Synthesis of 9 and 10.


isomer can be reasonably explained by the preferential
substitution of chlorine at the less-hindered side of the P�C
double bond to form the Z carbenoid.[10] Further reaction with
the silanes 2 and 3 afforded 9 and 10 with the silicon group in a
trans position to the huge Ar group.


Compounds 9 and 10 were clearly identified by multi-
nuclear NMR spectroscopy and by mass spectroscopy. In the
1H NMR spectrum, the main feature is the presence of two
doublets (coupling with phosphorus) for the ortho tert-butyl
groups; this is due to a hindered rotation of the Ar group.
Such a result proves the high steric hindrance occurring in
these derivatives. The two diastereotopic methyls of o-iPr
resonate as expected as two doublets, while the methyls of p-
iPr are isochronous. In the 29Si NMR spectrum, a rather large
2J coupling constant is observed between silicon and phos-
phorus (9 : 54.3 Hz, 10 : 54.7 Hz).


The reaction of 10 with tBuli was monitored by variable
temperature 31P NMR spectroscopy between ÿ90 8C and
20 8C. Addition of one equivalent of tert-butyllithium to 10 in
a mixture toluene/Et2O (90:10) immediately afforded the
lithio compound 11, which was evidenced by a low field signal
in 31P NMR (d� 417.6) and by hydrolysis leading to 12 [31P
NMR: d� 347.5 (2J(P,H)� 24 Hz)]. Gradually warming 11 to
ÿ60 8C showed the elimination of LiCl and the formation of
the expected phosphasilaallene 1. The complete decomposi-
tion of 11 was observed around ÿ60 8C to afford 1 in about
60 % yield (Scheme 4).


The structure of 1 was proved by characteristic low-field
chemical shifts in 13C, 29Si, and 31P NMR spectra, comparable
with those reported in sila- or phosphaallenes: 31P NMR: d�
288.7 (d� 240.0 in ArP�C�GeMes2


[3j]) ; 13C NMR: d of the
allenic carbon� 269.1 (1J(C,P)� 45.8 Hz) (d� 280.9 in
ArP�C�GeMes2,[3j] d� 276.2 in ArP�C�PAr,[3a,o,p] and d�
299.5 in ArP�C�AsAr[3s]); 29Si NMR: d� 75.7 (2J(Si,P)�
18.3 Hz). The allenic carbon and silicon in 1 are slightly
deshielded, in comparison with those of West�s stable
silaallenes, d� 225.7 and 48.4 in Ar(Ad)Si�C�CR2 (CR2:
substituted fluorenyl, Ad: adamantyl[5a]), d� 227.9 and 55.1 in
Ar(tBu)Si�C�CPh2),[5b] d� 216.3 and 55.1 in Ar(tBu)-
Si�C�C(Ph)tBu, respectively.[5b] A much stronger shielding


Abstract in French: Le premier composØ allØnique comportant
à la fois un atome de silicium et un atome de phosphore
doublement liØs, le 3-phospha-1-silaall�ne 1, a ØtØ obtenu par
dØchloration du (chlorosilyl)chlorophosphaalc�ne 10 corres-
pondant par le tert-butyllithium à basse tempØrature. 1 a ØtØ
caractØrisØ à la fois par RMN 13C (d� 269.1 pour le carbone
allØnique), 29Si (d� 75.7), 31P (d� 288.7) et par addition de
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Si�C selon probablement un mØcanisme radicalaire. Un
Øquilibre thermodynamique a ØtØ observØ entre les deux
stØrØoisom�res 15 et 16, duÃ à une isomØrisation Z/E de la
double liaison P�C.


16 a ØtØ caractØrisØ par une Øtude cristallographique par
rayons X qui montre un cycle 1,3-disilacyclobutane pratique-
ment plan avec les groupes phØnyles et Ar du meÃme coÃtØ de ce
cycle et les groupes Tip de l�autre coÃtØ.







FULL PAPER J. EscudieÂ et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0776 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2776


(�13.1 ppm[5b]) was observed in 29Si NMR for the silaallene
Tip2Si�C�C(Ph)tBu bearing two aromatic groups on silicon.


Addition of methanol to a solution of 1 at ÿ60 8C results in
the formation of adduct 13 ; a chemo- and regiospecific
reaction was observed with exclusive addition to the Si�C
double bond according to the expected Sid��Cdÿ polarity. The
sole E isomer was obtained, as proved by the value of the
2J(P,H) coupling constant (23.5 Hz) (Scheme 5). A similar


Scheme 5. Reactivity of the phosphasilaallene with MeOH.


coupling constant was obtained in 12 (23.5 Hz). In a Z isomer,
this constant should be smaller (the 2J(P,H) in the E and Z
isomers of ArP�C(H)SiMe3 are 24.7 and 18.0 Hz[10] , respec-
tively). The magnitude of these 2J(P,H) coupling constants in
Z and E isomers has been discussed by Bickelhaupt,[10a] who
postulated that the electronegativity of the substituents on
carbon plays a great role (in our case low electronegativity of
silicon) to explain this change in the cis rule.


Dimerization of 1: Above ÿ20 8C and in the absence of
trapping reagent, the phosphasilaallene 1 gives two types of
dimer: the unsymmetrical dimer 14 due to the dimerization
between one P�C and one Si�C double bond, and the
expected head-to-tail dimer 15 resulting from the dimeriza-
tion over two Si�C double bonds. The ratio between 14 and 15
is about 60:40 (Scheme 6). Compound 15 is not formed


Scheme 6. Dimerization of 1.


through intermolecular elimination of LiCl, since it appears
when the signal of 1 decreases, by which time 11 has already
completely decomposed. A similar dimerization was reported
for the germaphosphaallene Mes2Ge�C�PAr.[3j]


Unsymmetrical dimer 14 : Attempts to obtain pure 14 by
fractional crystallization failed. Its structure was established
in 31P NMR spectroscopy and has an AX spectrum with the
expected low-field shift for the dicoordinate phosphorus atom


(d��294.9) and a signal at
higher field (d��66.8) for the
tricoordinate phosphorus atom.
From the large 2J(P,P) coupling
constant (224 Hz), it seems that
the structure of 14 involves the
two Ar groups in a trans posi-
tion, which allows a relief of the
steric hindrance: the literature
data show that the 2J(P,P) cou-
pling constant is generally
around 15 ± 30 Hz in cis struc-


tures A (such as 14''), whereas it is much larger (100 Hz and
even more) in trans structures B (like 14)[3f, 13, 14] (Scheme 7).


Scheme 7. Unsymmetrical dimer.


Addition of methanol occurred only at the very reactive
Si�C double bond of 14 ; even with an excess of methanol the
P�C double bond was inert. An AX spectrum similar to that
of 14 was observed for 17, with a large 2J(P,P) coupling
constant: d (P�C)� 305, d (PIII)� 40.5 [2J(P,P)� 254 Hz,
2J(P,H)� 17.4 Hz] (according to Albrand et al.[15] who calcu-
lated the dihedral dependance of 2J(P,H) spin coupling in
phosphorus, the H and the phosphorus lone pair are in a cis
position; thus, the Ar and Tip(Ph)(OMe)Si groups are also
cis).


It has been impossible to determine the spatial arrangement
around the Si�C double bond and on the tetracoordinate
silicon for 14 (Tip in cis or in trans in relation to the Ar on the
tricoordinate phosphorus).


Dimers formed over the two Si�C bonds, 15 and 16 :
Immediately after dimerization, the only dimer formed over
the two Si�C bonds was 15, but when Et2O solutions
containing the dimer 15 were kept at room temperature for
some days and monitored by 31P NMR, we observed that the
signal of 15 at d� 431.9 decreased and that a new signal at d�
425.4 attributed to 16 appeared. After 5 days, the ratio 15/16
was about 10:90. This ratio was obtained much faster (2 h) by
photolysis in a rayonet (l� 360 nm). Isomer 16 was obtained
in pure form by crystallization from MeOH/pentane 50:50.
When 16 was put again in solution in pentane, the ratio 15/16
rapidly reached (10:90) proving the thermodynamic equili-
brium between these two dimers. Interestingly, the color of 16
(red) can be accounted for if some conjugation is made
possible through the correct dp orbital on the ring silicon.


Scheme 4. Synthesis of the 3-phospha-1-silaallene 1.
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The most characteristic feature in the 31P NMR spectra of
15 and 16 is the very low-field chemical shift, in agreement
with a phosphaalkene structure, in which the carbon is bonded
to two silicon groups[2a] (for example d� 393 in
ArP�C(SiMe3)2


[16]). The structure of 16 was established by
an X-ray structure determination; this shows that the two Tip
groups are in a cis position and that the two Ar groups are also
in a cis position relative to the P�C ´´ C�P axis. We can deduce
from this that 15 has the two Ar groups in a trans position,
which is the only other possibility of isomerization since
silicon is configurationally stable (Scheme 8).


Scheme 8. Isomerization of 15.


The driving force for this surprising isomerization was the
decreasing of the steric hindrance when the two Ar groups are
located on the same side as the two phenyl groups in relation
to the disilacyclobutane ring instead of being on the same side
as the Tip groups.


Dimerization in other main-group allenic derivatives: The
formation of the two dimers 14 and 15 does not correspond to
the previously reported dimerization of transient silallenes
>Si�C�C< ; for example, Ishikawa observed a rearrange-
ment leading to a bicyclic compound[4c,d] or a head-to-head
dimerization depending on the groups on silicon and carbon
(Scheme 9). Various types of dimerization occur from phos-
pha-heterocumulenes ÿP�C�X: a head-to-tail dimerization
between two P�C bonds was reported for tBuP�C�O,[3t] a


dimerization involving one P�C and one C�S bonds in
ArP�C�S,[3u] two types of dimerization on ArP�C�Nÿ[3n]


depending on the experimental conditions (Scheme 10), and
a head-to-tail dimerization between two C�Si for
PhN�C�SitBu2


[7a] (Scheme 11).
Note that the dimerization of ketenes occurs according to a


similar fashion as 1, since the formation of both symmetrical
and unsymmetrical dimers are observed leading to a dione
(two C�C bonds involved) and a lactone (one C�C and one
C�O bond); with alkyl or aryl groups on carbon, the dione
product is generally the major one.


X-ray structure determination of 16 (see Tables 1 and 2, and
Figure 1): The four-membered disilacyclobutane ring is nearly


Scheme 10. Dimerization of phosphacumulenes.


Scheme 11. Dimerization of a silaazaallene.


planar: the folding is 4.7(8)8 along the C1 ´´´ C2 axis and 5(1)8
along the Si1 ´´´ Si2 axis (distances to the Si1-C1-Si2-C2 mean
plane: Si1 0.029(5), C1 ÿ0.029(5), Si2 0.028(5), C2


ÿ0.029(5) �). The intracyclic
SiÿC bond lengths (1.897(7) to
1.958(8) �) lie in the normal
range as do the P�C double
bonds (1.650(7) and
1.656(9) �).


The sum of the angles on C1
and C2 are close to 3608 (357.2
and 357.98, respectively), dis-
playing a nearly planar arrange-
ment. As shown in Figure 1, the


main features in 16 are that the two Ph and the two Ar groups
are on the same side in relation to the disilacyclobutane ring
and that the two Tip groups are both on the other side of the
ring; the distances of the ipso carbons to the Si1-C1-Si2-C2


Scheme 9. Dimerization of transient silaallenes.


Table 1. Selected bond lengths [�] and angles [8] for 16.


Si1ÿC1 1.897(7) C1-Si1-C2 89.3(4) C2-Si2-C39 107.8(3)
Si1ÿC2 1.907(9) C1-Si2-C2 86.3(3) C24-Si2-C39 106.3(4)
Si2ÿC1 1.952(9) Si1-C1-Si2 92.3(3) Si1-C1-P1 144.9(5)
Si2ÿC2 1.958(8) Si1-C2-Si2 91.9(4) Si2-C1-P1 120.0(4)
C1ÿP1 1.650(7) C1-Si1-C3 115.6(3) Si1-C2-P2 144.8(5)
C2ÿP2 1.656(9) C1-Si1-C18 107.0(3) Si2-C2-P2 121.2(5)
P1ÿC45 1.878(8) C3-Si1-C18 115.1(3) C1-P1-C45 115.5(4)
P2ÿC63 1.846(8) C2-Si1-C3 115.5(3) C2-P2-C63 112.4(4)
Si1ÿC3 1.918(7) C2-Si1-C18 111.4(4)
Si1ÿC18 1.888(7) C1-Si2-C24 121.4(4)
Si2ÿC24 1.928(9) C1-Si2-C39 109.3(4)
Si2ÿC39 1.885(9) C2-Si2-C24 124.1(4)


Table 2. Selected torsion angles [8] for 16.


Si1ÿC1-P1-C45 ÿ 6.8(9)
Si2-C1-P1-C45 ÿ 161.3(4)
Si1-C2-P2-C63 � 8.6(9)
Si2-C2-P2-C63 � 165.9(4)
C2-Si1-C1-P1 � 154.5(8)
C2-Si2-C1-P1 ÿ 162.2(5)
C1-Si1-C2-P2 ÿ 157.2(8)
C1-Si2-C2-P2 � 163.7(5)
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plane are: C18 (Ph): ÿ1.606(14), C39 (Ph) ÿ1.645(17) �; C45
(Ar) ÿ1.032(29), C63 (Ar) ÿ0.782(30) �; C3 (Tip)
�1.611(14), C24 (Tip) �1.370(16) �. Owing to the poor
refinement of the structure, rather important errors are
observed on these distances. However, these values, even if
they are only indicative, prove the geometry of 16.


Mechanism of the head-to-tail dimerization to 15 : Many
theoretical[17, 18] and experimental[19, 20] studies have been
devoted to the mechanistic aspects of the dimerization of
silenes (to form 1,3-disilacyclobutanes), which remain con-
troversial: Schaefer[17] postulates a concerted [2ps�2ps] mech-
anism, whereas Bernardi[18] thinks that such a [2ps�2ps]
cycloaddition proceeds by a stepwise mechanism involving
the formation of a short-lived biradical intermediate. The
stereospecificity of the dimerization (only the most crowded
isomer with the two bulkier groups (Tip) cis in the 1,3-
disilacyclobutane ring was obtained) and the lack of depend-
ence on solvent polarity (ether, toluene and so on) suggest a
concerted mechanism.


According to the Woodward-
Hoffmann rules,[21] a con-
certed supra ± supra process
([2ps�2ps]) is forbidden. How-
ever, the polarization of the
double bond in the reactant
(which is the case in 1) is often


supposed to lead to a relaxa-
tion of these rules.[22] Due to
the large difference of steric
hindrance between every
group on silicon (Tip and Ph)
and on phosphorus (Ar and
lone pair), the approach of
the two molecules of 1 prob-
ably occurs according to
Scheme 12. From the two of
the same enantiomers, 1 a or
1 b, the dimer 15 is formed,
whereas dimer 15'' with the Tip
groups trans should be ob-
tained by a dimerization be-
tween 1a and 1b. As only 15 is
formed, specific effects due to
the nature of the frontier orbi-
tals could favor such a cou-
pling between two same enan-
tiomers in the concerted
mechanism.


A concerted supra ± antara
process ([2ps�2pa]) is al-
lowed, but is expected to have
higher activation energy be-
cause of large steric effects.
Thus, such a mechanism is
supposed not to occur with
silenes, but is considered as
the most probable in [2�2]


cycloadditions involving ketenes[23] or allenes. In our case,
the approach which seems sterically most favorable is
displayed on Scheme 13. This would give the dimer 15.


Scheme 12. Concerted process [2ps�2ps] .


Figure 1. PLATON[26] view of 16, ellipsoids are drawn at 10% probability level.


Scheme 13. Concerted process [2ps�2pa].
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Of course, the observed stereospecificity does not settle the
matter of whether the mechanism is concerted or stepwise.
The latter two-stage mechanism cannot be totally excluded
since, as a result of the large steric hindrance caused by Ar and
Tip groups, one type of approach to form the first SiÿC bond
and then to close into the four-membered ring should be
largely favored, thus leading also to stereospecificity.


Experimental Section


All experiments were carried out in flame-dried glassware under N2


atmosphere with high-vacuum line techniques. Solvents were dried and
freshly distilled from sodium benzophenone ketyl and carefully deoxy-
genated over the vacuum-line by several freeze-pump-thaw cycles. NMR
spectra were recorded in CDCl3 on the following spectrometers: 1H,
Bruker AC80 (80.13 MHz) and AC200 (200.13 MHz); 13C {1H}, Bruker
AC200 (50.32 MHz; reference TMS); 29Si, Bruker AC200 (59.628 MHz;
reference TMS); 31P, Bruker AC200 (81.015 MHz; reference H3PO4 85%).
Mass spectra were obtained on a Hewlett ± Packard 5989 A spectrometer
by EI at 70 eV. Melting points were determined on a Wild Leitz-Biomed
apparatus. Elemental analyses were performed by the Service de Micro-
analyse de l�Ecole de Chimie de Toulouse.


Dichloro(phenyl)(2,4,6-triisopropylphenyl)silane (2): The procedure was
slightly different from the procedure described by Bickelhaupt.[9] A
solution of n-butyllithium in hexane (1.6m, 24 mL, 38.40 mmol) was slowly
added to TipBr (10.00 g, 35.34 mmol) in THF (50 mL) cooled at ÿ50 8C.
After 3 h stirring at ÿ50 8C, trichlorophenylsilane (7.40 g, 35.34 mmol) was
added to the solution of TipLi through syringe. The reaction mixture was
allowed to warm to room temperature and was refluxed for 1.5 h. After
removal of LiCl by filtration, the small amount of TipH, formed by
hydrolysis of TipLi, and of the starting TipBr were removed under vacuum.
Compound 2 was isolated as a waxy solid and identified by comparison with
its literature data[9] ( 12.02 g, 90%).


Difluoro(phenyl)(2,4,6-triisopropylphenyl)silane (3): A large excess of a
solution at 40% of hydrofluoric acid in water (8.75 g, 158 mmol) was added
to 2 (12 g, 31.6 mmol) in benzene. After 2 h stirring at room temperature,
the volatile materials were removed under vacuum, and Et2O and water
were added to the residue. The two layers were separated, and the organic
layer was dried over Na2SO4. After one night, Et2O was removed under
vacuum, and the small amount of TipH formed was removed by distillation.
Compound 3 was isolated in the distillation flask as a waxy solid (9.09 g,
83%, m.p. 56 8C). 1H NMR: d� 1.20 (d, 3J(H,H)� 6.6 Hz, 12H; o-CHMe2),
1.31 (d, 3J(H,H)� 6.6 Hz, 6 H; p-CHMe2), 2.93 (sept, 3J(H,H)� 6.6 Hz,
1H; p-CHMe2), 3.25 (sept, t, 3J(H,H)� 6.6 Hz, 5J(H,F)� 1.6 Hz, 2H; o-
CHMe2), 7.13 (s, 2 H; arom H of Tip), 7.29 ± 7.72 (m, 5H; arom H of Ph);
13C NMR: d� 23.86 (p-CHMe2), 24.99 (o-CHMe2), 34.42 (o-CHMe2), 34.63
(p-CHMe2), 121.79 (m-CH of Tip), 128.35 (m-CH of Ph), 131.77 (p-CH of
Ph), 134.22 (o-CH of Ph), 153.10 (p-C of Tip), 157.36 (o-C of Tip); 19F
NMR: d�ÿ55.7 (1J(F,Si)� 291 Hz); 29Si NMR: d�ÿ23.8 (t, 1J(Si,F)�
291 Hz); EI-MS: m/z (%)� 346 (31) [M�], 304 (6) [M�ÿ iPr�1], 268 (28)
[TipSiF�2 ÿ 1], 253 (52) [TipSiF�2 ÿMeÿ 1], 143 (27) [PhSiF�2 ], 43 (100)
[iPr�].


Synthesis of 9 : The procedure was the same as for 10 (see below), starting
from 7 (3.11 g, 8.67 mmol), nBuLi in hexane (1.6m 5.4 mL, 8.70 mmol), 3
(3.00 g, 8.67 mmol), and THF (50 mL). Pure 9 was obtained after
crystallization from pentane (4.85 g, 86%, m.p. 160 8C). 1H NMR: d�
0.86 (d, 3J(H,H)� 6.4 Hz, 6H; o-CHMeMe'), 1.26 (d, 3J(H,H)� 6.8 Hz,
12H; o-CHMeMe' and p-CHMe2), 1.75 (s, 9 H; p-tBu), 1.48 (d, 5J(HP)�
0.6 Hz, 9 H; o-tBu), 1.54 (d, 5J(HP)� 0.6 Hz, 9 H; o-tBu), 2.93 (sept,
3J(H,H)� 6.8 Hz, 1 H; p-CHMe2), 3.32 (sept, t, 3J(H,H)� 6.6 Hz,
5J(H,F)� 1.3 Hz; o-CHMeMe'), 7.08 (s, 2 H; arom H of Tip), 7.50 (d,
4J(HP)� 1.5 Hz; arom H of Ar), 7.30 ± 7.92 (m; arom H of Ph); 13C NMR:
d� 23.89, 24.31 and 24.99 (Me of iPr), 31.48 (p-CMe3), 34.32 (p-CHMe2),
34.73 (d, 4J(C,F)� 4.3 Hz; o-CHMeMe'), 35.19 (p-CMe3), 37.84 (d,
3J(C,P)� 6.2 Hz; o-CMe3), 121.84 (m-CH of Tip), 122.03 and 122.30 (m-
CH of Ar), 124.80 (dd, 2J(C,F)� 12.7 Hz, 3J(C,P)� 2.6 Hz; ipso-C of Tip),
127.81 (m-CH of Ph), 130.16 (p-CH of Ph), 133.92 (o-CH of Ph), 135.90 (dd,


2J(C,F)� 20.8 Hz, 3J(C,P)� 6.3 Hz; ipso-C of Ph), 150.91 (p-C of Ar),
151.91 (o-C of Ar), 153.01 (d, 2J(C,P)� 1.4 Hz; o-C of Ar), 153.63 (p-C of
Tip), 157.22 (o-C of Tip), 167.90 (dd, 1J(C,P)� 79.3 Hz, 2J(C,F)� 12.3 Hz;
C�P); 19F NMR: d�ÿ76.6 (d, 3J(F,P)� 21.5 Hz, 1J(F,Si)� 288 Hz); 29Si
NMR: d�ÿ10.0 (dd, 1J(Si,F)� 288 Hz, 2J(Si,P)� 54.3 Hz); 31P NMR: d�
322.3 (d, 3J(F,P)� 21.5 Hz); EI-MS: m/z (%)� 650 (6) [M�], 635 (20)
[M�ÿMe], 607 (48) [M�ÿ iPr], 593 (58) [M�ÿ tBu], 531 (10) [M�ÿPhÿ
iPr�1], 405 (16) [M�ÿAr], 277 (20) [ArPH�], 203 (5) [Tip�], 57 (100)
[tBu�].


Synthesis of 10 : The 1-chloro-2-phosphaethenyllithium ArP�C(Cl)Li was
obtained by use of the procedure by Yoshifuji[12] from 7[10] (5.54 g,
15.40 mmole), n-butyllithium in hexane (1.6m, 10.0 mL, 16 mmol) and
THF (50 mL) atÿ78 8C. After half an hour of stirring at this temperature, a
solution of 2 (5.85 g, 15.40 mmol) in THF (20 mL) was added. The reaction
mixture was stirred for 2 h at ÿ20 8C then warmed to room temperature
giving a brown reaction mixture. THF was removed under vacuum then
pentane (100 mL) was added, and the lithium salts were filtered off.
Crystallization from pentane afforded 10 as a white powder (m.p. 137 8C,
8.52 g, 83%). 1H NMR: d� 0.97 (d, 3J(H,H)� 6.6 Hz, 6H; o-CHMeMe'),
1.10 (d, 3J(H,H)� 6.6 Hz, 6H; o-CHMeMe'), 1.26 (d, 3J(H,H)� 6.9 Hz,
6H; p-CHMe2), 1.34 (s, 9 H; p-tBu), 1.40 (d, 5J(HP)� 0.5 Hz, 9H; o-tBu),
1.53 (d, 5J(HP)� 0.6 Hz, 9H; o-tBu), 2.90 (sept, 3J(H,H)� 6.9 Hz, 1H; p-
CHMe2), 3.34 (sept, 3J(H,H)� 6.6 Hz, 2H; o-CHMeMe'), 7.03 (s, 2 H; arom
H of Tip), 7.35 (d, 4J(HP)� 2.4 Hz, 2 H; arom H of Ar), 7.24 ± 7.70 (m, 5H;
arom H of Ph); 13C NMR: d� 23.75, 24.79, 25.32 (3s, Me of iPr), 31.38 (p-
CMe3), 32.95 (d, 4J(C,P)� 4.6 Hz; o-CMe3), 33.08 (d, 4J(C,P)� 6.2 Hz; o-
CMe3), 34.32 (p-CHMe2), 34.51 (o-CHMeMe'), 35.07 (p-CMe3), 37.84 (o-
CMe3), 122.06, 122.13, 122.21, 122.28 (m-CH of Ar and Tip), 124.73 (d,
3J(C,P)� 4.3 Hz; ipso-C of Tip), 127.71 (m-CH of Ph), 129.83 (p-CH of Ph),
134.55 (o-CH of Ph), 137.89 (d, 3J(C,P)� 6.6 Hz; ipso-C of Ph), 150.75,
151.92 (2s, p-C of Tip and Ar), 153.29 (d, 2J(C,P)� 2.4 Hz; o-C of Ar),
153.70 (o-C of Ar), 157.34 (o-C of Tip), 168.68 (d, 1J(C,P)� 85.6 Hz; C�P);
31P NMR: d� 319.7; 29Si NMR: d�ÿ6.8 (d, 2J(Si,P)� 54.7 Hz); EI-MS:
m/z (%)� 666 (7) [M�], 631 (49) [M�ÿCl], 623 (65) [M�ÿ iPr], 609 (51)
[M�ÿ tBu], 589 (23) [M�ÿPh], 547 (11) [M�ÿPhÿ iPr�1], 533 (5) [M�ÿ
Phÿ tBu�1], 421 (39) [M�ÿAr], 277 (10) [ArPH�], 57 (100) [tBu�];
C40H57Cl2PSi (667.86): calcd C 71.94, H 8.60; found: C 71.99, H 8.78.


