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Introduction


The use of molecular modeling studies of oxo surfaces[1] that
bind metals appropriate to drive catalytic or stoichiometric
reactions dates back a very long time.[2] An interesting
approach foresees the use of a preorganised set of oxygen
donor atoms in a quasiplanar arrangement for binding metal
ions. In such a context, the calix[4]arene skeleton[3] comes into
the game,[4] with a number of unique geometrical and
electronic peculiarities. Calix[4]arenes have only recently
been employed for binding metals,[5] and even more recently
as ancillary ligands for supporting reactive metals in organo-
metallic chemistry.[4] In such a role calix[4]arenes have quite a
number of unique peculiarities. Let us first have a look at their
geometrical properties. In the metalla-derivative, calix[4]ar-
enes almost exclusively assume the cone conformation, thus
keeping the oxygen set quasiplanar. They usually act as
tetraanionic ligands, though the charge of the O4 set can be
tuned by a different degree of alkylation (Figure 1).


The oxygen alkylation enables us to control the function-
alization degree of the metal and, at the same time, using
appropriate R substituents, also the steric protection of the
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Figure 1. Anions derived from calix[4]arene.


metal reactive site. The symmetry of the cone conformation is
largely determined by the coordination number of the metal
attached to it, and thus, indirectly, by the symmetry of the
incoming substrate to the metal. Such geometrical features
are revealed by the methylene bridging and the tBu groups
functioning as spectroscopic probes in a 1H NMR spectrum.[4-


d, e, j] What about the consequences for the frontier orbitals
available at the metal thanks to its binding to the calix[4]arene
skeleton? Although in metallacalix[4]arenes the metal an-
choring groups are methylene-bridged phenoxo anions, the
role of calix[4]arene is different from that played by the same
number of monomeric phenoxo units.[2, 4]


The four oxygen donor atoms preorganised in a quasiplanar
geometry, along with the partial alkylation of the phenoxo
groups, have a major effect in determining the set and the
relative energy of the frontier orbitals available at the metal
for the substrate activation. How the metal ± calix[4]arene
fragments can assist the formation and the reactivity of
organometallic functionalities, and particularly the MÿC ones,
is exemplified in the case of zirconium(iv) in Figure 2, showing
a comparison between the frontier orbitals of the [ZrO4] cores
and the [Cp2Zr] fragment.[6]


For all the ZrIV fragments with a d0 electron count, four low-
lying metal-based orbitals have been identified. The dx2ÿy2
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orbital, pointing more closely towards the oxygen ligands, is
pushed high in energy, while the remaining four d orbitals are
found within ca. 1 eV range. For the [calix[4] ± (O)4Zr]
fragment the LUMO is 1a1(dz2) with a doubly degenerate
1e(dxz,dyz) approximately 0.5 eV higher. Due to the p inter-
action with the oxygen atoms, the 1b2(dxy) orbital lies another
0.5 eV higher in energy. In the [calix[4] ± (O)4(OMe)2Zr]2�


fragment, owing to the reduced interaction with the methy-
lated phenoxo ligands in the xz plane, the (dxz,dyz) set splits by
ca. 1 eV into the 1b1(dxz), which becomes the LUMO, although
almost degenerate with the 1a1(dz2) and the 1b2(dyz), which is
pushed slightly higher than the 1a2(dxy). The frontier orbitals
of the [calix[4] ± (O)3(OMe)Zr]� fragment are similar to those
of the latter fragment. However, because of the lower
molecular symmetry (Cs), the two lowest orbitals of dz2 and
dxy character have the same a' symmetry and mix strongly,
giving rise to two hybridized 1a' and 2a' orbitals lying in the xz
plane and tilted towards the (OMe) and (O) directions,
respectively.


On the right of Figure 2 we display for comparison the well-
known picture of the three low-lying empty orbitals of
[Cp2Zr]2� (1a1, 1b1 and 2a1).[6] The main difference between
the calix[4]arene-based fragments and [Cp2Zr]2� is that, while
the latter have only three low-lying empty orbitals available
for bonding with additional ligands, all the three former
fragments have four, and this fact has important consequences
for its chemical behavior. Indeed, these four low-lying d
orbitals can accommodate up to eight electrons, at variance
with the case in [Cp2Zr]2�, which can accommodate up to a
maximum of six electrons without violating the EAN rule.
Moreover, while in [Cp2Zr]2� all the three low-lying frontier
orbitals lie in the symmetry plane bisecting the CpZrCp angle,
in the calix[4]arene-based fragments the four lowest lying


orbitals lie on two orthogonal planes,
thus favouring a facial over a meri-
dional structure when such a frag-
ment is bound to three additional
ligands. The facial compared to the
meridional arrangement of the three
low-lying frontier orbitals favours,
among other things, the formation
of a metal ± substrate multiple
bond,[4b, f, h] that is, stabilization of
alkylidenes and alkylidynes, and af-
fects the migration ± insertion reac-
tions.[4e]


The metal ± oxo molecular models
outlined above have a quite remark-
able potential for studying the metal
activity in a quite unusual environ-
ment. Some of the possibilities could
be:
1) the generation and the chemistry


of MÿC, M�C, M�C functional-
ities;


2) the interaction with hydrocarbons
and hydrogen;


3) the activation of small molecules
like N2, CO, O2, and CO2.


Some of the quite recent results and prospective applica-
tions will be summarized and emphasized in the following
sections.


Discussion


A. Calix[4]arene metalation : A preliminary question is how
to make the starting materials for entering organometallic and
coordination chemistry in the area of calix[4]arenes. The main
synthetic approaches include direct metalation using early
transition metal halides;[4d, e, i] metathesis reaction between
metal halides and the sodium or lithium derivative;[4] acid- or
base-induced demethylation;[4i, k] and the use of homoleptic
alkyl or aryl derivatives.[4f, m]


B. The chemistry of MÿC functionalities bonded to a
calix[4]arene matrix : Depending on the nature of the metal
and the degree of its functionalization imposed by the
alkylation of the oxygen donor atoms, the calix[4]arene
skeleton allows entry into the vast area of the MÿC, M�C,
and M�C[4a, b, d, e, f, h] functionalities anchored to a planar oxo
surface. Significant comparisons can be made with many
postulated intermediates occurring on the surface of hetero-
geneous oxo-catalysts,[1] or on supported organometallics.[2]


The first surprising feature is the very high thermal stability
of the MÿC functionalities bonded to a calix[4]arene skeleton,
and the absence of significant b-elimination processes during
their synthesis. A multiple migratory insertion reaction of
carbon monoxide and isocyanides into the MÿC bonds has
been observed;[4e] the insertion is a consequence of the facial
arrangement of the three frontier orbitals shown in Figure 2.
Important, selected examples are in Scheme 1, showing metal-


O


O


Zr


O


O


O


O


Zr


Me


O


O


O


O


Zr


O


O


Me


Me


Zr


1e
-10


-12


–


–


–


E (eV)


2a1


–


- 8


1a'


2a'


1a''


2a''


-11


- 9


1a1


1b2


–


1a1


1b2


1b1


1a2


1a1


1b1


1b2


1a2


2a1


Figure 2. Frontier orbitals of metallacalix[4]arenes and the zirconacene fragment.
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assisted CÿC and C�C bond
formations. There is a prospect
of using MÿC functionalities
bonded to calix[4]arenes
1) for assisting catalytic re-
actions, for example poly-
merization; 2) in H2 activation
and hydride chemistry; 3) in
the s-bond metathesis reac-
tion.


The three frontier orbitals
shown in Figure 2 are partic-
ularly suitable for establishing
MÿC multiple bonds. The one-
step synthesis of anionic alkyl-
idynes[4b] is exemplified in
Scheme 2, along with the un-
usual reversible protonation to the corresponding alkylidenes.
The stoichiometric and catalytic activity of interrelated
alkylidyne ± alkylidenes over an oxo surface looks particularly
promising.
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Scheme 2. One-step synthesis of a W alkylidyne and its reversible
protonation reaction.


C. Generation of electron-rich metal
centers : The generation of reactive
species over an oxo surface seems, in
principle, to be unlikely because of
the nature of the chemical environ-
ment around the metal center. How-
ever, it has been found that metal-
lacalix[4]arenes are particularly ap-
propriate for electron-rich metal
reactive sites.


C1. Formation of metal ± metal bond-
ed calix[4]arenes : In the absence of
an appropriate substrate, a prelimi-
nary reaction occurring when a very
reactive reduced metal is generated
is, at least in the case of early
transition metals, a metal ± metal cou-
pling, which leads to the dimeric
species shown in Scheme 3.[4c] The
reactivity of the metal ± metal func-
tionality[7] anchored to calix[4]arene
moieties[4c, 8] is currently an open and
so far unexplored field.


C2. Olefin rearrangements to MÿC, M�C, and M�C bonds
over a metallacalix[4]arene oxo surface : Generation of MÿC,
M�C, and M�C functionalities directly from hydrocarbons
has been recognized for a long time as a superior feature of
heterogeneous catalysts over homogeneous catalysts.[1] The
ethylene rearrangements assisted by the d2[{p-tBu-calix[4]-
(O4)}W][4h] fragment are very similar to those often supposed
to occur on metal oxides or other active surfaces.[1, 2] Such
rearrangements (Scheme 4) are driven by light, acids, or bases,
or occur under reducing conditions. Scheme 4 gives the
overall picture of the fundamental transformations undergone
by ethylene and propylene on a WIV oxocalix[4]arene
surface.[4h] Although some of these transformations are known
for different metal fragments, the occurrence both on a single
fragment and on a metal ± oxo surface is unprecedented and
opens novel perspectives in the field.
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Scheme 1. Multiple migratory insertion reaction into ZrÿC bonds.
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C3. Activation of small molecules by a metallacalix[4]arene
oxo surface : The generation of highly reactive low-valent
metals in an oxo environment may be quite an interesting
avenue to explore, not only for hydrocarbon but also
for small molecule activation. The latter case is exemplified
by a quite recent report on the activation of dinitrogen,
centered on the utilization of low-valent niobium
bound to the calix[4]arene tetraanion.[4g] Such species can
react to form metal ± metal bonded dimers, or, under
appropriate conditions, to reduce and cleave jN�N j multiple
bonds. Scheme 5 shows the stepwise reduction of dinitrogen
to nitride assisted by niobium(iii) ± calix[4]arene.[4g]


Outlook


The preorganised oxo surface of calix[4]arene anions offers a
unique opportunity for making molecular model compounds
competitive with the well-known heterogeneous oxo-cata-
lysts. They can challenge the heterogeneous systems in a range
of reactions, from hydrocarbon rearrangements, to dinitrogen
reduction and cleavage, and to oxo-transfer processes.
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Introduction


The concept of philicity has proven to be a useful tool to
rationalize carbene reactivity.[1, 2] During the last years the
nucleophilic carbenes of Arduengo- and Wanzlick-type, which
are stable at room temperature and even can be crystallized,
attracted much attention.[3, 4] In contrast, electrophilic singlet
carbenes are much less well studied. The reason for this is
that typical electron-accepting substituents (e. g. -CF3, -CN,
-CO2R) at the carbene center lead to triplet ground state
carbenes with an entirely different reaction pattern. At least
one p-donating substituent (e. g. -halogen, -OR, -NR2), which
reduces the electrophilicity of the carbene, is required to
stabilize the singlet ground state. Alternatively, the singlet
state can be stabilized by reducing the R-C-R bond angle V,
which for V� 08 finally leads to the vinylidenes. Thus,
vinylidenes with strongly electron-accepting substituents
should provide electrophilic singlet carbenes. This concept is
in line with the electron affinities (EA) of fluorinated
vinylidenes measured by Lineberger and co-workers using
negative-ion photoelectron spectroscopy.[5±7] The EA of vinyl-


idene (1) was determined to 0.490 eV, similar to the EA of
methylene (0.63 eV). However, while fluorination of H2C:
decreases the EA to 0.542 eV in HFC: and to 0.179 eV in F2C:,
fluorination of H2C�C: has the opposite effect and the EA
increases to 1.718 eV in HFC�C: (2), and to 2.255 eV in
F2C�C: (3) (Table 1).


Evidence for the formation of 3 in the gas phase by trapping
experiments was published by Strausz and co-workers[8] and
by Stachnik and Pimentel,[9] who generated 3 by Hg-sensitized
and multi-IR photon decomposition, respectively, of trifluoro-
ethylene. Brahms and Dailey used difluoropropadienone (4)
as a source of 3.[10±12] Irradiation (l> 220 nm) of 4 in the gas
phase produced 3 as an intermediate which could be trapped
with cyclopentene to give both the product of the addition to
the double bond as well as CH insertion products
(Scheme 1).[10] These results indicate that 3 is highly reactive
and of low selectivity. In argon matrices 4 could not be photo-
decarbonylated, since carbene 3 immediately is trapped by the
CO formed in the same matrix cage.[11] This was clearly
demonstrated by doping the matrix with 13CO which resulted
in the incorporation of the label into 4. In nitrogen matrices
difluorodiazoethene (5) was produced in low yield (2 %),
which again indicates the formation of 3 as a transient
species.[11]


Reactions of DifluorovinylideneÐA Super-Electrophilic Carbene


Wolfram Sander* and Carsten Kötting[a]


Abstract: Difluorovinylidene is the only vinylidene that
could be isolated in low temperature matrices, so far. Its
unusual reactivity is governed by its extreme electro-
philicity and electron affinity. Thus, it not only adds CO
and N2 without difficulties, but also inserts into CH4 and
even H2 at temperatures below 40 K. The reaction of
F2C�C: with FC�CF clearly reveals that the formation of
methylenecyclopropene proceeds in a stepwise reaction.
The most striking example for the electrophilicity of
F2C�C: is the thermal reaction with Xe to give a charge-
transfer complex with a characteristic IR spectrum.
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Table 1. Experimental and calculated singlet ± triplet splittings (DEST) and
electron affinities (EA) of some carbenes.


DEST
[a]


[kcal molÿ1]
EA[a] [eV] DEST


[b]


[kcal molÿ1]
EA[b] [eV]


H2C: 9.08 0.630 11.8 0.73
HFC: ÿ 14.9 0.542 ÿ 11.5 0.85
F2C: ÿ 57.0 0.179 ÿ 51.6 0.61


ÿ 47.5 0.490 ÿ 48.1 0.68


ÿ 30.4 1.718 ÿ 28.0 1.98


ÿ 21.3 2.255 ÿ 14.7 2.56


[a] Experimental values from negative-ion photoelectron spectroscopy
(taken from references [5 ± 7]). [b] Calculated at the B3LYP/6 ± 311��
G(d,p) level of theory, including the ZPE.
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Scheme 1. Reactions of the transient carbene 3.


Recently we found that photochemistry of difluoroacety-
lene (6)[29] at 193 nm provides a simple and highly efficient
method to synthesize 3 in more than 90 % yield. Under the
conditions of matrix isolation carbene 3 is stable, which allows
its spectroscopic properties and its unique reactivity with a
variety of small molecules to be studied.


Electronic Structure of Difluorovinylidene


Difluorovinylidene (3) and its rearrangement to acetylene 6
has been subject to several theoretical studies: Strausz et al. in
1973,[13] Goddard in 1981,[14] Pople and Schleyer et al. 1981,[15]


Schaefer III et al. in 1990,[16] and Thiel et al. in 1997.[17] All
these studies agree that 3 is separated from 6 by a huge
barrier, although the rearrangement is predicted to be
strongly exothermic. At the CCSD(T)cc-pVQZ level of
theory the barrier is predicted to 36.4 kcal molÿ1 and the
energy of reaction to 29.5 kcal molÿ1.[17] Thus, 3 is kinetically
stable towards rearrangement even at room temperature.


The C ± C stretching vibration of 3 in argon at 7 K is located
at 1672 cmÿ1 and thus only 50 cmÿ1 red-shifted compared to
that of 1,1-difluoroethylene. This indicates an almost normal
C ± C double bond in 3. The HOMO is the bonding p-orbital,
calculated (MP2/6-311��G(d)) atÿ11.50 eV, corresponding
to an electron-rich olefin (Figure 1). Quite unusual is the low-
lying carbene n-orbital (ÿ13.72 eV), which falls below the p-
orbital and indicates the low nucleophilicity of 3. The LUMO


Figure 1. Plots of the HOMO-1, HOMO, LUMO, and the electron density
surface encoded with the electrostatic potential (in color, blue corresponds
to electrophilic, red to nucleophilic areas on the surface) of difluoroviny-
lidene (3). Calculations were done at the MP2/6 ± 311��G(d) level of
theory. NPA charges (MP2/TZ2Pf, Ref. 25) are given at the atoms.


is described best as the in-plane p-orbital at the terminal
carbon atom with only small contributions at the other atoms.
Most of the chemistry of 3 is governed by the interaction of
this low-lying virtual orbital (0.04 eV) with occupied orbitals
of the reaction partner.


With a calculated dipole moment of 1.1 D (MP2/
RCEP,TZ2Pf) vinylidene 3 is of modest polarity only. The
negative charge (natural population analysis charges are used
in this discussion) at the fluorine atoms (ÿ0.27) is almost
completely compensated by the carbon atom directly bound
to the fluorine atoms (�0.44), and the carbene center is only
slightly positively charged (�0.11).


Reactions of Difluorovinylidene


The reactions of vinylidene 3 with a variety of small molecules
were investigated in argon matrices doped with 0.5 ± 1 % of
the reagent at temperatures below 40 K. In the first step 3 was
produced by 193 nm irradiation (ArF Excimer Laser) of
acetylene 6 at 7 K. In the second step the matrix was warmed
to 20 ± 40 K (depending on the reagent) to allow the diffusion
of species trapped in the matrix. Thus, the photochemical
preparation of 3 and the subsequent thermal reactions can be
separately monitored by IR or UV/Vis spectroscopy. Since the
thermal energy available at these cryogenic temperatures is
very small, only reactions with vanishing or very small
activation barriers are observed.


Dimerization and reactions with CO and N2 : Annealing of an
argon matrix containing 3 at 30 K results in the formation of
tetrafluorobutatriene (7) as the major product (Scheme 2).
This reaction is calculated (B3LYP/6-311G(d)�ZPE) to be


Scheme 2. Reactions of vinylidene 3.


exothermic by 167.3 kcal molÿ1 (the dissociation energy of
butatriene). If the matrix is doped with CO or N2, propadie-
none 4 or diazoethene 5 are the dominant products.[17] The
formation of these products is strongly exothermic and very
efficient, which explains the failure to produce 3 from these
precursors.[11] Irradiation of 5 yields acetylene 6, but not
carbene 3, since the thermal in-cage recombination of 3 and
N2 rapidly leads back to 5, and only that fraction of 3 that
rearranges to 6 is not trapped by nitrogen.
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Oxidation : Vinylidene 3 is easily oxidized with CO2 to give the
highly labile difluoroketene 8 as the only product.[18] In earlier
kinetic studies of the reactions of carbenes with CO2 it was
found that a-lactones are the principal products and that this
reaction is governed by the nucleophilicity of the carbenes,
while the spin state has not much influence.[19] Electrophilic
carbenes such as 4-oxocyclohexadienylidene did not react in
solid CO2 at temperatures up to 80 K, and therefore it is
surprising that the even more electrophilic 3 rapidly reacts
with CO2. It is tempting to assume that 3 does not react as a
nucleophile but rather attacks the CO2 at the oxygen atom,
and thus acts as an electrophile (Scheme 3).


The oxidation of 3 with O2 is rather complicated, since the
oxygen is partially cleaved to highly mobile oxygen atoms by
the 193 nm irradiation. As a consequence, thermal and
photochemical processes can hardly be differentiated. The
major products are CF2, CF2O, CO, and CO2, which reveals
that the C�C bond in 3 is cleaved during the oxidation. The
most reasonable mechanism to rationalize these products is a
route via methylenedioxirane 9, which subsequently frag-
ments to CF2 and CO2 (Scheme 4). The formation of 9 is
calculated to be exothermic by 70.5 kcal molÿ1 and the
fragmentation by 96.7 kcal molÿ1, which sums up to a total
energy of reaction of 167.2 kcal molÿ1! CF2O could either be
formed by trapping of the CF2 by oxygen atoms or by a second
oxidation pathway leading to CF2O and CO.


Addition to double and triple bonds : Vinylidene 3 rapidly
reacts with ethylene[20] and acetylene[21] to yield difluorome-
thylenecyclopropane (10) and difluoromethylenecyclopro-
pene (11), respectively (Scheme 5). These are the expected
products of cycloaddition reactions of 3.


With difluoroacetylene (6), however, the only product
formed thermally at 35 K is allenylcarbene 12, which on
subsequent visible light irradiation cyclizes to tetrafluorocy-
clopropene 13 as the major and tetrafluorobutatriene (14) as
the minor product (Scheme 6). The only example of a direct
observation of a stepwise reaction of a carbene with an alkyne
is the reaction of fluorenylidene in polycrystalline phenyl-
acetylene.[22] Carbene 12 is stabilized by the fluorine sub-
stituent at the carbene center, which makes the cyclization to
13 less favorable. In addition, the low migratory aptitude of


Scheme 5. Reactions of vinylidene 3 with double and triple bonds.


Scheme 6. Reaction of vinylidene 3 with difluoroacetylene (6).


the fluorine atom in a-position prevents the 1,2-migration to
butatriene 14. Thus, the formation of (singlet) carbene 12


from 3�C2F2 is calculated
(B3LYP/6-311G(d)�ZPE) to be
exothermic by 81.9 kcal molÿ1, and
the 12!13 cyclization releases
16.8 kcal molÿ1. In contrast, the cor-
responding singlet carbene from
the 3�C2H2 reaction is not a mini-
mum, and the triplet carbene is
only 46 kcal molÿ1 below the reac-
tants but 34 kcal molÿ1 higher in
energy than 11.


Insertion reactions : The extreme
electrophilicity of 3 is demonstrat-
ed by the insertion reactions into
H2, CH4, and CD4 (Scheme 7).[20]


These reactions are rapid at tem-
peratures below 30 K which means that the activation barriers
must be close to zero. At the MP2/6-31G(d,p) level of theory a
very shallow barrier of only 1.7 kcal molÿ1 was found for the


Scheme 7. Insertion reactions of vinylidene 3.


Scheme 3. Oxidation of vinylidene 3 with CO2. Energy of reaction calculated at the B3LYP/6 ± 311G(d) level
of theory.