Synthesis of 1: Compound 10 (200 mg, 0.3 mmol), [D8]toluene (3 mL) and
Et2O (0.09 mL, 3 equivalents) were placed in a 10 mm diameter NMR tube.
After cooling at ÿ80 8C, one equivalent of tert-butyllithium in pentane
(1.6m, 0.185 mL, 10 % of excess) was slowly added. The lithio compound 11
was evidenced by a new signal at d� 417.6. Phosphasilaallene 1 began to be
formed immediately from 11 between ÿ60 8C and ÿ70 8C. Compound 1
was characterized at ÿ60 8C by 31P NMR (C7D8): d� 288.7; 13C NMR: d�
269.1 (d, 1J(C,P)� 45.8 Hz; the allenic carbon); 29Si NMR: d� 75.7 (d,
2J(Si,P)� 18.3 Hz). Above ÿ30 8C the signal of 1 decreased and those of
the dimers began to be observed. When the temperature was raised from
ÿ80 8C to 0 8C over 1 h, 1 could be observed even at 0 8C for a short period.


Synthesis of 13 : A solution of tBuLi in pentane (1.6m, 0.98 mL, 1.58 mmol)
was added to 10 (1.00 g, 1.50 mmol) dissolved in a mixture toluene (10 mL)
and Et2O (1 mL) cooled at ÿ80 8C. The solution immediately became
orange then red. After 20 min stirring at ÿ60 8C, a two-fold excess of
methanol was added leading to a yellow reaction mixture. The solvents
were removed under vacuum, pentane (50 mL) was added, and the lithium
salts filtered off. Crystallization from MeOH/pentane (50:50) afforded
0.47 g of white crystals (m.p. 162 8C, 50 %) of 13. 1H NMR: d� 0.89 (d,
3J(H,H)� 6.7 Hz, 6H; o-CHMeMe'), 1.09 (d, 3J(H,H)� 6.7 Hz, 6H; o-
CHMeMe'), 1.24 (d, 3J(H,H)� 6.8 Hz, 6 H; p-CHMe2), 1.34 (s, 9 H; p-tBu),
1.50 (s, 18H; o-tBu), 2.95 (sept, 3J(H,H)� 6.8 Hz, 1 H; p-CHMe2), 3.41 (s,
3H; OMe), 3.43 (sept, 3J(H,H)� 6.7 Hz, 2H; o-CHMeMe'), 6.97 (s, 2H;
arom. H of Tip), 7.24 - 7.55 (m, 5 H; arom. H of Ph), 7.38 (d, 4J(HP)� 1.0 Hz,
2H; arom H of Ar), 8.16 (d, 2J(HP)� 23.5 Hz, 1H; P�CH); 13C NMR: d�
23.85, 24.61, 25.37 (3s, Me of iPr), 31.43 (p-CMe3), 33.26, 33.85, 34.00, 34.15
(o-CMe3, o-CHMeMe', p-CHMe2), 34.99 (p-CMe3), 38.14 (o-CMe3), 51.09
(OMe), 121.36 and 121.81 (m-CH of Tip and Ar), 126.96 (ipso-C of Tip),
127.61 (m-CH of Ph), 129.09 (p-CH of Ph), 134.44 (o-CH of Ph), 138.70 (d,
3J(C,P)� 5.6 Hz; ipso-C of Ph), 145.00 (d, 1J(C,P)� 71.6 Hz; ipso-C of Ar),
149.44 and 150.38 (p-C of Tip and Ar), 152.48 (o-C of Ar), 156.91 (o-C of
Tip), 171.30 (d, 1J(C,P)� 69.3 Hz; P�C); 31P NMR: d� 347.3; EI-MS: m/z
(%)� 627 (3) [M�ÿ 1], 585 (3) [M�ÿ iPr], 571 (13) [M�ÿ tBu], 384 (13)







FULL PAPER J. EscudieÂ et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0780 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 2780


[M�ÿAr�1], 352 (15) [M�ÿArP], 231 (28) [TipSi�], 43 (100) [iPr�];
C41H61OPSi (628.99): calcd C 78.29, H 9.78; found: C 78.25, H 10.01.


Dimerization of 1: In the absence of trapping reagent, 1 prepared as
previously described from 10 (2.00 g, 3.00 mmol) dimerizes above ÿ20 8C
to afford 14 and 15 in the ratio 60:40. Attempts to separate these two
dimers by fractional crystallization from pentane, Et2O, THF, toluene
failed, but 14 and 15 were characterized by their physicochemical data. An
excess of methanol was added to this reaction mixture. The 31P NMR study
showed that 15 did not react, whereas 14 was transformed into 17, which
could not be obtained in pure form by crystallization and was identified by
31P NMR spectroscopy. After about 10 days in a mixture MeOH/pentane
50/50, red crystals of 16 (formed from 15) appeared from the solution and
were removed by filtration (0.54 g, 30 %, m.p. 90 8C).
Dimer 14 : 31P NMR: d� 294.9 (P�C), 66.8 (dd, 2J(P,P)� 224 Hz; PIII); 29Si
NMR: d� 86.9 (dd, 2J(Si,P)� 70.1 Hz, 4J(Si,P)� 4.3 Hz).
Dimer 15 : 31P NMR: d� 431.9.
Dimer 16 : 1H NMR: d� 0.80 ± 1.32 (m, 36 H; o-CHMeMe' and p-
CHMeMe'), 1.14 and 1.15 (2s, 2� 18 H; o-tBu), 1.30 (s, 18H; p-tBu), 2.98
(sept, 3J(H,H)� 6.8 Hz, 2H; o-CHMeMe'), 3.42 (sept, 3J(H,H)� 6.8 Hz,
1H; p-CHMeMe'), 3.73 (sept, 3J(H,H)� 6.8 Hz, 1H; p-CHMeMe'), 4.70
(sept, 3J(H,H)� 6.8 Hz, 2H; o-CHMeMe'), 6.10 ± 7.63 (m, arom H of Ar,
Ph and Tip); 13C NMR: d� 23.79, 24.07 and 24.19 (Me of iPr), 33.65, 33.85,
33.98, 34.09 and 34.27 (Me of tBu, o-CHMeMe', and p-CHMeMe'), 34.88
(p-CMe3), 38.37 (d, 3J(PC)� 5.5 Hz, o-CMe3), 121.65, 121.81 and 122.81
(m-CH of Tip and m-CH of Ar), 126.26, 126.68, 126.91 and 128.21 (m-CH of
Ph and p-CH of Ph), 135.93 and 137.18 (o-CH of Ph), 139.52 (d, 1J(C,P)�
79.3 Hz; ipso C of Ar), 149.30, 149.75, 149.83, 153.17 and 156.89 (o-C and p-
C of Tip and Ar); 31P NMR: d� 425.4; EI-MS: m/z (%)� 948 (16) [M�ÿ
Ar�1], 892 (4) [M�ÿAr�2ÿ tBu], 687 (17) [M�ÿ 2 ArÿMe], 597 (12)
[M/2��1], 539 (13) [M/2�ÿ iPrÿMe�1], 351 (15) [M/2�ÿAr], 275 (22)
[ArP�ÿ 1], 231 (100) [TipSi�], 203 (12) [Tip�], 57 (80) [tBu�].
Compound 17: 31P NMR: d� 305.0 (P�C), 40.5 (2J(P,P)� 254 Hz,
2J(P,H)� 17.4 Hz; PIII).


Crystal structure determination for 16 : Diffraction data were collected on a
Huber diffractometer (MoKa radiation graphite monochromator) at room
temperature. Lattice parameters were obtained from the centering of
21 reflections (6< 2q< 308). A standard reflection (3, 3, 0) checked every
50 reflections showed no significant deviation. Data: C80H114P2Si2; red;
0.28� 0.30� 0.35 mm3; Mr� 1193.83, triclinic; space group 0 P1Å ; a� 13.335
(2), b� 14.665 (3), c� 21.710 (6) �; a� 83.29 (2), b� 81.50 (2), g� 74.71
(2)8 ; V� 4037 (2) �3; 1calcd� 0.98 g cmÿ3 ; Z� 2, F(000)� 1304; m for MoKa


radiation� 0.12 mmÿ1; 2q range� 4< 2q< 528 ; index ranges: 0< h< 16,
ÿ17< k< 18, ÿ26< l< 26; T� 293 K; 15 859 reflections were measured of
which 5352 were considered observed with I> 3s(I); number of parameters
� 642; residual electron density� 0.95 e�ÿ3 ; R� 0.151; S (goodness of
fit)� 0.91. The structure was solved by Patterson method and subsequent
Fourier syntheses with SHELXS-86[24] program. The least-squares refine-
ment was performed by using SHELXL-93[25] program against F 2. In spite
of many attempts we have not been successful in the preparation of a good
quality crystal. Moreover a very great thermal agitation was observed for
some carbons of iPr and tBu groups; thus, we have been obliged to fix the
position of these groups in order to refine the structure. In order to
decrease the number of parameters to refine (only 5352 observed
reflections on 15 859 measured reflections) we have used for these atoms
global thermal isotropic agitation parameters. All the hydrogen atoms were
placed in calculated positions also with global thermal agitation parame-
ters. For these reasons, the refinement is relatively poor.
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Covalent Capture and Stabilization of Cylindrical b-Sheet Peptide Assemblies


Thomas D. Clark, Kenji Kobayashi, and M. Reza Ghadiri*[a]


Abstract: The utility of noncovalent
approaches to molecular self-assembly
is often limited by kinetic instability of
the resulting constructs. In an effort to
surmount this difficulty, we have em-
ployed noncovalent interactions be-
tween self-assembling cyclic peptide
subunits to direct covalent bond forma-
tion, resulting in cylindrical b-sheet
dimers that are both kinetically and
thermodynamically stable. In the two
peptide systems examined, we found


that intersubunit hydrogen bonding
serves important but distinct functions.
For olefin metathesis of homoallylgly-
cine (Hag)-bearing peptide 1, hydrogen
bonding drives the reaction by increas-
ing olefin effective molarity. In contrast,


for disulfide isomerization of monomer-
ic cystine peptide 5-SS, hydrogen bond-
ing appears to control partitioning be-
tween two alternative disulfide-bonded
dimers by contributing to the stability of
the hydrogen-bonded isomer. Our pro-
posed mechanism for the latter trans-
formation is reminiscent both of thiol-
catalyzed unscrambling of RNase A and
oxidative refolding pathways of natural
proteins and protein fragments.


Keywords: b-sheets ´ olefin meta-
thesis ´ supramolecular chemistry ´
template synthesis thiol ± disulfide
interchange


Introduction


Supramolecular approaches to self-assembly often rely upon
reversible noncovalent interactions.[1, 2] Virtues of such strat-
egies include error correction through thermodynamic equi-
libration, minimization of synthetic effort by use of modular
subunits, control of assembly processes through subunit
design, and overall high efficiency.[2] However, the equilibri-
um ensembles thus obtained often exhibit low kinetic stability,
undergoing rapid assembly ± disassembly despite thermody-
namically stable assembled states. Although solid-state supra-
molecular chemistry (crystal engineering)[3] offers one means
of overcoming this limitation, preparation of soluble or
solvent-stable aggregates is often desirable. An alternative
approach employs noncovalent interactions between subunits
to template covalent bond formation, resulting in constructs
which are both thermodynamically and kinetically stable. We
term this strategy covalent capture and note that it represents
a specialized case of template-directed synthesis in which the
template is an integral part of the structure it helps to form.[4±6]


Biological systems frequently employ covalent capture to
stabilize both inter- and intramolecular assemblies. Examples
include buttressing of DNA structures by enzymatic liga-
tion[7, 8] and reinforcement of protein folds by disulfide bond
formation.[9±12] Inspired by the efficiency of such transforma-
tions, chemists have applied covalent capture to preparation
of artificial assemblages such as molecular catenanes, rotax-
anes, and knots.[13±15] Herein we describe our own investiga-
tions employing self-assembling cyclic peptide templates as
simplified models of protein secondary structure.


Design Principles


Self-assembling cyclic d,l-peptide nanotubes : Recent reports
have shown that cyclic peptides composed of an even number
of alternating d- and l-amino acids (cyclic d,l-peptides) can
adopt flat, ring-shaped conformations and stack through
backbone ± backbone hydrogen bonding to form large tubular
aggregates.[16±22] As an extension of this work, soluble nano-
cylinrical constructs were prepared by selective incorporation
of N-alkylated residues, thereby limiting self-assembly to
formation of discrete dimeric ensembles.[23±28] Crystallograph-
ic and spectroscopic data have conclusively demonstrated that
dimerization takes place through the expected antiparallel b-
sheet hydrogen-bonding network, rendering dimer-forming
cyclic d,l-peptides one of the most synthetically accessible
and structurally well characterized b-sheet peptide scaf-
folds.[23±28] We therefore chose to exploit this system for our
initial explorations in order to permit detailed chromato-
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graphic and spectroscopic characterization of the covalent-
capture processes. In addition, these investigations will serve
as model studies for preparation of novel materials based on
covalently polymerized cyclic peptide nanotubes.
Choice of covalent bond-forming processes. Figure 1 outlines
our general strategy. Cyclic peptide subunits self-assemble in
a nonpolar organic solvent, bringing reactive side-chain
functionalities into proximity across the b-sheet hydrogen-
bonding interface. Covalent bond formation then occurs,
trapping and stabilizing the cylindrical peptide complex. Due
to unfavorable changes in entropy associated with a decrease
in the number of particles in solution, we reasoned that the
cross-linked dimer would be the most thermodynamically
stable product. The covalent chemistry employed must
tolerate both peptide backbone functionalities as well as
intersubunit hydrogen bonding. In addition, use of reversible


Figure 1. General strategy for covalent capture and stabilization of
cylindrical b-sheet peptide assemblies. Monomeric peptide m dimerizes
in nonpolar media to give two interconverting species d and d*. In
productive complex d*, reactive side chain groups Xa are preorganized for
intersubunit (X ± X) bond formation, producing covalently tethered dimer
c. For homoallylglycine (Hag) peptide 1 and acetamidomethyl cysteine
((Cys(Acm)) peptide 5-Acm, we have investigated olefin metathesis using
the selective RuII complex II and iodine oxidation, respectively. (For clarity,
most side chains are omitted.)


covalent chemistry should in principle lead to error correction
by allowing equilibration of unwanted intermediates to the
desired thermodynamic product.[2, 6]


On the basis of these criteria, we chose to investigate olefin
metathesis catalyzed by the remarkably selective RuII com-
plex II developed by Grubbs et. al. (Figure 1).[29±31] Olefin
metathesis is a reversible transformation leading to thermo-
dynamically stable products.[32] At the time of our preliminary
report,[24] II had been shown to efficiently catalyze ring
opening metathesis polymerization (ROMP) of strained
cyclic olefins[31] , proximity-driven ring-closing metathesis
(RCM) of acyclic dienes,[31, 33±36] as well as cross metathesis
of acyclic olefins, while tolerating a wide range of function-
ality including ether, hydroxyl, carboxylic acid, aldehyde, and
amide groups. Of particular relevance to our own work, a 1995
report by Miller and Grubbs described application of RCM to
synthesis of conformationally restricted amino acids and
peptides.[33] Furthermore, these authors implicated intramo-
lecular hydrogen bonding as a directing element in prepara-
tion of b-turn analogues using RCM. Thus we viewed olefin
metathesis catalyzed by II as an intriguing transformation
ideally suited to our objectives.


The design of olefin-bearing peptide 1 incorporates homo-
allylglycine (Hag) residues, which modeling studies suggested
would offer an optimum balance between preorganization for
covalent capture and low steric strain in the anticipated
products (3, Figure 5). We predicted that the increased
effective molarity of olefin groups in dimer 1-d* would favor
acyclic cross metathesis, a transformation usually requiring
concentrated reaction conditions.[31, 32] Intersubunit hydrogen
bonding was expected to control product distribution by
favoring covalent dimer 3 at the expense of higher oligomers.
Furthermore, we anticipated that the reversible metathesis
reaction would allow depolymerization of undesired higher
oligomers and eventual equilibration to the thermodynamic
product 3.[32]


We also explored disulfide bond formation, reasoning that a
dimer-forming cyclic peptide bearing two acetamidomethyl
cysteine ((Cys(Acm)) residues would undergo covalent
capture upon subjection to iodine oxidation (Figure 1). Like
olefin metathesis, cysteine oxidation is readily reversible, and
for numerous cysteine-rich proteins[37, 38] and protein frag-
ments,[39] oxidative refolding allows conversion of mispaired
disulfides to stable native structures. Furthermore, cross-
strand disulfides have been shown to reinforce antiparallel b-
sheet conformations in natural proteins[40, 41] as well as
designed peptides,[42-51] rendering cystine residues attractive
tethers for stabilization of cylindrical b-sheet assemblies
(Figure 1).


Results


Covalent capture by olefin metathesis : Octapeptide cyclo[(-l-
Phe-d-MeN-Ala-l-Hag-d-MeN-Ala)2-] (1) bearing two homo-
allyl side chains was prepared and subjected to 1H NMR, FT-
IR, and mass spectral analysis as previously described.[23, 24]


The 1H NMR spectrum of 1 was completely assigned from the
corresponding ROESY[52] and double quantum-filtered CO-
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SY (2QF-COSY)[53] spectra (500 MHz, CDCl3). ROESY
experiments revealed three slowly interconverting species,
consistent with an equilibrium between monomer 1-m and the
two anticipated dimers, 1-d and 1-d*. On the basis of variable
concentration 1H NMR studies (Figure 2), we found that 1
self-assembles in deuteriochloroform with an overall associ-
ation constant of 103� 7mÿ1. The expected antiparallel b-
sheet structures of the equally populated dimers 1-d and 1-d*
were corroborated by solution FT-IR studies of 1 and by
analogy to ESI-MS, X-ray crystallographic, and ROE data for
related compounds.[23]


Figure 2. Variable concentration 1H NMR spectra of dimer-forming
peptide 1 (500 MHz, 293 K, CDCl3). From top to bottom, spectra are
arranged in order of increasing peptide concentration: a) 1.0mm ; b) 3.0mm ;
c) 5.0mm. Due to slow exchange, signals from both monomer (m) and the
equally populated dimers (d and d*) are observed. As total peptide
concentration is raised, the intensities of free N ± H resonances arising from
1-m (d� 7.02 and 7.12) decrease, while signals corresponding to the equally
populated, hydrogen-bonded 1-d and 1-d* (d� 8.46 ± 8.78) increase. Other
changes are visible in the CaH (d� 4.56 ± 5.95) and N-CH3 (d� 2.61 ± 3.24)
regions.


In a representative metathesis experiment, 26 mol % RuII


catalyst II was treated with a deuteriochloroform solution of 1
(5 mm), and the resulting reaction was monitored by analytical
RP-HPLC (C18 column). Initially (�0.5 ± 2 h), consumption
of starting material was accompanied by transient buildup of
two late-running species, identified by ESI-MS as E- and Z-
mono-metathesized products 2 (hereafter referred to as
intermediates 2 or linear dimers 2). As the reaction proceeded,
new peaks appeared with retention times midway between
those of starting compound 1 and intermediates 2. 1H NMR
and ESI-MS analysis identified these species as the expected
38-membered ring-containing tricyclic products 3 present as a
mixture of three possible olefin isomers: E,E ; Z,Z ; and E,Z
(Figure 3). Observation of strongly downfield-shifted N ± H
resonances between 8.07 and 9.01 ppm is consistent with the
expected hydrogen-bonded structure.


After two days reaction time, dimeric products 3 were
formed in 65 % yield as judged by analytical RP-HPLC. While
significant quantities of linear dimers 2 remained, we ob-


Figure 3. 1H NMR spectra (500 MHz, CDCl3) displaying N ± H and CaH
resonances of a) olefinic peptide 1 (5.0 mm, 293 K), b) metathesis products
3 (7.1mm, 293 K), and c) hydrogenated product 4 (4.8 mm, 283 K).
Spectrum a) displays resonances for non-hydrogen-bonded N ± H groups
of Phe and Hag at d� 7.12 and 7.02, respectively, as well as resonances for
hydrogen-bonded N ± H groups from two equally populated noncovalent
dimers at d� 8.57 and 8.78 (1-d) and d� 8.78 and 8.46 (1-d*). Spectrum
b) shows resonances for hydrogen-bonded N ± H groups between d� 8.07
and 9.01 and reflects the presence of three olefin isomers (E,E ; E,Z ; and
Z,Z) of 3. Reduction of 3 produces a single D2 symmetrical product 4 with
signals for the hydrogen-bonded N ± H groups at d� 7.56 (Phe) and 7.83
(Hag) (spectrum c).


served no evidence of undesired intramolecular metathesis
products or higher oligomers by either RP-HPLC or ESI-MS
(Figure 4). The identity of 2 as reaction intermediates was
supported by control experiments in which purified samples


Figure 4. ESI-MS of the crude reaction mixture from olefin metathesis of
1. Peaks corresponding to singly charged proton and sodium adducts of
linear intermediates 2 and tricyclic products 3 appear at 1687, 1709 and
1658, 1680, respectively.


were resubjected to the original reaction conditions, resulting
in formation of di-metathesize products 3. Thus the covalent
capture process appears to proceed in a stepwise fashion, with
initial cross-metathesis to yield 2 followed by RCM to give 3
(Figure 5). Control experiments carried out in solvents which
abolish intersubunit hydrogen bonding (EtOH or 1:1 v/v
DMF/CHCl3) yielded no reaction, underscoring the impor-
tance of noncovalent assembly.


In order to reduce spectral complexity and thereby
facilitate 1H NMR characterization, we first hydrogenated 3
in the presence of Pd/C, resulting in quantitative conversion to
reduced tricyclic product 4 (Figure 5). Alternatively, the crude
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Figure 5. Covalent capture of Hag peptide 1 using RuII catalyst II appears
to proceed in a stepwise fashion through the intermediacy of noncovalent
dimer 1-d*. The high effective molarity of olefin functions in 1-d* drives the
initial cross metathesis event to give linear intermediates 2. Compounds 2
then undergo RCM to produce desired products 3. We then hydrogenated
products 3 in order to reduce 1H NMR spectral complexity caused by olefin
isomerism, resulting in reduced compound 4. (For clarity, most side chains
are omitted.)


metathesis mixture was first hydrogenated and subsequently
purified by RP-HPLC. Compound 4 was subjected to
1H NMR, FT-IR, and ESI mass spectral characterization.
The 1D 1H NMR spectrum is consistent with the expected D2


symmetrical structure and exhibits signals for hydrogen-
bonded Phe and Hag N ± H groups at 7.56 and 7.83 ppm,
respectively (Figure 3). 2D ROESY and COSY experiments
established the anticipated covalent and spatial arrangements
of atoms in 4 and allowed complete assignment of resonances
(Figure 6). Cross-strand da-a and db-b ROEs confirmed the
expected antiparallel b-sheet topology.[23] Additionally, the
solution FT-IR spectrum (CDCl3) closely resembles that of
previously characterized dimer-forming peptides, with hydro-
gen-bonded amide A signals at 3310 cmÿ1 and amide I? bands
at 1632 and 1674 cmÿ1, the latter presumably arising from non-
hydrogen-bonding N-alkylated residues.[23]


Figure 6. 2QF-COSY spectrum of D2 symmetrical reduced product 4
(500 MHz, 283 K, CDCl3). CaH diagonal peaks are labeled as follows: a) d-
MeN-Ala2 (5.16); b) l-Phe1 (5.12); c) l-Hag3 (4.76); d) d-MeN-Ala4 (4.59).


Covalent capture by disulfide formation. Peptide cyclo[(-l-
Phe-d-MeN-Ala-l-Cys(Acm)-d-MeN-Ala)2-] (5-Acm) was syn-
thesized by standard protocols and characterized by 1H NMR
spectroscopy and ESI mass spectrometry (see Experimental
Section). Surprisingly, 1H NMR experiments revealed that 5-
Acm exists in deuteriochloroform solely as a monomer.
Nevertheless, by analogy to metathesis experiments described
above, we reasoned that the conformationally rigid peptide
ring would favor inter- over intramolecular disulfide forma-
tion, thereby enforcing hydrogen bonding and subsequent
oxidative ring closure. The slow rate of Cys(Acm) oxidation in
nonpolar solvents required us to carry out the reaction in
aqueous media.[54] Under these conditions, however, iodine
oxidation of 5-Acm yielded exclusively monomeric cystine
peptide 5-SS (Figure 7).


Next we considered oxidative capture of the free sulfhydryl
derivative. Upon reduction of disulfide 5-SS, the resulting
dithiol 5-SH also exhibited no evidence of self-association. We
then decided to pursue a different strategy. By analogy to
mercaptan-catalyzed �unscrambling� of mispaired disulfides in
proteins such as bovine pancreatic ribonuclease A (RNase
A),[38] we reasoned that in the presence of a sulfhydryl
reagent, the half-cystine residues of 5-SS would rearrange by
thiol ± disulfide interchange to produce target dimer 7. We
predicted that release of conformational strain in 5-SS and the
potential for intersubunit hydrogen bonding together with the
entropic drive toward maximizing the number of particles in
solution would favor the desired product 7 at the expense of
both monomer 5-SS and alternative higher oligomers.


This strategy proved successful. In a typical experiment, we
treated 10 ± 29 mol % dithiol 5-SH with a solution of substrate
5-SS (5 ± 6 mm, CHCl3) followed by 1 % v/v Et3N, and
monitored the resulting reaction by RP-HPLC (C4 column).
Initially (0.5 ± 24 h), the appearance of numerous late running
species accompanied consumption of 5-SS (Figure 8). We
isolated these compounds and identified them as linear
dimeric, trimeric, tetrameric, and pentameric disulfide-bond-
ed oligomers (compounds 6) using matrix-assisted laser
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Figure 7. Iodine oxidation of di-Cys(Acm) peptide 5-Acm gave cystine-
containing monomer 5-SS rather than expected disulfide-bonded dimer 7.
(For clarity, most side chains are omitted.)


Figure 8. Time dependence of the analytical RP-HPLC profile for
disulfide isomerization of 5-SS catalyzed by 5-SH (l� 230 nm): a) 6 h;
b) 16 h; c) 48 h. Peaks arising from internal standard 9-fluorenone, starting
material 5-SS, isomeric dimer iso-7, and desired disulfide-bonded dimer 7
are indicated. Unlabeled peaks corresponding to linear dimeric, trimeric,
tertrameric, and pentameric products 6 appear at approximately 34, 49, 53,
and 56 minutes, respectively. As the reaction proceeds, target product 7
begins to predominate at the expense of 5-SS and intermediates 6 and iso-7.
(Data are normalized and baseline corrected.)


desorption ionization mass spectrometry (MALDI-MS, Ta-
ble 1); smaller peaks presumably arising from higher oligom-
ers were also observed. Upon further reaction, the intensities
of oligomeric products 6 decreased with a corresponding
increase in the amount of target product 7. The reaction


generally failed to achieve quantitative consumption of either
starting peptide 5-SS or oligomeric intermediates 6, likely due
to slow oxidation of the dithiol catalyst. However, covalent
dimer 7 was typically formed in 50 ± 90 % yield after 2 ± 5 days
reaction time, with larger amounts of catalyst 5-SH giving rise
to higher yields.


Control experiments provided further insight into the
isomerization process. In addition to 5-SH, we found that
sulfhydryl reagents such as 2-mercaptoethanol and thiophenol
also catalyzed the reaction. Experiments carried out in the
absence of added thiol yielded only starting material even
after extended reaction times (�5 days). Moreover, attempts
to regenerate cystine monomer 5-SS by oxidation of 5-SH
(1 mm in 5:4:1 v/v/v MeOH:H2O:DMSO; room temper-
ature)[55] proved unsuccessful, supporting the existence of
conformational strain in the former. On the basis of these
data, the following mechanistic picture emerges. In the
minimal catalytic cycle (Figure 9), the reaction begins with
intermolecular thiol ± disulfide interchange between catalyst
5-SH and cystine peptide 5-SS, generating linear oligomer 6.
Compound 6 can then undergo intramolecular disulfide
exchange to generate tricyclic product 7 as well as a new
linear oligomer 6 shortened by two cyclic peptide subunits.
Additional rounds of inter- and intramolecular exchange
occur until thermodynamic product 7 predominates at equi-
librium.


During the course of these experiments, we consistently
observed a product (iso-7) whose mass spectrum is identical
with that of 7 but which elutes significantly earlier during RP-
HPLC analysis (Table 1; Figure 8). On the basis of its
apparent hydrophilicity, we tentatively identified iso-7 as the
�inside-out� topological isomer of desired product 7, with
apolar N-methyl groups sandwiched at the dimeric interface
and N ± H moieties pointing outward toward the surrounding
medium (Figure 10). As the reaction proceeds, the intensity of
this species diminishes while that of 7 increases, suggesting
that iso-7 is a kinetic product which eventually rearranges to
give the more stable hydrogen-bonded dimer 7. Indeed,
control experiments carried out in 2.5:1 v/v dimethylaceta-
mide (DMA):CHCl3 yield approximately equimolar amounts
of 7 and iso-7. These data indicate that, while entropic factors
apparently favor dimeric products, solvent polarity controls
partitioning between hydrogen-bonded 7 and non-hydrogen
bonded iso-7.


UV/Vis and 1H NMR spectroscopy confirmed the antici-
pated covalent and topological features of peptide 7. Treat-
ment of a solution of 7 in chloroform with one equivalent of
sulfhydryl indicator 2,2'-dipyridyldisulfide[56, 57] yielded no
reaction as judged by UV/Vis, demonstrating the absence of


Table 1. Species identified by MALDI-MS in the disulfide isomerization of
5-SS.


Compound [M�X]� calcd [M�X]� found X


iso-7 1679 1678 H
di-6 1681 1679 H
7 1679 1678 H
tri-6 2520 2519 H
tetra-6 3359 3356 H
penta-6 4235 4236 K
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Figure 10. Hydrogen-bonded dimer 7 and putative non-hydrogen-bonded
dimer iso-7 can in principle interconvert by thiol ± disulfide interchange. In
nonpolar solvents 7 predominates, presumably due to stabilization by
intramolecular hydrogen bonding, while control experiments carried out in
polar solvent mixtures which compete for hydrogen-bonding sites yield
approximately equimolar mixtures of the two compounds. (For clarity, most
side chains are omitted.)


free thiols and affirming the expected disulfide-bonded
structure. In variable temperature 1H NMR experiments, 7
shows two sets of signals at room temperature which converge
near 323 K (Figure 11), possibly due to interconverting
cystine side chain conformers. Downfield-shifted N ± H reso-
nances between d� 8.21 and 9.05 reveal strong intramolecular
hydrogen bonding (Figures 11 and 12) and support the
proposed role of noncovalent interactions in controlling
product distribution (Figure 10). Finally, downfield shifts in
CaH signals with respect to both 5-SS and 5-SH (Figure 12)


Figure 11. Variable temperature 1H NMR spectra of disulfide-bonded
dimer 7 at a) 293 K, b) 308 K, and c) 323 K (500 MHz, CDCl3). Spectrum a
shows two sets of signals which begin to converge as the temperature is
raised, suggesting the presence of interconverting cystine side chain
conformers.


together with observation of strong cross-strand da-a and
intense sequential da-N (i, i� 1) ROEs established the
expected antiparallel b-sheet structure of 7 (Figure 13).[23]


Discussion


Olefin metathesis : The covalent capture strategy outlined in
Figure 1 proved successful for olefin metathesis of Hag-
bearing peptide 1, furnishing 38-membered ring-containing
tricyclic products 3 in 65 % yield. Several lines of evidence
establish the importance of noncovalent assembly. 1H NMR
experiments demonstrated that starting peptide 1 dimerizes in
deuteriochloroform through intersubunit hydrogen bonding
with an overall association constant of 103� 7mÿ1, while polar
solvents such as dimethylformamide (DMF) completely


Figure 9. Minimal mechanism for rearrangement of cystine monomer 5-SS catalyzed by 5-SH. Cystine monomer 5-SS first experiences intermolecular
thiol ± disulfide interchange to give linear oligomer 6. When n� 1, 6 can then undergo intramolecular exchange to form one equivalent of tricyclic dimer 7 and
a new linear oligomer shortened by two cyclic peptide subunits. At this point oligomer 6 can either add to additional equivalents of monomer 5-SS or undergo
further intramolecular exchange to produce 7, ultimately regenerating catalyst 5-SH. (For clarity, most side chains are omitted.)
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Figure 12. 1H NMR spectra of a) reduced peptide 5-SH and b) cystine
monomer 5-SS in comparison with that of c) disulfide-bonded dimer 7
(500 MHz, 323 K, CDCl3). Spectrum c shows large downfield shifts in N ± H
and CaH resonances with respect to spectra a and b, demonstrating strong
intramolecular hydrogen bonding and b-sheet structure, respectively, in 7.[23]


Figure 13. ROESY spectrum of disulfide-bonded dimer 7, showing
a) strong cross-strand Ala4 to Ala2 da-a and b) intense da-N (i, i� 1) ROEs
characteristic of antiparallel b-sheet structure.[23] In spectrum b, intra-
residue da-N ROE crosspeaks are expected to be weaker than the
corresponding sequential signals shown here and were not observed in
this experiment.


abolish self-assembly. Thus we predicted that nonpolar
solvents would favor covalent capture by promoting hydrogen
bonding and thereby increasing olefin effective molarity.
Indeed, the reaction proceeded smoothly in deuteriochloro-
form, while control experiments carried out in polar media
(EtOH or 1:1 v/v DMF:CHCl3) yielded no metathesis
products. Furthermore, although polar solvents are known
to reduce the activity of RuII complex II, Grubbs et al. have
successfully utilized this catalyst to effect cross metathesis of
cis-2-pentene in both [D8]THF and 0.29:1 v/v MeOD:CD2Cl2


([substrate]� 0.606m and 0.519m, respectively).[31] These data
indicate that, in the absence of noncovalent dimer formation,
metathesis of 1 does not occur at an appreciable rate under
the dilute conditions employed (�5 mm). Consistent with this
explanation, high dilution (� � 20 mm) is known to suppress
acyclic olefin cross metathesis in other substrates.[32] There-
fore the appearance of metathesis products in the present
system supports the importance of noncovalent assembly.


During the course of the reaction we noticed transient
buildup of mono-metathesized intermediates 2, indicating
that the second step (ring closure) occurs at a rate comparable
to the first (cross metathesis). These observations suggest that
both metathesis events take place in an intramolecular


fashion, in agreement with the proposed covalent capture
mechanism (Figure 5). Furthermore, no ring-closing meta-
thesis of 1 was detected, presumably due to rigidity of the
peptide ring.


Target products 3 were characterized by analytical RP-
HPLC, ESI-MS, and 1H NMR spectroscopy. As expected, 3
exists as a mixture of three olefin isomers (E,E ; E,Z ; and
Z,Z). Downfield shifted N ± H signals between d� 8.07 and
9.01 strongly support the expected hydrogen-bonded struc-
ture (Figure 3 b). Following hydrogenation of olefin function-
alities, N ± H and CaH resonances of reduced product 4
experience upfield shifts with respect to both metathesis
products 3 and noncovalent dimers 1-d and 1-d* (Figure 3).
These shifts demonstrate weaker hydrogen bonding and a
lesser degree of b-sheet structure in 4, likely reflecting
unfavorable steric constraints imposed by saturated Hag
linker groups. Nevertheless, observation of cross-strand da-a


and db-b ROEs together with solution FT-IR data identify the
overall topology of 4 as that of an antiparallel b-sheet.[23]


Our preliminary account of this work represents the first
example of acyclic olefin cross metathesis promoted by
noncovalent assembly.[24] Previously, Grubbs et al. had
employed intramolecular hydrogen bonding to organize
olefin-bearing peptides for RCM.[33, 58] Subsequent studies
have exploited a more reactive third-generation RuII catalyst
to effect template-directed cyclization,[32] catenation,[59] and
knot-formation.[60] Finally, a recent report from Grubbs et al.
described RCM of preorganized a-helical peptides bearing
olefinic residues at i and i� 4 positions.[61] The present study
therefore compliments ongoing efforts to define the scope and
limitations of olefin metathesis in self-assembling and self-
organizing systems.


Disulfide bond formation : We also employed intersubunit
hydrogen bonding to effect selective conversion of di-
Cys(Acm)-containing peptide 5-Acm to disulfide-bonded
dimer 7 (Figures 7 and 9). Since both 5-Acm and deprotected
derivative 5-SH failed to self-associate in deuteriochloroform,
we were unable to apply the general strategy outlined in
Figure 1. This lack of self-association was unexpected and may
arise from intramolecular hydrogen bonding. Consistent with
this interpretation, we recently found that related peptides
with general sequence cyclo[(-l-Phe-d-MeN-Ala)3-l-Xaa-d-
MeN-Ala-] dimerize only weakly (Ka<� 5mÿ1 in CDCl3), if at
all, when Xaa is a polar residue such as Ser or Orn.[62] We
therefore obtained 7 indirectly from 5-Acm through a two-
step procedure involving intramolecular oxidation (Figure 7)
followed by hydrogen-bond-directed thiol-catalyzed isomer-
ization (Figure 9).


Several observations provided mechanistic insight into the
disulfide isomerization process. The reaction proceeded
smoothly in the presence of catalytic amounts of sulfhydryl
compounds including 5-SH, thiophenol, and 2-mercaptoetha-
nol (5 ± 6 mm in 5-SS, 1 % v/v Et3N, CHCl3), while the omission
of thiol furnished only starting material. Upon increasing the
amount of catalyst 5-SH from 10 to 29 mol %, we found that
the yield of 7 rose from 50 to 90 % with a corresponding
increase in consumption of both 5-SS and oligomeric inter-
mediates 6. This observation suggests that, as expected, the
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thiol ± disulfide interchange reaction is inhibited by slow
oxidation of both 5-SH and 6. Furthermore, unlike the
metathesis system discussed above, the covalent capture
process leading to disulfide-bonded dimer 7 necessarily
involves oligomeric intermediates. These oligomers must be
at least three cyclic peptide subunits in length: two undergo
thiol ± disulfide interchange, while the third acts as a leaving
group (Figure 9). Higher oligomers likely result from com-
petition between intra- and intermolecular exchange under
initial conditions when the concentration of 5-SS is highest.
Thus observation of oligomeric intermediates in the disulfide
isomerization of 5-SS strongly supports our proposed mech-
anism.


Conformational strain appears to activate the disulfide
bond in 5-SS for initial nucleophilic attack by 5-SH. In support
of this hypothesis, monomeric cystine peptide 5-SS is readily
converted to alternative disulfide-bonded species in the
presence of catalytic amounts of thiol (Figure 8). Further-
more, dithiols typically exhibit high oxidation potentials
arising from proximity effects.[63] For example, we have found
that the related peptide cyclo[(-d-Phe-l-N-(n-propanethiol)-
Ala-d-Phe-l-Ala)2-] undergoes facile and quantitative air
oxidation to give the corresponding intramolecular disul-
fide.[64] In contrast, attempts to regenerate 5-SS by DMSO
oxidation of 5-SH (1 mm in 5:4:1 v/v/v MeOH:H2O:DMSO;
room temperature)[55] were unsuccessful, providing additional
evidence of conformational strain.


The data indicate that hydrogen bonding plays an impor-
tant role in controlling product distribution. For example, the
hydrogen bonding observed in 1H NMR spectra of 7 likely
contributes to the stability of this compound and should
therefore favor its formation (Figure 12). Furthermore, con-
trol experiments carried out in a polar solvent mixture which
disfavors hydrogen bonding (2.5:1 v/v DMA:CHCl3) yielded
predominantly an equimolar mixture of dimeric products 7
and iso-7. On the basis of ESI-MS and analytical RP-HPLC
data, we identified iso-7 as the �inside-out� topological isomer
of target product 7 (Table 1; Figures 8 and 10). Under the
usual reaction conditions (CHCl3), iso-7 is apparently formed
as an intermediate but then reverts to the more stable
hydrogen-bonded structure 7. These observations strongly
suggest that entropic factors favor dimeric products regardless
of solvent polarity, while in nonpolar media 7 predominates
due to intramolecular hydrogen bonding.


The unreactivity of 7 toward 2,2'-dithiodipyridine[56, 57]


demonstrated the absence of free sulfhydryl groups and
established the expected disulfide-bonded structure. Addi-
tionally, ROESY experiments allowed complete assignment
of 1H NMR resonances and affirmed the expected antiparallel
b-sheet structure. In contrast to 7, most other disulfide-
tethered b-sheet model systems contain cystine residues at
non-hydrogen-bonding positions.[42-49] However, numerous
examples of cyclic tetrapeptide b-turn mimetics incorporating
cysteine disulfides at hydrogen-bonding i and i� 4 positions
provide ample precedent for the arrangement of residues in
7.[50, 51] Indeed, downfield shifts in N ± H and CaH resonances
with respect to both 5-SS and 5-SH (Figure 12) as well as
strong cross-strand da-a and intense sequential da-N (i, i� 1)
ROEs (Figure 13) distinctly resemble 1H NMR features of


noncovalent cylindrical b-sheet peptide assemblies.[23] Fur-
thermore, N ± H and CaH signals of 7 exhibit larger downfield
shifts than corresponding resonances in reduced metathesis
product 4, indicating that cystine residues are better suited for
tethering adjacent cyclic peptide subunits.


Observation of two sets of signals in 1H NMR spectra of 7
strongly suggests the presence of interconverting cystine side
chain conformers. Like other alkyldisulfides, cystine residues
typically exhibit equilibrium css values restricted to the ranges
90� 208 (p) and ÿ90� 208 (n)[41] as well as twofold rotational
barriers at 08 (cis) and 1808 (trans).[65, 66] To a first approx-
imation, these features can be visualized as arising from lone
pair repulsion between adjacent sulfur atoms.[65, 66] In the
absence of impediments such as cyclization or steric inter-
actions, interconversion between p and n forms is expected to
occur through the trans pathway due to the higher activation
barrier for cis rotation (�11 kcal molÿ1 for cis vs. �5 ±
6 kcal molÿ1 for trans).[67] As with other cyclic systems,
however, conformational constraints in 7 could force css


rotation through the less stable cis rotamer.[67] Transient
breakage of up to eight intramolecular hydrogen bonds may
further increase this activation barrier, giving rise to slow
exchange observed in 1H NMR spectra of 7 (Figure 11).


The present study adds to a growing number of investiga-
tions into the use of disulfides to stabilize self-assembling and
self-organizing systems. Well known examples include the
aforementioned oxidative refolding of natural cysteine-rich
proteins[37, 38] and protein fragments.[39] In addition, chemists
have employed disulfides to covalently capture preorganized
single a-helical[68] and coiled-coil peptides,[69, 70] as well as
nucleic acid[71, 72] and lipid assemblies.[73] The chemoselectivity
and ready reversibility of disulfide formation render this
transformation especially well suited to stabilization of
delicate constructs.


Conclusion


We have successfully employed hydrogen bonding to organize
cyclic peptide subunits for intermolecular covalent bond
formation, resulting in kinetically stable cylindrical b-sheet
assemblies. In the two systems explored, we found that
hydrogen bonding plays different yet equally important roles.
For olefin metathesis of peptide 1, hydrogen bonding appa-
rently drives covalent bond formation by increasing olefin
effective molarity, as evidenced by the lack of reaction in
polar media which disfavor the assembly process. In contrast,
release of conformational strain provides the driving force for
thiol ± disulfide interchange of 5-SS, furnishing entropically
favored dimeric products in both polar and nonpolar solvents.
In this case, however, hydrogen bonding in nonpolar media
appears to control product distribution by stabilizing dimer 7
and favoring its production at the expense of non-hydrogen-
bonded iso-7.


Both olefin metathesis of 1 and oxidation of 5-Acm lead to
products displaying the expected antiparallel b-sheet hydro-
gen-bonding network, indicating that the tethers employed
are suitable for bridging adjacent cyclic peptide subunits.
However, hydrogenation of olefin groups in metathesis
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products 3 causes weaker hydrogen bonding and a lesser
degree of b-structure in reduced product 4, suggesting
unfavorable conformational restraints imposed by the satu-
rated linker groups. These observations will aid in design of
novel functional materials based on covalently polymerized
cyclic peptide nanotubes.


Experimental Section


Chemicals : Acetonitrile, isopropyl alcohol (optima, Fisher), and trifluoro-
acetic acid (Halocarbon, NJ) for analytical RP-HPLC were used without
further purification. Chloroform (optima, Fisher) was dried and deoxy-
genated prior to use by distillation from CaCl2 under argon. Dimethyla-
cetamide was purified by vacuum distillation from ninhydrin, dried over 8 ±
12 mesh 4 � molecular sieves, and deoxygenated by sparging with argon
before use. Dimethylformamide (DMF, sequencing grade, Fisher) and
ethanol for metathesis experiments were deoxygenated by sparging with
argon before use. Thiophenol, 2-mercaptoethanol, 9-fluorenone, 2,2'-
dipyridyldisulfide, hexafluoroisopropanol (HFIP), heptafluorobutyric acid
(HFBA), and hexafluoroacetone hydrate (HFA ´ xH2O), and anhydrous
dioxane were used as obtained from Aldrich. Dithiothreitol (DTT) was
purchased from Fisher and used without further purification. Triethylamine
was obtained from Fisher and distilled first from ninhydrin and then from
CaH2 under Ar and stored over KOH pellets. CDCl3 (99.8 %, Isotech) for
1H NMR spectroscopy and metathesis experiments was distilled from
CaCl2 under Ar prior to use.


Peptide synthesis and cyclization : Except as noted, peptide synthesis and
cyclization was carried out as previously described.[23] Details concerning
the synthesis and characterization of cyclo[(-l-Phe-d-MeN-Ala-l-Hag-d-
MeN-Ala)2-] (1) are reported elsewhere.[23]


cyclo[(-ll-Phe1-dd--MeN-Ala2-ll-Cys(Acm)3-dd-MeN-Ala4)2-] (5-Acm): Linear
octapeptide [(-l-Phe-d-MeN-Ala-l-Cys(Acm)-d-MeN-Ala)2 (5-x) was syn-
thesized on N-Boc-d-MeN-Ala-(OCH2)-Pam resin (1.31mmol scale). After
introduction of the first Cys(Acm) residue, the peptidyl resin was
scrupulously washed with CH2Cl2 before and after each TFA treatment
in order to minimize side reactions arising from exothermic reaction of
TFA with DMF. After HF cleavage and purification by RP-HPLC, desired
product 5-x was obtained as its TFA salt in 75 % yield (1.095 g, 982 mmol;
ESI-MS: [M�H]� calcd 1001.5; found 1001). Cyclization of 5-x (500 mg,
449 mmol) followed by RP-HPLC purification afforded 5-Acm in 67%
yield (255 mg, 303 mmol). 1H NMR (500 MHz, 323 K, CDCl3): ll-Phe1: d�
7.00 (br, N ± H), 4.96 (m, CaH), 2.91, 2.94, (m, CbH2), 7.12 ± 7.34 (m, Cd,e,xH);
dd-MeN-Ala2 : d� 2.77 (s, N ± CH3), 5.45 (br, CaH), 1.22 (br s, CbH3); L-
Cys(Acm)3 : d� 7.41 (br, N ± H), 4.86 (m, CaH), 2.83, 3.10 (m, CbH2), 4.38
(m, Acm CH2), 6.99 (br, Acm N ± H), 2.04 (s, Acm CH3); dd-MeN-Ala4 : d�
2.77 (s, N ± CH3), 5.16 (br, CaH), 1.26 (br s, CbH3); ESI-MS: [M�H]� calcd
983.4; found 983.


S,S''-dithio-(cyclo[(-ll-Phe1-dd-MeN-Ala2-ll-Cys3-dd-MeN-Ala4)2-]) (5-SS): To a
50 mL round-bottom flask equipped with magnetic stir bar was added one
equivalent of di-Cys(Acm)-containing cyclic octapeptide 5-Acm (100 mg,
102 mmol) followed by 60:40 v/v acetic acid:water containing one equiv-
alent of I2 (20.0 mL, 5.10 mm, 102 mmol).[54] The resulting reaction mixture
was stirred at 50 8C for 12 h, at which time excess I2 was reduced by addition
of 10% aqueous Na2S2O3 (40 mL). The solution was subjected directly to
RP-HPLC to give the desired cystine-containing heterodectic bicyclic
octapeptide 5-SS in 47% yield (40 mg, 48 mmol). 1H NMR (500 MHz,
323 K, CDCl3): ll-Phe1 : d� 6.70 (br s, N ± H), 5.13 (m, CaH), 2.93, 3.13 (m,
CbH2), 7.14 ± 7.28 (m, Cd,e,xH); dd-MeN-Ala2 : d� 2.45 (s, N ± CH3), 5.31 (q, J�
6.8 Hz, CaH), 1.09 (d, J� 6.8 Hz, CbH3); ll-(dithio)-Cys3 : d� 6.99 (br, N ±
H), 4.83 (m, CaH), 2.98, 3.32 (m, CbH2); dd-MeN-Ala4 : d� 3.12 (s, N ± CH3),
3.80 (br, CaH), 1.40 (d, J� 6.8 Hz, CbH3); ESI-MS: [M�H]� calcd 839.4;
found 839.


cyclo[(-ll-Phe1-dd-MeN-Ala2-ll-Cys3-dd-MeN-Ala4)2-] (5-SH): A 25 mL round-
bottom flask equipped with magnetic stir bar was charged with one
equivalent of cystine-containing bicyclic octapeptide 5-SS (20 mg,
24 mmol), 50 equivalents of DTT (184 mg, 1.2 mmol), and CHCl3


(10 mL). Five equivalents of Et3N were then added (21 mL, 120 mmol),


and the resulting mixture was stirred 12 h at room temperature under N2.
The reaction was terminated by washing with saturated NH4Cl (1� 5 mL)
and brine (1� 5 mL), followed by drying with Na2SO4. After removal of
the solvent under reduced pressure, the crude product was transferred neat
to a 1.5 mL microcentrifuge tube, to which was added H2O (1 mL). The
tube was then vortexed briefly and centrifuged to effect solid/liquid
separation. After decanting the supernatant, the solid was washed twice
more in this fashion, then purified by RP-HPLC to give reduced product 5-
SH in 96% yield (19.5 mg, 23 mmol). 1H NMR (400 MHz, 293 K, CDCl3):
ll-Phe1: d� 7.04 (br, N ± H), 4.90 (m, CaH), 2.92, 2.94 (m, CbH2), 7.17 ± 7.28
(m, Cd,e,xH); dd-MeN-Ala2 : d� 2.73 (br s, N ± CH3), 5.42 (br, CaH), 1.18 (br s,
CbH3); ll-Cys3 : d� 7.55 (br, N ± H), 4.53 (m, CaH), 2.71, 3.03 (m, CbH2), 1.66
(br, SH); dd-MeN-Ala4 : d� 2.72 (br s, N ± CH3), 5.15 (br, CaH), 1.24 (br s,
CbH3); ESI-MS: [M�H]� calcd 841.4; found 841.