Scheme 4. Oxidation of vinylidene 3 with O2.
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3�H2 reaction, whereas for the H2C�C:�H2 insertion a
barrier of 13.7 kcal molÿ1 was calculated. Since the barrier for
the rearrangement of H2C�C: to acetylene is much smaller
(less than 3 kcal molÿ1),[23] the latter reaction will never be
observed! The transition state for the H2 insertion of 3 shows
the expected in plane approach of the H2 molecule with
the H ± H bond pointing towards the LUMO of 3 (see
Figure 2).


CF4 is one of the few molecules that did not react
with 3. This is also in agreement with theory, since the
activation barrier for the CF insertion is calculated to be
40.6 kcal molÿ1 and thus thermally inaccessible even at room
temperature.


And finallyÐxenon as nucleophile : The highly electrophilic
pentafluorophenyl cation forms the stable cation [C6F5Xe]�


with a Xe ± C bond length of 2.092 �.[24] It was thus tempting
to look for the reaction of 3 with Xe. Initial experiments with
difluoroacetylene (6) in a xenon matrix were disappointing,
since under these conditions 193 nm irradiation did not lead to
any photochemistry. However, in a 0.5 % Xe-doped argon
matrix at 7 K high yields of 3 were formed, which could now
be reacted with Xe by annealing the matrix at 40 K.[25] Indeed,
within several minutes the formation of a novel compound
with a characteristic set of IR absorptions could be directly
monitored. This compound was identified as a complex of 3
with Xe by comparison with the calculated IR spectrum.
According to the ab initio calculations (MP2/RCEP,TZ2Pf) it
is described best as a charge-transfer complex with a consid-
erable positive charge at the Xe atom and a negatively
charged carbon atom (Figure 2). As a consequence, the dipole
moment increases from 1.1 to 3.3 D. Irradiation of the
complex with 193 nm yields acetylene 6 and xenon, which
explains that the complex could not be formed under these
conditions in a neat xenon matrix.


Recently Maier and Lautz described a similar complex
between C2 and Xe.[26] Since the electron affinity of C2


(3.27 eV) even exceeds that of 3, this finding is in perfect
agreement with our observation.


Conclusion


Difluorovinylidene (3) exhibits a unique reactivity towards a
large variety of reagents and allows the direct observation of
several prototypic singlet carbene reactions (Figure 3). Other
singlet carbenes, for example, phenylchlorocarbene,[27, 28] that


Figure 3. Reactions of difluorovinylidene 3 investigated using the matrix
isolation technique.


have been matrix isolated are more nucleophilic and less
reactive. In all cases 3 acts as an electrophile with the other
reactant approaching in the plane of the molecule to allow for
a strong interaction with the LUMO of 3. The reactivity of 3 is


in many respects comparable to
a carbenium ion, although the
charge at the carbene center is
only �0.11. Thus, 3 can be
regarded as a neutral cation,
which picks up a considerable
negative charge during the re-
action. Figure 2 visualizes the
importance of the LUMO of 3
to describe the structure of
products, complexes, and tran-
sition states. The C-C-X angle
decreases the weaker the C ± X
interaction is, and approaches
almost 908 in the transition
state for the insertion of 3 into
H2 (Figure 2 d).


Is UV photolysis a general
approach to the matrix isola-
tion of vinylidenes? Unfortu-
nately all attempts to generate
other vinylidenes, such as di-
chlorovinylidene or cyanofluor-


Figure 2. Some calculated structures of adducts of difluorovinylidene (3). a) Difluoropropadienone 4 (B3LYP/
6 ± 311G(d)); b) difluorodiazoethene (5) (B3LYP/6 ± 311G(d)); c) charge-transfer complex of 3 and xenon (MP2/
RCEP,TZ2Pf); d) transition state of the insertion of 3 into H2 (MP2/6 ± 31G(d,p)).
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ovinylidene, failed, so far.[20] While the migration of fluorine is
prevented by a high activation barrier, the barriers for the
migration of Cl, Br, and CN are calculated to only 7 ± 8, 2, and
2 kcal molÿ1, respectively (Figure 4). Since the 193 nm pho-
tons deposit the tremendous energy of 148 kcal molÿ1, and the
dissipation of energy in rare gas matrices is comparatively
slow, there is more than enough excess energy available for
the vinylidenes to cross these small barriers. Thus, alternative
routes have to be developed to isolate vinylidenes with non-
fluorine substituents.


Figure 4. Calculated (B3LYP/6 ± 311G(d)) activation barriers and energies
of reaction for the rearrangement of alkynes to vinylidenes.
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Crystal Engineering with Symmetrical Threefold
Acceptor-Substituted Triaminobenzenes
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Abstract: The syntheses of threefold acceptor-substituted 1,3,5-triaminobenzene
derivatives 2 ± 6 and their crystal structure analyses are described. As acceptors, nitro,
trifluoromethylsulfone, and alkylsulfone groups are employed. The combination of
hydrogen bonding, arene ´´´ arene and F ´´ ´ F contacts leads to remarkably similar
solid-state layer structures for sterically quite dissimilar molecules.


Keywords: arenes ´ crystal engi-
neering ´ electrostatic interactions


Introduction


The use of organic molecules in materials science depends
crucially on the superstructures that are formed from them.
To a zeroth-order approximation, individuality of molecules is
conserved in a material, and an observed bulk effect arises
from the vectorial summation of molecular properties. The
mutual orientation of the molecules therefore decides wheth-
er a promising molecular property can be translated into a
useful bulk property. Molecular crystals offer a highly con-
strained and precisely defined environment that guarantees
the highest degree of order observed in bulk structures. By the
same token, their structure is in many cases easily elucidated.
These advantages are countered by the difficulty of predicting
these structures. Despite the numerous crystal structures now
readily available in databases,[1] and despite great progress in
their computation,[2, 3] little is known about how to specifically
design crystal structures at will[4±6]Ðor, more specifically, how
to predict a crystal structure on the basis of a known
molecular constitution alone. It is not even possible to predict,
except in the trivial case of pure enantiomers, whether a
molecule will adopt a centrosymmetric space group or not.[7±9]


The latter question, for example, is of crucial importance to
second-order nonlinear optics.[10±14] The objective of this work
is to design layer structures. We have recently shown that
symmetrical trinitrotriaminobenzene (1, Scheme 1) exists in
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two polymorphs, one of which is noncentrosymmetric (space
group P31) and almost ideally suited for use in nonlinear
optics.[15, 16] In both polymorphs, graphitelike layer structures
of approximate trigonal symmetry are found that arise from
strong intra- and intermolecular hydrogen bonding
(Scheme 2). In the centrosymmetric structure the layers are
stacked antiparallel, whereas in the other they are stacked
parallel, but with small displacements relative to each other.
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This situation is reminiscent of
the stacking disorder found in
graphite. We reasoned that the
intralayer interactions in 1 are
quite strong in comparison to
the interlayer interactions. How
tolerant is the formation of
layer structures with respect to
molecular asymmetry? Is it
possible to identify molecular
architectures that allow predic-
tion of crystal structures? Can
the factors that determine these
structures be identified? To
answer these questions, we
tried to keep the directional
capabilities of hydrogen bond-
ing[17±22] and studied analogues
of 1 where the nitro groups
were replaced with sulfonyl
(2 ± 4) acceptors. We also ana-
lyzed the mixed derivatives 5
and 6 (Scheme 1). While it may
be expected that the exchange
of the trigonal nitrogen present
in a nitro group with a tetrahe-
dral sulfur would lead to a
drastic change in the conforma-
tional and/or crystallographic
behavior, we show here that,
surprisingly, this is not the case.


Results and Discussion


1. Syntheses : Compounds 2 ± 6
were made by nucleophilic ar-
omatic substitution of the cor-
responding trichloro triacceptor compounds (18, 11, 12, 23, 36,
of which 23 had been prepared by others before;[23]


Scheme 3). Synthesis of the alkylsulfone precursors 11 and
12 proved straightforward: the key step is the threefold
Ullmann reaction[24] of 8 with the corresponding CuI thiolate
(modified by the addition of a,a-bipyridyl), followed by
standard oxidation with peracetic acid formed in situ.
Trichlorotriiodobenzene 8 was prepared by use of a known[25]


oxidative iodination method. Unfortunately, due to redox
processes, reaction with CuSCF3 gives a very low yield of
impure product under these conditions, so synthesis of 18 was
attempted by two routes starting from 13.[26] The route via 20
was not successful, because chlorination of this deactivated
and sterically encumbered substrate only gave the dichlori-
nated product 21. Triple chlorination, however, is easy with
the less deactivated 14.[23]


Four routes had to be tried for the synthesis of 36. It turns
out that reaction with CuSCF3 is unsuccessful both at the
hexa-substituted stage and when an amino functionality is
present. In addition, oxidation of the sulfide to the sulfone as
the final step proved capricious. The successful route relies on


the introduction of the sulfone functionality at an early stage
and oxidation of an amino to a nitro group with concentrated
trifluoroperacetic acid. Thus, 27 is converted by a clean
reaction with CuSCF3 and subsequent CrVI oxidation to 33.
One nitro group has then to be reduced to activate the ring for
the chlorination. While partial reduction of sym-trinitroben-
zene with ammonium sulfide is possible in moderate yield,[27]


the formation of Meisenheimer complexes and their respec-
tive follow-up reactions compete with reduction. A trifluoro-
methylsulfone favors their formation even at lower pH with
respect to a nitro group.[28±30] The pH of the reaction mixture
had therefore to be kept as low as possible, and a solution of
NaHS[31] was employed to produce 34 in moderate yield.
Chlorination and oxidation then gave 36.


2. Crystal structures


2.1 Molecular parameters : Due to the substitution with three
donors and three acceptors, p-electron density is shifted from
the benzene core to the substituents and the p system can
adopt several multipolar resonance structures (Figure 1).[32]
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Scheme 3. Synthesis of 2 ± 6 by nucleophilic aromatic substitution of 18, 11, 12, 23, and 36.
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Figure 1. Charge distribution in symmetrical threefold donor ± acceptor
substituted benzenes, and preferred stacking of quadrupolar benzene
derivatives.


Structures with highly nonplanar rings result in the case of N-
substituted derivatives, but six intramolecular hydrogen
bonds planarize the ring.[33] These are also present in 2 ± 6 to
oxygen atoms of both types of acceptor groups (Table 1).
The intramolecular hydrogen bonding to a sulfonyl oxygen is
weaker than to a nitro oxygen atom: the distances H ´´´ O(S)
and (H)N ´´´ O(S) are larger than the corresponding dis-
tances H ´´´ O(N) and (H)N ´´´ O(N). This can be ascribed to
the longer CÿS bond and the tetrahedral environment of
sulfur.


The CÿC bond length alternation in 2 ± 6 is insignificant, but
the average endocyclic CÿC bonds are elongated and the
exocyclic CÿN and CÿS bonds shortened (Table 1) as the
comparison with the following reference values[34] reveals:
substituted Car ± Car : 1.397, Car ± Nsp2H2: 1.355, Car ± NO2: 1.468,
Car ± SO2C: 1.763 �. The effects are less pronounced in 3 and
4 ; this is in accordance with the weaker electron-withdrawing
character of alkylsulfones.[35] Nevertheless, the radialene form
assumes considerable weight in the description of all of the p


Table 1. Selected structural features of 2 ± 6.[a]
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2 3 4 5 6


bond lengths [�]
C1 ± C2 1.443(3) 1.426(2) 1.427(3) 1.447(3) 1.435(7)
C2 ± C3 1.434(5) 1.424(2) 1.417(3) 1.433(4) 1.444(7)
C3 ± C4 1.436(5) 1.424(2) 1.427(3) 1.430(4) 1.444(7)
C4 ± C5 1.442(3) 1.426(2) 1.427(3) 1.432(3) 1.446(7)
C5 ± C6 1.431(5) 1.422(2) 1.417(3) 1.435(4) 1.448(7)
C6 ± C1 1.435(4) 1.422(2) 1.427(3) 1.437(4) 1.444(7)
average C(ar) ± C(ar) 1.437 1.424 1.424 1.436 1.444
average C(ar) ± NH 1.322 1.348 1.340 1.322 1.322
average C(ar) ± NO ± ± ± 1.419 1.413
average C(ar) ± S 1.727 1.757 1.763 1.733 1.746
S j tors.aj [8][b] 29.2 32.2 10.0 30.3 15.3
hydrogen bonds
intramolecular
range H ´´´ O 1.90(3) ± 2.03(3) 1.95(2) ± 2.05(2) 1.88(2) ± 2.02(2) 1.81(3) ± 1.97(3) 1.80(6) ± 1.88(8)
range N ´´´ O 2.648(4) ± 2.664(3) 2.672(2) ± 2.709(2) 2.621(2) ± 2.718(3) 2.503(4) ± 2.667(3) 2.503(7) ± 2.657(7)
intermolecular[c]


range H ´´´ O 2.54(4) ± 2.62(3) 2.58(2) 2.63(2) 2.48(3) ± 2.65(3) 2.32(8) ± 2.42(5)
N1 ´´´ O 3.199(3) 2.991(2) 2.968(3) 3.017(3) ±
N1 ´´´ O 3.194(4) ± ± 3.088(3) ±
N2 ´´´ O 3.190(4) ± ± ± 3.020(6)
N2 ´´´ O 3.173(3) ± ± ± 2.984(6)
N3 ´´´ O 3.194(3) 2.991(2) 2.968(3) 3.112(3) 2.971(6)
N3 ´´´ O 3.187(3) ± ± 3.167(3) 3.015(6)


[a] Numbering as defined in accompanying scheme; does not always coincide with numbering in X-ray file due to different molecular structure and site
symmetry. [b] Sum of absolute torsional angles within the six-membered ring (measure of puckering). [c] All contacts for H ´´´ O� 2.7, and O ´´´ N� 3.2 �.
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systems investigated. Likewise, the charge distribution has a
strong octopole moment, but most likely a low quadrupole
moment. For example, both benzene and hexafluorobenzene
have strong quadrupole moments of opposite signs, but the
small moment of 1,3,5-trifluorobenzene closely corresponds
to the arithmetic mean of the two former moments.[36] The
significance for crystal packing lies in the fact that packing an
arrangement of planar p systems with like quadrupole mo-
ments is optimized in T-shape geometries (Figure 1). Thus the
familiar herringbone patterns, but not layer structures, are
observed as the characteristic motifs for the packing of
aromatic hydrocarbons (although many exceptions are
known) that are also favorable in solution.[37, 38] Such a
counteracting force is not present in molecules with a low
quadrupolar moment. Layer structures with p ± p stacking
only result from intermolecular complexes of planar p


systems with opposite quadrupolar moments, like in the
well-known benzene ± hexafluorobenzene complex and sim-
ilar structures.[36, 39±43] It should be noted that minimal
intermolecular charge transfer occurs in these complexes.[36]


The presence of an octopolar charge distribution (Figure 1)
should also favor a layer structure formed from like mole-
cules, as the absence of a quadrupolar moment does. As the
interaction energy of octopoles is small, however, the purely
electrostatic influence is not likely to be structure-determin-
ing.


2.2 Crystal packing : The structures of fluorinated sulfones
will be discussed first. Sulfone 2, in which all three nitro
groups have been replaced, isÐin contrast to the general
observations with fluorinated sulfonesÐa poorly soluble
compound, and can be induced to form crystals suitable for
X-ray analysis only with difficulty (the results of the X-ray
structure determination are given in Table 2). The crystals are
easily cleaved. Only one crystal form suitable for X-ray
analysis could be found. The structure in the solid state is
strikingly similar to the one of 1: intermolecular hydrogen
bonds are present which guarantee the formation of layers
(Figure 2). The latter are of approximate trigonal symmetry
and stacked in parallel. As a consequence, the CF3 groups of
one molecule all point in one direction, a conformation not
likely to be favored in solution simply on the basis of statistics.
Two basic stacking arrangements of layers are compatible
with this arrangement of layers in 2, namely, one where the
layers expose like sides to each other, and one where unlike
sides are in contact. Sulfone 2 forms a structure reminiscent of
a micelle: the layers are arranged in a centrosymmetric
fashion, hence, like sides are in contact. Apparently, the
contact F ´´ ´ p system is not favorable in 2. A particular
attractive interaction between the fluorine groups that point
to each other cannot be rigorously excluded, but we note that
the closest distance between them, 3.087(5) �, is slightly
larger than the sum of the van der Waals radii (a radius of


Table 2. Structure determination summary of 2 ± 6.[a]


2 3 4 5 6


empirical formula C9H6F9N3O6S3 C9H15N3O6S3 C12H21N3O6S3 C8H6F6N4S2O6 C7H6F3N5O6S
crystal size 0.3� 0.20� 0.15 0.3� 0.25� 0.2 0.45� 0.40� 0.25 0.35� 0.3� 0.2 0.35� 0.27� 0.03
habit colorless prisms light yellow prisms yellow prisms yellow prisms yellow platelets
solvent nitromethane acetonitrile toluene toluene/acetone dichloromethane
crystal system triclinic orthorhombic orthorhombic monoclinic monoclinic
space group P Pnma Pnma P21/c C2/c
a [�] 9.453(1) 10.060(1) 10.818(3) 13.024(2) 30.345(15)
b [�] 9.464(2) 16.549(2) 14.177(3) 9.368(1) 9.074(5)
c [�] 11.080(1) 8.434(1) 11.461(3) 12.491(2) 8.409(4)
a [8] 81.35(1) 90 90 90 90
b [8] 86.76(1) 90 90 108.77(1) 97.55(3)
g [8] 60.09(1) 90 90 90 90
V [�3] 849.2 1404.0(5) 1757.7(13) 1443.0(6) 2295(2)
Z 2 4 4 4 8
Mr 519 357 399 432 345
1calcd [gcmÿ3] 2.03 1.69 1.51 1.99 2.00
absorption correction empirical empirical numerical empirical empirical
correction factor (max/min) 1.0/0.86 1.0/0.98 0.92/0.85 1.0/0.95 0.85/1.00
absorption coeff. [cmÿ1] 5.48 5.36 4.36 4.63 3.71
F(000) 516 744 840 864 696
range of V [8] 2 ± 26.5 2 ± 28 2 ± 28 2 ± 28 2 ± 25
collected reflns 3754 1730 2186 3605 2014
independent reflns 3507 1730 2186 3455 2014
observed reflns[b] 2363 1408 1305 2442 1066
hydrogen atoms refined[c] all N ± H all H all N ± H all N ± H all N ± H
residual electron density [e �ÿ3] 0.62/ÿ 0.17 0.29/ÿ 0.34 0.25/ÿ 0.39 0.32/ÿ 0.24 0.28/ÿ 0.40
parameters refined 296 134 150 259 223
R/Rw 0.040/0.054 0.032/0.042 0.039/0.046 0.039/0.055 0.055/0.137[d]


S value 2.35 2.02 1.83 2.21 1.01


[a] Four-circle diffractometers, room temperature, MoKa radiation. Programs for structure solution: 2: SIR92, DIRDIF; 3: SHELXS-86; 4: SIR88 (14
reflections excluded from refinement); H51, H61, H62 on calculated positions. 5: SIR88; 6: SHELXL97. Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Center as supplementary publications nos. CCDC-
104511 ± 104515. 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). [b] I� 2.5Ds(I); for 6 : I� 2.0Ds(I). [c] Those hydrogen atom positions that were located on the electron density
difference map and refined isotropically. [d] Weighted R factor based on F 2 instead of F for all measured reflections.
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Figure 2. Packing diagram of 2.


1.47 � is generally assumed for Ar ± F[44]). A recent statistical
survey[45] of the 1995 release of CSD[1] has revealed 385
structures with a range of F ´´´ F contacts of 2.40 ± 2.95 �, and
1908 structures with 2.95 ± 3.50 �. Hence, the closest distance
found here is rather on the long side.


If the structural motifs (layer structures through hydrogen-
bonding and exposition of like sides resulting in p ± p


stacking) persisted, planar layer structures would no longer
be expected with 5 and 6 because there would be a void in the
F ´´ ´ F layer, especially in 6. Space filling can be effected,
however, if the layers are tilted with respect to each other.
Accordingly, a modified layer structure is present in crystal-
line 5 (Figures 3 and 4; structure determination details in


Figure 3. Packing diagram of 5.


Table 2). Again, intermolecular hydrogen bonding is notice-
able (Figure 4), but only the nitro groups and two of the amino
groups are involved in it. The amino group in the position
between the sulfonyl groups does not engage in intermolec-
ular hydrogen bonding, nor does one of the sulfonyl groups.
No indication of any F ´´´ H hydrogen bonding is detectable in
accordance with recent statistical surveys;[46, 47] the closest
distance amounts to 2.71(3) �. Tilted layers, for the arrange-
ment of arenes better described as ribbons, are formed where
like sides are exposed as in the structure of 2. The tilt angle


Figure 4. Intermolecular hydrogen bonding in layers of 5.


between the least squares plane through the fluorine layer and
the plane though the six-membered ring amounts to 278. The
ribbonlike packing pattern with its hydrogen-bonded inner
side and its outer fluorine layer creates the impression of base-
pairing in DNA (although, of course, no helical twist is
present here), or a micellar structure where the hydrophobic
fluorine layers are in contact and enclose a hydrophilic
hydrogen-bonded arene layer. The overall features of this
structure are reproduced in solid 6, which shows a surprisingly
similar arrangement of layers (Figures 5 and 6; closest F ´´´ F
contact: 2.967 �). At 538, the inclination angle of the layers is


Figure 5. Packing diagram of 6.


Figure 6. Intermolecular hydrogen bonding in layers of 6.


close to double the value for 5 for reasons connected with
space-filling: the fluorine layer is formed only by one instead
of two CF3 groups. Further hypothetical increase of the angle
on exchange of the last sulfone with a nitro group to give 1
again yields a value of close to 908Ðwhich corresponds to a
parallel stacking of the benzene rings and thus to the planar
layer structure which is indeed found for 1 (Figure 7).
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27°
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0 SO2CF3 (1)


3 SO2CF3 (2)


2 SO2CF3 (5)


1 SO2CF3 (6)


Figure 7. Inclination of planes through fluorine layers with respect to
planes through six-membered rings in 1, 2, 5, and 6.


If the structures of 2, 5, and 6 are determined both by the
attractive hydrogen bonding and the tendency for like sides of
the molecule to be exposed, then exchange of CF3 with CH3


groups should lead to a drastic change in the observed crystal
structure, although, on a purely geometric basis, this change is
minor in comparison to the structural differences between 2,
5, and 6. As shown in Figure 8, 3 does not form a layer
structure (see also Table 2). The packing can be described as


Figure 8. Packing diagram of 3.


an arrangement of sandwich-type dimers that are oriented in
an almost perpendicular fashion with respect to each other.
There are two symmetry-related hydrogen bonding contacts
between the two molecules in the dimeric unit. The total of
four such interactions probably assists in its formation, even
though with 1138 the angle O-H-N is quite acute. In order to
form these dimers effectively, the methyl groups have to point
in one direction, a conformation not observed in solution by


VT-NMR (see Experimental Section). If the methyl groups
are replaced with bulkier ethyl groups, as in 4, the conforma-
tion changes to the one favored in solution, where the alkyl
chains point in both directions (Figure 9). VT-NMR shows


Figure 9. Packing diagram of 4.


that this conformation is favored by at least 7.8 kJ molÿ1 at
240 K. However, the structural features are preserved to some
extent; it may therefore be concluded that this arrangement is
particularly favorable. It should be noted, however, that the
dimers slip apart and the hydrogen bonding, again with quite
an acute angle O-H-N of 1078 and with the distances on the
verge of the accepted boundaries, now no longer occurs within
the dimeric units, but between them.


Conclusion


We have shown that structures with planar or tilted layers are
formed from 1,3,5-triaminobenzenes substituted with any
combination of nitro or trifluoromethylsulfonyl groups. The
arrangement is always centrosymmetric. These structures are
satisfactorily explained as arising from a combination of
intermolecular hydrogen bonding and the tendency of the
fluorine substituents to segregate and to form layers (or
ribbons). We suggest that the combination of these two effects
should be a powerful control element in crystal engineering.
This view is corroborated by the completely different
structures observed when alkylsulfones are used as electron-
attracting substituents.


Experimental Section


Melting points: hot-stage microscope or Büchi B-540. 1H NMR recorded at
300.135 MHz and 13C NMR at 75.469 MHz at RT, unless noted otherwise.


1,3,5-Triiodo-2,4,6-trichlorobenzene (8): A known iodination method was
used.[25] Arene 8 has been claimed to form in 36% yield from reaction of
trichlorobenzene (7) with Py2I�BF4


ÿ, but no characterization was given.[48]


Powdered iodine (19.2 g, 75.1 mmol) was added to a vigorously stirred
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solution of periodic acid (5.8 g, 25 mmol) in conc sulfuric acid (180 mL).
After 15 min, 7 (2.722 g, 15.00 mmol) was added to the dark solution, and
the mixture stirred for 18 h at RT. It was poured onto ice, the precipitate
was filtered, and washed with water, with a solution of bisulfite until the
color disappeared, with methanol, and finally with ether. The residue
(8.266 g, 98.6 %), nearly pure material, could be used directly in the next
step. It could be recrystallized from dioxane to give colorless needles, m.p.
280.5 ± 281.5 8C (6.615 g, 11.83 mmol, 78.9 %). 1H NMR (CDCl3): no signal;
13C NMR (dioxane/CDCl3, 50.3 MHz, 350 K): d� 97.13, 144.95; anal. calcd
for C6Cl3I3: (559.13) C 12.89, Cl� I 87.11, I 68.09; found: C 12.96, Cl� I
87.08, I 67.96.


1,3,5-Tris(methylthio)-2,4,6-trichlorobenzene (9): A mixture of 8 (5.048 g,
9.028 mmol), methylthiocopper (3.919 g, 35.42 mmol; prepared from
methanethiol and copper(ii) acetate) and a,a-dipyridyl (5.532 g,
35.42 mmol) in DMF (50 mL) was stirred at RT for 2.5 d. The mixture is
then diluted with diethyl ether (300 mL) and is filtered. The precipitate was
washed with the same solvent, and the combined extracts were washed
three times with water, then satd brine, and were dried. Chromatography
(silica, CCl4) gave colorless prisms (2.042 g, 6.387 mmol, 70.7 %). An
analytical sample was recrystallized from n-heptane, m.p. 114 ± 114.5 8C.
1H NMR (CDCl3): d� 2.43 (s); 13C NMR (CDCl3): d� 18.44, 135.28,
146.73; anal. calcd for C9H9Cl3S3 (319.73): C 33.81, H 2.84, Cl 33.26, S 30.09;
found: C 33.85, H 2.83, Cl 33.42, S 30.04.


1,3,5-Tris(ethylthio)-2,4,6-trichlorobenzene (10): A suspension of 8
(5.048 g, 9.028 mmol), copper ethylthiolate (4.416 g, 35.42 mmol; from
freshly precipitated cuprous oxide and ethanethiol), and a,a'-bipyridyl
(5.532 g, 35.42 mmol) in dry DMF (50 mL) was vigorously stirred for 4 d at
RT. The mixture was diluted with diethyl ether (200 mL), and the red-
brown copper complex filtered and washed with this solvent (200 mL). The
filtrate was washed with water (4� 300 mL) and brine, and dried (Na2SO4).
The solvent was removed and the residue (4.007 g) chromatographed on
silica gel eluting with CCl4/light petroleum (1/1). Compound 10 was
obtained as a colorless solid (2.160 g, 2.52 mmol, 66.1 %), m.p. 51 ± 57 8C.
An analytical sample was recrystallized from ethanol to give colorless
prisms, m.p. 57.5 ± 58 8C. 1H NMR (CDCl3): d� 1.19 (t, J� 7.4 Hz, 9 H), 2.93
(q, J� 7.4 Hz, 6H); 13C NMR (CDCl3): d� 14.52, 29.66, 133.54, 147.93;
anal. calcd for C12H15Cl3S3 (361.80): C 39.84, H 4.18, Cl 29.40, S 26.59;
found: C 39.75, H 4.18, Cl 29.15, S 26.70. Reduction is a side reaction; 1,3-
bis(ethylthio)-2,4,6-trichlorobenzene was isolated as a colorless oil in 12%
yield: 1H NMR (CDCl3): d� 1.19 (t, J� 7.4 Hz, 6H), 2.91 (q, J� 7.4 Hz,
4H), 7.52 (s, 1H); 13C NMR (CDCl3): d� 14.52, 29.45, 128.78, 132.86,
141.35, 148.26.


The standard conditions to effect this Ullmann reaction (hot quinoline[49])
failed to produce any desired compound from 8 ; the addition of bipyridyl
(we would like to thank Prof. H.-J. Grützmacher for this suggestion) has
been found to drastically increase the yield because the reaction can
proceed at RT; otherwise, reductive removal of one iodine atom is
observed to a considerable extent.


Reaction of 8 with CuSCF3 failed to give the desired substitution product
17 in acceptable yields; about 5 % of an inseparable mixture of 17 and the
corresponding reduction product bis(trifluoromethylthio)trichlorobenzene
was isolated.


1,3,5-Tris(methylsulfonyl)-2,4,6-trichlorobenzene (11): To a stirred solution
of the tristhioether 9 (1.610 g, 5.035 mmol) in glacial acetic acid (20 mL) at
100 8C, 30 % hydrogen peroxide (20 mL) was added dropwise. After being
stirred for a further 2 h, the mixture was cooled, and the precipitate formed
filtered and washed with water (1.608 g, 3.868 mmol, 76.8 %). An analytical
sample was crystallized from nitromethane, colorless needles, decomp
>285 8C. The trisulfone is poorly soluble in most solvents; solutions of
analytically pure samples in CD3CN or DMSO decomposed appreciably.
Impurities are not quoted in the following NMR data: 1H NMR (CD3CN):
d� 3.42 (s); 13C NMR ([D6]DMSO): 45.34, 116.61, 128.91 (double
intensity), 138.73 (double int), 167.99; anal. calcd for C9H9Cl3O6S3


(415.72): C 26.00, H 2.18, Cl 25.58, S 23.14; found: C 26.28, H 2.24, Cl
25.78, S 23.31.


1,3,5-Tris(ethylsulfonyl)-2,4,6-trichlorobenzene (12): A solution of 10
(863 mg, 2.39 mmol) in glacial acetic acid (10 mL) was heated to 100 8C
and treated dropwise with 30% hydrogen peroxide (10 mL, 88 mmol).
After 15 min, a colorless precipitate began to form, and heating was
continued for 2 h. After cooling, the suspension was filtered and the


precipitate washed with water. 12 was obtained as small colorless prisms
(983 mg, 2.15 mmol, 90.0 %), m.p. ca. 260 ± 275 8C (decomp) which could be
recrystallized from dioxane without improvement in purity or alteration of
the decomposition point. 1H NMR ([D6]DMSO; decomposes slowly in this
solvent): d� 1.12 (t, J� 7.3 Hz, 6H), 1.26 (t, J� 7.4 Hz, 3 H), 3.40 (q, J�
7.4 Hz, 2 H), 3.49 (q, J� 7.3 Hz, 4 H); 13C NMR ([D6]DMSO): d� 6.77, 7.20
(double int), 50.16 (double int), 50.99, 114.17, 126.38 (double int), 140.07
(double int), 168.95; MS (EI): 456 (M� for 35Cl3, 6.3%; isotope cluster in
accordance with proposed formula); anal. calcd for C12H15Cl3O6S3 (457.80):
C 31.48, H 3.30, Cl 23.23; S 21.01; found: C 31.59, H 3.42, Cl 23.07, S 20.80.


1,3,5-Tris(methylsulfonyl)-2,4,6-triaminobenzene (3): Under slight pres-
sure, dry ammonia was bubbled through a solution of the trichloride 11
(0.800 g, 1.92 mmol) in dry DMSO (10 mL). A yellow color developed, and
the mixture was kept tightly closed overnight. It was diluted with water and
neutralized with dil HCl, then extracted with dichloromethane. The organic
layers are washed with water and satd brine, and dried to give a faintly
yellow powder (673 mg, 1.88 mmol, 97.9%) which is further purified by
chromatography (silica, CH2Cl2/2% MeOH); from toluene: large, light
yellow plates, decomp >280 8C. 1H NMR ([D6]DMSO): d� 3.23 (s, 9H),
7.73 (br s, 6 H); 13C NMR ([D6]DMSO): d� 42.86, 93.41, 152.35. The
molecule has Cs symmetry on the NMR time scale at 220 K and below (one
methyl group up, two down). The 1H NMR shows the intramolecular
hydrogen bonds to be frozen because the three expected singlets of equal
intensities in the N ± H region are found: 1H NMR (240 K, [D6]acetone):
d� 3.25 (s, 6H), 3.29 (s, 3 H), 7.90 (s, 2H), 7.94 (s, 2H), 8.03 (s, 2H); anal.
calcd for C9H15N3O6S3 (357.43): C 30.24, H 4.23, N 11.76, S 26.91; found: C
30.27, H 4.27, N 11.88, S 26.68.


1,3,5-Tris(ethylsulfonyl)-2,4,6-triaminobenzene (4): Dry ammonia was
bubbled through a suspension of the sulfone 12 (326 mg, 0.712 mmol) in
dry DMSO (15 mL); the vessel was held at an overpressure of 0.5 bar. The
mixture turned yellow, and the sulfone dissolved. The mixture was allowed
to stand overnight; dil HCl was then added and the mixture extracted with
dichloromethane (3� 15 mL). The combined organic layers were washed
with water (3� ) and brine, and dried (Na2SO4). The solvent was
evaporated and the residue (284 mg) chromatographed over silica gel
(200 g) eluting with diethyl ether. Compound 4 was isolated as colorless
prisms (201 mg, 0.503 mmol, 70.7 %), m.p. 176.5 ± 178 8C (from n-heptane/
toluene). 1H NMR (CDCl3): d� 1.32 (t, J� 7.4 Hz, 9 H), 3.23 (q, J� 7.3 Hz,
6H), 7.89 (br s, 6 H); 13C NMR (CDCl3): d� 6.94, 49.31, 91.18, 154.04. The
molecule has Cs symmetry on the NMR time scale at 240 K and below (one
ethyl group up, two down). The 1H NMR shows the intramolecular
hydrogen bonds to be frozen because the three expected singlets of equal
intensities are found in the N ± H region. A small additional singlet in this
region integrating for 0.1H may be ascribed to the presence of the C3


symmetric conformer where all N ± H are isochronous. This conformer
would then be present in roughly 2%: 1H NMR (500 MHz, 240 K, CD2Cl2):
d� 1.24 (t, J� 7.2 Hz, 9 H), 3.19 (m, 8 H), 7.76 (s, 2H), 7.82 (s, 0.1 H), 7.88 (s,
2H), 7.93 (s, 2H); 13C NMR (125 MHz, 240 K, CD2Cl2): d� 7.17, 48.98 and
49.06 (int 1:2), 90.11 and 90.33 (int 1:2), 153.53 and 154.55 (int 2:1); anal.
calcd for C12H21N3O6S3 (399.51): C 36.08, H 5.30, N 10.52, S 24.08; found: C
36.23, H 5.27, N 10.54, S 24.11.


3,5-Bis(trifluoromethylsulfonyl)-2,6-dichloroaniline (21): A solution of the
aniline 20[26, 50] (418 mg, 1.17 mmol) in acetic acid (10 mL) and 15% HCl
(2 mL) was saturated with chlorine gas at RT. After 30 min, colorless
needles separate; the solution is saturated with chlorine gas again after 3 h.
After standing overnight, the solution is extracted with dichloromethane to
give almost pure (TLC) 21 (502 mg, quant) containing only small amounts
of the trichlorination product as judged by MS. Conducting the reaction at
reflux temperature with continuous saturation with chlorine only decreased
the yield of 21; only small amounts of trichlorinated product were formed.
Faintly yellow, large prisms, m.p. 163.5 ± 164 8C (slow evaporation from
CH2Cl2), ref. [23] m.p. 157 ± 158 8C. 1H NMR ([D6]acetone, 500 MHz): d�
6.82 (br s, 2H), 8.11 (s, 1H); 13C NMR ([D6]DMSO, 125 MHz): d� 120.63
(q, J� 326.4 Hz), 124.71 (CH), 126.87, 130.13 (q, J� 2.0 Hz), 148.62; MS
(EI): M� : 431 (0.8), 430 (1.2), 429 (11.5), 428 (5.5), 427 (45.7), 426 (8.2), 425
(53.5); intensities in accordance with composition C8H3Cl2F6NO4S2.


1,3,5-Tris(trifluoromethylsulfonyl)-2,4,6-triaminobenzene (2): From 18
(260 mg, 0.450 mmol) and ammonia in dry dichloromethane. The precip-
itate was filtered after 3 d and washed with water. The residue was
crystallized from nitromethane to give colorless small platelets with a
pinkish tinge, m.p. 261.5 ± 262.5 8C (55 mg, 0.11 mmol, 24 %). The analyti-
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cally pure compound shows two signals in the 1H NMR and also two signals
for C ± S, possibly indicating freezing in the conformation with Cs symmetry.
1H NMR ([D6]DMSO): d� 8.33 and 8.53 (br s; int 2.7:1); 13C NMR
([D6]DMSO): d� 80.72 (br), 80.94 (br), 120.28 (q, J� 328.1 Hz), 157.07
(br); anal. calcd for C9H6F9N3O6S3 (519.35): C 20.81, H 1.16, N 8.09, S 18.52;
found: C 20.78, H 1.13, N 8.06, S 18.39.


1,3-Bis(trifluoromethylsulfonyl)-5-nitro-2,4,6-trichlorobenzene (23): From
the nitroso compound 22 by oxidation with CrO3.[23] Compound 22 in turn
was obtained from 15 by reaction with trifluoroperacetic acid. We found the
reaction 15!22 to proceed at ÿ10 to ÿ5 8C for 2 h, but only slowly at the
reported temperature of ÿ20 8C.[23] Prolonged reaction times at RT led to
overoxidation. Data for 23 : m.p. 136 ± 138 8C (lit. m.p.); 1H NMR (CD3CN)
no signal; 13C NMR (CD3CN): d� 120.78 (q, J� 327.5 Hz), 127.29, 134.45
(q, J� 2.9 Hz), 139.77, 147.95, 152.88 (br).


1,3-Bis(trifluoromethylsulfonyl)-5-nitro-2,4,6-triaminobenzene (5): Am-
monia was bubbled through a solution of 23 (258 mg, 0.526 mmol) in dry
CH2Cl2 (30 mL). After 1 d the precipitate was filtered over silica (acetone,
CHCl3) to give a yellow powder (232 mg, quant) which was recrystallized
from toluene to give yellow prisms (122 mg), 243.5 ± 244.5 8C. 1H NMR
([D6]DMSO): d� ca. 8.4 and 9.0 (vbr s; int ca. 1:2); 13C NMR
([D6]DMSO): d� 79.73 (br), 114.62, 120.33 (q, J� 328.4 Hz), 152.98,
156.10; anal. calcd for C8H6F6N4O6S2 (432.28): C 22.23, H 1.40, N 12.96;
found: C 22.32, H 1.45, N 13.04.


2,4,6-Trichloro-3,5-dinitroaniline (25):[51] A solution of 3,5-dinitroaniline[52]


(5.494 g, 30.60 mmol) in glacial acetic acid (130 mL) and conc HCl (85 mL)
was treated at 10 ± 16 8C with 30 % H2O2 (43 mL, 0.42 mol); the cooling
bath was removed, and the temperature was allowed to rise to 32 8C. Yellow
crystals separated and were collected once the exothermic reaction had
subsided (7.539 g, 26.32 mmol, 87.7 %). Crystallization from toluene/n-
heptane gave yellow prisms, m.p. 229.5 ± 231.5 8C (lit. m.p. 230 8C[51] from
EtOH). 1H NMR ([D6]DMSO): 7.24 (s); 13C NMR ([D6]DMSO): d�
100.61, 110.48, 144.04, 146.64.


2,4,6-Trichloro-3,5-dinitroiodobenzene (26): A solution of the aniline 25
(3.000 g, 10.47 mmol) in hot glacial acetic acid (20 mL) was rapidly cooled
while being stirred. The resulting fine suspension was added to nitro-
sylsulfuric acid [from 787 mg (11.4 mmol) NaNO2 and conc sulfuric acid
(25 mL)] at 5 8C. the mixture was stirred for 30 min at RT, and was then
added to KI/I2 (4 g each) in water (50 mL). The mixture was heated to
boiling, then cooled, the excess iodine removed by bisulfite, the precipitate
filtered and washed with water, satd bicarbonate, then water. It was then
washed through with diethyl ether, and the solution dried (Na2SO4).
Filtration over silica gel (CH2Cl2/PE� 1/1) gave colorless crystals (3.592 g,
9.040 mmol, 86.3 %). An analytical sample had m.p. 192.5 ± 194.5 8C (from
n-heptane/toluene). 1H NMR (CDCl3): no signal; 13C NMR (CDCl3): d�
106.53, 119.53, 134.31, 146.10 (br); anal. calcd for C6Cl3IN2O4 (399.51): C
18.14, H 0.00, N 7.05, Cl 26.77, I 31.94; found: C 18.27, H 0.00, N 7.10, Cl
26.96, I 32.20.


Reaction of 26 with CuSCF3 in DMF did not give the substitution product
32.


3,5-Dinitroiodobenzene (27):[53] M.p. 100.5 ± 103 8C, then recrystallizing and
melting at 104.5 ± 105.5 8C (first from EtOH, then from n-heptane/toluene),
lit. m.p.[53] 99 ± 100 8C (EtOH). 1H NMR (CDCl3): d� 8.86 (d, J� 2.0 Hz,
2H), 8.98 (t, J� 2.0 Hz, 1H); 13C NMR (CDCl3): d� 93.33, 118.26, 137.59,
148.43.


3-iodo-5-nitroaniline (28): Obtained from 27 according to ref. [54], but with
NaHS solution as described for 34, 50 % yield after recrystallization from
EtOH, still impure, m.p. 131 ± 137 8C (ref. [54]: yield 35% with m.p. 135.5 ±
139 8C and 140 ± 141 8C when pure). 1H NMR ([D6]acetone]: d� 5.53 (br s,
2H), 7.41 (dd, J� 2.1 and 3.2 Hz, 1 H), 7.48 (t, J� 3.1 Hz, 1H), 7.65 (dd, J�
2.0 and 3.1 Hz, 1 H). It did not give 3-nitro-5-trifluoromethylthioaniline on
reaction with CuSCF3.


3,5-Dinitrotrifluoromethylthiobenzene (29): From 27[53] by reaction with
CuSCF3


[55] in DMF (cf. ref. [56]). Purified by chromatography (silica gel,
CCl4/Et2O� 98/2); yellowish oil, yield, 94 %.


3-Nitro-5-trifluoromethylthioaniline (30): A solution of NaHS in water/
MeOH (237 mL of a 0.464m solution, 110 mmol) was added in a thin
stream to a refluxing solution of the dinitrosulfide 29 (17.855 g,
66.581 mmol) in MeOH (200 mL). The solution turns orange, then brown.
After the addition, reflux is continued for 30 min. After cooling, the
solution is extracted with CH2Cl2 (13.97 g) and chromatographed (silica,


CH2Cl2/PE� 1/1; 9.553 g). Recrystallizion from n-heptane gives yellow
needles (9.142 g, 38.38 mmol, 57.6 %), m.p. 117 ± 121 8C. For analysis, a
sample is recrystallized again from heptane and then sublimed (110 8C/0.1
Torr), m.p. ca. 90 8C, recrystallizing and then melting at 118.5 ± 120 8C.
1H NMR (CD2Cl2): 7.24 (prob. ddq, J� 1.5, 2.5 and 0.5 Hz), 7.58 (pseudo-t,
J� 2.2 Hz), 7.79 (ddq, J� 1.5, 2.5 and 0.5 Hz); 13C NMR (CD2Cl2): d�
111.38, 119.61 (q, J� 1.0 Hz), 126.95 (q, J� 2.5 Hz), 127.12 (q, J� 0.8 Hz),
129.78 (q, J� 308.4 Hz), 148.95, 149.86 (br); anal. calcd for C7H5F3N2O2S
(238.19): C 35.30, H 2.12, N 11.76, S 13.46; found: C 35.28, H 2.15, N 11.80, S
13.58.


2,4,6-Trichloro-3-nitro-5-trifluoromethylthioaniline (31): The aniline 30
(0.800 g, 3.36 mmol) is chlorinated (9.5 mL HCl, 15 mL AcOH, 4.8 mL
30% H2O2) as described for 25. Crude yield, 1.084 g (3.17 mmol, 94%),
yellow prisms from heptane (766 mg, 2.24 mmol, 66 %) that contain a small
amount of dichlorinated product, m.p. 92.5 ± 99 8C. The mother liquor is
chromatographed (PE/CH2Cl2� 7/3) and crystallized again from heptane;
yellow prisms, m.p. 99 ± 101 8C. 1H NMR (CDCl3): 5.02 (br s); 13C NMR
(CDCl3): d� 113.79, 120.47 (q, J� 1.2 Hz), 123.92 (q, J� 2.3 Hz), 128.38 (q,
J� 0.8 Hz), 128.56 (q, J� 312.2 Hz), 141.38, 143.22 (?, br); anal. calcd for
C7H2Cl3F3N2O2S (341.53): C 24.62, H 0.59, N 8.20, Cl 31.14, S 9.39; found: C
24.61 H, 0.70, N 8.24, Cl 31.37, S 9.13.