Metathesis experiments with olefin-bearing peptide 1: Experiments were
typically carried out according to the following representative procedure.
Under argon, HPLC-purified olefinic peptide 1 (�8 mg, �9 mmol) was
dissolved in dry, deoxygenated CDCl3 (�0.6 mL) and allowed to sit for
30 min over freshly activated 8 ± 12 mesh 4 � molecular sieves (�100 mg).
An aliquot (150 mL) was then withdrawn and diluted with CDCl3 (300 mL)
and a 1.0% stock solution of anhydrous dioxane in CDCl3 (50 mL). The
1H NMR spectrum of this sample was acquired, and from the integral ratio
of dioxane to total CaH and olefinic protons, the stock solution was
determined to be 8.36 mm in 1. The remaining stock solution was recovered
(480 mL, 4.0 mmol) and diluted with CDCl3 (800 mL total volume, 5.0 mm in
1). 26 mol % RuII metathesis catalyst II was then added (0.95 mg,
1.03 mmol), and the resulting reaction mixture was monitored by analytical
RP-HPLC (C18 column/iPrOH/H2O). After two days, an aliquot was
removed and analyzed. A stock solution of 1 (2.5 mm) was then coinjected
with the crude reaction mixture to provide an internal standard. By
coinjecting standard solutions of 3 and 1, we had previously found the ratio
of e230 to be 2.0. After subtracting the intensity of residual starting material,
we determined that products 3 had been formed in 65 % yield. Linear
dimers 2 were purified by RP-HPLC and identified by mass spectral
methods (ESI-MS: [M�H]� calcd 1687; found 1687). Target products 3
were isolated and characterized by 1H NMR spectroscopy (Figure 3b) and
mass spectrometry (ESI-MS: [M�H]� calcd 1659; found 1658). Hydro-
genation of 3 in the presence of 1 wt equivalent 10 % Pd-C (1 atm H2)
afforded reduced product 4 in essentially quantitative yield. 1H NMR
(500 MHz, 283 K, CDCl3): ll-Phe1: d� 7.56 (br, N ± H), 5.12 (m, CaH),
2.92 ± 3.04 (m, CbH2), 7.16 ± 7.29 (m, Cd,g,eH); dd-MeN-Ala2 : d� 2.48 (s, N ±
CH3), 5.16 (q, J� 7.0 Hz, CaH), 1.09 (d, J� 7.0 Hz, CbH3); ll-Hag3 : d� 7.83
(d, J� 7.6 Hz, N ± H), 4.76 (m, CaH), 1.54 (m, CbH2), 1.18 ± 1.26 (m, Cg,dH2);
dd-MeN-Ala4 : d� 3.06 (s, N ± CH3), 4.59 (br, CaH), 1.40 (d, J� 7.3 Hz, CbH3);
ESI-MS: [M�H]� calcd 1663; found 1662.


Disulfide isomerization of cystine monomer 5-SS: The reaction was
typically carried out according to the following representative procedure.
Lyopholized peptide 5-SS (�2.5 mg) was placed in a 1 mL Schlenk tube
and purged with argon. A stock solution of 9-fluorenone (30.5 mm, 100 mL)
was added as an internal standard, followed by Et3N (5 mL, 1% v/v). The
reaction was initiated by addition of a stock solution of dithiol compound 5-
SH (100 mL, �10 mol % relative to 5-SS), then quickly increasing the total
volume to 500 mL. An aliquot was then withdrawn (10 mL) and diluted with
of 9:1 v/v HFIP/HFBA (60 mL) followed by HFA ´ 3H2O (250 mL). By
analytical RP-HPLC we determined that [5-SS]� 4.7m. The reaction was
left sealed for 12 days under argon, after which time analytical RP-HPLC
revealed a 50 % yield of disulfide-bonded dimer 7. 1H NMR (500 MHz,
313 K, CDCl3): ll-Phe1: d� 8.68 (br, N ± H), 5.33 (m, CaH), 2.70 ± 3.30 (m,
CbH2), 7.16 ± 7.28 (m, Cd,g,eH); dd-MeN-Ala2 : d� 2.80 (s, N-CH3), 5.73 (br,
CaH), 1.01 (br s, CbH3); ll-(dithio)-Cys3 : d� 8.39 (br, N ± H),5.21 (m, CaH),
2.70 ± 3.30 (m, CbH2); dd-MeN-Ala4 : d� 3.29 (s, N-CH3), 5.87 (m, CaH), 1.21
(br s, CbH3); ESI-MS ([M�H]� calcd 1679, found 1678).
1H NMR characterization of compounds : 1H NMR spectra (CDCl3) of
compounds 4, 5-Acm, 5-SS, 5-SH, and 7 were assigned from the
corresponding ROESY[52] and/or double quantum-filtered 2D COSY
(2QF-COSY)[53] spectra. Characterization of peptide 1 has been previously
described.[23] Mixing times (�300 ms) were not optimized for ROESY
experiments. Due to conformational averaging at the temperature indi-
cated, 1H NMR spectra of peptides 5-Acm, 5-SS, and 5-SH were C2


symmetrical, while those of 4 and 7 displayed D2 symmetry. Spectra were
typically acquired using Bruker�s standard pulse sequence on an AMX-400







Covalent Capture 782 ± 792


Chem. Eur. J. 1999, 5, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0502-0791 $ 17.50+.50/0 791


or 500 MHz spectrometer as indicated for each compound and referenced
to residual CHCl3 solvent peaks (d� 7.24). Data were processed using the
FELIX software package (Molecular Simulations, Inc.).


Determination of thiol groups in 7. Compound 7 (0.34 mg, 0.2 mmol) was
dissolved in CHCl3 containing one equivalent of 2,2'-dithiodipyridine
(2 mL, 0.1mm, 0.2 mmol), and the absorbance was monitored at 343 nm to
detect formation of 2-thiopyridone.[56, 57] No reaction occurred after 63 h,
while upon addition of 2-mercaptoethanol (2 mL), 2-thiopyridone was
observed within 0.5 h.


Attempted regeneration of cystine monomer 5-SS by DMSO oxidation of
5-SH: Dithiol 5-SH (5 mg, 5.9 mmol) was dissolved in 5:4:1 v/v/v
H2O:MeOH:DMSO (5 mL) and left overnight at room temperature.[55]


No formation of 5-SS was detected by either RP-HPLC (C4 column;
CH3CN/H2O/0.1 % TFA) or ESI-MS.
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The Molecular and Electronic Structure of Symmetrically and Asymmetrically
Coordinated, Non-Heme Iron Complexes Containing [FeIII(m-N)FeIV]4�


(S� 3�2) and [FeIV(m-N)FeIV]5� (S� 0) Cores


Thomas Jüstel,[a] Michael Müller,[a] Thomas Weyhermüller,[a] Claudia Kressl,[a] Eckhard
Bill,[a] Peter Hildebrandt,[a] Marek Lengen,[b] Michael Grodzicki,[b] Alfred X. Trautwein,*[b]


Bernhard Nuber,[c] and Karl Wieghardt*[a]


Dedicated to Professor Bernt Krebs on the occasion of his 60th birthday


Abstract: Photolysis of [LFeIII(na-
diol)(N3)] (2) in dry CH3CN at 20 oC
produces red-brown crystals of the di-
nuclear symmetrically coordinated com-
plex [{L(nadiol)Fe}2(m-N)] (6) in 40 %
yield (L� 1,4,7-trimethyl-1,4,7-triazacy-
clononane and nadiol2ÿ� naphthaline-
2,3-diolate). One-electron oxidation of 6
in dry CH2Cl2 with one equivalent of
ferrocenium hexafluorophosphate gen-
erates blue crystals of [{L(nadiol)-
FeIV}2(m-N)]PF6 (7). Photolysis of
an equimolar CH3CN solution of
[L(Ph2acac)FeIII(N3)]ClO4 (3) (Ph2acacÿ


is the monoanion 1,3-diphenylpropane-
1,3-dionate) and [L(Cl4-cat)FeIII(N3)]
(Cl4-cat2ÿ� tetrachlorocatecholate dia-
nion) produces the asymmetrically
coordinated species [L(Ph2acac)-
FeIII�N�FeIV(Cl4-cat)L]ClO4 (8) in
50 % yield. The (m-oxo)diferric com-
plexes [{L(acac)FeIII}2(m-O)](ClO4)2


(4) (acacÿ� pentane-2,4-dionate) and


[{L(nadiol)FeIII}2(m-O)] (5) have also
been prepared for comparison with
complexes 6 ± 8. Complexes 4 ± 8 have
been characterized by single-crystal
X-ray crystallography. Complexes 6
and 8 contain mixed-valent [FeIV-
(m-N)FeIII]4� cores, whereas 7 contains
the linear, symmetric [FeIV(m-N)FeIV]5�


core with an FeIVÿNb bond length of
1.694(1) �. The FeIIIÿNb bond length of
1.785(7) � in 8 is longer than the
FeIVÿNb bond length of 1.695(7) � at
100 K (D� 0.09 �). The electronic
structure of these complexes has been
characterized by Mössbauer, electron
paramagnetic resonance (EPR), reso-
nance Raman (RR) and UV/Vis spec-


troscopy, electrochemistry and magnetic
susceptibility measurements, and by mo-
lecular orbital calculations by local den-
sity approximation. These studies reveal
that 4 and 5 contain two equivalent high-
spin FeIII ions which exhibit the usual
antiferromagnetic coupling of the
[FeIII(m-O)FeIII]4� core (J�ÿ90 and
ÿ95 cmÿ1) to a diamagnetic ground
state. Similarly, 7 is diamagnetic even
at room temperature and contains two
equivalent FeIV ions, which are strongly
antiferromagnetically coupled to also
yield an S� 0 ground state. On the other
hand, complexes 6 and 8 display an S�
3�2 ground state and two nonequivalent,
strongly antiferromagnetically coupled
iron sites with partially delocalized va-
lencies. Therefore, a description of the
[Fe(m-N)Fe]4� core as containing a high-
spin ferric ion (S� 5�2) and a low-spin
ferryl ion (S� 1) has formal character
only.


Keywords: EPR spectroscopy ´ iron
´ magnetic properties ´ Moessbauer
spectroscopy ´ molecular orbital cal-
culations


Introduction


The dinuclear, iron-containing active sites of the non-heme
metalloprotein hemerythrin,[1, 2] the R2 subunit of ribonucleo-


tide reductase,[3] methane monooxygenase[4] and other metal-
loproteins of this kind have been shown to interact in their
fully reduced diferrous, catalytically active forms with dioxy-
gen.[5] Reactive intermediates such as hydrogen peroxodifer-
ric, m-peroxodiferric and high-valent forms containing [FeIII-
O-FeIV]5� and [FeIV(m-O)2FeIV]4� cores are subsequently
generated.[6] Some of these have been spectroscopically
characterized by elaborate techniques such as rapid freeze-
quench Mössbauer spectroscopy. Concomitantly with these
biochemical or biophysical studies on the biomolecules, a
vivid model chemistry has been developed in recent years by
Que et al.[7, 8] where the focus is the synthesis of stable
dinuclear non-heme complexes containing high-valent FeIV


ions. In general, these species are quite difficult to prepare
due to the inherent reactivity toward CÿH bonds of these
high-valent diiron complexes containing non-heme m-oxo-
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bridged moieties.[9] Model compounds of the above type are
very important because they allow the calibration of the
spectroscopic tools (e.g. EPR, Mössbauer and EXAFS
spectroscopy) on structurally characterized species.


Our approach has been to mellow the enormous reactivity
of high-valent m-oxo-bridged species by replacement of the m-
oxo group by the strongly p-donating m-nitrido group.[10]


Dinuclear (m-nitrido)diiron complexes with porphinato (2ÿ
)[11±14] or phthalocyaninato(2ÿ )[15, 16] ligands are well known.
They contain the linear mixed-valent [Fe3.5(m-N)Fe3.5]4� core.
This moiety possesses an EPR-active S� 1�2 ground state[14]


and the Mössbauer spectra, even at 4.2 K, exhibit only a single
quadrupole doublet with isomer shifts ranging from d� 0.08
to 0.18 mm sÿ1. Accordingly, both iron ions are equivalent and
(in spite of the antiferromagnetic coupling between formal
low-spin FeIII(d5) and low-spin FeIV(d4) sites) the excess
electron is fully delocalized due to strong covalent interac-
tions between Fe and N[14d] so that these complexes belong to
class III according to the Robin and Day scheme.[17] Chemi-
cally and electrochemically, these complexes can be one-
electron oxidized to yield species which contain the diamag-
netic [FeIV(m-N)FeIV]5� unit; further oxidation to yield coor-
dinated porphyrinate(1ÿ ) or phthalocyaninate(1ÿ ) p radi-
cals has also been demonstrated.[18] Note that m-oxo-bridged
analogues with [FeIII(m-O)FeIII]4� and [FeIV(m-O)FeIV]6� cores
which contain porphyrin,[19] phthalocyanine,[20] porphycene,[21]


corrole[21] and other ligands[22] of this kind have also been
characterized.


In contrast, we have recently discovered that photolysis of
mononuclear, non-heme octahedral iron(III) complexes
[LFeIII(L')(N3)]n�, in which L' represents a bidentate catecho-
late dianion (n� 0) or acetonylacetonate anion (n� 1)
derivative in acetonitrile or dichloromethane produces dinu-
clear, mixed-valent (m-nitrido)diiron species [{L(L')Fe}2(m-
N)]0/1� that contain a [Fe(m-N)Fe]4� core with an S� 3�2 ground
state.[10] Mössbauer spectroscopy established that the valen-
cies are localized in [{L(Cl4-cat)Fe}2(m-N)].


The X-ray structure determination of this complex[10]


showed an interesting feature. Despite the fact that the above
neutral molecule possesses crystallographically imposed cen-
trosymmetry in the crystals with the bridging nitrogen located
on a crystallographic inversion center, this nitrogen atom
appeared to be statically disordered. The successful refine-
ment of the structure with a split atom model with two half-
occupied positions for this nitrogen atom on either side of the
center of symmetry indicated that the [Fe(m-N)Fe]4� core
(St� 3�2) is in fact asymmetric with a short FeÿNb bond at
1.50 � and a long one at 1.98 �. It was noted at the time that
the accuracy of the determination of these FeÿNb bond
lengths was very low indeed. For the isomorphous, genuinely
centrosymmetric complex [{L(Cl4-cat)FeIII}2(m-O)], no disor-
der of the bridging oxo group was detected. Furthermore, the
non-heme complex [{L(Cl4-cat)FeIV}2(m-N)]Br also possesses
a genuinely centrosymmetric monocation with a linear,
symmetric [FeIV(m-N)FeIV]5� core (S� 0) (for ligand abbrevi-
ations see Scheme 1).


We decided that the synthesis and full characterization of
an asymmetrically coordinated species with an [Fe(m-N)Fe]4�


core (S� 3�2) (i.e. possessing two different ligand sets at the


Scheme 1.


two iron ions) would be highly desirable in order to establish
the structural and electronic features of this motif. Here we
report the preparation, crystal structure and spectroscopic
properties of such a species, namely [L(Ph2acac)FeIII(m-
N)FeIV(Cl4-cat)L]ClO4. Its (m-oxo)diferric counterpart
[L(Ph2acac)FeIII(m-O)FeIII(Cl4-cat)L]ClO4 has recently been
described and structurally characterized.[23]


Results


Synthesis of complexes : In the past, we have repeatedly made
use of the inherent lability of the chloro ligands in [LFeIIICl3],
two of which are readily displaced by didentate ligands such as
acetylacetonates or catecholates. Thus we have prepared
[LFeIII(Ph2acac)Cl]ClO4


[23] and [LFeIII(Cl4-cat)Cl],[10] both of
which are octahedral high-spin iron(III) species. Similarly, the
reaction of [LFeCl3] with naphthaline-2,3-diol in dry meth-
anol in the presence of two equivalents of Na(OCH3) as
auxiliary base affords violet, microcrystalline [LFeIII(na-
diol)Cl] (1) (Scheme 1). In these complexes the remaining
chloro ligand is readily substituted by azide to yield the
starting materials for the present investigation, namely
[LFeIII(nadiol)(N3)] (2), [LFeIII(Ph2acac)(N3)]ClO4 (3) and
[LFeIII(Cl4-cat)(N3)].[10] These complexes are also mononu-
clear octahedral high-spin iron(III) complexes which display a
strong n(N3) stretching frequency at 2056 in 2, 2071 in 3, and
2069 cmÿ1 in [LFe(Cl4-cat)(N3)] in the infrared spectra. This
band splits into two at lower frequency upon isotopic labeling
with 14Nÿ14Nÿ15Nÿ (2 : 2052/2041 and [LFe(Cl4-cat)(N3)]:
2064/2053 cmÿ1) where the former corresponds to the n(N3)
of the Feÿ15Nÿ14Nÿ14N and the latter to the Feÿ14Nÿ14Nÿ15N
isotopomer. The difference of 11 cmÿ1 for the two isotopom-
ers is indicative of the fact that the two NÿN distances in
coordinated azides are not equivalent[24] (D(NÿN) �0.05 �)
as has been shown crystallographically for example in
[(tpp)Fe(N3)(py)] (tpp� tetraphenylporphinate; py� pyri-
dine).[25]
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Complexes which contain the [FeIII(m-O)FeIII]4� core can, in
general, be prepared by air oxidation of suitable mononuclear
iron(II) complexes or, alternatively, by alkaline hydrolysis of
chloroiron(III) species such as 1, [LFeIII(Cl4-cat)Cl], or
[LFe(Ph2acac)Cl]ClO4 in accordance with Eqation (1) and
(2), respectively.


2[LFeII(Ph2acac)Cl]�1�2 O2
CH3CN! [{LFeIII(Ph2acac)}2(m-O)]2��2Clÿ (1)


2[LFeIII(nadiol)Cl]�2OHÿ acetone! [{LFeIII(nadiol)}2(m-O)]�H2O�2Clÿ (2)


We have synthesized [{LFe(acac)}2(m-O)](ClO4)2 (4) as
yellow-brown crystals from the reaction of [Fe(acac)3] with L
in acetone containing a small amount of water with addition
of NaClO4. Hydrolysis of 1 in acetone with 0.10 M aqueous
NaOH yields [{LFeIII(nadiol)}2(m-O)] (5). The reaction
[Eq. (2)] has also been shown[23] to produce an asymmetrically
coordinated (m-oxo)diferric species when an equimolar mix-
ture of two different mononuclear chloro complexes, for
example [LFeIII(Ph2acac)Cl]ClO4 and [LFeIII(Cl4-cat)Cl], is
hydrolyzed. From this reaction, the symmetric complexes
[{LFeIII(Cl4-cat)}2(m-O)] (10) and [{LFeIII(Ph2acac)}2(m-
O)](ClO4)2 and the asymmetric species [L(Ph2acac)FeIII-O-
FeIII(Cl4-cat)L]ClO4 were isolated in�30% yield, respectively.


When deep red microcrystalline [LFe(Ph2acac)(N3)]BPh4


was heated to 190 oC in a dynamic vacuum for �15 minutes, a
color change to deep blue was observed. Differential thermal
analysis and thermogravimetric experiments of this process
revealed that 1.4� 0.2 equivalents of N2 per equivalent of
[LFeIII(Ph2acac)(N3)]BPh4 are produced at 174.8 oC in a single
exothermic step. In the infrared spectrum of the resulting
material, no n(N3) stretching frequency is observed. From the
Mössbauer spectrum and magnetic susceptibility measure-
ments (see below) it is evident that a high-spin iron(II) species
[LFeII(Ph2acac)](BPh4) is formed as shown in Equation (3).


[LFeIII(Ph2acac)(N3)]� DH! [LFeII(Ph2acac)]�� 1.5 N2 (3)


Presumably, [LFeII(Ph2acac)]� is five-coordinate. Mecha-
nistically, this implies that in the rate-determining step,
homolysis of the FeIIIÿN3 bond takes place with formation
of the iron(II) species and an N3


. radical which decomposes
rapidly to dinitrogen. In acetonitrile, this complex reacts
rapidly with O2 with quantitative formation of [L(Ph2acac)-
FeIII-O-FeIII(Ph2acac)L](BPh4)2 which has previously been
structurally characterized.[23]


Photolysis of a solution of [LFe(Cl4-cat)(N3)] in anhydrous,
argon-purged acetonitrile at 0 oC with a quartz Hg immersion
lamp (254 ± 400 nm) has been shown to produce the dinuclear,
symmetric m-nitrido complex [L(Cl4-cat)FeIII(m-N)FeIV(Cl4-
cat)L] (9) in 42 % yield (based on the starting material) and
the mononuclear species [LFeII(Cl4-cat)(NCCH3)] ´ 2 H2O in
40 % recovered yield.[10] In an analogous photolysis reaction
of 2, the symmetric complex [{L(nadiol)Fe}2(m-N)] (6) was
obtained in 41 % recovered yield. Depending on the residual
oxygen and moisture in the solvent employed, the (m-
nitrido)diiron complexes are, in general, contaminated by
the corresponding (m-oxo)diferric complexes, such as 10 and 5.


Bromine and ferrocenium hexafluorophosphate oxidation
of [{L(Cl4-cat)Fe}2(m-N)] and 6, respectively, in dry CH2Cl2


affords black-green crystals of [{L(Cl4-cat)FeIV}2(m-N)]Br[10]


and blue crystals of [{L(nadiol)FeIV}2(m-N)]PF6 (7). Both
complexes are diamagnetic even at room temperature
(1H NMR spectroscopy). Since the corresponding neutral
(m-oxo)diferric species do not react with these oxidants, they
remain in solution after precipitation of the above salts.
Subsequent reduction of [{L(Cl4-cat)FeIV}2(m-N)]Br and 7 in
acetonitrile with N2H4 ´ H2O yields the pure mixed-valent (m-
nitrido)diiron species. This procedure is therefore suitable for
the preparation of (m-oxo)diferric-free samples.


Photolysis of an equimolar solution of two different
azidoiron(III) complexes, namely [LFeIII(Cl4-cat)(N3)] and
3, in dry acetonitrile produced a deep brown solution from
which the asymmetric species [L(Ph2acac)Fe(m-N)Fe(Cl4-
cat)L]ClO4 (8) was obtained as brown-black crystals in
�50 % yield based on the total iron content. Interestingly,
we did not find any evidence for the formation of the
symmetric analogues [{L(Ph2acac)Fe}2(m-N)]2� or 9 in the
above reaction. This is an important observation since
photolysis under identical reaction conditions of [L(Cl4-
cat)FeIII(N3)] is known to produce 9 in 42 % yield (see above).
The mechanistic implications will be discussed later.


Electrochemistry: The electrochemistry of complexes has
been studied by cyclic voltammetry and controlled potential
coulometry on acetonitrile, dichloromethane or acetone
solutions which contained 0.10 M tetra-n-butylammonium
hexafluorophosphate as supporting electrolyte at a glassy
carbon working electrode. All potentials are referenced in
volts with reference to the ferrocenium/ferrocene (Fc�/Fc)
couple. The results are given in Table 1.