2,4,6-Trichloro-3,5-dinitrotrifluoromethylthiobenzene (32): CAUTION!
Concentrated hydrogen peroxide and trifluoroperacetic acid are powerful
oxidants and may explode in contact with organic matter (dust particles,
residues in sintered glass funnels) or metal salts! For the handling of these
compounds, only glassware thoroughly cleaned with conc sulfuric acid and
rinsed with distilled water should be used. The aniline 31 was oxidized as
described for 35 (see below) and chromatographed (PE/CH2Cl2� 9/1).
M.p. 86.5 ± 87.5 8C (heptane); 1H NMR (CDCl3): no signal; 13C NMR
(CDCl3): d� 123.66, 127.52 (q, J� 2.4 Hz), 128.02 (q, J� 313.4 Hz), 137.06
(q, J� 0.8 Hz), 147.83 (br); anal. calcd for C7Cl3F3N2O4S (371.51): C 22.63,
H 0.00, N 7.54, S 8.63, Cl 28.63; found: C 22.60, H 0.00, N 7.63, S 8.84, Cl
28.41; MS (EI): 376 (3.1), 375 (2.2), 374 (35.0), 373 (7.9), 372 (100), 371 (8.0),
370 (85.8): M�, intensities in accordance with proposed composition. The
oxidation can be stopped at the nitroso stage, if the colorless precipitate
that forms at ÿ10 8C is collected after 150 min (yield, 62 %); pure by TLC,
m.p. 139 ± 140 8C. 2,4,6-Trichloro-3-nitro-5-nitrosotrifluoromethylthioben-
zene gives no signal in 1H NMR, and a complex 13C NMR (probably due to
association). However, the MS (EI) is unequivocal: 360 (0.5), 359 (0.3), 358
(5.3), 357 (1.1), 356 (14.1), 355 (1.1), 354 (13.7). Both the nitroso compound
and 32 only give water-soluble material on attempted oxidation with CrO3


in TFAA/H2SO4 mixtures.


3,5-Dinitrotrifluoromethylsulfonylbenzene (33): By CrO3 (2.5 g, 25 mmol)
oxidation of the above thioether (2.326 g, 8.674 mmol) in TFAA/sulfuric
acid mixture at RT, and purified by chromatography (silica gel, CH2Cl2).
Colorless powder, m.p. 93 ± 95 8C (2.216 g, 7.382 mmol, 85.1 %). 1H NMR
([D6]acetone): d� 9.20 (dq, J� 2.0 and 0.5 Hz, 2 H), 9.49 (t, J� 2.0 Hz,
1H); 13C NMR ([D6]acetone): d� 120.44 (q, J� 325.4 Hz), 127.38, 131.49
(q, J� 0.8 Hz), 134.99 (q, J� 1.4 Hz), 150.75. Compound 33 has been
described in the literature, but no characterization was given.[57]


3-Nitro-5-trifluoromethylsulfonylaniline (34): To a boiling solution of the
dinitrosulfone 33 (2.091 g, 6.966 mmol) in methanol (20 mL), a solution of
NaHS (16 mL of a 0.70m solution,[31] 11 mmol; pH 10 ± 11) was added in
one portion. The deep red color (Meisenheimer complex) changes within
30 min further reflux to a deep brown. The methanol is removed on a rotary
evaporator, the mixture filtered, and the residue washed thoroughly with
diethyl ether. The filtrate is washed with water, satd brine, and dried.
Chromatography (silica, CH2Cl2) and crystallization from toluene/n-
heptane gives orange-brown needles, m.p. 165 ± 172 8C (395 mg, 1.46 mmol,
21.0 %). For analysis, a sample was rechromatographed (silica, Et2O) and
crystallized again from n-heptane/toluene to give yellow needles, m.p. 171 ±
172 8C. 1H NMR ([D6]acetone): 7.68 (ddq, J� 1.7, 2.3 and 0.6 Hz), 7.87 (ddq,
J� 1.6, 2.1 and 0.5 Hz), 8.00 (pseudo-t, J� 2.2 Hz); 13C NMR ([D6]ace-
tone): d� 111.88 (q, J� 0.8 Hz), 115.95, 120.12 (q, J� 0.7 Hz), 120.61 (q,
J� 325.3 Hz), 133.74 (q, J� 1.5 Hz), 150.87, 152.69; anal. calcd for
C7H5F3N2O4S (270.19): C 31.12, H 1.87, N 10.37, S 11.87; found: C 31.22,
H 1.87, N 10.39, S 11.97.


2,4,6-Trichloro-3-nitro-5-trifluoromethylsulfonylaniline (35): To a stirred
and cooled solution of the aniline 34 (500 mg, 1.85 mmol) in acetic acid
(8 mL) and conc HCl (5 mL), 30% H2O2 (3 mL) was added. A precipitate
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formed. After 3.5 h, the mixture was heated briefly to reflux. After standing
overnight, it was diluted with water and extracted with dichloromethane
(3� ). The extracts were washed with bicarbonate solution and dried.
Chromatography (silica, Et2O/CH2Cl2/PE� 1/1/2) and crystallization from
n-heptane gave faintly yellow prisms; m.p. 137 ± 138.5 8C (525 mg,
1.41 mmol, 76.0 %). 1H NMR ([D6]acetone): 6.73 (br s); 13C NMR
([D6]acetone): d� 114.44, 117.36, 120.71 (q, J� 327.4 Hz), 123.90, 128.10
(q, J� 2.3 Hz), 145.94, 150.36 (br); anal. calcd for C7H2Cl3F3N2O4S
(373.52): C 22.51, H 0.54, N 7.50, S 8.58, Cl 28.47; found: C 22.59, H 0.67,
N 7.53, S 8.34, Cl 28.40; MS (EI): 378 (2.3), 377 (1.4), 376 (16.2), 375 (4.6),
374 (48.3), 373 (4.7), 372 (49.4): M�, intensities in accordance with proposed
formula.


2,4,6-Trichloro-3,5-dinitro-5-trifluoromethylsulfonylbenzene (36): Cau-
tion! See warning above for the handling of conc peroxide! �85%
hydrogen peroxide[58] (3 mL) was added in portions to trifluoroacetic
anhydride (20 mL) with stirring at 0 8C. After several min, the biphasic
mixture became homogeneous in an exothermic (Caution!) reaction. This
reaction has to be awaited before the next portion is added. The aniline 35
(113 mg, 0.303 mmol) was added at 0 8C and slowly dissolved. A blue-
greenish color was observed (probably nitroso compound) and a precip-
itate formed. The ice bath was removed after 4 h, and the mixture was
stirred at RT overnight, whereupon the precipitate slowly dissolved to give
a colorless solution. This was cooled again, and ice was added, whereupon a
colorless precipitate was formed. After 30 min stirring, the almost pure 36
was filtered, washed with water, and dried (130 mg, 0.322 mmol, quant);
m.p. 142 ± 144.5 8C. For analysis, it was purified by sublimation (120 8C,
0.1 Torr); almost no residue was observed, m.p. 146 ± 147 8C. 1H NMR
(CD3CN): no signal; 13C NMR (CD3CN): d� 120.56 (q, J� 326.9 Hz),
128.34, 123.90, 131.27 (q, J� 2.1 Hz), 134.62, 150.56 (br); anal. calcd for
C7Cl3F3N2O6 (403.51): C 20.84, H 0.00, N 6.94, S 7.95, Cl 26.36; found: C
20.93, H 0.00, N 7.04, S 8.23, Cl 26.53; MS (EI): 408 (0.5), 407 (0.3), 406
(3.9), 405 (1.0), 404 (11.0), 403 (1.0), 402 (10.8): M�, intensities in
accordance with proposed formula.


1,3,5-Triamino-2,4-dinitro-6-trifluoromethylsulfonylaniline (6): Ammonia
was bubbled through a solution of the trichloro compound 36 (205 mg,
0.508 mmol) in dry CH2Cl2. The mixture soon turned yellow, and a cloudy
precipitate was formed. The mixture was kept in a tightly closed container
for 1.5 d, during which time the triamine 6 crystallized as yellow platelets,
which were removed by filtration and washed with water to remove
ammonium chloride (170 mg, 0.492 mmol, 96.9 %), m.p. 273 ± 274 8C.
Recrystallization from either acetonitrile or nitromethane did not alter
the observed m.p.. 1H NMR ([D6]DMSO): 9.19 (br s); 13C NMR
([D6]DMSO): d� 78.38 (q, J� 2.1 Hz), 113.77, 120.40 (q, J� 328.5 Hz),
149.71, 151.86; anal. calcd for C7H6F3N5O6S (345.22): C 24.35, H 1.75, N
20.29, S 9.29; found: C 24.33, H 1.78, N 20.22, S 9.28.
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Charge and Delocalisation Effects on the Lipophilicity of Protonable Drugs


FreÂdeÂric Reymond,[a] Pierre-Alain Carrupt,[b] Bernard Testa,[b] and Hubert H. Girault*[a]


Abstract: The transfer mechanisms of
ionisable compounds of pharmaceutical
interest were studied by cyclic voltam-
metry at the water/1,2-dichloroethane
interface. The partition coefficients of
the various ions were deduced from the
voltammograms which were monitored
as a function of aqueous pH. The
dissociation constants and the partition
coefficients of the neutral species were
determined by a pH-metric titration
technique, and the results obtained are
displayed in the form of ionic partition
diagrams which define the predomi-


nance domains of each species in both
phases. These diagrams afford an easy
interpretation of the mechanisms gov-
erning ion transfer and show how neu-
tral species can facilitate the passage of
protons from water into an organic
phase and thus how ionisable com-
pounds can modulate the pH. The
change in lipophilicity between charged


and neutral forms of a given compound
is discussed in terms of an intramolecu-
lar stabilisation of the charge. The
nature of the substituents surrounding
the charged atom as well as the degree
of delocalisation of the charge are shown
to contribute markedly to the stabilisa-
tion of ionic species in the organic phase.
Born�s solvation model is also used to
illustrate qualitatively the effect of the
molecular radius on the lipophilicity and
to show that ions retain more water
molecules when they transfer into octa-
nol than into 1,2-dichloroethane.


Keywords: drug research ´ ionic
partition diagrams ´ ITIES ´ lip-
ophilicity


Introduction


Quantitative structure ± activity and structure ± property rela-
tionships (QSAR/QSPR) are of great importance in medic-
inal chemistry and biochemistry, because they can accelerate
the development of new compounds for use as drugs,
materials or additives by computer screening of molecular
structures that can predict the desired properties prior to
laboratory tests. QSAR/QSPR correlations have now been
established to reflect intermolecular interactions in dense
media.[1] Because of the complexity of solvent effects,[2] these
correlations usually involve several parameters, such as the
polarity and polarisability of the solvents, their abilities as a
hydrogen-bond donor or acceptor, as well as dispersion and
repulsion interactions.[3] Indeed, the log P parameter is also a
solvational characteristic since it is directly related to the
change in the Gibbs energy of solvation of a solute between
two solvents. Much attention has been paid over the past two


decades to the calculation of partition coefficients directly
from the solute structure or the solvation energy in order to
connect the lipophilicity to the biological activity.


On account of the lack of experimental techniques which
permit the measurement of charged species, such relation-
ships have unfortunately been limited to neutral compounds.
As a consequence, membrane permeation of ions has
generally been neglected, but this assumption is becoming
suspect[4, 5] as a result of an increasing amount of experimental
evidence which supports ion partitioning.[6±10] Furthermore,
novel experimental techniques have revealed marked varia-
tions in the partition coefficients of ionised species under
biomimetic conditions with respect to changes in the chemical
structures and experimental conditions.[11] In order to increase
our understanding of the intermolecular forces responsible for
these variations, we have investigated the partition behaviour
of a series of compounds as a function of their ionisation state
to obtain their pH-lipophilicity profiles. Electrochemical
measurement at the interface between two immiscible
electrolyte solutions (ITIES) has already proved to be a
technique suitable for the measurement of the log P of ionic
species, and it is used here to determine the various
mechanisms which govern drug transfer and to explain the
different affinity of charged and neutral forms of a compound
towards an organic phase. The present work shows how
molecular volume, intramolecular distance between charges
and intramolecular charge delocalisation (i. e. the distribution
of the electronic charge in a molecule over more than just one
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atom) affect solvation, and, as such, is the first step towards
the incorporation of ion properties into QSPR studies. This is
of great significance in pharmacokinetics and correlations
which incorporate charged species, and it should also lead to
an improvement of QSAR predictions.


Theoretical Background


Transfer at the ITIES : At a liquid/liquid interface, both the neutral (N) and
the ionic (I) form of a compound may, a priori, be present in both phases.
At the equilibrium, the distribution of a charged species between the
organic and the aqueous phase is dependent upon the potential and is
expressed by the Nernst equation for the ITIES [Eq. (1)]:[12] where aI and cI


are the activity and the concentration of I in water (w) and in the organic


phase (o), respectively; zI is the charge of I, Dw
of represents the Galvani


potential difference across the interface, Dw
of0


I is the standard ion transfer
potential and Dw


of0'
I the formal ion transfer potential of I. The standard ion


transfer potential is, in fact, the standard Gibbs energy of transfer
(DG0;w!o


tr; I ) expressed on a potential scale, since these two quantities are
related by Equation (2), where m0


I is the standard chemical potential.


In cyclic voltammetry, the difference in the electrical potential across the
interface is swept linearly between two limiting values, which modifies all
the thermodynamic equilibria in the vicinity of the interface. As expressed
by Equation (1), the distribution of the various species in the two adjacent
phases changes during a potential sweep which induces the transfer of an
ion I across the interface when the potential approaches its standard
transfer potential Dw


of0
I . This flux of charges across the interface leads to a


measurable current which is recorded as a function of the applied potential
(such curves are called voltammograms and typical examples are shown in
Figure 3). Upon transfer of a species, a concentration gradient is thus
established along which the ions may diffuse on both sides of the interface.
On the very short experimental time scale, the bulk of each phase remains
unchanged, and the dissociation equilibria are maintained during a
potential sweep.


For kinetically fast (i. e. electrochemically reversible) ion transfer where the
passage across the interface is limited by the diffusion at the interface,
Equation (1) is valid at any rate of the potential sweep. When the standard
transfer potential of an ion is approached, the current rises because the flux
of ions across the interface increases. If higher potentials are applied, then
the interfacial concentration begins to drop because the diffusion is no
longer fast enough to supply the amount of ions required to compensate for
the displacement of the equilibrium given by the Nernst equation. As a
result, the current falls yielding the characteristic peak shape of cyclic
voltammograms.


Moreover, the ratio ao
I /aw


I is, by definition, the partition coefficient of the
ionic species I between the two phases, PI , which is generally given on a
logarithmic scale. When dilute solutions and equal volumes of the two
adjacent phases are used (as in the present study), the activities can be
replaced by the concentrations to evaluate log PI , since the logarithm of the
ratio of the activity coefficients can then be neglected. The partition
coefficient of an ion is dependent on the potential[13] and is directly deduced
from Equation (1). In terms of concentration, we obtain Equation (3),


where log P0'
I is the formal partition coefficient of I, which represents the


proportion of ions present in each phase if the interface is not polarised.


In contrast to ions, the distribution of the neutral form of a compound
between the two phases does not depend on the potential and pH. It is thus
a constant which is directly connected to its formal Gibbs energy of transfer
[Eq. (4)].


Finally, following the definition of dissociation constants, it is easy to show
that acid/base equilibria in water and in the organic phase (Kw


a and Ko
a,


respectively) can be expressed by the partition coefficients of all the species
involved in the equilibrium. In the case of a dibase (where I2� stands for the
doubly protonated species and I� for the singly protonated form of the
neutral base N), the first and second dissociation constants in the organic
phase can be directly assessed by Equations (5) and (6).


Consequently, Dw
of0'


I , DG0';w!o
tr; I , log P0'


I and pKo
a can all be deduced from


cyclic voltammetry experiments at the ITIES, and it will be shown below
how the evolution of the voltammograms with aqueous pH reflects the
transfer mechanisms of the various species present in the electrochemical
cell as well as the lipophilicity of ions.


Effect of the molecular radius on ion partitioning : Following Born�s
solvation model, the Gibbs energy of ion ± solvent interaction, DGa


IS, can be


Abstract in French: Les mØcanismes de transfert de composØs
ionisables d�intØreÃt pharmaceutique ont ØtØ ØtudiØs par volta-
mØtrie cyclique à l�interface eau/1,2-dichloroethane. Les coef-
ficients de partage de ces ions ont ØtØ dØduits des voltamo-
grammes enregistrØs à diffØrents pH de la phase aqueuse. Les
constantes de dissociation et les coefficients de partage des
esp�ces neutres ont ØtØ dØterminØs par une technique pH-
mØtrique de titrage et les rØsultats obtenus sont reprØsentØs sous
la forme de diagrammes de partage ionique qui dØfinissent les
domaines de prØdominance de chaque esp�ce prØsente dans les
deux phases. Ces diagrammes permettent d�interprØter facile-
ment les mØcanismes gouvernant le transfert d�ions et ils
montrent comment les esp�ces neutres peuvent faciliter le
transfert de protons de l�eau à la phase organique. Les Øtudes
menØes ici montrent ainsi comment des composØs ionisables
peuvent moduler le pH d�un milieu. D�autre part, les change-
ments de lipophilie entre les formes neutre et chargØe(s) d�un
composØ donnØ sont discutØs en termes de stabilisation
intramolØculaire de la charge. Il a ØtØ mis en Øvidence que la
nature des substituants entourant l�atome chargØ de meÃme que
le degrØ de dØlocalisation de la charge contribuent profondØ-
ment à la stabilisation des esp�ces ioniques en phase organique.
Le mod�le de solvatation de Born est aussi employØ pour
illustrer qualitativement l�effet du rayon molØculaire sur la
lipophilie et pour montrer que les ions retiennent plus de
molØcules d�eau lorsqu�ils transf�rent dans l�octanol que dans
le 1,2-dichloroethane.
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estimated by the difference between the charging work of a sphere in an
electric medium a and the discharging work of this sphere in vacuum. DGa


IS


represents the difference in the chemical potential between one mole of
ions and one mole of neutral molecules of equal size, and it is expressed as
Equation (7)[14] , where e is the charge of the proton, NA is Avogadro
number, r is the molecular radius, e0 is the vacuum permittivity and ea


r the
dielectric constant of the phase a.


As the dielectric constant of solvents varies between 2 and 80, DGa
IS is


always negative and the solvent definitely stabilises the ion. This stabilisa-
tion is much larger for water than for octanol or 1,2-dichloroethane, since
their dielectric constants are 78 and �10, respectively (ea


r is approximately
the same for octanol and 1,2-dichloroethane). As the partition coefficients
represent the difference in solvation energy between two solvents, the log P
difference between a charged and a neutral species diff(log P0'


IÿN) can be
approximated by means of Equation (7) which yields Equation (8).


Since ew
r > eo


r , diff(log P0'
IÿN) is always negative, this confirms that the


stabilisation of the charged species is better in water than in organic
solvents. As shown in Figure 1 for singly and doubly charged ions, this
effect is larger for ions with a smaller molecular radius.


Figure 1. The difference in the partition coefficients between the ionic and
the neutral forms of a compound as a function of its molecular radius. The
calculation is based on Born�s solvation model, and the evolution of
diff(log P0'


IÿN) is shown for singly and doubly charged ions.


Born�s theory neglects the dielectric saturation and assumes that the
dielectric constant around the ion ea


1 is equal to that in the bulk ea
r . An


improved prediction of the Gibbs energy of solvation can be obtained by
the use, for instance, of the Abraham and Liszi model,[15] where DGa


IS is
divided into an electrostatic and a neutral contribution. However, with
regard to the diff(log P0'


IÿN) values, the correction for the dielectric
saturation becomes negligible so that both models provide the same
results. Equation (8) can therefore be used to estimate diff(log P0'


IÿN)
without generating much larger errors than the more sophisticated models,
and it will be shown below that Born�s theory already allows the qualitative
explanation of the difference in the partition coefficients of the charged and
the neutral species.


Experimental Section


Amfepramone (AMF; extracted and purified from tablets), N,N-diethyl-
aniline (DEAN), 3,5,N,N-tetramethylaniline (TMAN), N-methylephe-


drine (ME)(all from Fluka) and quinine (Q)(Sigma) were of the highest
purity available. The organic solvent was analytical grade 1,2-dichloro-
ethane (Merck) and was used without further purification. All necessary
precautions were taken in the handling of 1,2-dichloroethane to avoid
inhalation and skin contact.[16] Deionised water (Milli-QSP reagent water
system, Millipore) was employed throughout and bis(triphenylphosphor-
anylidene)ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl) was
used as the supporting organic electrolyte. It was prepared by metathesis of
bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl) (Fluka)
and potassium tetrakis(4-chlorophenyl)borate (KTPBCl) (Lancaster) and
recrystallised twice from methanol.


Cyclic voltammetric studies were conducted using a home-made four-
electrode potentiostat with iR drop compensation of a design similar to that
given in ref. [13]. The difference in applied potentials, E, is defined as the
potential applied between the two reference electrodes, and it is related to
the Galvani potential difference across the interface by Equation (10),


where DEref depends strongly on the nature of the two reference electrodes,
so that E refers only to the electrochemical cell used and represents a
totally arbitrary scale. Thus, the half-wave potentials, E1=2


I , deduced from
the voltammograms were all referenced against tetramethylammonium
(TMA�), because its formal transfer potential in the absolute Galvani
potential scale has already been established (Dw


of0'
TMA� � 160 mV[17]). In this


manner, the values of E1=2
I were further transposed to the absolute scale by


applying Equation (11).


All the molecules under study were first dissolved in the aqueous phase, the
pH of which was set to the desired value by the addition of HNO3 or LiOH
(Fluka). The volumes of the aqueous and organic phases were always equal
(1.7 mL), and all the experiments were performed in Cell 1 (Scheme 1),
where X stands for each compound mentioned at the beginning of this
section.


Scheme 1. Cell 1.


In such a cell, the potential window was limited by the transfer of Clÿ and
Li� at low (Dw


of0'
Clÿ �ÿ470 mV[18]) and high potentials (Dw


of0'
Li� �


576 mV[19]). In this manner, the experimental domain could not be
expanded beyond these two potential values, and it is delimited by lines
a and b in the ionic partition diagrams. In this paper, the transfer of a cation
from water to 1,2-dichloroethane is defined as a positive current. This
relates to the fact that the potential of water is made more positive with
respect to that of the organic phase on the forward scan, a convention valid
for all ITIES experiments. It should also be stressed that the current peaks
obtained by cyclic voltammetry correspond to a flux of ions across the
water/1,2-dichloroethane interface and are in no way redox in nature.


For several compounds, the cyclic voltammetry experiments were repeated
using Cell 2 (Scheme 2) (X� represents protonated N,N-diethylaniline,


Scheme 2. Cell 2.


3,5,N,N-tetramethylaniline or N-methylephedrine), where their ionic form
was dissolved in the organic phase after formation of a salt soluble in 1,2-
dichloroethane and following the same procedure as for the supporting
electrolyte BTPPATPBCl.


Finally, the partition coefficients of the neutral species and all the pKw
a


values were measured by pH-metric two-phase titration (SiriusPCA101,
Sirius Anal. Instruments, UK).
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Results and Discussion


Monobases : A series of monobases (Figure 2) was studied by
cyclic voltammetry to determine their Gibbs energy of
transfer and their lipophilicity profile. These compounds
were selected on the basis of their significance in pharmacol-
ogy and chemistry. All these compounds possess one proto-
nation/deprotonation site; they are ionised below their pKw


a1


and are neutral above it; thus they modify their transfer
behaviour according to the aqueous pH. This is illustrated in
Figure 3, which shows the evolution of the voltammograms
obtained for N-methylephedrine at four different aqueous pH
values. Below pKw


a1, the half-wave potential remains constant,
within experimental error, and the current decreases as the
pH approaches pKw


a1 as a result of the decrease in the
concentration of protonated N-methylephedrine. Above
pKw


a1, the half-wave potential shifts by RT/zF mV per pH
unit, and the current peak is a result of the transfer of a proton
facilitated by the neutral N-methylephedrine present in the
organic phase which behaves as an ionophore for the proton.
Here also, the maximum forward peak current diminishes
with increasing pH because it is limited by the proton
concentration.


All the results obtained by cyclic voltammetry are given in
Table 1, along with the values of the Gibbs energy of transfer,
of the dissociation constants and of the partition coefficients.
This data is used to draw the ionic partition diagram of each


compound investigated by following the methodology descri-
bed in a previous study.[20]


N-Methylephedrine (ME) and amfepramone (AMF) were
chosen for the similarity of their chemical structures. Both
compounds have the same transfer behaviour, and the mean
values of the formal transfer potential deduced from the
voltammograms obtained with Cells 1 and 2 are used to draw
their ionic partition diagrams (Figure 4). The experimental
results are also given in order to show the good reproducibility
of the measurements.


As expected from the principle of ionic partition diagrams,
the interfacial potential required to transfer the ionised form


of both N-methylephedrine
and amfepramone from water
to 1,2-dichloroethane is con-
stant at a pH below their
respective pKw


a , and the hori-
zontal segments in Figure 4
correspond to their values of
formal transfer potential.
Above their pKw


a however, a
proton is transferred from wa-
ter to 1,2-dichloroethane upon
positive polarisation of the
interface, so that neutral ME
and AMF present at the or-
ganic side of the interface
become protonated. These re-
sults show that the neutral
form of acids and bases may
reduce the Gibbs energy of
transfer of the proton as a
result of interfacial protona-
tion and deprotonation reac-
tions, respectively. Such a
mechanism is of great impor-
tance in pharmacology, be-
cause the proton concentra-
tion is very tightly regulated
in functional biological sys-
tems. Numerous pathologies
are linked to the dysfunction
of pH regulation, but recent
studies have shown that com-Figure 2. Chemical structures of the compounds investigated.


Table 1. Physicochemical parameters of the determination of the water/1,2-
dichloroethane partition behaviour of the series of monobases shown in
Figure 2.


N-Methyl-
ephedrine


Amfepra-
mone


N,N-Diethyl-
aniline


3,5,N,N-
Tetramethyl-
aniline


log PN 1.61� 0.09 3.65� 0.09 4.22� 0.04 4.01� 0.03
pKw


a1 9.00� 0.01 8.80� 0.01 6.80� 0.02 5.52� 0.01
Dw


of0'
I


[a] 163� 6 36� 7 135� 14 170� 12
log P0'


I
[b] ÿ 2.76� 0.10 ÿ 0.61� 0.12 ÿ 2.28� 0.23 ÿ 2.87� 0.20


pKo
a1


[c] 14.43� 0.22 13.95� 0.23 9.71� 0.29 8.05� 0.26
diff(log P0'


IÿN) ÿ 4.37� 0.14 ÿ 4.26� 0.15 ÿ 6.50� 0.23 ÿ 6.88� 0.20


[a] Given in mV. [b] Calculated by Equation (3). [c] Calculated with a value of
549� 10 mV for Dw


of0'
H�


[21] and by Equation (6).
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pounds such as nigericin,[22] azapropazone,[23] piroxicam,[24]


chloroquine[25] or tenidap[26, 27] are able to correct for these
dysfunctions. The representation of the data as an ionic
partition diagram allows us to understand how ionisable
compounds can facilitate the transfer of protons from an
aqueous phase to another medium (such as a cellular
membrane) and affords a useful way to interpret the
behaviour of pH-modulating agents in biological environ-
ments.


The formal transfer poten-
tials of N-methylephedrine and
amfepramone differ by 127 mV,
which indicates that AMFH� is
significantly more lipophilic
than MEH�. Evidently, this also
applies to the neutral form of
these compounds, and the dif-
ference between the partition
coefficients of these two species
is approximately the same:
log PAMFÿ logPME� 2.04 and
log P0'


AMFH� ÿ logP0'
MEH� � 2.15.


This result is not surprising,
because the delocalisation of
the charge is very similar for
both AMFH� and MEH�. As a
consequence, the affinity of
both AMFH� and MEH� for
the organic phase remains rela-
tively high after protonation,
and this is illustrated by their
diff(log P0'


IÿN) values (ÿ4.37 for
ME and ÿ4.26 for AMF),
which are smaller than the val-
ue of ÿ5 generally found in
water/1,2-dichloroethane. This
is in good agreement with
Born�s solvation model which
shows that ions with a delocal-
ised charge behave as larger
ions than those possessing a
localised charge. This is a con-
sequence of the fact that the
attractive forces between the
charge and each solvating water
molecule are weaker with a
delocalised charge, which re-
sults in a smaller hydrophilicity
and thus in a smaller change in
the value of logP between neu-
tral and protonated species.


It is of interest to note that
the experimental values ob-
tained for diff(log P0'


IÿN) are
generally � ÿ 3 for octanol/
water. With respect to Figure 1,
this indicates that the molecular
radius is �1.2 � larger in octa-
nol than in 1,2-dichloroethane.


Consequently, the ions are likely to retain more water
molecules when they transfer into octanol, which can be
explained by the larger solubility of water in octanol than in
1,2-dichloroethane and by the H-bonding capacity of octanol
which is almost as large as that of water.


Otherwise, the absolute values of the partition coefficients
for both the neutral and the protonated species are quite
different (AMF and ME are separated by approximately two
logP units). This originates from the replacement of the


Figure 3. Typical cyclic voltammograms obtained for the transfer of a monobase across the water/1,2-
dichloroethane interface. The dependence of the current waves on the aqueous pH is shown here for N-
methylephedrine at five scan rates (10, 30, 50, 80 and 100 mV sÿ1). The recorded current is positive on the forward
scan (FWD) which signifies that positive ions transfer from water into 1,2-dichloroethane. On the reverse scan
(REV), these ions transfer back into water thus generating a negative current.
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hydroxyl group in ME by a carbonyl group in AMF, which has
no H-bond donating capacity. Moreover, it has been noted
from our solvatochromic analysis of 1,2-dichloroethane/wa-
ter,[28] that the lengthening of an alkyl chain causes an increase
of �0.5 logP unit per methylene group, which is equal to the
CH2-fragmental constant that can be deduced from the values
of the Gibbs energies of transfer for the tetraalkyl ammonium
series.[12, 29] These two factors act in the same direction in the
present case and constitute the main contributions to the
greater lipophilicity of amfepramone.


With substituted anilines, similar considerations can be
deduced from their respective ionic partition diagrams
(Figure 5). 3,5,N,N-Tetramethylaniline (TMAN) contains
four methyl groups, whereas two ethyl groups are attached
to the nitrogen atom in N,N-diethylaniline (DEAN). Thus, it
is not surprising to find very close logP values for these two
compounds.


Figure 5. Ionic partition diagram of N,N-diethylaniline (DEAN) and
3,5,N,N-tetramethylaniline (TMAN) in water/1,2-dichloroethane at 25 8C.


The difference in the lipophilicity of the two charged
species is markedly larger than for the neutral species:
logP0'


DEANH� ÿ logP0'
TMANH� � 0.59. This is due to the fact that


the two methyl groups on the phenyl substituent of TMANH�


cannot mask the charge on the nitrogen atom. As the
delocalisation is more efficient with ethyl than with methyl


substituents, it is logical that TMANH� is more hydrophilic
than DEANH�, but to a smaller degree than that expected
from the CH2-fragmental constant.


Interestingly, the diff(log P0'
IÿN) values are much larger in


this example than in the case of AMF and ME, since they are
found to be ÿ6.88 for TMANH� and ÿ6.50 for DEANH�.
This suggests that the solvation of these cations is very strong
in water; thus, it is quite difficult to remove the aqueous
solvation shell during their transfer into the organic phase.
Indeed, in spite of the presence of an aryl group, the charge on
the nitrogen atom cannot delocalise as well as in MEH� and
AMFH�, because aromaticity must be maintained in the
phenyl substituent and because no lone pair of electrons can
partially mask the charge. Compared to the above example,
only two substituents can favour delocalisation in TMANH�


and DEANH�. This discrepancy results in a smaller mean
molecular radius for the substituted anilines and, in addition
to the respective molecular weight of these four compounds,
explains the very high diff(log P0'


IÿN) values of TMANH� and
DEANH�. With respect to Born�s model, this result suggests
that these ions have a smaller molecular radius, since their
charge is localised. It should also be pointed out that
TMANH� and DEANH� have approximately the same
formal Gibbs energy of transfer as TMA� (DG0';w!o


tr;TMA� �
15.4 kJ molÿ1). As they are larger in size, this implies that
they are even more hydrophilic than TMA� and that their
charge is very exposed to ion ± dipole interactions.


Dibases : The transfer behaviour of quinine (Figure 2) was
investigated by cyclic voltammetry at the water/1,2-dichloro-
ethane interface. All the data needed to draw the ionic
partition diagrams of quinine (HQ), as well as the values of
the partition coefficients of each form of this compound, were
deduced from the voltammograms and are presented in
Table 2. Quinine is an antimalarial drug which is especially
valuable for the treatment of severe illness caused by multi-
drug-resistant strains of Plasmodium falciparum parasites.[31]


Because quinine is a base, high concentrations can build up in
the acidic food vacuoles of P. falciparum,[32, 33] whose primary
function is the proteolysis of ingested red-cell haemoglobin in
order to provide the parasite with essential amino acids. It has
been suggested that HQ may act by raising the intravacuolar


Figure 4. Ionic partition diagram of N-methylephedrine (ME) and amfe-
pramone (AMF) in water/1,2-dichloroethane at 25 8C. The experimental
values * were deduced from the voltammograms and transposed to the
TATB scale, while the boundary lines (bold) were determined from the
mean value of Dw


of0'
BH�. Lines a and b delimit the experimental domain for


Cells 1 and 2. As log PB is positive, the neutral form of these bases was
situated largely in the organic phase.


Table 2. Physicochemical parameters for the determination of the parti-
tioning of quinine and trimetazidine at the water/1,2-dichloroethane
interface.


Quinine Trimetazidine[30]


log PN 2.41� 0.08 1.04� 0.06
Dw


of0'
I2� /mV 157� 19 291� 9


log P0'
I2� ÿ 5.31� 0.64 ÿ 9.84� 0.30


diff(log P0'
I2�ÿN) ÿ 7.72� 0.65 ÿ 10.88� 0.31


pKw
a1 4.48� 0.02 4.54� 0.02


pKo
a1


[a] 10.02� 0.70[b] 6.85� 0.38[b]


Dw
of0'


I� /mV 85� 14 162� 9
log P0'


I� ÿ 1.44� 0.24 ÿ 2.74� 0.15
diff(log P0'


I�ÿN) ÿ 3.85� 0.25 ÿ 3.78� 0.16
pKw


a2 8.51� 0.01 9.14� 0.02
pKo


a2
[c] 14.07� 0.30 [b] 14.77� 0.24 [b]


[a] Calculated with Equation (5). [b] Calculated with Dw
of0'


H� � 549�
10 mV.[21] [c] Calculated with Equation (6).
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pH,[34, 35] by interfering with parasite DNA/RNA biosynthe-
sis[36] or by inhibiting enzymes through direct drug bind-
ing.[37, 38] It has also recently been proposed[39] that quinine
inhibits heme polymerase in parasitic food vacuoles, thereby
disrupting heme conversion into an insoluble crystalline
material called hemozoin or malaria pigment. Heme is a by-
product of haemoglobin degradation and it is highly toxic for
malaria plasmodes.[37] In this manner, the degradation of
haemoglobin is rapidly blocked, which then halts the growth
of the parasites.


Quinine has the same structure as quinidine except for the
configuration at the secondary alcohol group (see Figure 2);
however, the measured formal transfer potential of the mono-
and diprotonated forms of quinine and quinidine are not
absolutely equal, which implies that the epimeric relation of
these two compounds is reflected in a slight difference in their
lipophilicity (Dw


of0'
HQH2�


2
� 157 mV (quinine) and 162 mV


(quinidine)[20] while Dw
of0'


HQH� � 85 and 80 mV, respectively).
Despite its alcohol function, no current wave could be
attributed to the transfer of the negatively charged form of
quinine, which explains why we have treated it as a dibase
instead of an ampholyte to draw up its ionic partition diagram
(Figure 6).


Figure 6. Ionic partition diagram of quinine in water/1,2-dichloroethane at
25 8C.


Quinine is the largest molecule studied here, but it does not
have the highest lipophilicity (c. f. Tables 1 and 2). The very
important water affinity of the hydroxyl group of quinine is
totally compensated by the quinoline function, which is very


stable in organic solvents (for comparison, reported values of
the lipophilic fragmental constant of alkyl-OH is ÿ1.45 in
octanol, whereas log Pquinololine is 2.03[40]). If protonated
quinolinium remains aromatic, then the positive charge can
easily delocalise, and diff(log P0'


HQH�ÿHQ) is ÿ3.88, which is
slightly less negative than the common value of ÿ5 discussed
above. This suggests that aromaticity in the quinolinium group
significantly favours the solvation of HQH� in the organic
phase.


For the doubly charged species, the position of boundary
line 1 is located at moderately positive potentials. Thus,
HQH2�


2 requires only a relatively small energy to transfer
from water into 1,2-dichloroethane; thus, its transport across
biological membranes should be relatively easy.


With doubly charged ions, it has been deduced from, as yet
unpublished, results[52] that diff(log P0'


I2�ÿN) is about ÿ11; thus,
the molecular radius should be about 3.8 �, as can be deduced
from Figure 1. This is in good agreement with the stronger
interactions induced by the introduction of a second charge
and with the number of solvent molecules needed to form the
first solvation shell, which is larger in doubly than in singly
charged ions. However, if the two charges are far apart then
the ion should not be considered as one dication but rather as
two monocations, because the solvent molecules are not
attracted in the same way by two single charges as they are by
one double charge.


In this manner, Born�s solvation model tends to show that
HQH2�


2 may not be considered as a dication, but as two
monocations. Indeed, if diff(log P0'


HQH�ÿHQ) is approximately
the same as for the above monobases, diff(log P0'


HQH2�
2 ÿHQ) is


onlyÿ7.72, which is much less than the approximated value of
� ÿ 11 found, for instance, for trimetazidine[30] (see Figure 2,
and the corresponding experimental data in Table 2). For
these two species, the electrostatic potential, obtained by
AM 1 semiempirical calculation (Spartan5.0, Wavefunction
Inc., Irvine USA) is displayed in Figure 7 in order to localise
the charge.


From Figure 7 it can be clearly seen that doubly charged
trimetazidine TMZH2�


2 possesses a very positive charge
density around the two protonated nitrogen atoms, while
two well-defined sites of less positive potential appear in
HQH2�


2 . In HQH2�
2 , the two charges are sufficiently distant to


behave as separate single charges with respect to the


Figure 7. AM 1 semiempirical calcula-
tion of the electrostatic potential sur-
rounding doubly charged forms of
trimetazidine (left) and quinine (right),
respectively. The electrostatic potential
increases linearly from red to dark
blue.
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surrounding water molecules, and, in terms of lipophilicity,
the value of diff(log P0'


HQH2�
2 ÿHQ) is almost twice that of


diff(log P0'
HQH�ÿHQ). This criteria can be used to discriminate


between compounds behaving as doubly charged or as two
monocharged ions with respect to partition, but the boundary
between these two limiting cases is difficult to establish,
because of the difficulty of finding a physical model linking
the intramolecular separation of the charges to the partition
coefficient of a compound.


These results show that the good separation between the
charges borne by an ion as well as the possibility of
delocalising these charges over a large distance greatly
favours the transfer of a compound into the organic phase.
This enhancement of ion lipophilicity could affect drug ±
membrane interactions, and thus the regulation of drug
transport. Since the amount of available data on partition
coefficients of ionisable drugs (work is in progress in our
laboratories) is increasing, it should soon be possible to
include charge distributions in quantitative structure ± activity
relationship studies.


Conclusions


The approach described in this paper leads to an improved
understanding of charge transfer reactions at the ITIES and of
the physicochemical molecular mechanisms of passive trans-
fer of organic ions. The electrochemical technique allows the
precise determination of the distribution of ionic species
between two phases, and ionic partition diagrams can be used
as a first approach in the examination of the implications of
ion partitioning in drug transport and delivery.


Born�s ion ± solvent interaction model also suggests that,
when they transfer into the organic phase, compounds with a
completely localised charge are solvated in a similar manner
to that of small ions, whereas compounds possessing a well-
delocalised charge behave like larger ions, because the smaller
the molecular radius the more negative the corresponding
diff(log P0'


IÿN) value. Born�s model also tends to show that the
intramolecular distance between the charges plays a very
important role with multiply charged ions. Indeed, the results
obtained with quinine indicate that, with respect to solvation,
its doubly charged form behaves as two monocations rather
than as a dication, because its diff(log P0'


I2�ÿN) value is only
twice that of diff(log P0'


I�ÿN).
The difference between the partition coefficients of the


neutral and ionised forms of a solute affords valuable
information about the effect of the charge on the lipophilicity.
This is a rather novel physicochemical parameter and it has
been shown to encode intramolecular factors of a geometric
and electronic nature (such as intramolecular distances,
delocalisation and resonance), which is indicative of the
solvation properties of ions in different media and of partial
charge neutralisation.


The present study also shows qualitatively that the parti-
tioning of ionic species can be related not only to the charge
distribution around the molecule (electrostatic field) but also,
and perhaps mainly, to the delocalisation (stabilisation) of the
charge inside the molecule. To be able to quantify the main


forces (electrostatic and/or hydrophobic association[15, 41, 42])
which influence the partitioning of ionic species, careful
investigation of their electronic structure should be carried
out. Standard techniques of computational chemistry, such as
molecular mechanics, molecular dynamics, semiempirical and
ab initio quantum calculations could be applied for the
exploration of the conformational hypersurface of ionic
species[43±47] and for the study of their electronic structure
and molecular electrostatic potentials.[48±50] Such insights into
quantitative structure ± property relationships[51] should allow
a long-sought understanding of the real contribution of
ionised forms to the distribution of drugs in the body.
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An Expansible Metalla-cryptand as a Component of a Supramolecular
Combinatorial Library Formed from Di(8-hydroxyquinoline) Ligands and
Gallium(iii) or Zinc(ii) Ions


Markus Albrecht,*[a] Oliver Blau,[a] and Roland Fröhlich[b]


Abstract: Ethylene-bridged di(8-hy-
droxyquinoline) ligands 1a ± c-H2 can
be synthesized in five-step procedures
from the corresponding 8-hydroxyqui-
nolines. X-ray structural analysis shows
that 1a-H2 in the solid state forms a
polymer by hydrogen bonding. When
the ligands 1a ± c-H2 are mixed with
gallium(iii) ions, a mixture (supramolec-
ular combinatorial library) is formed of
coordination compounds {(1a ± c)3Ga2}n


which by addition of appropriate guests
(M��Na�, K�, NH�


4 , Rb�) can be
transformed quantitatively into a defined
metalla-cryptate [M� {(1a ± c)3Ga2}]� .
Those complexes and the corresponding
zinc cryptates [M'� {(1a)3Zn2}]ÿ (M'��


Li�, Na�, K�) can also be obtained
directly in metal-directed self-assembly
processes in the presence of templates.
1H NMR studies and the solid-state
structures of [K/Na� {(1a)3Ga2}]� show
that the metalla-cryptand {(1a)3Ga2} can
adjust to the size of the guest present.
Thus proton H(2) of the ligand acts as a
1H NMR spectroscopic probe to predict
the size of the cryptate in solution.


Keywords: cryptands ´ gallium ´ heli-
cal structures ´ host ± guest chemis-
try ´ zinc


Introduction


Cryptands are polycyclic receptor molecules which are able to
bind cations in their interior to form the corresponding
cryptates.[1] Metalla-cryptands possess a similar constitution
and are formed in metal-directed self-assembly processes.
Simple mixing of linear oligodonor ligands with appropriate
metal ions can lead to the formation of the cryptand (Figure 1,
Path A). This compound can bind a guest species (molecule,
ion) to form the corresponding host ± guest complexÐthe
metalla-cryptate (Path B).[2±5]


It is also possible for the reaction of the ligands with the
metal ions to lead to a mixture (library) of coordination
compounds. In this case no selective self-assembly process
takes place. However, because of the noncovalent nature of
the metal coordination, all the species of this mixture are in
dynamic equilibrium. Addition of a guest leads to the removal
of the thermodynamically most appropriate receptor and only
one metalla-cryptate is formed.[6]


If the guest is present during the self-assembly of the
metalla-cryptand (Path C), the cryptate is formed directly in a
template-directed self-assembly process.[7]


Figure 1. Schematic representation of the reaction pathways which lead to
metalla-cryptates. Path A shows the formation of a mixture (supramolec-
ular combinatorial library) of neutral coordination compounds. Addition of
a template removes one species from this library in a dynamic process, and
forms the thermodynamically most stable metalla-cryptate (Path B). This
metalla-cryptate can also be formed directly in a template-directed self-
assembly process (Path C).