The cyclic voltammograms of the mononuclear complexes 1
and 2 display two irreversible processes at very cathodic
(reduction of FeIII!FeII) and at an anodic potential which
involves a ligand-centered oxidation (catecholate(2ÿ )!
sequinonate(1ÿ )). For 3, the reduction is reversible at a less
cathodic potential but the irreversible ligand-centered oxida-
tion occurs at a much more positive potential. For [L(Cl4-


Table 1. Redox potentials of complexes.[a]


Complex E [V] vs Fc�/Fc[b] Solvent[c]


1 � 0.34(irr) ÿ 1.15(irr) acetone
2 � 0.36(irr) ÿ 1.15(irr) CH3CN
3 � 1.11(irr) ÿ 0.50(r) CH3CN
4 ÿ 1.04(r) CH3CN
5 � 0.03(irr) ÿ 1.58(r) CH3CN
6, 7 ÿ 0.67(r) ÿ 1.41(r) CH3CN
8 � 0.75(r) ÿ 1.01(r) CH3CN


0.02(q. r.)
[L(Cl4-cat)FeCl] � 0.43(r) ÿ 1.07(r) CH2Cl2


[L(Cl4-cat)Fe(N3)] � 0.43(r) ÿ 1.07(r) CH2Cl2


9 � 0.55(r) ÿ 0.61(r) CH2Cl2


10 � 0.44(r) � 0.20(r) ÿ 1.69(r) CH2Cl2


[a] Conditions: glassy carbon working electrode, scan rate 100 mV sÿ1.
[b] For reversible (r) processes redox potentials E1/2� (Ep,a�Ep,c)/2 and
for irreversible (irr) processes peak potentials Ep,a or Ep,c are given.
[c] 0.10m [(nBu)4N]PF6 supporting electrolyte.
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cat)FeCl] and [L(Cl4-cat)Fe(N3)], both the metal reduction
and the ligand oxidation are reversible. From these results it is
clearly established that coordinated catecholates stabilize the
FeIII oxidation state by �500 mV compared to their b-
diketonate(1ÿ ) analogues. Conversely, coordinated catecho-
lates are more easily oxidized than b-diketonates by
�600 mV.[23]


The (m-oxo)diferric complexes 4, 5, and 10 each display a
reversible one-electron reduction at negative potentials gen-
erating mixed-valent complexes with a [FeII(m-O)FeIII]3� core.
Note that [{L(Ph2acac)Fe}2(m-O)]BPh4 with an [FeII(m-
O)FeIII]3� core has been isolated and characterized by X-ray
crystallography as a mixed-valent class II species with an S�
1�2 ground state.[26] The redox potential for the latter species
has been reported at ÿ0.97 V. The irreversible oxidation of 5
at 0.03 V is again a ligand-centered process which, in 10, is
reversible at E1/2��0.20 V. The latter also shows a second
reversible oxidation wave at 0.44 V which is presumably also a
ligand-centered oxidation of a coordinated catechola-
te!semiquinonate.[23]


The cyclic voltammograms of 6 and 7 are identical and
display two reversible one-electron transfer waves at E1/2


values of ÿ0.67 and ÿ1.41 V. From coulometry at ÿ0.50 V,
it is established that the first process corresponds to a one-
electron oxidation of 6 to generate 7 with a [FeIV(m-N)FeIV]5�


core. The second process is a one-electron reduction, showing
that the [FeIII(m-N)FeIII]3� core is at least electrochemically
accessible albeit at a very negative potential. Interestingly,
both processes are also observed in the cyclic voltammogram
of the asymmetrically coordinated species 8 but the [Fe-
(m-N)Fe]4� core is more difficult to oxidize to the [FeIV-
(m-N)FeIV]5� unit by 690 mV and more easily reduced to the
[FeIII(m-N)FeIII]3� core by 400 mV. Evidently, binding of one b-
diketonate ligand in 8 instead of two catecholates as in 6 and 9
reduces the accessibility of the highest metal-centered oxida-
tion level, [FeIV(m-N)FeIV]5�, and makes the reduced form
[FeIII(m-N)FeIII]3� more readily accessible. Note that all
complexes containing a tetrachlorocatecholate ligand display
reversible ligand-centered oxi-
dation to generate a coordinat-
ed tetrachlorosemiquinonate.
Thus [L(Ph2acac)FeIII(m-O)-
FeIII(Cl4-semiquinonate)L]-
(ClO4)(BF4) has been isolated
and characterized by Mössba-
uer spectroscopy.[23]


Crystal structures : The struc-
tures of 4 ´ toluene, 5 ´ 2 mesity-
lene, 6 ´ 2 toluene, 7 ´ toluene,
and 8 ´ toluene have been de-
termined by single-crystal
X-ray crystallography. Figure 1
shows the structure of the di-
cation in crystals of 4, Figure 2
those of the neutral molecules
in 5, 6, and the monocation in 7,
and Figure 3 that of the mono-
cation in 8. Important structur-


Figure 1. Perspective view of the dication in the crystal structure of 4 ´
toluene. Hydrogen atoms are omitted for clarity.


Figure 2. Perspective view of the neutral molecule in the crystal structure
of 6 ´ 2 toluene. Hydrogen atoms are omitted for clarity. The structure of the
(m-oxo)diferric analogue in 5 ´ 2 mesitylene is very similar and is not shown.
The structure of the monocation in 7 ´ 1 toluene is also very similar and not
shown.


Figure 3. Perspective view of the asymmetrically coordinated monocation in the crystal structure of 8 ´ 1 toluene
(295 K).
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al data of the first coordination spheres only are summarized
in Table 2.


The structures of the (m-oxo)diferric complexes in 4 and 5
consist of two octahedral iron(III) ions each coordinated to a
cyclic triamine L and a bidentate chelate acacÿ or nadiol2ÿ


ligand which are bridged by an oxo group. Both dinuclear
complexes possess crystallographically imposed symmetry (at
least Ci) where the bridging oxygen lies on a crystallographic
center of symmetry. Consequently, the Fe(m-O)Fe moiety is
linear in both cases. In contrast, in the analogous dication in
[(tacn)(acac)FeIII(m-O)FeIII(acac)(tacn)](ClO4)2, this unit is sig-
nificantly bent at 158.6(3)o (tacn� 1,4,7-triazacyclononane, the
unmethylated derivative of L).[27] As usual, the FeÿOoxo bonds
are short and display considerable double-bond character and
they exert a significant structural trans influence on the
FeÿNtrans bond in trans position relative to the FeÿOoxo bond.
Thus the difference between the FeÿNtrans and the average
FeÿNcis bond, D[(FeÿNtrans)ÿ (FeÿNcis)], is 0.146 � in 4 and 5.


Compounds 6 and 7 consist of dinuclear species that contain
the [Fe(m-N)Fe]4� and the [Fe(m-N)Fe]5� core, respectively.
Each iron center is coordinated to a cyclic triamine L and a
bidentate naphthaline-2,3-diolate(2ÿ ) ligand. In both struc-
tures, the bridging nitride lies on a crystallographic center of
symmetry. Careful examination of the distribution of the total
and residual electron density in the two Fe(m-N)Fe structural
units reveals that this unit is linear and symmetric in 7 only. In
contrast, for 6, it was possible to calculate (and refine) two
statically disordered positions at either side of the crystallo-
graphic center of symmetry for the bridging nitrogen with a
split-atom model. This implies that the [Fe(m-N)Fe]4� unit in 6
is in fact asymmetric, with a short FeÿN bond of 1.54(2) � and
a longer one at 1.95(2) �. The accuracy of these distances is
low. Due to this disorder phenomenon in 6, the FeÿN and
FeÿO bond lengths given in Table 2 represent only the
averaged values of the LFeIII(nadiol) and LFeIV(nadiol)
unit. In 7 this problem is not encountered; here the [Fe(m-
N)Fe]5� unit is symmetric and the FeÿNb distance at
1.694(1) � is short and displays considerable double-bond
character. Very similar behavior has been reported by us for
the complexes [{L(Cl4-cat)Fe}2(m-N)] and [{L(Cl4-cat)-
FeIV}2(m-N)]Br.[10]


It is noteworthy that the CÿO and CÿC bond lengths of the
bound nadiol2ÿ and Cl4-cat2ÿ ligands in 5 ± 8 are identical
within experimental error, which indicates catecholate rather


than semiquinonate binding. A comparison of the average
FeÿOnadiol and FeÿNcis distances in 5 ± 7 reveals a monotonic
decrease of these bond lengths with increasing oxidation state
of the central iron ion ranging from � III in 5, partially
delocalized between III and IV in 6, to � IV in 7. This effect is
largely due to the differing electronic configurations of the
iron ions: in the [LFeIII(nadiol)]� unit of 5 a high-spin
configuration (S� 5�2) with two half-filled e�g orbitals is
present, whereas in the [LFeIV(nadiol)]2� unit of 7 a low-spin
configuration (S� 1) with empty e�g orbitals prevails. The
nitrido bridge in 7 exerts a substantial structural trans
influence on the FeÿNtrans bond. Thus D[(FeÿNtrans)ÿ
(FeÿNcis)] is 0.147 �.


Crystals of 8 contain the asymmetrically coordinated
monocation [L(Ph2acac)FeIII(m-N)FeIV(Cl4-cat)L]� where
one L(Ph2acac)Fe fragment is bound by a nitrido bridge to
an LFe(Cl4-cat) unit. Naturally, the two halves are not related
to each other by a crystallographic symmetry element. As
already indicated above, the average FeÿNcis bond lengths of
the cyclic amine L can be used as a marker for the oxidation
state of the iron center to which it is bound.[23] The octahedral
[LFe(O,O'-chelate)X] fragment has been characterized for
complexes which contain FeII (d6 high-spin), FeIII (d5 high-
spin), and FeIV (d4 low-spin), where the average FeÿNcis


distance was found to be 2.25, 2.18, and 2.05 �, respectively.
It is then immediately evident that the LFeIII(Ph2acac)
fragment in 8 contains a trivalent iron center and LFeIV(Cl4-
cat) contains a tetravalent iron center because the average
FeÿNcis distance for the former is 2.21 � and 2.06 � for the
latter. The difference of 0.15 � for the same type of bond is
indicative of an oxidation state difference of one. This
interpretation is corroborated by the observation that the
two FeÿNb distances in the mixed-valent [Fe(m-N)Fe]4� core
of 8 are also significantly different: a short FeIVÿNb bond at
1.695(7) � and a longer FeIIIÿNb bond at 1.785(7) � are
observed (D� 0.090 �).


On the other hand, the value for D of 0.090 � is not as large
as one might have anticipated if the asymmetric resonance
structure [FeIIIÿN�FeIV]4� would play a significant role. In this
case, a more symmetric resonance structure seems to describe
the bonding more appropriately since D reflects predom-
inantly the difference of the effective ionic radii of an
octahedral high-spin FeIII and a low-spin FeIV ion which is
�0.06 �. Note that the observed FeÿNb distance of


Table 2. Selected bond lengths and angles of complexes.


Complex Fe ± Xb [�][a] Fe ± Ntrans [�][b] av. Fe ± Ncis [�][b] av. Fe ± O, [�][c] Fe-Xb-Fe [8] T [K]


4 1.806(2) 2.330(9) 2.184(6) 2.001(5) 180 293
5 1.799(1) 2.367(5) 2.220(6) 1.982(4) 180 293
6 1.95(2)/1.54(2) 2.360(8) 2.166(9) 1.955(7) 180 293
7 1.694(1) 2.199(5) 2.052(6) 1.901(4) 180 293
8[d] 1.785(7) 2.403(7) 2.206(6) 2.046(5) 178.6(4) 100


1.695(7) 2.229(7) 2.057(7) 1.922(5)
[{L(Ph2acac)FeIII}(m-O)- 1.787(3) 2.337(4) 2.190(4) 2.015(3) 173.7(2) 293
{FeIII(Cl4-cat)}L]BPh4


[e] 1.825(3) 2.354(4) 2.204(4) 1.980(3)


[a] Average bond length Fe ± Ob or Fe ± Nb of the bridging Fe-Ob-Fe or Fe-Nb-Fe unit. [b] Fe ± N bond lengths of the coordinated cyclic triamine. Ntrans is in
trans and two Ncis atoms are in cis position relative to the Fe ± Xb bond. [c] Average Fe ± O bond length of coordinated acetonylacetato or catecholato ligands.
[d] The upper first average value refers to bond lengths in the {LFe(Ph2acac)} half and the lower second one to those in the {LFe(Cl4-cat)} half of the
asymmetric complex. [e] Ref. [23].
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1.694(1) � in 7 with a symmetric [FeIV(m-N)FeIV]5� core is
equidistant with the short FeÿNb bond in 8.


Vibrational spectroscopy: The resonance Raman (RR) and
infrared spectral properties of the compounds studied are
listed in Table 3. The asymmetric and symmetric stretching
modes, nas and ns, of the [Fe(m-O)Fe]4� core in 10 have been
observed in the infrared and resonance Raman spectrum,


respectively, and have been unequivocally assigned by their
18O shifts, which areÿ41 cmÿ1 for the nas(Fe-O-Fe) and 0 cmÿ1


for the ns(Fe-O-Fe). These values are characteristic for a
linear [FeIII(m-O)FeIII]4� moiety.[28] Figure 4 shows the RR
spectra of this complex recorded at two different excitation


Figure 4. RR spectra of 10 in acetone at 295 K at lexc� 482 nm (top) and
407 nm (bottom).


frequencies, 482 and 407 nm, the former of which coincides
with a catecholate-to-iron charge transfer (CT) band at
491 nm (e� 5.0� 103 Lmolÿ1cmÿ1) and the latter is in the
region where oxo-to-iron CT bands are observed.[29] Conse-
quently, the most intense band at 544 cmÿ1 observed with
excitation at 482 nm is assigned to the n(Fe ± Ocat) stretching
frequency, whereas the most prominent band at 354 cmÿ1


(lexc� 407 nm) is the ns(Fe-O-Fe). Similar results have been
obtained for 5. It should be pointed out that the nas(Fe-O-Fe)
stretch has been readily identified as a relatively strong band
in the infrared spectrum for all complexes which contain a
[Fe(m-O)Fe]4� core in the present study and for those reported


in the literature. This is also the case for the ns(Fe-O-Fe) band
in the RR spectrum upon appropriate excitation into the
[Fe(m-O)Fe]4� CT absorption maximum.[28]


According to Sanders-Loehr et al.[28] there is a correlation
between D(nasÿ ns) and the bridging Fe-O-Fe angle a : D is
450 ± 500 cmÿ1 for species with a linear Fe-O-Fe core (a�
180o) and �200 cmÿ1 when a� 120o. In the present study D is
463 cmÿ1 for 10, and 444 cmÿ1 for 5 in good agreement with


the fact that both species have a linear Fe-O-Fe
core.


The situation appears to be more complicated for
complexes containing the symmetric, linear
[FeIV(m-N)FeIV]5� (S� 0) core, the symmetric, lin-
ear [Fe3.5(m-N)Fe3.5]4� (S� 1�2), and the asymmetric
[FeIII(m-N)FeIV]4� (S� 3�2) core. In order to allow
the unambiguous detection of the vibrational
modes of these cores we have synthesized the
complexes [{L(Cl4-cat)Fe}2(m-N)], [{L(Cl4-cat)-
Fe}2(m-N)]Br, and 6 with 15N labeled azide, 15N-
14N-14Nÿ, which gives rise to two isotopomers [Fe(m-
15N)Fe]4� and [Fe(m-14N)Fe]4� in a 1:1 ratio.


It is somewhat surprising and unexpected that the nas(Fe-N-
Fe) stretch has not been observed in the infrared spectra of 6,
7, asymmetric 8 and the above two tetrachlorocatecholate-
derived, symmetric m-nitrido complexes with [Fe(m-N)Fe]4�/5�


cores. For at present unknown reasons the intensity of this
mode appears to be very small in the infrared spectrum. In
contrast, the nas mode has been detected in the RR spectra
(lexc� 413 nm) of [{L(Cl4-cat)Fe}2(m-N)] (Figure 5) but the
expected ns mode has not been observed. Similar results have
been obtained for 6. Note that both complexes contain the
asymmetric [Fe(m-N)Fe]4� core with two nonequivalent iron
sites. For both compounds, isotopic labeling with 15N leads to a
shift of�27 cmÿ1 to lower energy for the nas(Fe-N-Fe) stretch.
The model for a simple two-atom harmonic Fe�N oscillator
predicts this shift to be 25 cmÿ1.


For complexes that contain the symmetric, linear [Fe(m-
N)Fe]5� core as in [{L(Cl4-cat)FeIV}2(m-N)]Br, the situation is
again different: neither the nas(Fe-N-Fe) nor the ns(Fe-N-Fe)
band is detected in the infrared spectrum, but in the RR
spectrum the latter is observed at 414 cmÿ1, whereas the
nas(Fe-N-Fe) mode is now not detected. Both isotopomers
display the ns(Fe-N-Fe) at 414 cmÿ1 as the most prominent
band (lecx� 407 nm); there is no isotope shift as expected for a
linear, symmetric [Fe-N-Fe]5� core.


Similar problems have evidently been encountered by
authors who describe the vibrational spectroscopy
of [{(tpp)Fe}2(m-N)]ClO4


[30] and [{(pc)Fe}2(m-N)]PF6
[15d]


(Table 4). For the former a nas(Fe-N-Fe) mode has been
assigned to a vibration observed in the infrared spectrum at
1000 cmÿ1 but isotopic labeling by 15N did not change its
position. Therefore, this assignment is probably not correct. In
the RR spectrum the ns(Fe-N-Fe) mode has been identified at
465 cmÿ1. In the latter phthalocyaninato complex, no vibra-
tions of the [Fe(m-N)Fe]5� core were found in the infrared
spectrum.[15d] Interestingly, in the corresponding porphyrinato
and phthalocyaninato m-carbido complexes the nas(Fe-C-Fe) is
detected in the infrared and the ns(Fe-C-Fe) in the RR
spectrum (Table 4).[30, 31]


Table 3. Vibrational data of dinuclear complexes.


Complex nas(Fe-X-Fe) [cmÿ1] ns(Fe-X-Fe) [cmÿ1] Ref.


10 817 (IR) 776 (IR)[a] 354 (RR) 354 (RR)[a] [10], this work
5 806 (IR) 362 (RR) this work
[{L(Ph2acac)Fe}(m-O)-
{Fe(Cl4-cat)L}]ClO4


802 (IR) [23]


9 911(RR) 884(RR)[b] n. o. [10]
6 918(RR) 891(RR)[b] n. o. this work
[{L(Cl4-cat)Fe}2(m-N)]Br n. o. 414 (RR) [10]


[a] Fe-18O-Fe isotopomer. [b] Fe-15N-Fe isotopomer. IR: infrared spectrum; RR:
resonance Raman spectrum; n.o.: not observed.
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Figure 5. RR spectra of 9 (a,b) and 6 (c,d) at lexc� 413 nm in CH3CN.
Spectra b) and d) are those of the corresponding 14N/15N isotopomers (1:1).
Dotted lines represent band fits.


We have recorded RR spectra in the range 300 ± 700 cmÿ1 of
[{L(Cl4-cat)FeIV}2(m-N)]Br in acetone at excitation wave-
lengths of 568, 520, 442, and 407 nm. In this region two


prominent bands at 414 and 569 cmÿ1 are observed. The latter
displays its highest intensity with 568 and 520 nm excitation
and the former is more strongly resonance enhanced at
shorter excitation wavelengths (442 and 407 nm). The band at
higher energy is therefore assigned to the n(Fe ± Ocat) stretch,
whereas the latter is attributed to the ns(Fe-N-Fe) stretch.
n(Fe ± Ocat) has also been observed in the infrared spectrum at
570 cmÿ1. This mode has also been observed in the IR and RR
spectra of 10 at 530 and 544, of 9 at 556 and 558, and of
[{L(Cl4-cat)FeIV}2(m-N)]Br at 570 and 569 cmÿ1. Thus
with increasing formal oxidation state of the iron ions (and
decreasing Fe ± Ocat bond length) the energy of the (Fe ± Ocat)
mode increases. It is noteworthy that we did not observe two
n(Fe ± Ocat) frequencies for 9, which contains an asymmetric
[Fe(m-N)Fe]4� core with localized valencies.


Electronic and EPR spectra and magnetic properties of
complexes : Electronic spectra of complexes in acetonitrile
were recorded at room temperature in the range 220 ±
1500 nm; the results are summarized in Table 5.


The electronic spectra are dominated in the visible region
by intense charge transfer (CT) bands:
i) Catecholate-to-iron CT are observed in the range 600 ±


710 nm in the mononuclear species 1, 2, [LFe(Cl4-cat)Cl],
and [LFe(Cl4-cat)(N3)]; they are hypsochromically shifted
to 470 ± 500 nm in the oxo-bridged species 5 and 10 ;
acetylacetonate-to-iron CT bands are less intense at
490 nm in 3 and 365 nm in 4.


ii) Oxo-to-iron CT bands of linear [Fe(m-O)Fe]4� cores are
observed in the 300 ± 400 nm range; the px, py(ox-
o)!dxz,dyz(FeIII) CT band in 4 is observed at 365 nm.[29]


In 5 and [{L(Cl4-cat)FeIII}2(m-O)] this band is obscured by
strong p!p* transitions of the catecholate ligands.


iii) Complexes 6, 8, and 9 that contain the asymmetric [Fe(m-
N)Fe]4� core (S� 3�2) display a shoulder at 420 nm which
we assign to a CT transition of the [Fe(m-N)Fe]4� moiety.
This assignment is based on the observation that excita-
tion in resonance with this band enhances the nas(Fe-N-
Fe) band at 911 cmÿ1 (see above). The absorption
maximum at �450 nm in these three complexes is due
to the catecholate-to-iron CT (excitation into this band at


Table 4. Vibrational spectroscopy of m-oxo, m-nitrido-, and m-carbido
bis(tetraphenylporphinato)diiron and bis(phthalocyaninato)diiron com-
plexes.


Complex nas(Fe-X-Fe) [cmÿ1] ns(Fe-X-Fe) [cmÿ1] Ref.


[(tpp)2Fe2(m-N)] 885, 910(IR) 424 (RR) [34]
[(pc)2Fe2(m-N)] 915 (IR) n. r. [15a]
[(tpp)Fe(m-N)Fe(pc)] 930 (IR) n. r. [16a]
[(tpp)2Fe2(m-N)](ClO4) 1000(?) (IR) 465 (RR) [30]
[(tpp)2Fe2(m-C)] 946 (IR) 440 (RR) [30]
(pc)2(py)2Fe2(m-C) 911 (IR) 477 (RR) [31]
[(pc)2Fe2(m-C)] 990 (IR) n. r. [32]
[(tpp)2Fe2(m-O)] 876 (IR) 363 (RR) [33]
[(pc)2Fe2(m-O)] 820, 854 (IR) n. r. [20b]


n. r.� not reported; (tpp)2ÿ is the tetraphenylporphinato dianion and (pc)2ÿ


the corresponding phthalocyaninato(2ÿ ); py represents pyridine.


Table 5. Electronic spectra of complexes in acetonitrile solution.


Complex nmax [nm ](e [L molÿ1cmÿ1])


1 333(1.01� 104), 370(2.55� 103), 617(3.9� 103)
2 333(9.9� 103), 373(3.7� 103), 420sh, 606(3.7� 103)
3 256(3.8� 103), 333(3.7� 103), 417(900), 491(600)
4 230(1.9� 104), 280(2.6� 104), 365(7.8� 103)
5 349(2.6� 104), 475(7.0� 103)
6 355(2.6� 104), 415sh, 475sh, 866(300)
7 258(1.22� 105), 345(3.5� 104), 555(4.3� 103), 760sh
8 355(2.2� 104), 420sh, 470sh, 820(270)
[LFeIII(Cl4-cat)Cl][10] 304(7.8� 103), 460(1.64� 103), 704(2.4� 103)
[LFeIII(Cl4-cat)(N3)][10] 306(8.6� 103), 411(3.3� 103), 680(2.5� 103)
10[10] 260(1.63� 104), 304(1.43� 104), 491(5.0� 103)
[{L(Cl4-cat)Fe}2(m-N)][10] 328(1.7� 104), 423(4.9� 103), 442sh, 876(300)
9[10] 228(5.5� 104), 267(8.9� 104), 316(3.3� 104),


523(2.2� 103), 617(1.7� 103), 770(1.1� 103)
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482 nm enhances the n(Fe ± Ocat) stretching mode at
558 cmÿ1).


iv) All complexes with a [Fe(m-N)Fe]4� core (S� 3�2) display
an intervalence band of intermediate intensity (e�
300 L molÿ1cmÿ1) at 866 nm for 6, 820 nm for 8, and
876 nm for 9. This absorption maximum is absent in
the spectra of complexes which contain the symmetric
[Fe(m-N)Fe]5� core; for example 7 and [{L(Cl4-cat)-
FeIV}2(m-N)]Br.


v) The spectra of 7 and [{L(Cl4-cat)FeIV}2(m-N)]Br display
two or three intense CT bands in the range 500 ± 800 nm
which we cannot assign at this point.


X-band EPR spectra of solutions of complexes 6, 8, and 9 in
acetonitrile or dichloromethane were recorded under non-
saturation conditions in the temperature range 5.4 ± 77 K. The
spectra were analyzed on the basis of a spin Hamiltonian
description of the fine structure of a spin quartet ground state
St� 3�2 [Eq. (4)], where D and E/D are the usual zero-field
splitting and rhombicity parameters.[35]


He�D[S2
z � 1�3S(S� 1)�E/D(S2


xÿ S2
y)]� mB SgÅÅeB (4)


Under the influence of the zero-field terms, the spin states
splits into two Kramers doublets which in the purely axial case
(E/D� 0) are characterized by the eigenvalues of Sz , as j �
3�2> and j � 1�2> . The zero-field splitting of the doublets is 2D
and for positive D values the j � 1�2> doublet is lowest. For
large D (�hn� 0.3 cmÿ1 at X-band) EPR transitions occur
only within Kramers doublets. In this case the EPR absorp-
tion-derivative spectra of frozen solutions or powder samples
are characterized by signals at three effective g values (gx, gy,
gz) which can be theoretically derived from matrix elements of
the spin Hamiltonian [Eq. (4)].[35] In axial symmetry (E/D)�
0) only the j � 1�2> doublet is EPR-active with gx� gy� 4 and
gz� 2. This situation is encountered in the spectra of 8 as
shown in Figure 6; the spectra of 6 and [{L(Cl4-cat)Fe}2(m-N)]
are very similar. The powder simulation for 8 with effective g
values and Lorentzian lines is depicted in Figure 6. The results
for gx , gy and gz for the three mixed-valence complexes are
given in Table 6. The zero-field splitting, 2D, of the St� 3�2
ground multiplet was derived from the temperature depend-
ence of the EPR intensities (doubly integrated spectra). As
only the j � 1�2> doublet is EPR-active, the product in-
tensity� temperature, IT, is proportional to the Boltzmann
population of this resonant doublet as depicted in Equa-
tion (5).