Lehn et al.[8] and Saalfrank et al.[9] have described systems
in which various coordination compounds could be isolated
from an undefined solution mixture of complexes by addition
of different templates and crystallization of the products.[10, 11]


We have already reported a helicate-type metalla-cryptate
[K� {(1a)3Ga2}]� which self-assembles from three ligands 1 a,
two gallium(iii) ions, and potassium cations. If no alkali metal
cation is present as a template, only an insoluble material,
{(1a)3Ga2}n (n unknown), is obtained which can be trans-
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formed into [K� {(1a)3Ga2}]Cl by addition of KCl.[12] To
investigate the neutral species {13Ga2}n we used the 3,3'-di(n-
butyl)- or -di(n-decyl)-substituted di(8-hydroxyquinoline)
ligands 1b-H2 or 1c-H2 to form metalla-cryptands/cryptates;
we also introduced zinc(ii) ions for the template-directed
formation of anionic cryptates M[M� {(1a)3Zn2}].


Results and Discussion


Ligand synthesis : The n-butyl- and n-decyl-substituted deriv-
atives 1b-H2 and 1c-H2 were synthesized by a similar synthetic
pathway to that already described for 1a-H2.[13] However, the
alkyl-substituted 8-hydroxyquinolines 5 b and 5 c had to be
prepared first (Scheme 1).


The quinoline derivatives 4 b and 4 c are obtained in the
Skraup reaction of 2-n-butyl- (2 b) or 2-n-decylacrolein (2 c)
with o-anisidine (3).[14] Cleavage of the methyl ethers affords
the hydroxyquinolines 5 b and 5 c which by a Mannich-type
reaction with morpholine and formaldehyde lead to the
derivatives 6 b and 6 c. Reaction with acetic anhydride
removes the morpholine substituents of 6 b and 6 c and the
bisacetates 7 b and 7 c are obtained. Reaction with HBr
followed by work-up with acetic anhydride transforms the
benzylic acetates into the bromides 8 b and 8 c. A mild
homocoupling reaction of 8 b and 8 c is performed by a
procedure described by Iyoda and Oda with catalytic amounts
of (Ph3P)2NiBr2 in the presence of zinc and Et4NI.[15] The
ligand precursors 1b-Ac2 and 1c-Ac2 obtained are trans-
formed by acidic hydrolysis of the esters into the ligands 1b-H2


or 1c-H2, respectively.


Structure of 1a-H2 in the solid state : 8-Hydroxyquinoline is a
molecule which by self-recognition forms a dimer in the solid
state.[16] Hydrogen bonding between OH groups and nitrogen
atoms connects the two monomers and forms a central 10-
membered ring. In the case of 1a-H2 this hydrogen bonding


Scheme 1.


cannot occur intramolecularly between the two hydroxyqui-
noline moieties of the molecule; it has to be intermolecular.
The result of the X-ray structure analysis is shown in Figure 2.


Figure 2 a shows the molecule. In the solid state 1a-H2


forms an infinite linear polymer (Figure 2 b).[17] Here a twisted
polymeric structure is induced on a supramolecular level by
hydrogen bonding between achiral monomers.[18, 19] Neighbor-
ing strands can interact in the solid state by p ± p stacking


Figure 2. SCHAKAL plot of a) the monomeric ligand 1a-H2, b) the
polymeric chain formed by the ligand, and c) the three-dimensional
structure in the solid state.


Abstract in German: Die ethylenverbrückten Di(8-hydroxy-
chinolin)liganden 1a ± c-H2 werden ausgehend von den ent-
sprechenden 8-Hydroxychinolinen in fünf Stufen dargestellt.
Einkristalluntersuchungen zeigen, daû 1a-H2 im Festkörper
durch Wasserstoffbrückenbindungen eine polymere Struktur
ausbildet. Reaktion von 1a ± c-H2 mit Gallium(iii)ionen
führt zu einem Gemisch von Koordinationsverbindungen
{(1a-c)3Ga2}n (Supramolekulare Verbindungsbibliothek), die
durch geeignete Gäste (M��Na�, K�, NH�


4 , Rb�) quantitativ
in definierte Metallakryptate [M� {(1a ± c)3Ga2}]� überführt
werden. Diese Komplexe und entsprechende Zn-Kryptate
[M'� {(1a)3Zn2}]ÿ(M'��Li�, Na�, K�) können auch direkt
in templatgesteuerten Selbstorganisationsprozessen erhalten
werden. 1H-NMR-spektroskopische und Festkörperuntersu-
chungen von [K/Na� {(1a)3Ga2}]� zeigen, daû der Metalla-
kryptand {(1a)3Ga2} seine Gröûe den vorhandenen Gästen
anpassen kann. Das Proton H(2) des Liganden dient dabei als
Sonde für die NMR-spektroskopische Untersuchung der
Komplexe in Lösung.
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between hydroxyquinoline
moieties, forming a two-dimen-
sional network. Stapling of the
planes leads to channels in the
structure (Figure 2 c) which
contain dichloromethane mole-
cules as guests.


Coordination studies


Formation and characterization
of a supramolecular combina-
torial library: Metal complexes
of the general type [(1a,b)3Ga2]
are obtained by reaction of the
ligand 1a,b-H2


[20] (3 equiv) with gallium nitrate (2 equiv) in
the presence of stoichiometric amounts (3 equiv) of sodium
carbonate or cesium carbonate, as base, in methanol
(Scheme 2). Overnight a yellow precipitate is formed in
62 ± 99 % yield. The solids obtained are insoluble in common
organic solvents. Elemental analysis shows the composition of
the materials to be [(1)3Ga2] ´ x H2O (x� 8 (1 a), 4 (1 b)).


Scheme 2.


The [(1c)3Ga2] precipitate obtained by mixing 1c-H2


(3 equiv) and gallium nitrate (2 equiv) in methanol is filtered
and nitric acid is removed by washing with methanol. The
yellow solid is soluble in organic solvents (for example,
chloroform, benzene) and can be investigated by spectro-
scopic methods. However, 1H and 13C NMR spectroscopy of
[(1c)3Ga2] show only broad undefined signals and indicate the
presence of a mixture of various species (isomers or oligom-
ers). MALDI-TOF (2,5-dihydroxybenzoic acid as matrix;
Figure 3) and FAB� mass spectrometry (3-nitrobenzyl alcohol


(3-NBA)) reveal that dinuclear (FAB: m/z� 1947
[(1c)3Ga2Na]�) and tetranuclear gallium complexes (FAB:
m/z� 3848 [(1c)6Ga4]�) are present.[21] Coordination com-
pounds with higher nuclearity are not observed but cannot be
ruled out by our experiments. Thus, a mixture of different
supramolecular coordination compoundsÐa supramolecular
combinatorial libraryÐis obtained.[6, 7] In comparison, for the
defined complex Na[(1c)3Ga2]� only a peak at m/z �1947 can
be detected by MALDI-TOF- or FAB�-MS.[22]


Formation of metalla-cryptates M[(1a ± c)3Ga2]�: According
to Figure 1, Path B, the metalla-cryptates [M� {(1)3Ga2}]Cl are
obtained by addition of MCl to the preformed libraries
{(1)3Ga2}n. The complexes [M� {(1a)3Ga2}]Cl (M�Na, K) are
soluble in dmso or dmf, whereas [M� {(1b)3Ga2}]Cl (M�Na,
K) and [M� {(1c)3Ga2}]Cl (M�Na, K, Rb, NH4) can be
dissolved in CDCl3 or benzene.[23]


Soluble complexes [M� (1a ± c)3Ga2]Cl (1 a, 1 b : M�Na,
K, {NH4}; 1 c : M�Na, K, NH4, Rb) can be obtained on a
preparative scale in the template-directed self-assembly of
the ligands 1a ± c-H2 (3 equiv) with gallium nitrate (2 equiv)
in the presence of a large excess of alkali metal chloride
in methanol. The corresponding ammonium salt [(NH4)�
(1a)3Ga2]OAc is obtained by reaction of 1a-H2 with gallium
nitrate in the presence of a large excess of ammonium acetate
in methanol. The products are precipitated and can be filtered
and purified by washing with a small amount of ice ± water.
The compounds are characterized by NMR spectroscopy and
FAB-MS. [(NH4)� (1a)3Ga2]OAc, which has very low solu-
bility, is characterized only by FAB-MS.


Figure 4 shows the positive FAB-MS spectra of [M�
(1a)3Ga2]� (M�K, Na, NH4) in 3-NBA. At high molecular
masses (m/z> 1000) only signals of the positively charged
cryptates can be detected at m/z� 1121 ([K� (1a)3Ga2]�) and
1105 ([Na� (1a)3Ga2]�), or at 1100 ([(NH4)� (1a)3Ga2]�).
For the ammonium salt a further peak can be observed
at m/z� 1083, which corresponds to the protonated complex
[H� (1a)3Ga2]� . Mass spectrometric results similar to those
for [M� (1a)3Ga2]� (M�K, Na, NH4) are obtained for the
alkyl-substituted derivatives [M� (1b,c)3Ga2]� (M�Na, K,
{NH4, Rb}).


Figure 5 shows the aromatic regions of the 1H NMR spectra
of 1a-H2, [K� {(1a)3Ga2}]Cl, and [Na� {(1a)3Ga2}]Cl in
[D6]DMSO. Upon coordination of the ligand 1 a to gallium(iii)


Figure 3. MALDI-TOF-MS (2,5-dihydroxybenzoic acid) of the supramolecular combinatorial library
{(1c)3Ga2}n.
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Figure 4. Positive FAB-MS spectra (3-NBA) of a) [(NH4)� (1a)3Ga�2 ],
b) [K� (1a)3Ga�2 ], and c) [Na� (1a)3Ga�2 ].


Figure 5. Aromatic regions of the 1H NMR spectra ([D6]DMSO) of 1a-H2,
[K� (1a)3Ga�2 ], and [Na� (1a)3Ga�2 ], showing the high-field shift of H(2)
in the gallium complexes.


and formation of the cryptate [M� {(1a)3Ga2}]Cl, the signal of
proton H(2) (d� 8.82 in 1a-H2) is shifted to higher field (d�
7.94 (M�K), 7.37 (M�Na)). This shift difference between
ligand and complex is due to the spatial position of proton
H(2) in the complexes. It is located close to the hetero-
aromatic portion of a second hydroxyquinolinato unit coor-
dinated to gallium and thus experiences an anisotropic shift.
A similar effect was observed earlier for a mononuclear tris(8-
hydroxyquinolinato)gallium complex.[24]


For the sodium cryptate [Na� {(1a)3Ga2}]Cl the anisotropic
shift is more dramatic than that observed for the correspond-
ing potassium complex. This is surprising because H(2) is
located far from the encapsulated alkali metal cation, so it
should not be influenced by a change from potassium to
sodium. However, because of the difference in size of the
alkali metals, the cryptand has to adopt different conforma-
tions to make effective binding of the cations possible. Thus
the gallium complex moieties act as hinges which enable the
expansion (or reduction) of the cavity size of the metalla-
cryptand (Figure 6). Upon reduction of the cavity size the
ligand units are slightly tilted and proton H(2) is forced closer
to the neighboring aromatic system. This leads to a stronger
anisotropic shift for H(2) in [Na� {(1a)3Ga2}]Cl than was
observed for [K� {(1a)3Ga2}]Cl.


Figure 6. The metalla-cryptand [(1a)3Ga2] and a schematic representation
of the mechanism of its size-adjustment using the gallium complex units as
molecular hinges.


Thus the proton H(2) is an NMR spectroscopic probe which
by its NMR chemical shift gives an indication of the size of the
stretchable cryptand [(1a)3Ga2]. If the signal is shifted to low
field the cryptand adopts a conformation which enables the
encapsulation of relatively large cations, whereas the more
compressed cryptand structure leads to a high-field shift of the
resonance. NMR spectroscopic results (CDCl3) similar to those
for [M� {1a3Ga2}]Cl were observed for [M� {(1b)3Ga2}]Cl
(1b-H2 : dH(2)� 8.61; M�K: dH(2)� 7.64; M�Na: dH(2) �7.17).


Solubility problems prevented us from investigating the
cryptates [Rb� {(1a)3Ga2}]� and [(NH4)� {(1a)3Ga2}]� .
Therefore we prepared the more soluble complexes with
decyl substituents, [M� {(1c)3Ga2}]� (M�Na, K, NH4, Rb).
Attempts to obtain analogous cryptates with lithium or
cesium cations failed. The Li� ion seems to be too small for
effective binding in the cavity of the neutral gallium cryptand,
whereas the Cs� ion is too large.


In the 1H NMR spectra (CDCl3) of [M� {(1c)3Ga2}]� (M�
Na, K, NH4, Rb) the chemical shift of the signal of proton
H(2) follows a similar trend to that observed for the
corresponding complexes of ligand 1 a [dH(2)� 8.62 (ligand
1c-H2), 7.15 ([Na� {(1c)3Ga2}]�), 7.63 ([K� {(1c)3Ga2}]�), 7.68
([(NH4)� {(1c)3Ga2}]�), 7.71 ([Rb� {(1c)3Ga2}]�)]. In the
ROESY-NMR spectrum of the cryptate [(NH4)� {(1c)3Ga2}]Cl
in CDCl3, a crosspeak can be observed between the NH�


4


signal at d� 8.36 and the resonance of the spacer protons of
1 c at d� 3.27. This shows that in solution the ammonium
cation is bound in the interior of the metalla-cryptand.[23]
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As representative examples, the formation of [M�
{(1c)3Ga2}]� by addition of KCl or NaCl to the preformed
library {(1c)3Ga2}n was followed by 1H NMR spectroscopy in
CDCl3/[D4]methanol. At room temperature the quantitative
transformation of the library of receptors into the defined
cryptates takes two weeks.


Molecular structure of [M� {(1a)3Ga2}]� (M�Na, K) in the
solid state : Crystals of [(dmf)2K� {(1a)3Ga2}]Cl and
[(dmf)2Na� {(1a)3Ga2}]BF4 were obtained from dmf/ether.
The complexes crystallize in the trigonal space group R3Åc. In
the solid state the packing of the [(dmf)2M� {(1a)3Ga2}]� ions
forms large pores in which the anions are highly disordered.
For [(dmf)2K� {(1a)3Ga2}]Cl only the three highest difference
Fourier peaks were assigned to chlorine, summing formally to
one atom. However, the strongest remaining peaks of the final
difference Fourier calculation were still located in the pores.
The BFÿ4 ions of [(dmf)2Na� {(1a)3Ga2}]BF4 could not be
localized, but a high residual electron density could be
observed in the pores. Similar crystallographic problems in
localizing the anions of a triple-stranded helicate have been
described by Lehn et al.[8a]


However, the X-ray structural analysis gives an impression
of the molecular structures of the cationic cryptates [M�
{(1a)3Ga2}]� (M�Na, K) in the solid state. The two structures
are very similar. Figure 7 is a representation of the potassium


Figure 7. SCHAKAL plot of [(dmf)2K� (1a)3Ga�2 ] (hydrogen atoms are
omitted for clarity).


cryptate. A triple-stranded dinuclear gallium helicate can be
observed in which the spacer is orientated in the opposite
direction to the helical twist of the helicate.[25] Sodium or
potassium ions are encapsulated in the interior of the metalla-
cryptand {(1a)3Ga2} and are bound to the six internal oxygen
atoms of the ligands 1 a.[3, 5] (In addition, two dmf molecules
are coordinated to the central alkali metal cation.) The
difference between the ionic radii of the sodium and
potassium guests[26] means that the cryptand {(1a)3Ga2} has
to adopt different sizes, leading to a gallium ± gallium
separation of 6.287 � for [Na� {(1a)3Ga2}]� and of 6.565 �
for [K� {(1a)3Ga2}]� . The cryptand {(1a)3Ga2} adjusts to the
size of the guest cation present, as in solution, where this
adjustment leads to the shift differences which were observed
in the 1H NMR spectra for proton H(2).


Formation of M[M� (1a)3Zn2] (M�Li, Na, K): The dinu-
clear zinc complexes M[M� (1a)3Zn2] (M�Li, Na, K) are
prepared by refluxing the ligand 1a-H2 (2 equiv) with zinc
acetate (1 equiv) and alkali metal carbonate (M�Li, Na, K)
in methanol for 15 h (Scheme 3). The precipitate is collected
and washed with a small amount of ice ± water. The salts
M[M� (1a)3Zn2] (M�Li, Na, K) are obtained in good yields
as yellow solids which are soluble in dmso and can be
characterized by 1H, 13C NMR, FAB-MS, and elemental
analysis.


Scheme 3.


The chiral helical structure of the complexes results in two
signals in the 1H NMR spectra for the diastereotopic protons
of the spacer (for example, d� 3.36 and 2.26 for [K�
(1a)3Zn2]ÿ). Again the 1H NMR chemical shift of proton
H(2) of [M� (1a)3Zn2]ÿ depends on the alkali metal cation
present, indicating inclusion of the ion in the internal cavity.
The signal is observed for the potassium compound at d�
7.85, for the sodium cryptate at d� 7.27, and for [Li�
(1a)3Zn2]ÿ at d� 7.36. The chemical shift for the proton
H(2) of the lithium salt indicates that in this case the binding
of the alkali metal cation in the interior of the cryptand is of a
different type. The lithium may be bound in the manner
observed for an analogous triple-stranded helicate formed
from two titanium(iv) ions and three ethylene-bridged
di(catechol) ligands.[5b] In the case of the dinuclear zinc
cryptate, the formation of the lithium salt is probably due to
the negative charge of the host. Thus the binding of lithium in
the interior is favored compared with the neutral cryptands
{(1a ± c)3Ga2}.


If a 1:1 mixture of 1a-H2 and zinc acetate in the presence of
potassium carbonate is used for the preparation of dinuclear
zinc complexes, a mixture of two different coordination
compounds is obtained. One of them can be identified by
NMR spectroscopy as K2[(1a)3Zn2]. The 1H NMR spectrum
([D6]DMSO) of the other shows signals at d� 8.64 (d, J�
3.0 Hz, 2 H), 8.48 (d, J� 8.4 Hz, 2 H), 7.60 (m, 4 H), and 7.06 (d,
J� 8.4 Hz, 2 H) for the aromatic protons. Only one broad
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signal can be observed for the spacer, at d� 3.08 (4 H).
Corresponding 13C NMR resonances are observed at d�
158.8 (C), 145.7 (CH), 139.2 (CH), 139.1 (C), 131.8 (CH),
128.4 (C), 125.6 (CH), 125.4 (C), 120.7 (CH), and 32.5 (CH2).
The observation of only one NMR signal for the spacer
protons indicates that no chiral metal complex units are
present. Therefore it is assumed that a planar metalla-crown
ether [(1a)2Zn2] is formed.[2, 27] A species of this composition
can be observed by FAB� mass spectrometry at m/z� 761
([H(1a)2Zn2]�).[28]


Conclusions


By mixing the di(8-hydroxyquinoline) ligands 1 with
gallium(iii) ions results in the formation of supramolecular
(virtual) combinatorial libraries.[6] Since internal oxygen
donors are present, the species formed can act as receptors
for cationic guest molecules (for example, alkali metal
cations). Addition of a guest leads to the most stable host ±
guest complex and in a dynamic process the most appropriate
receptor is removed from the supramolecular combinatorial
library to obtain only one defined aggregate.[8] In our case the
cryptand is able to adjust to different cationic sizes, using the
gallium complex units as molecular hinges.


For the formation of dinuclear zinc helicates, a template-
directed self-assembly process takes place in which one of the
counterions acts as the template.


Experimental Section


General remarks : 1H NMR and 13C NMR spectra were recorded on a
Bruker DRX 500, AM 400, or WM 250 NMR spectrometer, using DEPT
techniques for the assignment of the multiplicity of carbon atoms. FT-IR
spectra were recorded by diffuse reflection (KBr) on a Bruker IFS
spectrometer. Mass spectra (EI, 70 eV or FAB�/ÿ, 3-NBA matrix) were
taken on a Finnigan MAT 90 mass spectrometer. MALDI-TOF spectra
(2,5-dihydroxybenzoic acid) were recorded on a Voyager-RP mass
spectrometer. Elemental analyses were obtained with a Heraeus CHN-
O-Rapid analyzer. Solvents were purified by standard methods. Melting
points (uncorrected) were determined in Büchi 535 apparatus. Air-
sensitive compounds were prepared and handled under argon by Schlenk
techniques. Data sets were collected with Enraf Nonius MACH3/CAD4
diffractometers, equipped with sealed-tube/rotating-anode generators. The
programs used were: data reduction, MolEN; structure solution, SHELXS-
86; structure refinement, SHELXL-93 and SHELXL-97; graphics, SCHA-
KAL-92. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
101924, CCDC-101925, and CCDC-101926. 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).


3-n-Butyl-8-methoxyquinoline (4b): A mixture of o-anisidine (3) (10 g,
81.1 mmol), NaI (122 mg, 0.81 mmol), 2-n-butylacrolein (2 b) (3.76 mL,
28.3 mmol) and concentrated sulfuric acid (16 mL) was heated to 110 8C.
More 2 b (15 mL, 113 mmol) was added over a period of 5 h. After one
more hour of heating the mixture was cooled, neutralized with aqueous
KOH, and extracted with CH2Cl2. The organic phase was extracted with
hydrochloric acid, neutralized (KOH), and extracted with CH2Cl2. Green
oil; yield 8.55 g (49 %); 1H NMR (CDCl3): d� 8.74 (d, J� 1.5 Hz, 1H), 7.81
(d, J� 1.5 Hz, 1 H), 7.37 (dd, J� 7.7, 8.2 Hz, 1H), 7.27 (d, J� 8.2 Hz, 1H),
6.92 (d, J� 7.7 Hz, 1 H), 4.03 (s, 3H), 2.73 (t, J� 7.7 Hz, 2H), 1.64 (m, 2H),


1.35 (m, 2 H), 0.89 (t, J� 7.2 Hz, 3H); 13C NMR (CDCl3): d� 155.3 (C),
150.8 (CH), 138.6 (C), 135.9 (C), 133.9 (CH), 129.3 (C), 126.6 (CH), 119.1
(CH), 106.6 (CH), 55.8 (CH3), 33.2 (CH2), 32.8 (CH2), 22.2 (CH2), 13.9
(CH3); IR (KBr): nÄ � 3311, 2956, 2929, 1498, 1420, 1333, 1304, 1278, 1199,
752, 718 cmÿ1; MS (EI): m/z (%): 215 (85) [M�], 214 (100); HRMS: calcd
for C14H17NO 215.1310; found 215.1330.