IT� constant(1� eÿ2D/kT) (5)


The experimental data and the corresponding fit for 8 are
shown in Figure 6. The rhombicity estimated from first-order
perturbation expression from the difference of the effective g
values, gyÿ gx� 12 E/D, is less than 0.01 in all cases.


In order to obtain an estimate for the electronic ge values of
the spin St� 3�2 we assume axial symmetry for the ge tensor.
The components of ge are then given by gek � gz ; ge?�
1�2(gx�gy)/(S�1�2) as is derived from a comparison of the
matrix elements for the j 3�2,� 1�2> doublet given by the
Hamiltonian in Equation (4) and the corresponding fictitious


Figure 6. Temperature-dependent X-band EPR spectra of 8 in CH3CN
(top) and a plot of the product intensity ´ temperature (IT) versus temper-
ature (bottom). Experimental conditions: microwave frequency
9.653 GHz, microwave power 20 mW, modulation amplitude 1 mT, modu-
lation frequency 100 kHz. The simulation (top) is performed with effective
g values given in Table 7 and Lorentzian line shapes. The solid line in the IT
versus T plot represents a fit to Equation (4) with D� 21 cmÿ1 and 14 and
22 cmÿ1 (broken lines).


Hamiltonian with effective spin Seff� 1�2.[35] Under the as-
sumption of i) fully localized valencies, ii) antiferromagnetic
coupling between S1� 5�2 for FeIII and S2� 1 for FeIV, and iii)
gFeIII� 2, spin projection techniques yield for the FeIIIFeIV


dimer the local ge values for FeIV according to Equation (6).


ge(S� 3�2)�ÿ2/5gFeIV� 7/5gFeIII (6)


This procedure yields the values gFeIV� 1.93, 1.93, and 2.0
for both 6 and 9 and the values 1.98, 1.98, and 2.05 for 8. These
values are too small if one considers calculated local FeIV g
values of about 2.2, 2.2, and 1.99 from D� 20 cmÿ1 and a spin-
orbit coupling constant of x� 350 cmÿ1 for an FeIV ion.[36] In


Table 6. X-Band EPR spectra of mixed-valent complexes containing an
[FeIII(m-N)FeIV]4� core and of mononuclear species.


Complex gx
[a] gy


[a] gz
[a] D [cmÿ1][b] E/D[c] ge?[d]


9 3.99 4.14 2.00 13 �5 0.013 2.03
6 4.00 4.12 2.00 7� 3 0.010 2.03
8 3.96 4.07 1.98 21� 5 0.009 2.01
3 5.8 6.3 2.0 0.010 2.02
[LFe(Cl4-cat)(N3)] 5.7 6.5 2.0 0.017 2.03


[a]Effective g values obtained from spectral simulations. [b] Zero-field
splitting parameter taken from temperature dependence of EPR inten-
sities. [c] Rhombicity, calculated from first-order perturbation expressions
Dgx,y� 12 E/D for S� 3�2 and Dgx,y� 48 E/D for S� 5�2 (valid for jS,� 1�2 >
doublets). [d] Electronic g values calculated from g?� ge?(S� 1�2), valid for
E/D �0, where g?� (gx� gy)/2, note gek � gz for jS,� 1�2 > doublets.[35]
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particular the low ge? values are not consistent with the
existence of a localized FeIV(3d4) low-spin configuration. This
result, together with those of the MO calculations (vide infra),
is an indication that the description of complexes which
contain an asymmetric [Fe(m-N)Fe]4� core by means of
localized, pure FeIII and FeIV oxidation states is not quite
appropriate and strong covalent bonding in this unit prevails.
We note, however, that hyperfine coupling of electron spin
density with the nuclear spin of 14N could not be detected in
the EPR spectra, not even at lower microwave frequencies
(S-band, data not shown). Non-resolved hyperfine splittings
must be overall smaller than the experimental linewidth of
2.2 mT at g� 4. This indicates that the spin density at the
bridging nitrogen cannot be as high as it might be in the
valence-delocalized complex [(tpp)Fe3.5(m-N)Fe3.5(pc)] for
which the appearence of 14N hyperfine splitting has been
noted.[14a]


The X-band EPR spectra of solutions of the mononuclear
species 3 and [L(Cl4-cat)Fe(N3)] in acetonitrile at 4 K display
a nearly axial signal at effective gx,y� 6 and gz� 2, E/D� 0.01.
These spectra are typical for octahedral high-spin FeIII systems
(S� 5�2). In agreement with this, the mononuclear species 1, 2,
and 3 display temperature-independent magnetic moments of
5.76 mB, 5.72 mB, and 5.91 mB (40 ± 295 K), respectively. This is
close to the spin-only value of 5.93 mB expected for a high-spin
FeIII (S� 5�2) ion.


In contrast, the magnetic moments of the (m-oxo)diferric
complexes 4, 5, 10, and [{L(Ph2acac)FeIII}2(m-O)](BPh4)2 as
well as [{(tacn)(acac)FeIII}2(m-O)](ClO4)2 (tacn� 1,4,7-triaza-
cyclononane) were found to decrease strongly with decreasing
temperature yielding a diamagnetic S� 0 ground state.[37] The
data were fitted by means of least-squares methods to the
theoretical expression for the molar magnetic susceptibility,
cM, with the usual spin Hamiltonian H�ÿ2 J S1S2 with local
spins S1� S2� 5�2. A mononuclear paramagnetic impurity (S�
5�2) was included in order to fit the low-temperature data
appropriately. The g value was fixed at 2.0. The results are
given in Table 7.


For complexes 6, 8, and [{L(Cl4-cat)Fe}2(m-N)] with an
[Fe(m-N)Fe]4� core, the magnetic moment per dinuclear unit
is temperature-independent in the range 30 ± 295 K at 3.9 mB


which corresponds to the spin-only value for an S� 3�2 ground
state, the only populated state up to room temperature. Below
30 K, the magnetic moment decreases with decreasing
temperature due to zero-field splitting. From a simulation
jD j� 10� 5 cmÿ1 was found with g� 2.0 (fixed) in reasonable
agreement with the EPR measurements of the three com-


plexes in solution. Figure 7 shows the temperature-depend-
ence of the magnetic moment of 8. The samples were
contaminated with �10 % of the corresponding (m-oxo)difer-
ric analogue (as judged from the Mössbauer spectra). Since
their magnetism is known we have subtracted their contribu-
tions from the susceptibility data of the (m-nitrido)diiron
complexes. These measurements indicate that a very strong
intramolecular antiferromagnetic coupling with jJ j>
250 cmÿ1 between a high-spin FeIII (S� 5�2) and a low-spin
FeIV (S� 1) ion prevails in complexes with an asymmetric
[Fe(m-N)Fe]4� core in accordance with the MO calculations
(vide infra).


Figure 7. Plot of the effective magnetic moment of 8 versus the temper-
ature. The solid line represents a fit of the data from Equation (4) with D�
10 cmÿ1 and g� 2. 0. The experimental values are corrected for diamagnetic
contributions of 530� 10ÿ6 cm3 molÿ1. The simulations were consistent with
up to 6 % contamination with (m-oxo)diferric compound (antiferromag-
netically coupled J� 100 cmÿ1). Because of increased ambiguity, this
contribution was not considered here.


Complexes 7 and [{L(Cl4-cat)FeIV}2(m-N)]PF6 are diamag-
netic even at room temperature. Strong intramolecular
antiferromagnetic coupling between two low-spin FeIV ions
leads to the observed S� 0 ground state with a lower limit of
jJ j� 250 cmÿ1.


Mössbauer spectra : Mössbauer spectra of polycrystalline
samples were recorded in the temperature range 4.2 ± 200 K
and with applied fields of 0 ± 7 T. The results are given in
Tables 8 and 9.


The zero-field Mössbauer spectra of mononuclear 3 and
[L(Cl4-cat)Fe(N3)] each consist of a quadrupole doublet with
isomer shift and quadrupole splitting parameters typical for
octahedral high-spin ferric ions. In contrast, the spectrum of
[LFeII(Ph2acac)]BPh4 shows a doublet with a much larger
isomer shift, d� 1.10 mm sÿ1, and a considerably larger quad-
rupole splitting of 2.61 mmsÿ1 at 80 K. The high-spin com-
plexes [L(Cl4-cat)FeIINCCH3] ´ 2 H2O and [L(Ph2acac)FeIICl]


Table 7. Comparison of structural data and exchange coupling constants of (m-oxo)diferric complexes.


Complex av. Fe ± Ob, [�] Fe-O-Fe, [8] J, [cmÿ1] [a] Jcalcd [cmÿ1][b] PI[c] Ref.


[{(tacn)(acac)Fe}2O](ClO4)2 1.787(5) 158.6(3) ÿ 122 ÿ 130(ÿ102) 0.01 [27]
4 1.806(2) 180 ÿ 100 ÿ 102(ÿ86) 0.04 this work
5 1.799(1) 180 ÿ 90 ÿ 112(ÿ91) 1.63 this work
[{L(Ph2acac)Fe}2O](ClO4)2 1.811(1) 180 ÿ 95 ÿ 96(ÿ82) 2.6 [23]
10 1.804(1) 180 ÿ 95 ÿ 105(ÿ87) 1.85 [10]
[{LFe}2(m-O)(m-ac)](PF6)2 1.800(3) 119.7(1) ÿ 119 ÿ 111(ÿ112) [38]
[L(Ph2acac)Fe(m-O)Fe(Cl4-cat)L]ClO4 1.806 173.7(2) ÿ 90 ÿ 102(ÿ86) [23]


[a] Experimental coupling constant; H�ÿ2JS1S2 (S1�S2� 5�2) g� 2.0 (fixed). [b] Calculated coupling constant according to the expression given by Gorun
and Lippard[39] and in parenthesis that of Weihe and Güdel.[40] [c] Paramagnetic impurity with S� 5�2, given in molar percentage.
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exhibit a quadrupole doublet at 80 K with d� 1.06 mm sÿ1,
DEQ� 1.54 mm sÿ1, and d� 1.11 mm sÿ1, DEQ� 2.52 mm sÿ1,
respectively. These parameters are all compatible with five-
fold or sixfold coordination of high-spin FeII in these
complexes.


The zero-field Mössbauer spectra of the (m-oxo)diferric
complexes 4, 5, and [{L(Cl4-cat)FeIII}2(m-O)] also consist of a
single quadrupole doublet where both the isomer shift and
quadrupole splitting are temperature-dependent. Figure 8
shows the typical spectra of 10 at 4.2 and 295 K. In general,
the isomer shift varies due to second-order Doppler shift in
the range 0.46 ± 0.33 mm sÿ1 at temperatures 4.2 to 350 K and
the quadrupole splitting varies from 1.35 to 1.41 mm sÿ1


(1.44 ± 1.39 mm sÿ1 for 5). The spectra in an applied field of
4.9 T at 4.2 K (Figure 8) display the pattern of mixed nuclear
quadrupole and Zeeman interactions for a diamagnetic
ground state. From simulations which use only the usual
nuclear Hamiltonian[42] with applied field (without internal
field, S� 0) the asymmetry parameter h was determined to be
in the range 0.8 ± 1.0, which indictaes a strong non-axial
distortion of the iron site. These data are in accord with many
other reports on (m-oxo)diferric complexes.[2a, 37]


Figure 8. Mössbauer spectra of 10 at 295 and 4.2 K in a zero magnetic field
and at 4.2 K with a field of 4.9 T parallel to the l-beam.


The Mössbauer spectra of the complexes 7 and [{L(Cl4-
cat)FeIV}2(m-N)]Br which contain the symmetric [FeIV(m-N)-
FeIV]5� core with an S� 0 ground state are similar to those of
the (m-oxo)diferric species; they display a single quadrupole
doublet albeit at a much smaller isomer shift in accord with
the high oxidation state of iron (d� 0.03 and 0.04 mm sÿ1 at 4.2
and 77 K, respectively). The zero-field spectrum at 77 K and
the spectrum recorded at 4.2 K with applied field of 6.26 T of
[{L(Cl4-cat)FeIV}2(m-N)]Br are shown in Figure 9. The asym-
metry parameter h of 0.5 is smaller than in the oxo-bridged
complexes. The quadrupole coupling has a positive sign,
DEQ��1.55 mmsÿ1, which is typical of a formal low-spin
3dxy


2dxz,yz
2 configuration.


The spectra recorded for complexes 6, 8, and 9 containing
the mixed-valent [Fe(m-N)Fe]4� core are qualitatively similar
to each other, hence, only that of 8 is shown (Figure 10). The
zero-field spectrum consists of three quadrupole doublets in
the ratio 44:44:12. At 4.2 K the two subspectra with 44 %
relative absorption area show the isomer shift of a high-spin


Table 8. Zero-field Mössbauer parameters of complexes.[a]


Complex T [K] Fe site d [mm sÿ1][b] DEQ [mm sÿ1][c] G [mm sÿ1][d] relative
intensities, %


Ref.


3 80 0.45 0.86 0.65 100 this work
[LFe(Cl4-cat)(N3)] 3.7 0.43 0.98 0.40 100 [10]
[LFeII(Ph2acac)](BPh4) 80 1.10 2.61 0.32 100 this work
4 80 0.44 1.27 0.38 100 this work
5 80 0.44 1.44 0.30 100 this work
10 77 0.40 1.38 0.29 100 [10]
6 80 FeIII 0.44 1.45 0.70 40 this work


FeIV 0.07 0.85 0.38 41
Fe-O-Fe 0.45 1.44 0.18 19


9 77 FeIII 0.52 1.67 0.77 45 this work, [10]
FeIV 0.09 0.81 0.22 45
Fe-O-Fe 0.48 1.41 0.26 10


7 4.2 0.03 1.62 0.26 100 this work
8 ´ BPh4 80 FeIII 0.60 2.00 1.70 44 this work


FeIV 0.04 1.13 0.31 44
Fe-O-Fe 0.46 1.51 0.34 12


[{LFe(Cl4-cat)}2(m-N)]Br 77 0.04 1.55 0.26 100 this work, [10]
[(tpp)2Fe2(m-N)]ClO4 131 0.03 2.00 n. r. 100 [41]
[(pc)2Fe2(m-N)]PF6 77 ÿ 0.10 2.06 0.16 100 [15d]
[(tpp)2Fe2(m-N)] 131 0.18 1.08 n. r. 100 [41]
[(pc)2Fe2(m-N)] 77 0.06 1.76 0.19 100 [15d]


[a] Ligand abbreviations see Scheme 1 and tpp. represents the tetraphenylporphinate(2ÿ ) and pc is the phthalocyaninate(2-) ligand. [b] Isomer shift. [c]
Quadrupole splitting. [d] Full width at half maximum.


Table 9. Mössbauer hyperfine parameters of [Fe(m-N)Fe]4� complexes at 4.2 K.


Com-
plex


Site d[a]


[mm sÿ1]
DEQ


[b]


[mm sÿ1]
h[c] A/(gNmN), T[d] Rel. int.


[%][e]


8 FeIV 0.05 � 1.10 0.2 6.0, 6.0, 1.6 (4.5)[f] 45
FeIII 0.60 ÿ 2.05 0.4 ÿ 23.0, ÿ23.0, ÿ9.0 (ÿ18.3)[f] 45


6 FeIV 0.10 � 0.77 0.8 � 5.2 40
FeIII 0.49 ÿ 1.51 0.5 ÿ 22.0 40


9 FeIV 0.10 � 0.77 0.8 � 5.5 40
FeIII 0.46 ÿ 1.60 0.5 ÿ 22.0 40


[a] Isomer shift. [b] Quadrupole splitting. [c] Asymmetry parameter. [d] Hyperfine
tensor, for 6 and 9 only isotropic values could be determined. [e] The sample contained
�10 % (8), �20% (6) of the corresponding (m-oxo)diferric species. [f] Isotropic
contribution 1�3 Tr A/(gNmN).
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Figure 9. Mössbauer spectra of [{L(Cl4-cat)FeIV}2(m-N)]Br at 77 K in a
zero magnetic field and at 4.2 K with a field of 6.26 T parallel to the g-
beam.


Figure 10. Temperature-dependent, zero-field Mössbauer spectra of 8.


FeIII ion (0.60 mm sÿ1) and of a low-spin FeIV ion (0.05 mmsÿ1),
respectively. The third subspectrum (12 %) resembles the
spectra of 4, 5, and 10 and is therefore assigned to a
contamination by a (m-oxo)diiron species. The linewidth of
the doublet of the ferric site is unusually broad which may be
due to spin relaxation effects. Clearly, on the Mössbauer time
scale (10ÿ7 s) the valencies of the two sites in both 6 and 8 are
different. We note that the quadrupole splitting of the FeIII ion
in the complexes with (m-N) bridges exceeds the values for
FeIII with (m-O) ligands. This indicates again partial delocal-
ization of the excess electron within the [Fe(m-N)Fe]4� unit.


Figure 11 shows the spectrum of 8 in an applied field of
7.0 T at 4.2 K. The spectrum has been simulated for S� 3�2
[Eq. (4)] and the usual nuclear Hamiltonian for 57Fe.[42] We
again adopted two subspectra for [Fe(m-N)Fe]4� (S� 3�2) and
an additional subspectrum for the m-oxo contamination (S�
0). Isomer shifts, quadrupole splittings and relative intensities
were taken from the corresponding zero-field spectra. Elec-
tronic ge values, D and E/D for the S� 3�2 species were taken
from the EPR results given in Table 6. (The Mössbauer
spectra are consistent with any D� 18 cmÿ1.) The hyperfine
tensors Ai, asymmetry parameters hi and the sign of the
electric field gradient (efg) main component Vzz,i for the sites
i�FeIII,FeIV were optimized for three experimental data sets
simultaneously, which were measured at 4.2 K, 7 T(?g)
(Figure 11); 4.2 K, 3.5 T(?g); 120 K, 7 T(?g) (not shown).


Figure 11. Mössbauer spectrum of 8 at 4.2 K with a field of 7.0 T parallel to
the g-beam. Simulations of sites FeIII, FeIV, and Fe-O-Fe and the super-
position of the three subspectra are shown as solid lines. For the simulation
parameters see the text. The parameters for Fe-O-Fe were d� 0.52 mm sÿ1,
DEQ� 1.41 mm sÿ1, h� 0.6, and G� 0.3 mm sÿ1.


The results are summarized in Table 9. The data of 6 and 9
were successfully analyzed with isotropic A tensors, whereas 8
required anisotropic (axial) tensors. The spectra of all
compounds were simulated with the assumption of slow spin
relaxation at 4.2 K and fast relaxation at higher temperatures.


Assuming fully localized valencies and antiferromagnetic
coupling between S1� 5�2 and S2� 1, the effective hyperfine
coupling constants, Ai, which are given with respect to total
spin St� 3�2, can be used to calculate local hyperfine constants
ai for the individual FeIII and FeIV sites as in Equations (7) and
(8).


aFeIII� 5�7 AFeIII (7)


aFeIV�ÿ 5�2 AFeIV (8)


This procedure yields the following values for 8 : aFeIV/(gNmN)
between ÿ11.3 and ÿ13.8 T and aFeIII/(gNmN) between ÿ12.9
and ÿ15.7 T (isotropic contributions), whereas octahedral
ferric iron usually has hyperfine constants aFeIII/(gNmN) of about
ÿ22 T.[42] This deviation again indicates partial delocalization
of the excess electron within the [Fe(m-N)Fe]4� unit as
discussed below. The spectra of 6 and 9 were analyzed
analogously (Table 9). Even though the simulated results are
qualitatively similar to those of 8, a comparison of the
Mössbauer data in Table 9 reveals some distinct differences
between the parameters of the two symmetrically coordinated
species 6 and 9 and the asymmetrically coordinated complex 8.
For the latter, the isomer shift of the ferric site is larger (i.e.
more FeIII-like), while that of the ferryl site is smaller (more
FeIV-like) than the corresponding values of the two other
species. We take this as an indication that the valencies in 8
are more localized than in their symmetric counterparts.


Molecular orbital calculations : The smallest system among
the asymmetrically nitrido-bridged mixed-valence dimers is
complex 9 which has been chosen as a representative example
for the calculations. Even this complex contains 93 atoms and
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256 valence orbitals so that the calculations become rather
time consuming. However, a first series of test calculations
showed that the methyl groups in L may be substituted by
hydrogen atoms without changing the electronic structure at
the iron centers. The same is true if all chlorine atoms of the
tetrachloro-catecholate are replaced by hydrogen atoms
provided that they are artificially modified in a way that they
carry the same effective charge as the chlorines. This system
contains 75 atoms and 196 valence orbitals and requires 228
seconds CPU time per iteration on a VAX6000/610 computer.
The next series of MO calculations based on the experimental
geometry revealed that the theoretical results are neither in
accordance with the measured Mössbauer data nor with the
expected spins of 5�2 and 1, respectively, at the two iron centers.
Attributing these failures to the low accuracy of the m-N
position,[10] this position has been optimized to yield a flat
minimum in the total energy for an FeIVÿNm distance of 1.59 �
compared with the experimental value of 1.50(8) �. There-
fore, this theoretically determined value has been used in the
subsequent calculations for 9.


The rather complicated pattern of the Fe(3d) orbital
energies may be easier understood by comparison with a
typical high-spin FeIII center in a weak octahedral ligand field.
In such a case, the energy spectrum is dominated by the
exchange splitting of about 4 eV between the spin-up and the
spin-down 3d orbitals of iron. The stabilization of the majority
spin (spin-up) orbitals usually leads to strong covalent
interactions with the ligand MOs, whereas the destabilized,
unoccupied minority spin (spin-down) orbitals are well above
the highest occupied MO (HOMO). Due to the differences in
s- and p-type metal ± ligand orbital interactions, both sets of
orbitals will be split into the triply degenerate p-type t2g and
into the doubly degenerate s-type eg manifold. The ordering
of the minority spin orbitals follows the expectations from
ligand-field theory, while the majority spin orbitals very often
exhibit an inverted bonding scheme as a consequence of the
colvalent interactions.[43]


Several of these general features can be identified in the
orbital energy pattern of 9 (cf Table 10). Among the occupied
spin-up orbitals, the two highest are the FeIII(eg)-type orbitals,


another two MOs are almost pure 3dxy orbitals of FeIII and
FeIV, whereas the FeIII(3dxz,yz) orbitals contribute to seven
MOs. Additionally, four MOs contain appreciable admixtures
from the FeIV(3dxz,yz) orbitals. The four lowest unoccupied
MOs are mainly FeIV(3d)-orbitals, two of them exhibiting
considerable participation from the bridging nitrogen. In an
idealized notation, this results for the spin-up orbitals in the
electronic configuration FeIII(3d5")FeIV(3d1") for the iron cen-
ters in 9.


Among the spin-down MOs the lowest seven unoccupied
orbitals are easily identified as Fe(3d) orbitals, five of which
belong to FeIII and the remaining two to FeIV. However, only
one of the occupied orbitals exhibits more than 50 %
contribution from an atomic orbital of one iron, namely
FeIV(3dxy). The two highest occupied MOs have mainly 3dxz,yz


character, but they cannot be unambigously assigned to one of
the two iron atoms because both contribute approximately
with the same amount. This is in line with the relatively low
FeIII(3dxz,yz) participation of 50 % in the corresponding
unoccupied MOs. Finally, two MOs at an energy around
9 eV show strong Nm-FeIV p-bonding character. Altogether
this indicates the existence of considerable (dpdp) charge and
spin delocalization over the whole FeIII(m-N)FeIV unit.