3-n-Decyl-8-methoxyquinoline (4c): Brown oil; yield: quantitative;
1H NMR (CDCl3): d� 8.76 (d, J� 2.0 Hz, 1H), 7.85 (d, J� 2.0 Hz, 1H),
7.41 (dd, J� 7.5, 7.8 Hz, 1 H), 7.31 (d, J� 7.8 Hz, 1 H), 6.96 (d, J� 7.5 Hz,
1H), 4.06 (s, 3 H), 2.77 (t, J� 7.7 Hz, 2 H), 1.68 (m, 2 H), 1.36 ± 1.24 (m,
14H), 0.86 (t, J� 6.8 Hz, 3H); 13C NMR (CDCl3): d� 155.4 (C), 150.9
(CH), 138.7 (C), 136.0 (C), 134.0 (CH), 129.3 (C), 126.6 (CH), 119.1 (CH),
106.6 (CH), 55.9 (CH3), 33.1 (CH2), 31.9 (CH2), 31.1 (CH2), 29.6 (2�CH2),
29.4 (CH2), 29.3 (CH2), 29.1 (CH2), 22.7 (CH2), 14.1 (CH3); IR (KBr): nÄ �
3000, 2925, 2854, 1572, 1495, 1466, 1380, 1266, 1111, 757 cmÿ1; MS (EI): m/z
(%): 299 (100) [M�]; HRMS: calcd. for C20H29NO 299.2249; found
299.2238.


3-n-Butyl-8-hydroxyquinoline (5b): Quinoline 4 b (8.55 g, 39.7 mmol) was
refluxed in aqueous HBr (48 %, 60 mL) for 48 h. After neutralization with
aqueous KOH the mixture was extracted with CH2Cl2. The organic phase
was dried (MgSO4) and solvent was removed. Brownish solid; yield: 7.58 g
(95 %); m.p.: 68 ± 69 8C; 1H NMR (CDCl3): d� 8.65 (s, 1H), 7.91 (s, 1H),
7.49 (t, J� 7.9 Hz, 1H), 7.27 (d, J� 7.9 Hz, 1 H), 7.12 (d, J� 7.9 Hz, 1 H), 2.80
(t, J� 7.7 Hz, 2 H), 1.71 (m, 2 H), 1.41 (m, 2H), 0.97 (t, J� 7.4 Hz, 3H);
13C NMR (CDCl3): d� 152.2 (C), 149.6 (CH), 136.9 (C), 136.3 (C), 134.3
(CH), 128.5 (C), 127.7 (CH), 117.4 (CH), 109.2 (CH), 33.3 (CH2), 32.9
(CH2), 22.3 (CH2), 13.9 (CH3); IR (KBr): nÄ � 3438, 2956, 2858, 1572, 1495,
1466, 1380, 1267, 1111, 760 cmÿ1; MS (EI): m/z (%): 201 (100) [M�];
HRMS: calcd. for C13H15NO 201.1154; found 201.1138; C13H15NO: calcd. C
77.58, H 7.51, N 6.96; found C 76.91, H 7.03, N 6.94.


3-n-Decyl-8-hydroxyquinoline (5 c): Brown solid; yield: quantitative; m.p.:
72 8C; 1H NMR (CDCl3): d� 8.64 (d, J� 1.4 Hz, 1H), 7.90 (d, J� 1.4 Hz,
1H), 7.41 (dd, J� 7.7, 8.2 Hz, 1 H), 7.27 (d, J� 8.2 Hz, 1 H), 7.12 (d, J�
7.7 Hz, 1 H), 2.79 (t, J� 7.7 Hz, 2H), 1.70 (m, 2 H), 1.39 ± 1.27 (m, 14 H), 0.89
(t, J� 6.9 Hz, 3H); 13C NMR (CDCl3): d� 152.3 (C), 149.6 (CH), 136.9 (C),
136.3 (C), 134.3 (CH), 128.5 (C), 127.7 (CH), 117.5 (CH), 109.3 (CH), 33.3
(CH2), 31.9 (CH2), 31.2 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3
(CH2), 29.2 (CH2), 22.7 (CH2), 14.1 (CH3); IR (KBr): nÄ � 3290, 2917, 2850,
1499, 1468, 1277, 1196, 759 cmÿ1; MS (EI): m/z (%): 285 (100) [M�];
HRMS: calcd. for C19H27NO 285.2093; found 285.2107; C19H27NO: calcd. C
79.95, H 9.53, N 4.91; found C 79.72, H 9.36, N 4.26.


3-n-Butyl-8-hydroxy-7-(N-morpholinomethyl)quinoline (6b): Morpholine
(2.81 mL, 32.3 mmol) and 40 % aqueous formaldehyde (4.4 mL,
64.6 mmol) were added to 5b (6.50 g, 32.3 mmol) in ethanol (85 mL) and
the mixture was heated to 40 8C for 15 h. Solvent was removed and the
residue was purified by column chromatography (gradient:
CH2Cl2!CH2Cl2/methanol, 9:1). Yellow oil; yield: 5.04 g (52 %);
1H NMR (CDCl3): d� 8.69 (s, 1H), 7.80 (s, 1 H), 7.18 (s, 2H), 3.83 (s,
2H), 3.75 (br, 4H), 2.74 (t, J� 7.2 Hz, 2 H), 2.59 (br, 4H), 1.65 (m, 2H), 1.36
(m, 2H), 0.91 (t, J� 7.4 Hz, 3 H); 13C NMR (CDCl3): d� 152.7 (C), 150.6
(CH), 137.6 (C), 135.6 (C), 133.8 (CH), 128.4 (C), 127.9 (CH), 117.1 (CH),
116.5 (C), 66.9 (CH2), 60.4 (CH2), 53.1 (CH2), 33.2 (CH2), 32.8 (CH2), 22.2
(CH2), 13.9 (CH3); IR (KBr): nÄ � 3373, 2955, 2929, 2855, 1469, 1378, 1290,
1117 cmÿ1; MS (EI): m/z (%): 300 (1) [M�], 215 (100); HRMS: calcd. for
C18H24N2O2 300.1838; found 300.1828.


3-n-Decyl-8-hydroxy-7-(N-morpholinomethyl)quinoline (6c): Brown oil;
yield: 52%; 1H NMR (CDCl3): d� 8.71 (d, J� 2.1 Hz, 1 H), 7.82 (d, J�
2.1 Hz, 1 H), 7.22 (d, J� 8.4 Hz, 1 H), 7.19 (d, J� 8.4 Hz, 1 H), 3.85 (s, 2H),
3.77 (t, J� 4.6 Hz, 4H), 2.76 (t, J� 7.7 Hz, 2 H), 2.62 (br, 4H), 1.69 (m, 2H),
1.37 ± 1.25 (m, 14 H), 0.86 (t, J� 7.0 Hz, 3 H); 13C NMR (CDCl3): d� 152.7
(C), 150.6 (CH), 137.7 (C), 135.7 (C), 133.8 (CH), 128.4 (C), 127.9 (CH),
117.1 (CH), 116.5 (C), 66.9 (CH2), 60.4 (CH2), 53.1 (CH2), 33.2 (CH2), 31.9
(CH2), 31.1 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2
(CH2), 22.7 (CH2), 14.1 (CH3); IR (KBr): nÄ � 3387, 2925, 2853, 1494, 1469,
1379, 1291, 1118, 865, 721 cmÿ1; MS (EI): m/z (%): 384 (1) [M�], 299 (100);
HRMS: calcd. for C24H36N2O2 384.2777; found 384.2787.


8-Acetoxy-3-n-butyl-7-(acetoxymethyl)quinoline (7 b): A solution of 6b
(5.1 g, 17.0 mmol) in acetic anhydride (20 mL) was refluxed overnight.
Volatiles were removed and the remaining oil was dissolved in CH2Cl2,
washed with saturated aqueous NaHCO3, and dried (MgSO4). The solvent
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was then removed. Brown oil; yield: quantitative (5.36 g); 1H NMR
(CDCl3): d� 8.75 (d, J� 1.5 Hz, 1 H), 7.88 (d, J� 1.5 Hz, 1H), 7.64 (d, J�
8.5 Hz, 1 H), 7.54 (d, J� 8.5 Hz, 1H), 5.26 (s, 2H) 2.76 (t, J� 7.6 Hz, 2H),
2.51 (s, 3 H), 2.07 (s, 3 H), 1.65 (m, 2 H), 1.36 (m, 2 H), 0.92 (t, J� 7.3 Hz,
3H); 13C NMR (CDCl3): d� 170.7 (C), 169.5 (C), 152.6 (CH), 145.8 (C),
139.5 (C), 136.4 (C), 133.9 (CH), 129.3 (C), 127.3 (CH), 127.2 (C), 125.2
(CH), 61.2 (CH2), 33.0 (CH2), 32.8 (CH2), 22.2 (CH2), 20.9 (CH3), 20.8
(CH3), 13.8 (CH3); IR (KBr): nÄ � 2959, 2930, 2859, 1767, 1743, 1650, 1367,
1270, 1235, 1201, 1117 cmÿ1; MS (EI): m/z (%): 315 (0.2) [M�], 57 (100);
HRMS: calcd. for C18H21NO4 315.1471; found 315.1459.


8-Acetoxy-3-n-decyl-7-(acetoxymethyl)quinoline (7c): Brown oil; yield:
quantitative; 1H NMR (CDCl3): d� 8.71 (s, 1H), 7.84 (s, 1 H), 7.59 (d, J�
8.3 Hz, 1 H), 7.50 (d, J� 8.3 Hz, 1H), 5.22 (s, 2H) 2.70 (t, J� 7.6 Hz, 2H),
2.46 (s, 3 H), 2.03 (s, 3H), 1.62 (m, 2 H), 1.26 ± 1.20 (m, 14H), 0.81 (t, J�
6.7 Hz, 3H); 13C NMR (CDCl3): d� 170.5 (C), 169.2 (C), 152.3 (CH), 145.6
(C), 139.3 (C), 136.2 (C), 133.7 (CH), 129.1 (C), 127.1 (CH), 127.0 (C), 125.0
(CH), 61.0 (CH2), 32.9 (CH2), 31.6 (CH2), 30.7 (CH2), 29.3 (CH2), 29.2
(CH2), 29.1 (CH2), 29.0 (CH2), 28.9 (CH2), 22.4 (CH2), 20.9 (CH3), 20.6
(CH3), 13.9 (CH3); IR (KBr): nÄ � 2926, 2855, 1769, 1744, 1651, 1366, 1234,
1197 cmÿ1; MS (EI): m/z (%): 399 (2) [M�], 357 (100); HRMS: calcd. for
C24H33NO4 399.2410; found 399.2421.


8-Acetoxy-3-n-butyl-7-(bromomethyl)quinoline (8b): HBr (30 %) in gla-
cial acetic acid (80 mL) was added to a solution of 7b (2.0 g, 6.4 mmol) in
CH2Cl2 (20 mL). The mixture was stirred for three days and volatiles were
removed. The crude product was purified by column chromatography
(hexane/ethyl acetate, 2:1). Colorless oil; yield 1.26 g (59 %); 1H NMR
(CDCl3): d� 8.78 (d, J� 2.0 Hz, 1H), 7.89 (d, J� 2.0 Hz, 1H), 7.64 (d, J�
8.5 Hz, 1H), 7.54 (d, J� 8.5 Hz, 1 H), 4.63 (s, 2 H), 2.78 (t, J� 7.6 Hz, 2H),
2.58 (s, 3H), 1.69 (m, 2 H), 1.39 (m, 2 H), 0.95 (t, J� 7.3 Hz, 3 H); 13C NMR
(CDCl3): d� 169.2 (C), 152.6 (CH), 145.7 (C), 139.5 (C), 136.6 (C), 134.0
(CH), 129.4 (C), 128.7 (C), 127.8 (CH), 125.6 (CH), 33.0 (CH2), 32.9 (CH2),
27.2 (CH2), 22.2 (CH2), 20.9 (CH3), 13.9 (CH3); IR (KBr): nÄ � 2957, 2930,
2871, 2859, 1771, 1468, 1365, 1199, 1170, 1080, 891 cmÿ1; MS (EI): m/z (%):
335 (1) [M�], 214 (100); HRMS: calcd. for C16H18NO2Br 335.0521; found
335.0510.


8-Acetoxy-3-n-decyl-7-(bromomethyl)quinoline (8c): Green oil; yield:
36%; 1H NMR (CDCl3): d� 8.77 (d, J� 2.1 Hz, 1H), 7.88 (d, J� 2.1 Hz,
1H), 7.64 (d, J� 8.5 Hz, 1H), 7.53 (d, J� 8.5 Hz, 1 H), 4.63 (s, 2H) 2.77 (t,
J� 7.7 Hz, 2 H), 2.58 (s, 3H), 1.69 (m, 2 H), 1.33 ± 1.27 (m, 14 H), 0.89 (t, J�
6.9 Hz, 3H); 13C NMR (CDCl3): d� 169.2 (C), 152.6 (CH), 145.7 (C), 139.6
(C), 136.6 (C), 133.9 (CH), 129.4 (C), 128.7 (C), 127.8 (CH), 125.6 (CH),
33.1 (CH2), 31.9 (CH2), 31.0 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3
(CH2), 29.1 (CH2), 27.2 (CH2), 22.7 (CH2), 20.9 (CH3), 14.1 (CH3); IR
(KBr): nÄ � 2925, 2854, 1772, 1468, 1365, 1195, 1081, 893 cmÿ1; MS (EI): m/z
(%): 419 (0.2) [M�], 298 (100); HRMS: calcd. for C22H30NO2Br 419.1460;
found 419.1471.


1,2-Bis(8-acetoxy-3-n-butylquinolin-7-yl)ethane (1b-Ac2): A suspension of
(Ph3P)2NiBr2 (67 mg, 0.09 mmol), zinc powder (175 mg, 2.68 mmol), and
Et4NI (459 mg, 1.79 mmol) in anhydrous THF (5 mL) was stirred under
argon for 2 h. A solution of the bromide 8b (300 mg, 0.89 mmol) in THF
(6 mL) was added and the mixture was stirred overnight. Filtration and
removal of the solvent afforded the crude product which was purified by
column chromatography (hexane/ethyl acetate, 2:1). Yellow oil; yield:
96 mg (42 %); 1H NMR (CDCl3): d� 8.76 (d, J� 2.2 Hz, 2H), 7.87 (d, J�
2.2 Hz, 2 H), 7.55 (d, J� 8.5 Hz, 2 H), 7.32 (d, J� 8.5 Hz, 2 H), 3.09 (s, 4H),
2.78 (t, J� 7.7 Hz, 4H), 2.55 (s, 6H), 1.69 (m, 4 H), 1.39 (m, 4H), 0.95 (t, J�
7.4 Hz, 6H); 13C NMR (CDCl3): d� 169.9 (C), 152.2 (CH), 144.9 (C), 139.7
(C), 135.5 (C), 134.0 (CH), 132.4 (C), 128.3 (CH), 128.1 (C), 125.0 (CH),
33.2 (CH2), 32.8 (CH2), 31.0 (CH2), 22.2 (CH2), 20.9 (CH3), 13.9 (CH3); IR
(KBr): nÄ � 2956, 2930, 2859, 1763, 1467, 1365, 1207, 1167, 1079 cmÿ1; MS
(EI): m/z (%): 512 (4) [M�], 214 (100); HRMS: calcd. for C32H36N2O4


512.2675; found 512.2665.


1,2-Bis(8-acetoxy-3-n-decylquinolin-7-yl)ethane (1c-Ac2): Yellow solid;
yield: 65%; m.p. 93 8C; 1H NMR (CDCl3): d� 8.76 (d, J� 2.0 Hz, 2H),
7.87 (d, J� 2.0 Hz, 2 H), 7.56 (d, J� 8.5 Hz, 2 H), 7.33 (d, J� 8.5 Hz, 2H),
3.09 (s, 4H) 2.77 (t, J� 7.7 Hz, 4 H), 2.56 (s, 6 H), 1.70 (m, 4H), 1.34 ± 1.27
(m, 28 H), 0.89 (t, J� 6.8 Hz, 6 H); 13C NMR (CDCl3): d� 169.9 (C), 152.3
(CH), 144.9 (C), 139.8 (C), 135.5 (C), 134.0 (CH), 132.4 (C), 128.3 (CH),
128.1 (C), 125.0 (CH), 33.1 (CH2), 31.9 (CH2), 31.1 (CH2), 31.0 (CH2), 29.6
(CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 22.7 (CH2), 20.9


(CH3), 14.1 (CH3); IR (KBr): nÄ � 2955, 2915, 2849, 1761, 1469, 1366, 1204,
1078, 896 cmÿ1; MS (EI): m/z (%): 680 (0.3) [M�], 298 (100); HRMS: calcd.
for C44H60N2O4 680.4553; found 680.4520; C44H60N2O4 ´ H2O: calcd. C 75.61,
H 8.94, N 4.01; found C 75.70, H 8.46, N 3.27.


X-ray structural analysis of 1,2-bis(8-hydroxyquinolin-7-yl)ethane (1a-H2):
X-ray quality crystals of 1a-H2 were obtained from a solution of 1a-H2 in
dichloromethane by slow evaporation of the solvent. Crystal data for 1a-
H2 ´ 0.6CH2Cl2: formula C20H16N2O2 ´ 0.6 CH2Cl2, M� 367.30, 0.4� 0.3�
0.1 mm3, a� 16.009(1), b� 12.560(1), c� 9.008(1) �, b� 96.50(1)8, V�
1799.6(3) �3, 1calcd� 1.356 gcmÿ3, m� 22.91 cmÿ1, empirical absorption
correction from y scan data (0.936�C� 0.999), Z� 4, monoclinic, space
group C2/c (no. 15), l� 1.54178 �, T� 223 K, w/2q scans, 3801 reflections
collected (�h, � k, � l), [(sin q)/l]� 0.62 �ÿ1, 1845 independent and 1343
observed reflections [I� 2s(I)], 134 refined parameters, R� 0.056, wR2�
0.164, max. residual electron density 0.39(ÿ0.27) e �ÿ3 ; occupancy of the
CH2Cl2 determined by refinement, hydrogens calculated and refined as
riding atoms.


1,2-Bis(3-n-butyl-8-hydroxyquinolin-7-yl)ethane (1b-H2): Trifluoracetic
acid (10 drops) were added to a solution of 1b-Ac2 (85 mg, 0.17 mmol) in
methanol (10 mL). After 3 days at room temperature volatiles were
removed and the residue was dissolved in CH2Cl2. The solution was washed
with saturated aqueous NaHCO3 and dried (MgSO4), then the solvent was
removed. Yellow solid; yield: 73 mg (quantitative); m.p.: 168 ± 171 8C;
1H NMR (CDCl3): d� 8.61 (d, J� 2.0 Hz, 2H), 8.28 (br s, 2H), 7.86 (d, J�
2.0 Hz, 2 H), 7.33 (d, J� 8.4 Hz, 2 H), 7.18 (d, J� 8.4 Hz, 2 H), 3.24 (s, 4H),
2.79 (t, J� 7.7 Hz, 4H), 1.73 ± 1.68 (m, 4H), 1.45 ± 1.37 (m, 4 H), 0.96 (t, J�
7.4 Hz, 6H); 13C NMR (CDCl3): d� 149.4 (CH), 149.3 (C), 136.8 (C), 135.3
(C), 134.1 (CH), 130.0 (CH), 126.9 (C), 122.7 (C), 116.6 (CH), 33.4 (CH2),
33.0 (CH2), 30.0 (CH2), 22.3 (CH2), 13.9 (CH3); IR (KBr): nÄ � 3284, 2956,
2927, 2857, 1476, 1413, 1378, 1264, 1233, 1140, 682 cmÿ1; MS (EI): m/z (%):
428 (21) [M�], 214 (100); HRMS: calcd. for C28H32N2O2 428.2464; found
428.2454; C28H32N2O2 ´ 0.5H2O: calcd. C 76.86, H 7.60, N 6.40; found C
76.60, H 7.58, N 5.95.


1,2-Bis(3-n-decyl-8-hydroxyquinolin-7-yl)ethane (1c-H2): Colorless solid;
yield: quantitative; m.p.: 132 ± 134 8C; 1H NMR (CDCl3): d� 8.62 (d, J�
2.0 Hz, 2H), 7.87 (d, J� 2.0 Hz, 2H), 7.34 (d, J� 8.5 Hz, 2H), 7.19 (d, J�
8.5 Hz, 2 H), 3.25 (s, 4 H), 2.78 (t, J� 7.7 Hz, 4 H), 1.71 (m, 4H), 1.35 ± 1.27
(m, 28H), 0.88 (t, J� 6.9 Hz, 6H); 13C NMR (CDCl3): d� 149.3 (CH),
149.2 (C), 136.7 (C), 135.3 (C), 134.2 (CH), 130.0 (CH), 126.9 (C), 122.8 (C),
116.6 (CH), 33.2 (CH2), 31.9 (CH2), 31.3 (CH2), 30.3 (CH2), 29.6 (CH2), 29.5
(CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 22.7 (CH2), 14.1 (CH3); IR
(KBr): nÄ � 3287, 2953, 2918, 2850, 1497, 1476, 1413, 1378, 1264, 1230, 1139,
788, 680 cmÿ1; MS (EI): m/z (%): 596 (46) [M�], 298 (100); HRMS: calcd.
for C40H56N2O2 596.4342; found 596.4326; C40H56N2O2 ´ 0.5 H2O: calcd. C
79.29, H 9.48, N 4.62; found C 79.53, H 9.16, N 4.05.


[(1a)3Ga2]: 1,2-Bis(8-hydroxyquinolin-7-yl)ethane (1a-H2, 20 mg,
0.06 mmol), Ga(NO3)3 (11 mg, 0.04 mmol), and sodium carbonate (7 mg,
0.06 mmol) in methanol (40 mL) were stirred overnight. The precipitate
was filtered and washed with water to remove sodium salts. Yellow
hygroscopic solid; yield: 99% (25 mg); IR (KBr): nÄ � 3050, 2918, 1575,
1502, 1457, 1375, 1316, 1108, 823, 752, 680 cmÿ1; C60H42Ga2N6O6 ´ 8H2O:
calcd. C 58.75, H 4.77, N 6.85; found C 58.62, H 4.38, N 6.89.