Since this delocalized p interaction (mostly within the spin-
down orbitals) essentially determines the electronic proper-
ties of the nitrido-bridged complexes, it will be described in
more detail (Figure 12). Starting from the three atomic
orbitals 2py(Nm), 3dyz(FeIII) and 3dyz(FeIV), three linear combi-
nations can be formed. The strongest interaction takes place
between Nm and FeIV, and leads to a bonding and to an
antibonding MO separated by about 5 eV. The 3dyz orbital of
FeIII does not contribute significantly to the bonding combi-
nation, whereas the interactions between the antibonding
combination and the 3dyz(FeIII) orbital gives a splitting of
1.57 eV into a bonding and antibonding combination with
respect to FeIII ± Nm . Analogous conclusions hold for the
x-type orbitals. Due to this pronounced (dp dp) interaction,
the d-orbital splitting pattern of both iron sites does not
resemble that of a distorted octahedron, even in case of FeIII.
For the splitting within the t2g type orbitals FeIII(3dxy#) and


Table 10. Orbital energies ei and composition (in %) of the spin-up (left) and spin-down (right) orbitals with more than 20 % Fe(3d) participation for 9. The
HOMOs are marked by an asterisk.


ei[eV] FeIII(3d) FeIV(3d) Nm(2p) ei[eV] FeIII(3d) FeIV(3d) Nm(2p)


ÿ 3.22 5 42(xz) 42 ÿ 2.03 70(x2ÿ y2) 0 0
ÿ 3.24 5 40(yz) 46 ÿ 2.34 73(z2) 1 4
ÿ 3.58 2 62(z2) 5 ÿ 3.11 50(xz) 16 27
ÿ 3.84 1 64(x2ÿ y2) 4 ÿ 3.14 50(yz) 17 26
ÿ 4.30* 48(x2ÿ y2) 1 1 ÿ 4.03 4 61(z2) 2
ÿ 4.91 52(z2) 3 4 ÿ 4.06 94(xy) 3 0
ÿ 5.90 0 97(xy) 0 ÿ 4.08 6 60(x2ÿ y2) 1
ÿ 6.32 30(yz) 6 0 ÿ 4.65* 35(xz) 35(xz) 19
ÿ 6.39 33(xz) 7 0 ÿ 4.71 30(yz) 40(yz) 19
ÿ 7.01 8 26(yz) 13 ÿ 6.35 0 97(xy) 0
ÿ 7.03 9 26(xz) 13 ±
ÿ 7.30 93(xy) 0 0 ±
ÿ 7.88 23(yz) 0 3 ±
ÿ 7.94 29(xz) 0 2 ±
ÿ 8.10 27(xz/yz) 0 0 ÿ 8.72 0 22(xz/yz) 8
ÿ 8.61 10(xz/yz) 18(xz/yz) 11 ÿ 8.95 1 32(yz) 26
ÿ 8.73 19(xz/yz) 22(xz/yz) 20 ÿ 9.01 2 19(xz) 20
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FeIII(3dxz,yz#) is larger (0.92 eV) than the 0.77 eV between
FeIII(3dxz,yz#) and the eg type FeIII(3dz


2#) orbital (cf. Table 10).
The minority-spin orbitals of FeIV exhibit still larger deviations
since the eg" type orbitals lie between FeIV(3dxy") and
FeIV(3dxz,yz") that are now the highest lying 3d orbitals due
to the (dp dp) interaction.


The strong (dp dp) delocalization also affects the charge
and spin density distribution. The data characterizing the
electronic environment of iron, namely effective charges
Q(A) and overlap populations n(AB) of next neighbors, show
(Table 11) that the overlap populations of FeIII (10) with its


neighbours are slightly smaller compared with FeIII (9), and
both are distinctly smaller than those for FeIV (9). These
results confirm, as expected, that the bonding of the iron
atoms in the oxo-bridged complex is more ionic in character
than in the nitrido-bridged complex. Moreover, comparison
of FeIII (9) and FeIV (9) emphasizes that metal ± ligand
bonding becomes more covalent in character with increasing
oxidation state of the metal atom. This is in accordance with
the observation that, under otherwise equal conditions, the
ligand-field splitting 10 Dq is larger for higher oxidation
states. Finally, due to the strong (dp dp) interaction, the two
highest occupied spin-down MOs cannot be unambigously
assigned to one of the two iron atoms because both contribute
approximately the same amount. Consequently, the concept
of an oxidation state becomes ill-defined in 9 unless FeIV and
Nm are considered as a unit so that the two highest occupied


orbitals can be assigned to this
part of the complex. This is also
in line with an appreciable
delocalization of the spin den-
sity of 1.01 electrons within the
NmÿFeIV moiety where
0.53 electrons are assigned to
FeIV and 0.48 electrons to Nm .
However, LDA methods usual-
ly overemphasize delocaliza-
tion so that a somewhat higher
spin density than 0.53 at FeIV


(9) seems to be likely. The
relatively large spin density of
0.48 p electrons at Nm is still in
accordance with the EPR spec-
tra (s density is found to be
negligibly small : 0.0024 elec-
tron). Based on a coupling
constant A/gNmN� 3.4 mT at
g� 2 for one p electron[44] one


expects an overall 14N (I� 1) splitting of 1.6 mTat g� 4, which
cannot be resolved within the experimental linewidth.


Turning next to the calculated Mössbauer data, the quadru-
pole splitting DEQ for the oxo-bridged complex 10 is obtained
as ÿ1.26 mmsÿ1. The direction Vzz of the efg deviates by 17o


from the Fe ± Fe axis and points approximately between the
two catecholate oxygens. In the principal axes system of the
efg tensor, the efg can be decomposed with respect to a basis
of atomic orbitals into three parts, denoted as valence,
covalence, and ligand contribution,[55] and DEQ correlates
directly with the sum of these three contributions. Among
these, usually the valence part is dominating which is roughly
proportional to the anisotropy Dnd� nx2ÿy2� nxyÿ nz2


ÿ (nxz�nyz)/2 of the Fe(3d) shell occupation. For DEQ (10)
the valence contribution is obtained as ÿ0.73 mm sÿ1, while
the covalence and ligand contributions amount to
ÿ0.25 mm sÿ1 and ÿ0.27 mm sÿ1, respectively. Furthermore,
the FeIII(3d) shell occupation d4:94


" d0:12
xy# d0:24


xz# d0:23
yz# d0:26


z2 d0:22
x2ÿy2#


shows that the quadrupole splitting arises exclusively from the
covalent interactions of the Fe(3d#) orbitals with the ligand
orbitals. Finally, the main reason for the relatively large
negative quadrupole splitting is a reduced population of the
noninteracting Fe(3dxy#) orbital so that there is no compensa-
tion for the Fe(3dxz,yz#) occupation.


The corresponding analysis for the nitrido-bridged complex
9 yields qualitatively similar results for FeIII. The calculated
DEQ value is ÿ1.65 mm sÿ1, and is thus in close agreement
with experiment. The major contribution is the valence part
with ÿ1.28 mm sÿ1, while the covalence and ligand contribu-
tion are ÿ0.15 mm sÿ1 and ÿ0.22 mm sÿ1, respectively. The
calculated asymmetry parameter h� 0.40, and the angle of the
efg with the Fe ± Fe axis is 7o, also pointing in the direction of
the bisector of the Ocat-FeIII-Ocat angle. The FeIII(3d) shell
occupation d4:83


" d0:02
xy# d0:46


xz# d0:45
yz# d0:21


z2 d0:22
x2ÿy2# in 9 with an increase


of the dxz,yz# population by a factor of two when compared with
the oxo-bridged complex 10, emphasizes the significance of
the above-mentioned (dp dp) delocalization. The more neg-
ative quadrupole splitting of FeIII in 9 can thus be attributed to


Figure 12. Schematic representation of the different (dpdp) interactions among the spin-down orbitals in 9.
Numbers in brackets denote the percentage contribution of the respective atomic orbital.


Table 11. Charge and spin-density distribution around the iron sites in 9 and 10.


Q(Fe) n(FeXm) n(FeNeq) n(FeNax) n(FeOcat) n3d s3d
[a]


FeIII(10) 0.86 0.42 0.14 0.08 0.21 6.09 � 3.74
FeIII(9) 0.71 0.48 0.16 0.08 0.22 6.19 � 3.48
FeIV(9) 0.72 0.89 0.21 0.11 0.26 6.18 -0.53


[a] Spin density in units of e.
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this increased dxz,yz# population. Finally, due to the strong
covalent metal ± ligand interactions, the total 3d# occupation
of 1.35 electrons for FeIII in 9 is distinctly larger than for FeIII in
10, and is far away from zero as assumed in ligand-field theory,
and reduces the spin-density in the FeIII(3d) shell to 3.48 elec-
trons.


The origin of the small and positive quadrupole splitting of
FeIV is more difficult to understand. The direction of Vzz is
canted against the Fe ± Fe axis by 37o with direction towards
the bisector of the Ocat-FeIV-Ocat angle. The three contribu-
tions to DEQ are obtained as �1.87 mm sÿ1 (valence),
ÿ0.47 mm sÿ1 (covalence) and ÿ0.36 mm sÿ1 (ligand). Hence,
the valence contribution again dominates but unlike for FeIII


the other two contributions have opposite sign. In addition,
the anisotropies Dnd" and Dnd# are 0.18 and 0.22, respectively,
so that spin-up and spin-down electrons both contribute
approximately the same amount to the quadrupole splitting.
Finally, the 3d shell population of d"2.83d#3.35 for FeIV is far away
from the formal d"1d#3 occupation of an assumed FeIV ion, and
confirms that covalent metal ± ligand interactions gain impor-
tance with increasing oxidation state of the metal.


Significant differences between 10 and 9 exist also with
regard to the magnetic properties expressed by the strength of
the exchange coupling constant J. Whereas the experimentally
derived coupling constant is ÿ95 cmÿ1 for 10, only a lower
bound of 250 cmÿ1 for jJ j could be given for 9. The numerical
calculation of J within the broken-symmetry formalism[58]


reproduces these differences as well. The theoretical coupling
constant J in 10 equals ÿ114 cmÿ1, whereas the calculated
value of ÿ947 cmÿ1 for 9 is almost an order of magnitude
larger. This large value can be confirmed and understood by
utilizing an analytical approximation for the coupling con-
stant[45] that enables an estimation of the ratio between the
two coupling constants in 10 and 9. For linearly bridged
dimeric complexes where direct metal ± metal interactions are
negligible, J is roughly proportional to the square of the
product of the metal ± ligand overlap matrices [Eq. (9)],


J /
X


d;d'


�X
i


SAm
di SmB


id'


�
2 (9)


in which, for example SAm
di is the overlap matrix between a


d-orbital at site A and a valence orbital i of the bridging ligand
m. The overlap matrix can be expressed in closed form by a
sum of Hankel functions,[46] that is a polynomial kl(x) times eÿx


with x� (zA
d � zm


i )RAm where z and RAm denote an orbital
exponent and the distance between both centers, respectively.
Taking the orbital exponents zFe


d , z0
i , zN


i , and the other required
data from the converged MO calculations, the ratio J(9)/J(10)
is obtained as 5.6. On the basis of the experimental value of
J(10) (ÿ95 cmÿ1) the coupling constant of 9 can thus be
estimated as ÿ532 cmÿ1. Hence, the large value of J(9)
originates mainly from the shorter distance between Nm and
FeIV and the more diffuse valence orbitals of nitrogen compared
with oxygen, that is zN


i < zO
i .


In summary, the MO calculations yield an improved
understanding of the bonding modes and intramolecular
interactions. The electronic structure around the iron centers


is well described, as indicated by the agreement between
measured and calculated hyperfine parameters, even though
the degree of delocalization and the strength of the covalent
interactions within the [Fe(m-N)Fe]4� moiety are slightly
exaggerated, as is usually the case within the local density
approximation.


Discussion


High-valent (m-nitrido)diiron complexes containing the low-
spin [Fe3.5(m-N)Fe3.5]4� core (St� 1�2) were discovered in 1976
by Summerville and Cohen[11] by thermolysis and/or photol-
ysis reactions of azidoiron(III) precursors. For example,
[{(tpp)Fe}2(m-N)] was obtained in 83 % yield by thermolysis
of [(tpp)FeIII(N3)] which is kinetically a clean first-order
decomposition. At that time two possible mechanisms were
proposed both of which invoked the formation of (tpp)FeVN
and N2 as the rate-determining step. Such an intermediate has
been characterized by RR spectroscopy where the FeV�N
species was generated by photolysis of [(tpp)Fe(N3)] in frozen
CH2Cl2 solution at �30 K.[47] These FeVN intermediates are
very reactive and are believed to attack the FeIII(N3) precursor
with formation of an FeV(N4)FeIII intermediate which decom-
poses rapidly to give two equivalents of N2 and two
equivalents of an iron(ii) species, [(tpp)FeII] . As the concen-
tration of this species builds up the [(tpp)FeVN] species reacts
with it with product formation [Eqs. (10) ± (13)].


LFeIII ± N3
hn


DH
! LFeVN � N2 rate-determining (10)


LFeVN � LFeIII(N3) ÿ! LFeV(N4)FeIIIL (11)


LFeV(N4)FeIIIL ÿ! 2LFeII � 2 N2 (12)


LFeVN�LFeII ÿ! LFe3.5(m-N)Fe3.5L (13)


Buchler and Dreher[12] have shown that it is possible to
intercept and scavenge the proposed LFeII intermediate by
carrying out the above reaction in a coordinating solvent
mixture of tetrahydrofuran/pyridine (py) which generated
[(tpp)FeII(py)2] in 50 % yield without detectable formation of
[(tpp)2Fe2(m-N)]. This result might suggest that direct for-
mation of [(tpp)FeII] by photolytic homolysis of the FeIIIÿN3


bond as depicted in Equation (14) is also a viable pathway.


[(tpp)FeIII(N3)] hn


py
! LFeII(py)2 � 1.5 N2 (14)


Note that in the above mechanistic reaction sequence, the
iron(II) formation is dependent on the efficiency of FeV ± N
production, whereas in the mechanism depicted in Equa-
tion (14), it is not. Interestingly, Ercolani et al.[16a] report the
synthesis of the asymmetrically coordinated species
[(tpp)Fe3.5(m-N)Fe3.5(pc)] in 65 % yield from the thermal
reaction of [(tpp)FeIII(N3)] and [FeII(pc)] in xylene. This
result is compatible with the above mechanism since some
impurity of [(tpp)2Fe2(m-N)] but not of [(pc)2Fe2(m-N)] has
been reported because a [(pc)FeVN] intermediate cannot
form.
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In contrast, the photolysis of an equimolar mixture of 3 and
[L(Cl4-cat)FeIII(N3)] produces 8 in �50 % yield. [{L(Ph2a-
cac)Fe}2(m-N)]2� and 9 have not been detected as products in
this reaction. Both would have been expected to form if the
dinuclear intermediates FeV(N4)FeIII were the only source of
the necessary FeII. Therefore, we propose that under photol-
ysis conditions using a Hg immersion lamp (220 ± 400 nm) it is
very likely that homolysis of the FeIIIÿN3 bond occurs
generating FeII and an N3


. radical (which decomposes to N2),
in addition to the formation of FeVN intermediates [Eq. (15)].


L'FeIII-N3
hn


hn
! L'FeVN � N2


L'FeII �N3�2 N3 ! 3 N2�
(15)


We speculate that both processes also occur in a thermal
reaction.[48] At least for [LFe(Ph2acac)(N3)]ClO4 the quanti-
tative formation of [LFeII(Ph2acac)]� has been shown to occur
by thermolysis of the former in the solid state. Interestingly,
the same thermolysis reaction of [LFeIII(Cl4-cat)(N3)] does
not produce [LFeII(Cl4-cat)]. This reactivity difference is
probably due to the fact that catecholates stabilize the high-
valent iron ion, that is [LFeV(Cl4-cat)N], but make [LFeII(Cl4-
cat)] quite difficult to access. In comparison, for coordinated
acetonylacetates the FeII oxidation state is more readily
accessible and FeV is more difficult to generate. These
observations canÐat least in partÐexplain why the above
reaction produces [L(Ph2acac)FeIII(m-N)FeIV(Cl4-cat)L]� as
the only isolable dinuclear product. We emphasize that the
exact mechanism of formation of complexes containing the
[Fe(m-N)Fe]4� core from FeIII ± N3 precursors by thermolysis
or photolysis is still far from being understood.


We now discuss some structural and magnetochemical
aspects of binuclear complexes containing the [FeIII(m-
O)FeIII]4� core. Complexes 4 and 5 of this work and previously
structurally characterized species 10,[10] [{L(Ph2acac)2FeIII}2(m-
O)](ClO4)2,[23] and the asymmetric species [L(Cl4-cat)FeIII(m-
O)FeIII(Ph2acac)L] BPh4


[23] contain two octahedral high-spin
ferric ions which are connected by an oxo bridge (corner-
sharing bioctahedral). The asymmetric species is the exact
analogue of complex 8. It is therefore noteworthy that the
FeÿOb bond lengths are not equivalent in the {LFeIII(Ph2aca-
c)O} half (1.787(3) �) and in the {LFe(Cl4-cat)O} half
(1.825(3) �) of the monocation (D� 0.038 �); the Fe-O-Fe
bond angle is 173.7(2)o. This bond length difference is a
consequence of the differing p-donor strength of a coordi-
nated catecholate versus an acetonylacetonate which is
stronger for the former and weaker for the latter.


The strength of the intramolecular antiferromagnetic
exchange coupling as expressed by the coupling constant J
using the spin Hamiltonian H�ÿ2J S1S2 (S1� S2� 5�2) is
known to depend primarily on the average FeÿOb bond
length R. Gorun and Lippard[39] have ignored a correlation of
J with the bridging Fe-O-Fe angle F and have derived
Equation (16) from a statistical analysis of data.


ÿ JGL� 8.763� 1011 exp(ÿ12.663�R) (16)


On the other hand, Weihe and Güdel[40] have recently
derived a similar equation [Eq. (17)] which correlates J with
R and F.


ÿ JWG� 0.6685� 108 (3.536� 2.488 cosF� cos2F)� exp(ÿ7.909R) (17)


In Table 7 we have compiled structural and magnetochem-
ical data of seven similar complexes where the FeÿOb distance
spans the range 1.787(5) to 1.811(1) � and the angle F is in the
large range of 180 to 120o; the measured J values range from
ÿ90 to ÿ122 cmÿ1. We have calculated JGL values according
to the Gorun/Lippard model and JWG values according to the
Güdel/Weihe model (Table 7, columns 3 and 4). Inspection of
these data reveals that JGL values are nearly consistently
larger than the observed values and JWG values are too small.
Complexes 10 and [{LFeIII}2(m-O)(m-CH3CO2)2]PF6 have the
same FeÿOb distance within experimental error at 1.802 �
but the Fe-O-Fe angles F differ by �60o. The experimental J
values differ by 24 cmÿ1 which is about half the predicted
value by the Weihe/Güdel model. The antiferromagnetic
coupling in complexes containing the [FeIII(m-N)FeIV]4� core
with an St� 3�2 ground state, namely 6, 8, and 9, is significantly
stronger than in [FeIII(m-O)FeIII]4� species. From the above
MO calculations it follows that this coupling is approximately
one order of magnitude larger. This is due to a significantly
increased covalency of the FeÿNb bonds as compared to the
corresponding FeÿOb bonds. The St� 3�2 ground state is
attained by coupling of a high-spin FeIII (d5, S� 5�2) with a
FeIV (d4, S� 1) ion. In contrast, in complexes containing an
[Fe3.5(m-N)Fe3.5]4� (St� 1�2) core, a low-spin FeIII (d5, S� 1�2) is
very strongly antiferromagnetically coupled to an FeIV (d4,
S� 1) ion.


The degree of delocalization of the excess electron in the
[Fe(m-N)Fe]4� species with St� 3�2 and St� 1�2 varies; in the
former the valencies are nearly trapped (class II), whereas in
the latter they are fully delocalized (class III). This can be
viewed as a consequence of the larger Franck ± Condon
barrier to intramolecular electron transfer in the St� 3�2 as
compared to the St� 1�2 species. The FeÿX bond lengths in an
octahedral low-spin FeIII and an FeIV (d4, S� 1) ion are similar
whereas they differ significantly in octahedral high-spin FeIII


where the antibonding e*g orbitals are half-occupied and the
FeIV (d4, S� 1) ion with empty e*g . This is also reflected by the
ionic radii of octahedral iron ions: high-spin FeIII (0.785 �)>
low-spin FeIII (0.69 �)� low-spin FeIV.


Experimental Section


Synthesis of complexes: The following preparations of complexes have
been described previously: [LFeIIICl3],[49] [LFeIII(Cl4-cat)(N3)],[10] [{L(Cl4-
cat)FeIII}2(m-O)],[10] [{L(Cl4-cat)Fe}2(m-N)],[10] [{L(Cl4-cat)FeIV}2(m-N)]Br,[10]


and [LFeII(Cl4-cat)(NCCH3)]2H2O.[10]


[LFe(nadiol)Cl] (1): Naphthaline-2,3-diol (nadiolH2) (0.18 g, 1.14 mmol)
and sodium methanolate (0.125 g, 2.28 mmol) were added to a suspension
of [LFeCl3] (0.30 g, 0.90 mmol) in dry methanol (30 mL). The mixture was
heated to reflux for 4 h until a clear deep-blue solution was obtained which
was then cooled to ÿ25 oC. Within a few hours a deep violet microcrystal-
line material precipitated which was collected by filtration and recrystal-
lized from an acetone:toluene (1:1 (v/v)) mixture. Yield: 0.28 g (73 %). MS
(FAB) (MNBA): m/z (%): 420 [M�], 385 [{MÿCl}�], 262 [{Mÿ nadiol}�];
elemental analysis calcd for C19H27ClFeN3O2 (%): C 54.2, H 6.5, N 10.0, Cl
8.4, Fe 13.3; found: C 54.0, H 6.7, N 9.8, Cl 8.9, Fe 13.1.


[LFe(nadiol)(N3)] (2): Sodium azide (2.0 g, 31 mmol) was added to a
blue solution of 1 (0.80 g, 1.90 mmol) in dry acetone (60 mL) and heated
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to reflux for 18 h. Upon cooling to 5 oC, blue-grey crystals of 2 precipitated
which were collected by filtration, and washed with water and
a small amount of ethanol in order to remove impurities of NaN3


and 5, respectively. Yield: 0.60 g (74 %). MS (FAB) (MNBA):
m/z (%): 427 [M�], 385 [{MÿCl}�]; elemental analysis calcd for
C19H27FeN6O2 (%): C 53.4, H 6.4, N 19.7, Fe 13.1; found: C 52.9, H 6.5, N
19.3, Fe 12.8.


[LFe(Ph2acac)(N3)]ClO4 (3): [LFeCl3] (1.0 g, 3.0 mmol) was added to a
suspension of K[Ph2acac] (1.0 g, 3.8 mmol) and NaN3 (0.50 g, 7.7 mmol) in
CH3CN (80 mL). A rapid color change to deep red was observed and a
deep red microcrystalline precipitate formed. A few drops of HClO4 (60 %)
were added to the suspension of until a clear solution was obtained. A
solution of NaClO4 (1.0 g) in water (20 mL) was added whereupon deep red
microcrystalline 3 precipitated within a few days. Recrystallization from a
CH3CN:H2O (1:1) mixture. Yield: 1.3 g (73 %). Elemental analysis calcd
for C24H32N6O6ClFe (%): C 48.7, H 5.45, N 14.2; found: C 48.3, H 5.2, N
14.1.


The corresponding tetraphenylborate salt, [LFe(Ph2acac)(N3)]BPh4, was
obtained from an acetone solution of 3 by addition of Na(BPh4) (slight
excess).


[{LFeIII(acac)}2(m-O)](ClO4)2 (4): A solution of 1,4,7-trimethyl-1,4,7-tria-
zacyclononane (0.40 g, 2.3 mmol) in methanol (10 mL) was added to a
solution of [Fe(acac)3] (0.80 g, 2.3 mmol) in acetone (20 mL). After heating
the mixture to reflux for 30 min, NaClO4 (0.5 g) dissolved in water (5 mL)
was added. Yellow-brown crystals of 4 precipitated from the red solution
overnight which were recrystallized from an acetone:toluene (1:1) mix-
ture as 4 ´ toluene. Yield: 1.5 g (75 %). MS (FAB) (MNBA): m/z (%):
767(5) [{M�ClO4}�], 668(23) [M�]; elemental analysis calcd for
C28H56N6Cl2O13Fe2(%): C 38.8, H 6.5, N 9.7, Cl 8.2; found: C 38.6, H 6.6,
N 9.5, Cl 8.8.


[{LFeIII(nadiol)}2(m-O)]2 mesitylene ´ 2 H2O (5): Aqueous 0.10 M NaOH
(10 mL) was added to a solution of 1 (0.40 g, 0.95 mmol) in acetone
(50 mL). After stirring for 10 h at ambient temperature, the solution was
filtered to remove FeO(OH). The solution was allowed to stand in an open
vessel until red-brown crystals of 5 had precipitated which were collected
by filtration, washed with H2O and ice-cold ethanol and dry diethyl ether.
Yield: 0.35 g (74 %). Crystals suitable for X-ray crystallography were
grown from an acetone:mesitylene (1:1) mixture: [{LFe(nadiol)}2(m-O)] ´
2mesitylene ´ 2H2O. MS (FAB) (MNBA): m/z (%): 786 [M�], 385 [{LFe-
(nadiol)}�]; elemental analysis calcd for C52H70Fe2N6O5 (%): C 64.3, H 7.3,
N 8.7, Fe 11.5; found: C 63.7, H 7.6, N 8.9, Fe 11.7.


[{LFe(nadiol)}2(m-N)] ´ 2 toluene (6): A blue solution of 2 (0.15 g,
0.35 mmol) in dry, deaerated CH3CN (200 mL) was photolyzed at room
temperature for 8 h with a quartz Hg-immersion lamp. During this process,
a constant stream of argon was passed through the solution. During
photolysis, the color of the solution changed gradually from blue to deep
brown. The solvent was removed by rotary evaporation and the residue was
dissolved in a mixture of dry acetone:toluene (1:1) (30 mL). The volume of
the filtered solution was reduced by rotary evaporation by one half. Within
one to two days red-brown crystals of 6 precipitated from this solution.
Yield: 0.07 g (41 %). MS (FAB) (MNBA): m/z (%): 784.4 [M�], 385
[{LFe(nadiol)}�]; elemental analysis calcd for C52H70Fe2N7O4 (%): C 64.5,
H 7.3, N 10.1, Fe 11.5; found: C 65.0, H 7.4, N 10.0, Fe 11.2.


[{LFe(nadiol)}2(m-N)]PF6 ´ toluene (7): Ferrocenium hexafluorophosphate
(0.07 g, 0.21 mmol) was added to a deaerated solution of 6 (0.20 g,
0.21 mmol) in dry CH2Cl (40 mL) with stirring. After 18 h of continuous
stirring at 20 oC, a blue precipitate formed which was collected by filtration
and washed repeatedly with small portions of diethyl ether. The residue
was dissolved in dry CH3CN and purified by column chromatography
(Al2O3) with CH3CN. To the resulting solution, an equivalent amount of
toluene was added. Within a few days cubic crystals suitable for X-ray
crystallography grew from this solution. Yield: 0.05 g (23 %). MS (FAB)
(MNBA): m/z (%): 784.2 [M�]; elemental analysis calcd for C45H62F6Fe2-


N7O4P (%): C 52.9, H 6.1, N 9.6, Fe 10.9; found: C 53.0, H 6.1, N 9.6, Fe 10.7;
1H NMR (400 MHz, CD3NO2): d� 2.04 (3H, s, N-CH3), 2.28 (1.5 H, s,
toluene), 2.34 ± 2.42 (2H, m, CH2), 2.46 ± 2.57 (4H, m, CH2), 2.60 ± 2.66
(2H, m, CH2), 2.70 ± 2.77 (2H, m, CH2), 2.99 ± 3.05 (2 H, m, CH2), 3.5 (6 H, s,
N-CH3), 6.99 ± 7.01 (2 H, AA' part of AA'XX' system of aromatic protons),
7.03 (2 H, s, aromatic protons), 7.08 ± 7.23 (2.5 H, m, toluene), 7.44 ± 7.46 (2H,
XX' part of AA'XX' system).


[L(Ph2acac)Fe(m-N)Fe(Cl4-cat)L]ClO4 ´ toluene (8): A solution of 3 (0.15 g,
0.25 mmol) and [LFe(Cl4-cat)(N3)] (0.15 g, 0.29 mmol) in dry CH3CN
(100 mL) was photolyzed in a quartz tube with a Hg high-pressure lamp for
12 h during which time a constant stream of argon was passed through the
solution. A color change to deep brown was observed. Evaporation of the
solvent under reduced pressure produced a brown-black residue which was
recrystallized three times from a dry acetone:toluene (1:1) mixture. Yield:
0.16 g (52 %) ESI (positive-ion mode): m/z (%): 937 [M�]; elemental
analysis calcd for C46H61N7O8Cl5Fe2 (%): C 48.9, H 5.45, N 8.7; found: C
48.7, H 5.2, N 8.9.


The corresponding tetraphenylborate salt was prepared from an
acetonitrile:ethanol (1:1) mixture of the ClO4


ÿ salt by addition of
NaBPh4. The resulting precipitate was recrystallized from acetonitrile:to-
luene (1:1).


Physical methods and molecular orbital calculations


Electronic spectra of complexes were recorded on a Perkin-Elmer UV/Vis/
NIR Spectrophotometer Lambda 19 in the range 210 ± 2000 nm. Cyclic
voltammetric and coulometric measurements were performed on EG&G
equipment (potentiostat/galvanostat Model 273A). The X-band EPR
spectra were recorded on a Bruker ESP 300E spectrometer equipped with
a helium-flow cryostat (Oxford Instruments ESR 910). Infrared spectra of
complexes were measured on a Perkin-Elmer FT-IR 2000 spectrometer as
KBr disks. The magnetic susceptibilities of solid samples of complexes were
measured in the temperature range 2 ± 300 K with a SQUID-susceptometer
(MPMS Quantum Design) with an external field of 1.0 T. The raw data
were corrected by underlying diamagnetism by use of Pascal tabulated
constants. The Mössbauer spectra were recorded on an alternating
constant-acceleration spectrometer. The minimal experimental line-width
was 0.24 mm s-1 full-width at half-height. The sample temperature was
maintained constant either in an Oxford Variox or an Oxford Mössbauer-
Spectromag cryostat. The latter is a split-pair superconducting magnet
system for applied fields up to 8 T where the temperature of the samples
can be varied in the range 1.5 to 250 K. The field at the sample is oriented
perpendicular to the g-beam. The 57Co/Rh source (1.8 GBq) was positioned
at room temperature inside the gap of the magnet system at a zero-field
position. Isomer shifts are referenced relative to iron metal at 295 K.


Resonance Raman (RR) spectra were recorded with a double monochro-
mator (2400/ mm holographic gratings, Spex Inc.) equipped with a photon
counting system. The output of a krypton ion laser (Spectra Physics) served
as excitation sources. The laser power at the sample was about 50 mW. In
order to avoid photoinduced degradation, the sample, which exhibits an
optical density of about 1.5 at the excitation wavelength, was deposited in a
rotating cell. The Raman scattered light was detected at 90o with a
scrambler placed in front of the entrance slit of the spectrometer to account
for the polarization sensitivity of the gratings. The spectral slit width was
2.8 cmÿ1 and the wavenumber increment was 0.2 cmÿ1 per data point. Up to
15 individual scans were added to improve the signal-to-noise ratio. Thus,
the total accumulation time was about 15 s per data point. In the spectra
shown in this work, the contributions from the solvent were subtracted.
Molecular orbital (MO) calculations were carried out in local density
approximation (LDA)[50, 51] by the spin-polarized self-consistent-charge
(SCC)Xa method.[52±54] The Mössbauer parameters, namely the isomer shift
and the quadrupole splitting have been calculated as described in detail
previously.[55] The measured quadrupole splitting DEQ is related to the
components jVzz j�jVxx j�jVyy j of the electric field gradient (efg) tensor
in its principal axes system [Eq. (18)], with the asymmetry parameter h�
jVxxÿVyy j / jVzz j and the nuclear quadrupole moment Q� 0.15 barn.[56]


DEQ� (1�2)eQVzz(1�h2/3)1/2 (18)


Core polarization effects are taken into account by the Sternheimer
shielding function g(r) derived from atomic self-consistent first-order
perturbation calculations.[57] Apart from these approximations, the efg
tensor is computed rigorously within the frame of a valence-electron-only
MO method.[55] The isotropic Heisenberg exchange coupling constant J in
the Heisenberg Hamiltonian H�ÿ2J SiSj is derived within the broken-
symmetry formalism[58] [Eq. (19)], where E(Smax) and E(Smin) are the SCC-
Xa total energies of the state with maximum spin and the state with
broken-symmetry, respectively.
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J� [E(Smin)ÿE(Smax)]/[S2
maxÿS2


min] (19)


X-ray crystallography : A brown single crystal of 4, and black crystals of 5, 6,
7, and 8 were mounted in glass capillaries sealed under argon. Graphite-
monochromated MoKa radiation (l� 0.71073 �) was used throughout.
Crystallographic data of the compounds and diffractometer types used are
listed in Table 12. Cell constants for 4, 5, 6, and 7 were obtained from a
least-square fit of the setting angles of 25 carefully centered reflections.
Their data were collected at 20(1) oC using the w-2q scan technique,
corrected for Lorentz and polarization effects but no absorption correction
was carried out due to small absorption coefficients. Compound 8 was
measured on a Siemens SMART CCD-detector system equipped with a
cryogenic cold stream at 100(2) K. Cell constants were obtained from a
subset of 6827 strong reflections. Data collection was performed by a
hemisphere run taking frames at 0.30o in w. A semiempirical absorption
correction using the program SADABS (G.M. Sheldrick, Universität
Göttingen) afforded minimum and maximum transmission factors of 0.537
and 0.903, respectively.
The Siemens SHELXTL V.5 software package (Siemens Analytical X-ray
Instruments, Inc. 1994) was used for solution, refinement and artwork of
the structures. All structures were readily solved and refined by direct
methods and difference Fourier techniques performed on DEC Alpha
workstations. All non-hydrogen atoms were refined anisotropically except
those of the disordered parts of the macrocycle and solvent molecules
which were isotropically refined by split-atom models. All hydrogen atoms
were placed at calculated positions and refined as riding atoms with
isotropic displacement parameters.
Ethylene groups in the macrocycles coordinated to Fe(1) in 4 and 8 showed
disproportionate large displacement parameters leading to unrealistically
short CÿC distances due to disorder problems imposed by crystallographic
symmetry. An isotropic split atom model with a 1:1 occupancy of the
methylene carbon atoms was applied yielding the expected lll- and ddd-
conformation of the coordinated macrocycle. Hydrogen atoms of these
methylene carbon atoms were attached geometrically with an occupancy
factor of 0.5. Complexes 5, 6, and 7 also showed slight torsional disorder of
the methylene carbons but splitting of atoms did not improve the structure
quality. Perchlorate anions in 4 were found to be disordered and a split
atom model was applied satisfactorily yielding two positions with a 0.5
occupancy for each of oxygen atoms.


Crystals of 4, 6, and 7 contain toluene solvent molecules, while 5 crystallizes
with mesitylene and water. Attempts to localize the hydrogen atoms of the
water molecule failed. All organic solvent molecules were poorly defined
and disordered. A 1:1 split-atom model was used for the methyl group of
toluene in 4 lying on a center of inversion. The methyl group of toluene in
crystals of 7 could not be located and therefore was not included in the
refinement. Crystallographic data (excluding structure factors) for the


structures reported in this paper have been deposited at the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
101 181. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 IEZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Chemistry at Low Pressure and Low Temperature: Rotational Spectrum and
Dynamics of Pyrimidine ± Neon


Walther Caminati* and Paolo G. Favero


Abstract: The equilibrium configuration, dynamics, and dissociation energy of the
very weakly bonded pyrimidine ´´´ Ne complex have been deduced from its free jet
millimeter wave spectrum. The equilibrium distance of Ne with respect to the center
of mass of the molecule is 3.27 �, with Ne tilted 5.18 from the perpendicular to the
center of mass of the ring toward the mid-point of the two nitrogen atoms. The
dissociation energy is estimated, from the centrifugal distortion constant DJ, to be
about 1.3 kJ molÿ1.


Keywords: molecular dynamics ´
rotational spectroscopy ´ Van der
Waals complexes


Introduction


The combination of supersonic expansion with spectroscopic
techniques[1] has allowed an extensive investigation of the
chemistry of the rare gases, that is the formation of stable
adducts of rare gas atoms with various molecules. These
adducts do not normally exist on the earth because they are
stable only at very low pressure and temperature values, that
is in conditions similar to those in interstellar space, where,
however, adducts of this form have not been identified so far.
Laboratory data would be essential for their search if they
would exist there. These adducts can be formed in laboratory
by adiabatic expansion; correspondingly the origin of the
interstellar space is related to the adiabatic explosion which
brought about the formation of the universe.


The dynamics of the Van der Waals motions and the
dissociation energies of the rare gas atom can be estimated to
an extent which depends on the spectroscopic resolving power
and on the symmetry of the rare gas partner molecule.[2] Jet-
cooled rotationally resolved spectra supply the most detailed
information, since they display the measured distortion from
rigid rotor behavior mainly due to the Van der Waals
vibrations.[3±7]


Several of the Van der Waals complexes investigated in this
way are between a rare gas atom and a molecule with an
aromatic ring, probably because of the high number of
interaction centers at an almost equivalent distance from the
rare gas atom. Most of these complexes (about ten) involve an
Ar atom, while only one or two involve a Ne, Kr, or Xe


atom,[8] presumably due to the high cost of Kr and Xe, and to
the low interaction energy of Ne. It is in fact known that the
value of the binding energy is proportional to the atomic
number of the rare gas.[9, 10]


These studies have generally been performed with pulsed
molecular beam microwave Fourier transform (MBMWFT)
spectrometers. Let us consider, for the sake of simplicity, only
complexes with aromatic unsubstituted rings. Only adducts
with Ar have been studied with MBMWFT for the three
prototype five-membered aromatic compounds, furan (furan-
Ar[11] was the first observed adduct of a rare gas with a cyclic
molecule), pyrrole,[12] and thiophene,[13] and for some other
five-membered molecules with two heteroatoms.[14±16] Com-
plexes with six-membered rings have been reported for two
molecules, but with several rare gases: benzene ± rare gas
(rare gas�Ne, Ar, Kr, Xe[10, 17]) and pyridine-rare gas (rare
gas�Ar, Kr[18, 19]). Recently we applied a direct absorption
techniqueÐfree jet millimeter-wave absorption spectroscopy
(FJMMWA)Ðto the investigation of such a kind of complex,
and reported the results for some complexes of Ar with
aromatic molecules.[7, 20±23] However, due to the weak linkage,
we could only recently observe the rotational spectrum of an
adduct with Ne, pyrimidine ± neon (PRM ± Ne). Figure 1
shows PRM ± Ne, PRM, the switching of the principal axes
upon formation of the adduct, and the Van der Waals
structural parameters.


Benzene ± Ne is a symmetric top and has a weak but simple
spectrum, interpreted in terms of one rotational, and two first-
order centrifugal distortion constants.[10] From these data a
dissociation energy of 151 cmÿ1 has been calculated.[10] The
investigation of an asymmetric top complex such as PRM ± Ne
would supply more experimental data (three rotational and
five first-order centrifugal distortion constants), and possibly
give more information on the structure and dynamics of the
complex.


[a] Prof. W. Caminati, Prof. P. G. Favero
Dipartimento di Chimica G. Ciamician dell'UniversitaÁ
Via Selmi 2, I-40126 Bologna (Italy)
Fax: (�39) 51-259456
E-mail : caminati@ciam.unibo.it
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Figure 1. Geometry and principal axes system in PRM ´´´ Ne.


Results and Discussion


Rotational spectrum


The first estimate of the rotational constants of PRM ± Ne was
based on a model similar to that given in Figure 1, with Ne
positioned 3.4 � above the PRM plane, along the perpendic-
ular to the center of mass, and with the r0 geometry of PRM as
in the isolated molecule.[24]


The experimental spectrum showed several high J high Ka


mc-R-type lines, doubly overlapped due to the Ka near prolate
degeneracy of the involved levels. Subsequently, the weaker
lines with lower Ka values, resolved in asymmetry doublets,
were also been measured. The measured transition frequen-
cies are reported in Table 1. They have been fitted with
Watson�s S reduced Hamiltonian (Ir representation).[25]


Quartic and sextic centrifugal distortion parameters were
required to fit the spectrum, in accord with the large
amplitude inherent in the Ne motions. The parameters
determined are collected in Table 2.


Geometry


Due to the effects of the Ne motions (see below) only an
approximate, but significant, Van der Waals geometry can be
obtained with usual methods. We report in Table 3 an r0


structure, obtained from a fit of the three rotational constants
to the two (r and q) Van der Waals parameters (the geometry
of PRM has been fixed to that of the isolated molecule).
Alternatively the substitution coordinates were obtained by
applying Kraitchmann�s equations[26] to the rotational con-


stants of isolated pyrimidine and PRM ± Ne, supposing a
dummy atom of zero mass to be substituted by an Ne atom.
These coordinates are also reported in Table 3, and give more
indications on the structure of the complex. The small
nonzero values of jx j are attributed to large amplitude
motions that underlie this kind of molecular complex,[7] and
therefore are compatible with zero equilibrium values. The
values obtained are affected by the Coriolis contributions to
the moments of inertia, are thus implicitly approximated
values. Additional information on the structure and dynamics
of the complex can be obtained from the shifts of planar


Abstract in Italian: Dallo spettro millimetrico in assorbimento
del complesso debolmente legato pirimidina ´´´ Ne si sono
ottenute informazioni sulla configurazione di equilibrio, sulla
dinamica e sull' energia di dissociazione. La distanza di
equilibrio di Ne rispetto al centro di massa della molecula e'
3.27 �, con Ne piegato di 5.18 dalla perpendicolare al centro di
massa dell' anello verso il punto intermedio della congiungente
i due atomi di azoto. L' energia di dissociazione e' stata stimata
in ca. 1.3 kJ molÿ1 dalla costante di distorsione centrifuga DJ.


Table 1. Experimental transition frequencies (n [MHz]) of PRM ± Ne.


Doubly overlapped transitions[a] Non overlapped transitions
J'K 'a J''K ''a n J'K 'a,K 'c J''K ''a,K ''c n


11(8) ± 10(7) 60355.24 13(5,9) ± 12(4,9) 60737.96
12(8) ± 11(7) 64141.39 13(5,8) ± 12(4,8) 60737.58
13(8) ± 12(7) 67917.18 14(5,10) ± 13(4,10) 64525.33
11(9) ± 10(8) 62791.86 14(5,9) ± 13(4,9) 64524.44
12(9) ± 11(8) 66570.74 15(5,11) ± 14(4,11) 68302.00
10(10) ± 9(9) 61465.90 15(5,10) ± 14(4,10) 68300.45
11(10) ± 10(9) 65247.55 14(4,11) ± 13(3,11) 62162.69
12(10) ± 11(9) 69019.00 14(4,10) ± 13(3,10) 62129.48
11(11) ± 10(10) 67724.51 15(4,12) ± 14(3,12) 65950.44
12(11) ± 11(10) 71488.58 15(4,11) ± 14(3,11) 65899.50
13(11) ± 12(10) 75241.18 16(4,13) ± 15(3,13) 69728.99
12(12) ± 11(11) 73981.42 16(4,12) ± 15(3,12) 69653.27
13(12) ± 12(11) 77726.49 15(3,13) ± 14(2,13) 63824.97
12(7) ± 11(6) 61728.57 15(3,12) ± 14(2,12) 63209.61
13(7) ± 12(6) 65512.12 16(3,14) ± 15(2,14) 67670.45
14(7) ± 13(6) 69285.09 16(3,13) ± 15(2,13) 66903.87
13(6) ± 12(5) 63120.25
14(6) ± 13(5) 66900.79
15(6) ± 14(5) 70670.51


[a] Due to the Ka asymmetry degeneracy of levels, only Ka is given.


Table 2. Spectroscopic constants of PRM ± Ne (Ir representation, S
reduction).


A [MHz] 3136.18(6)[a] d1 [kHz] ÿ 0.13(3)
B [MHz] 1946.53(12) d2 [kHz] [0]
C [MHz] 1920.33(16) HJ [kHz] ÿ 3.5(5)
DJ [kHz] 19.2(4) HJK [kHz] ÿ 23.0(11)
DJK[kHz] 104.2(6) HKJ [Hz] 75.2(17)
DK [kHz] ÿ 118.3(5) HK [Hz] ÿ 46.5(6)
N[b] 35 s [MHz] 0.079


[a] Standard errors are given in parenthesis in units of last digit. [b]
Number of transitions in the fit.


Table 3. r0 and rs Van der Waals geometry for PRM ± Ne.


Van der Waals parameters ([�] and [8])
r0


[a] rs


rCM 3.338(7)[b] 3.337
q 82(1) 74.3


Ne rs coordinates [�][c]


experimental calculated[d]


j x j 0.340(2) 0.0
j y j 0.296(2) 0.465
j z j 3.3066(2) 3.3055


[a] From the fit of rotational constants. [b] Error (in parentheses) is
expressed in units of the last digit. [c] Coordinates in the principal axes
system of PRM. [d] Calculated with the r0 parameters above.
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moments of inertia on going from the monomer to the
complex. The planar moments of inertia are defined and
related to the rotational constants through Equation (1).


Maa�Simiai
2� h/(16p2)(ÿ1/A� 1/B� 1/C), etc. (1)


They represent the mass extension along the principal axes.
Their shifts on going from the isolated molecule to the
complex (see Figure 1) are shown in Table 4 for the PRM/


PRM ± Ne and PRM/PRM ± Ar systems. Since the axis
switches upon formation of the complexes, the more consis-
tent quantities DMxx, DMyy, and DMzz (see Figure 1) are
reported there. The smaller value of DMzz for PRM ± Ne is in
accord with the fact that Ne is lighter than Ar, and closer to
the ring center of mass. Similarly, it is difficult, at a first sight,
to understand the negative values of DMxx and DMyy, and why
these values are even more negative for PRM ± Ne. A rather
simple interpretation of this effect has been given for PRM ±
Ar, in terms of mass dispersion and vibrational Coriolis
couplings.[7]


Van der Waals motions


The three translational motions of the isolated Ne atom are
replaced upon formation of the complex by three low-energy
vibrational modes. One of these motions can be considered as
the stretching between the two centers of mass of the two
constituent molecules, while the remaining ones can be
considered as two internal rotations of Ne around PRM.


The radial part of the Ne motions (stretching) can be, in a
first approximation, isolated from the other motions. For
asymmetric top complexes in which the stretching coordinate
is near-parallel to the inertial a axis, the stretching force
constant (ks) can be estimated by approximating the complex
to a molecule made of two rigid parts, by using expressions
such as Equation (2), in which the subscript D denotes a dimer
quantity, mD is the pseudo diatomic reduced mass, RCM is the
distance between the centers of mass of the monomers
(3.337 � for PRM-Ne), and DJ is the centrifugal distortion
constant.[3, 27]


ks� 16p4(mDRCM)2[4BD
4� 4CD


4ÿ (BDÿCD)2(BD�CD)2]/(hDJ) (2)


For PRM-Ne ks, the corresponding harmonic stretching
fundamental (ns), and the dissociation energy (EB), obtained
assuming a Lennard-Jones type potential, are reported in
Table 5, and compared to the corresponding values for the
related complexes PRM-A [7] and PRM-water.[28] Figure 2
shows the three Lennard-Jones potential curves.


Figure 2. Lennard-Jones potential energy diagrams for the dissociation of
PRM ´´´ Ne, PRM ´´´ Ar, and PRM ´´´ water (the last one appears only in the
upper graphics). The dissociation energy for a normal bond, that is O ± H of
water, is 459 kJmolÿ1.


As to the two Ne internal rotations their effects are
reflected in their contribution to the negative values of DMxx


and DMyy, as mentioned above, and to the anomalous high
values of the DJK and DK centrifugal distortion parameters, as
outlined in several of the complexes of aromatic molecules
with rare gases.[4,5,22] The procedure to extract the bends Van
der Waals potential energy parameters from centrifugal
distortion is rather complex for low-symmetry complexes
such as PRM-Ne; thus, we extracted this information for the
Cs-symmetric PRM-Ne complex from the DMxx and DMyy


values given in Table 4. The two motions are considered local
harmonic oscillations on one side of the ring, by a model that
describes the A-type mode in the xz plane by the displace-
ment X and the A' type displacement in the y direction by Y
[Eq. (3); in which Ye is the displacement, within the symmetry
plane, of the neon atom from the z axis at equilibrium].


V(X,Y)� (1/2)[kxX2� ky(YÿYe)2] (3)


Table 4. Shifts of planar moments of inertia (in u�2) in going from the
isolated molecule to the complex for PRM ± Ne and PRM ± Ar.


PRM!PRM ± Ne PRM!PRM ± Ar[7]


DMxx ÿ 0.971 ÿ 0.615
DMyy ÿ 1.731 ÿ 1.052
DMzz 180.830 330.145


Table 5. Parameters describing the Van der Waals motions for PRM ± Ne
and PRM ± Ar.


PRM ± Ne PRM-Ar[7]


ks[Nmÿ1] 1.08 2.94
kX [Nmÿ1] 0.22 0.52
kY [Nmÿ1] 0.22 0.52
n [cmÿ1] 33.8 43.3
nX [cmÿ1] 26.8 39.6
nY [cmÿ1] 26.7 39.6
Ye[�][a] 0.29 0.27
re [�][a] 3.27 3.47
qe [8][b] 5.1 4.4
EB [cmÿ1] 109 305


[a] The equilibrium position of Ar is shifted in the direction from the
center of mass of the ring towards the nitrogen atoms.
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The calculations were made by using the two-dimensional
flexible model approach,[29] resolving the range (ÿ2.0 �,
�2.0 �) into 21 mesh points for each of the X and Y
displacements.


Since the two pieces of data, DMxx and DMyy do not allow
one to estimate more than two of the three parameters Ye, kx ,
and ky, we assumed kx� ky, a condition nearly fulfilled for this
kind of complex.[4] The results are shown in Table 5. Although
a value of Ye�� 0.293 � was obtained, a comparison with
other complexes[4, 7, 18] suggests the minus rather than the plus
sign and yields Ye�ÿ0.293 �, which means that the vertical
on the ring plane passing through the equilibrium position of
the argon atom, at 3.302 � above the ring plane, is tilted by
about 5.18 from the center of mass of the ring towards the
midpoint between the two nitrogen atoms. In spite of the fact
that Ne is much lighter than Ar, the bend vibrational
fundamental frequencies 26.8 cmÿ1 and 26.7 cmÿ1 are consid-
erably lower than the values of 39.6 cmÿ1 for PRM ± Ar,[7]


indicating that PRM ± Ne is much floppier than PRM ± Ar.


Conclusions


It can be questionable if adducts of aromatic molecules with
rare gas atoms are real chemical compounds, but in light of the
results depicted in Figure 2 and Table 5, it seems that the
difference with respect to normal chemical compounds is
quantitative rather than qualitative. It can be argued that this
kind of study is molecular physics rather than chemistry, but
this would be the chemistry of a world with very low standard
pressure and temperature. The observed configuration of
PRM ± Ne is certainly the most stable one; less stable
conformers, although not excluded, would relax during the
supersonic expansion to the observed one.[31]


Experimental Section


The Stark- and pulse-modulated free jet absorption millimeter-wave
spectrometer used in this study has already been described elsewhere.[20, 30]


The complex was formed by flowing neon at a pressure of about 1.5 bar
over the sample at room temperature, and expanding the mixture through a
pulsed nozzle (repetition rate 5 Hz) with a diameter of 0.35 mm, reaching
an estimated rotational temperature of about 7 K. Neon 99.995 % was
supplied by Linde, and pyrimidine by Aldrich. The accuracy of the
frequency measurements is about 0.05 MHz.
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