[(1b)3Ga2]: Yellow hygroscopic solid; yield: 62% IR (KBr): nÄ � 3420, 2955,
2929, 2859, 1580, 1461, 1404, 1375, 1104, 758 cmÿ1; FAB�-MS (3-NBA):
m/z : 1419 [(1b)3Ga2H�]; C84H90Ga2N6O6 ´ 4 H2O: calcd. C 67.66, H 6.62,
N 5.64; found C 67.37, H 5.92, N 5.45.


[(1c)3Ga2]: Yellow hygroscopic solid; yield: 97%; IR (KBr): nÄ � 3406, 2924,
2853, 1580, 1493, 1461, 1374, 1098, 757, 687 cmÿ1; FAB�-MS (3-NBA): m/z :
1923 [(1c)3Ga2H�], 1947 [(1c)3Ga2Na�]; 3848 [(1c)6Ga�4 ]; C120H162Ga2-


N6O6 ´ 6 H2O: calcd C 70.92, H 8.63, N 4.14; found C 70.80, H 8.32, N 3.92.


General procedure for the preparation of cryptates [M� (1)3Ga2]Cl :
Ligand 1a-H2 (20 mg, 0.06 mmol) (or 1b-H2 or 1c-H2), Ga(NO3)3 ´ 9H2O
(10.5 mg, 0.04 mmol) and a large excess of MCl (M�Na, K; ca. 150 mg) in
methanol (40 mL) were refluxed for 15 h. The cryptate was filtered and
washed with ice ± water (4 mL).


[Na� (1a)3Ga2]Cl : Yellow hygroscopic solid; yield: 49%; 1H NMR
([D6]DMSO): d� 8.66 (d, J� 7.9 Hz, 6 H), 7.69 (d, J� 8.4 Hz, 6H), 7.54
(dd, J� 4.6, 7.9 Hz, 6H), 7.37, (d, J� 4.6 Hz, 6H), 7.31 (d, J� 8.4 Hz, 6H),
2.63 ± 2.61 (m, 6 H), one multiplet of the spacer hidden under the water
peak (COSY); 13C NMR ([D6]DMSO): d� 153.9 (C), 143.8 (CH), 141.0
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(CH), 136.1 (C), 131.7 (CH), 128.0 (C), 126.7 (C), 121.4 (CH), 112.2 (CH),
30.6 (CH2); 23Na NMR ([D6]DMSO): d� 1.2; IR (KBr): nÄ � 3402, 3050,
2917, 2853, 1574, 1503, 1459, 1376, 1316, 1112, 825, 754, 682 cm-1; FAB�-MS
(3-NBA): m/z : 1105 [Na� (1a)3Ga�2 ]; C60H42Ga2N6O6NaCl ´ 5H2O: calcd.
C 58.54, H 4.26, N 6.83; found C 58.90, H 4.13, N 6.47.


[Na� (1a)3Ga2]BF4 : This shows the same 1H NMR signals as the
corresponding chloride; C60H42Ga2N6O6NaBF4 ´ 2.5H2O: calcd. C 58.24,
H 3.83, N 6.79; found C 58.41, H 4.17, N 6.24.


X-ray structural analysis of [(dmf)2Na� (1a)3Ga2]BF4 : X-ray quality
crystals were obtained from dmf/ether. Formula C66H56N8O8BF4NaGa2,
M� 1338.43, 0.2� 0.1� 0.05 mm3, a� 25.279(4), c� 52.000(9) �, g� 1208,
V� 28778(8) �3, 1calcd� 1.390 g cmÿ3, m� 9.22 cmÿ1, Z� 18, trigonal, space
group R3Åc (no. 167), l� 0.71073 �, T� 223 K, w scans, 8961 reflections
collected (�h, � k, � l), [(sin q)/l]� 0.43 �ÿ1, 2987 independent and 1618
observed reflections [I� 2s(I)], 176 refined parameters, R� 0.136, wR2�
0.340, max. residual electron density 3.85(ÿ1.32) e �ÿ3; Ga refined
anisotropically but all other atoms only isotropically, displacement
parameter of Na indicates movement inside the cavity, BF4 could not be
found, highest remaining electron density in the pores, hydrogen atoms
calculated and refined as riding atoms.


[K� (1a)3Ga2]Cl : Yellow hygroscopic solid; yield: 53%; 1H NMR
([D6]DMSO): d� 8.67 (dd, J� 1.0, 8.4 Hz, 6H), 7.94 (dd, J� 1.0, 4.8 Hz,
6H), 7.76 (d, J� 8.4 Hz, 6H), 7.62 (dd, J� 4.8, 8.4 Hz, 6H), 7.31 (d, J�
8.4 Hz, 6H), 3.09 ± 3.07 (m, 6H), 2.70 ± 2.68 (m, 6 H); 13C NMR
([D6]DMSO): d� 153.5 (C), 144.8 (CH), 141.2 (CH), 136.1 (C), 132.0
(CH), 128.2 (C), 125.7 (C), 121.7 (CH), 112.5 (CH), 31.0 (CH2); IR (KBr):
nÄ � 3402, 3052, 2937, 2858, 1578, 1503, 1461, 1377, 1317, 1107, 826, 732,
680 cmÿ1; FAB�-MS (3-NBA): m/z: 1121 [K� (5)3Ga�2 ]; C60H42Ga2-


N6O6KCl ´ 8 H2O: calcd C 55.39, H 4.49, N 6.46; found C 55.11, H 4.40, N
6.23. [K� (1a)3Ga2]Cl could also be obtained by heating [(1a)3Ga2] in the
presence of an excess of KCl in [D6]DMSO.


X-ray structural analysis of [(dmf)2K� (1a)3Ga2]Cl : X-ray quality crystals
were obtained from DMF/ether. Formula C66H56N8O8ClKGa2, M�
1303.18, 0.4� 0.3� 0.1 mm3, a� 25.427(5), c� 51.693(9) �, g� 1208, V�
28944(9) �3, 1calcd� 1.346 gcmÿ3, m� 10.04 cmÿ1, Z� 18, trigonal, space
group R3Åc (no. 167), l� 0.71073 �, T� 223 K, w scans, 12 646 reflections
collected (�h, � k, � l), [(sin q)/l]� 0.49 �ÿ1, 4213 independent and 1522
observed reflections [I� 2s(I)], 365 refined parameters, R� 0.096, wR2�
0.247, max. residual electron density 1.40(ÿ0.66) e�ÿ3 ; displacement
parameter of K indicates movement inside the cavity, chlorine assigned
to the three highest peaks of the difference Fourier summing to one atom,
refined isotropically, the strongest remaining peaks of the final difference
Fourier calculation are located in the pores, atoms of the DMF molecule
refined with common isotropic displacement parameter, hydrogen atoms
calculated and refined as riding atoms.


[Na� (1b)3Ga2]Cl : Yellow hygroscopic solid; yield: 73%; 1H NMR
(CDCl3): d� 8.22 (d, J� 1.6 Hz, 6H), 7.63 (d, J� 8.3 Hz, 6H), 7.17 (d,
J� 8.3 Hz, 6H), 6.87 (d, J� 1.6 Hz, 6 H), 3.45 ± 3.39 (m, 6H), 2.68 ± 2.52 (m,
18H), 1.52 ± 1.43 (m, 12 H), 1.23 ± 1.13 (m, 12 H), 0.87 ± 0.84 (m, 18H); IR
(KBr): nÄ � 3431, 2956, 2928, 2859, 1580, 1490, 1465, 1396, 1377, 1341, 1098,
756, 691 cmÿ1; FAB�-MS (3-NBA): m/z : 1443 [Na� (1b)3Ga�2 ]; C84H90Ga2-


N6O6NaCl ´ 8 H2O: calcd.C 62.21, H 6.59, N 5.18; found C 61.93, H 5.58, N
5.22.


[K� (1b)3Ga2]Cl : Yellow hygroscopic solid; yield: 66%; 1H NMR
(CDCl3): d� 8.21 (s, 6 H), 7.64 (d, J� 8.4 Hz, 6 H), 7.45 (s, 6H), 7.15 (d,
J� 8.4 Hz, 6 H), 3.33 ± 3.29 (m, 6 H), 2.73 ± 2.62 (m, 18H), 1.29 ± 1.25 (m,
12H), 0.95 ± 0.87 (m, 18 H); IR (KBr): nÄ � 3435, 3046, 2955, 2929, 2858,
1464, 1395, 1376, 1347, 756, 691 cmÿ1; FAB�-MS (3-NBA): m/z : 1457 [K�
(1b)3Ga�2 ]; C84H90Ga2N6O6 KCl ´ 3 H2O: calcd. C 65.19, H 6.25, N 5.43;
found C 64.99, H 6.33, N 5.66.


[Na� (1c)3Ga2]Cl : Yellow hygroscopic solid; yield: 44%; 1H NMR
(CDCl3): d� 8.19 (s, 6 H), 7.62 (d, J� 8.4 Hz, 6H), 7.15 (d, J� 8.4 Hz,
6H), 6.87 (s, 6H), 3.45 ± 3.39 (m, 6H), 2.66 ± 2.61 (m, 6 H), 2.59 ± 2.56 (m,
12H), 1.58 (m, 12H), 1.47 (m, 12H), 1.31 ± 1.18 (m, 72 H), 0.89 (m, 18H);
13C NMR (CDCl3): d� 154.0 (C), 143.2 (CH), 139.5 (CH), 136.1 (C), 134.8
(C), 132.6 (CH), 128.5 (C), 127.1 (C), 112.2 (CH), 32.8 (CH2), 32.0 (CH2),
31.7 (CH2), 31.1 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2, double
intensity), 28.9 (CH2), 22.8 (CH2), 14.2 (CH3); IR (KBr): nÄ � 3052, 3018,
2925, 2853, 1466, 1396, 1375, 1098, 756 cmÿ1; FAB�-MS (3-NBA): m/z : 1945


[Na� (1c)3Ga�2 ]; C120H162Ga2N6O6NaCl ´ 3H2O: calcd. C 70.77, H 4.13, N
8.31; found C 70.51, H 4.17, N 8.12.


[K� (1c)3Ga2]Cl : Yellow solid; yield: 39 %; 1H NMR (CDCl3): d� 8.19 (s,
6H), 7.63 (d, J� 8.4 Hz, 6 H), 7.43 (s, 6 H), 7.13 (d, J� 8.4 Hz, 6 H), 3.30 (m,
6H), 2.66 (m, 18 H), 1.59 ± 1.55 (m, 24H), 1.31 ± 1.21 (m, 72H), 0.89 (m,
18H); 13C NMR (CDCl3): d� 154.1 (C), 143.7 (CH), 139.5 (CH), 136.2 (C),
135.1 (C), 132.7 (CH), 128.8 (C), 125.7 (C), 111.9 (CH), 32.9 (CH2), 32.0
(CH2), 31.6 (CH2), 31.1 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4
(CH2), 29.0 (CH2), 22.7 (CH2), 14.2 (CH3); IR (KBr): nÄ � 3052, 3018, 2925,
2853, 1466, 1396, 1375, 1098, 756 cmÿ1; FAB�-MS (3-NBA): m/z : 1961 [K�
(1c)3Ga�2 ]; C120H162Ga2N6O6 KCl ´ 6CH2Cl2: calcd. C 60.34, H 6.99, N 3.35;
found C 61.14, H 6.69, N 3.48.


[(NH4)� (1c)3Ga2]Cl : Yellow solid; yield: 39%; 1H NMR (CDCl3): d�
8.36 (br, 4H), 8.20 (s, 6 H), 7.68 (s, 6 H), 7.64 (d, J� 8.4 Hz, 6H), 7.14 (d, J�
8.4 Hz, 6 H), 3.29 ± 3.27 (m, 6H), 2.71 (m, 18H), 1.61 (m, 24H), 1.29 ± 1.25
(m, 72H), 0.90 (t, J� 7.0 Hz, 18 H); 13C NMR (CDCl3): d� 158.8 (C), 144.1
(CH), 139.3 (CH), 136.3 (C), 135.3 (C), 132.6 (CH), 128.8 (C), 125.3 (C),
112.0 (CH), 32.8 (CH2), 31.9 (CH2), 31.5 (CH2), 31.0 (CH2), 29.7 (CH2), 29.6
(CH2), 29.5 (CH2), 29.4 (CH2), 29.0 (CH2), 22.7 (CH2), 14.2 (CH3); IR
(KBr): nÄ � 3439, 2924, 2853, 1465, 1395, 1376, 1097 cmÿ1; FAB�-MS (3-
NBA): m/z : 1923 [H� (1c)3Ga�2 ]; C120H166Ga2N7O6Cl ´ 6CH2Cl2: calcd. C
60.85, H 7.21, N 3.94; found C 59.97, H 6.89, N 3.98.


[Rb� (1c)3Ga2]Cl : Yellow hygroscopic solid contaminated with the
corresponding potassium cryptate; 1H NMR (CDCl3): d� 8.18 (s, 6H),
7.71 (s, 6H), 7.63 (d, J� 8.2 Hz, 6 H), 7.12 (d, J� 8.2 Hz, 6 H), 3.23 (m, 6H),
2.71 (m, 18H), 1.58 (m, 24 H), 1.28 (m, 72H), 0.88 (t, J� 6.9 Hz, 18H);
13C NMR (CDCl3): d� 154.2 (C), 144.1 (CH), 139.3 (CH), 136.4 (C), 135.3
(C), 132.7 (CH), 128.9 (C), 125.0 (C), 111.8 (CH), 32.9 (CH2), 32.0 (CH2),
31.6 (CH2), 31.0 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.0
(CH2), 22.8 (CH2), 14.2 (CH3); IR (KBr): nÄ � 3410, 2924, 2853, 1582, 1491,
1465, 1394, 1377, 1097 cmÿ1; FAB�-MS (3-NBA): m/z : 2007 [Rb�
(1c)3Ga�2 ].


[(NH4)� (1a)3Ga2]OAc : Ligand 1a-H2 (20 mg, 0.06 mmol), Ga(NO3)3


(10.5 mg, 0.04 mmol) and a large excess of ammonium actate (150 mg) in
methanol (40 mL) were refluxed for 15 h. The cryptate was filtered and
washed with cold water (4 mL). Yellow hygroscopic solid; yield: 54%
(14 mg, 0.01 mmol); IR (KBr): nÄ � 3566, 3050, 1574, 1502, 1459, 1376, 1315,
1108, 825, 681 cmÿ1; FAB�-MS (3-NBA): m/z : 1100 [(NH4)� (1a)3Ga�2 ];
C62H49Ga2N7O8 ´ 6H2O: calcd C 58.75, H 4.85, N 7.73; found C 58.77, H 4.75,
N 7.00.


General procedure for the preparation of cryptates M2[(1a)3Zn2]: Ligand
1a-H2 (20 mg, 0.06 mmol), Zn(OAc)2 ´ 2H2O (6.8 mg, 0.03 mmol), and
M2CO3 (M�Li, Na, K, 0.06 mmol) in methanol (40 mL) were refluxed for
15 h. The precipitate was filtered and washed with ice ± water (4 mL).


Li2[(1a)3Zn2]: Yellow hygroscopic solid; yield: 94 %; 1H NMR
([D6]DMSO): d� 8.22 (dd, J� 1.5, 8.3 Hz, 6H), 7.41 (d, J� 8.0 Hz, 6H),
7.36 (dd, J� 1.5, 4.4 Hz, 6 H), 7.25, (dd, J� 4.4, 8.3 Hz, 6H), 6.77 (d, J�
8.0 Hz, 6 H), signals of the spacer hidden under solvent peaks; IR (KBr):
nÄ � 3044, 1565, 1503, 1454, 1389, 1372, 1309, 1105, 826, 685 cmÿ1; FABÿ-MS
(3-NBA): m/z : 1081 [Li(1a)3Znÿ2 ]; C60H42Li2N6O6Zn2 ´ 3H2O: calcd. C
63.12, H 4.24, N 7.36; found C 62.91, H 4.49, N 7.19.


Na2[(1a)3Zn2]: Yellow hygroscopic solid; yield: 70%; 1H NMR
([D6]DMSO): d� 8.23 (d, J� 8.3 Hz, 6H), 7.42 (d, J� 8.0 Hz, 6 H), 7.27
(br, 6 H), 7.25, (dd, J� 4.4, 8.2 Hz, 6H), 6.79 (d, J� 8.0 Hz, 6H), signals of
the spacer hidden under solvent peaks; 13C NMR ([D6]DMSO): d� 160.9
(C), 142.4 (CH), 140.0 (C), 137.8 (CH), 131.0 (CH), 128.8 (C), 125.9 (C),
119.6 (CH), 106.7 (CH), 32.6 (CH2); IR (KBr): nÄ � 3415, 3019, 2921, 2857,
1562, 1503, 1456, 1389, 1370, 1103, 823, 688 cmÿ1; FAB�-MS (3-NBA):
m/z : 1077 [H3(1a)3Zn�2 ], 1144 [Na3(1a)3Zn�2 ]; C60H42Na2N6O6Zn2 ´ 8H2O:
calcd. C 57.02, H 4.63, N 6.65; found C 57.00, H 4.76, N 6.38.


K2[(1a)3Zn2]: Yellow hygroscopic solid; yield: 85 %; 1H NMR
([D6]DMSO): d� 8.22 (d, J� 7.7 Hz, 6 H), 7.85 (d, J� 3.7 Hz, 6H), 7.47
(d, J� 8.1 Hz, 6H), 7.31, (dd, J� 3.7, 7.7 Hz, 6 H), 6.77 (d, J� 8.1 Hz, 6H),
3.36 (m, 6H), 2.26 (m, 6H); 13C NMR ([D6]DMSO): d� 161.0 (C), 143.2
(CH), 140.1 (C), 137.8 (CH), 131.4 (CH), 129.1 (C), 125.0 (C), 120.0 (CH),
106.6 (CH), 32.7 (CH2); IR (KBr): nÄ � 3394, 1561, 1503, 1454, 1390, 1368,
1103, 822, 804, 688 cmÿ1; FAB�-MS (3-NBA): m/z : 1077 [H3(1a)3Zn�2 ];
FABÿ-MS (3-NBA): m/z : 1113 [K(1a)3Znÿ2 ]; C60H42 K2N6O6Zn2 ´ 9H2O:
calcd. C 54.84, H 4.60, N 6.40; found C 55.19, H 4.97, N 5.63.
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Mechanism of the Allylic Rearrangement of Allyloxo Metal Oxo Complexes:
An Ab Initio Theoretical Investigation


SteÂphane Bellemin-Laponnaz,[b] Jean Pierre Le Ny,[b] and Alain Dedieu*[a]


Abstract: The mechanism of the iso-
merization of allyl alcohols by the 1,3-
transposition of a hydroxy group, which
is catalyzed by transition metal com-
plexes in a high oxidation state, has been
investigated by ab initio quantum chem-
ical calculations for a trioxorhenium
catalyst. The calculations point to a
cyclic transition state that consists of a
perrhenate anionic moiety and an allylic


cationic group. This is similar to the
transition state found for the [3,3] sig-
matropic rearrangement in allyl for-
mate. The energy barrier is lower in
the organometallic case. The calcula-


tions also suggest that the kinetic dis-
crimination that is observed experimen-
tally for the catalyzed cis ± trans isomer-
ization of hex-1-en-3-ol is due to
microsolvation effects of the corre-
sponding transition states by the alco-
hols that are present in the reaction
medium. All these features are ex-
plained in terms of orbital interactions
present in the transition state.


Keywords: ab initio calculations ´
allyl alcohols ´ homogeneous catal-
ysis ´ rhenium ´ solvent effects


Introduction


An allylic rearrangement that involves a cyclic transition state
akin to that of a Claisen-type rearrangement and which
incorporates a metal oxo unit (Scheme 1) has been recently
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Scheme 1. Proposed organometallic cyclic transition state for the allylic
rearrangement.


proposed[1] (on the basis of an original proposal of Charbardes
et al.[2]) in order to account for the isomerization of allyl
alcohols by the 1,3-transposition of a hydroxy group catalyzed
by trioxorhenium complexes and other metal oxo catalysts.[1, 3]


Since two metal ± oxo bonds are supposed to participate in the
rearrangement, the closest organic analogue to the organo-
metallic mechanism is not the Claisen rearrangement but the
1,3-acyloxy shift in allyl esters (Scheme 2). Despite this close
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Scheme 2. Organic analogue to the organometallic mechanism proposed
in Scheme 1.


similarity, the organometallic reaction is much more efficient:
enthalpies of activation of 13.3� 0.3 kcal molÿ1 and 20.9�
0.4 kcal molÿ1 have been measured[1c] for the formation of
trans-hex-2-en-1-ol (B) and cis-hex-2-en-1-ol (C), respective-
ly, in the catalyzed isomerization of hex-1-en-3-ol (A)
(Scheme 3), whereas barriers for the organic reaction range


OH
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B A C


Scheme 3. Isomerization of hex-1-en-3-ol.


between 35 and 45 kcal molÿ1 in the gas phase,[4] depending on
the acyl moiety. Recent calculations for the 1,3-acyloxy shift in
the parent allyl formate also yield high barriers (ranging
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between 40 and 50 kcal molÿ1, depending on the method
used).[5a,b] It has been tentatively suggested[1c] that a second
oxo group, which serves as a spectator ligand, could help to
stabilize the negative charge developed on the metal in the
transition state, thereby lowering the activation barrier. It was
also suggested,[1c] in line with the known mechanistic data on
the Claisen rearrangement,[6] that in the catalyzed isomer-
ization of A the greater activation enthalpy for the formation
of the cis isomer C might be accounted for by a greater
difference in charge and/or separation (distance effect) in the
corresponding transition state. This increase in charge sepa-
ration, which would correspond to a quasi-ionic pair TS,
would also be consistent with the unexpected observation of a
positive entropy of activation.[1c]


In an effort to increase our understanding of these reaction
mechanisms we have now undertaken a theoretical study
based on ab initio calculations at the HF-SCF and MP2 levels.
Our goal was twofold: i) to shed more light on the similarities
and differences between the organometallic and organic
reactions (geometry and electronic structure of the transition
state, energetics of the process) and ii) to rationalize on more
theoretical grounds the kinetic discrimination observed for
the formation of isomers B and C. To this end, calculations
were first carried out for the rearrangements of the parent
systems OC(H)OCH2CH�CH2 (1) and [Re(O3)-
OCH2CH�CH2] (2). Subsequently, calculations were per-
formed on the methyl derivatives in order to mimic the
experimental systems more closely; that is, the propyl
derivatives A, B, and C. Thus, in the organic case the two
processes which started from the OC(H)OCHCH3CH�CH2


system (3a) and led to the cis- and trans-
OC(H)OCH2CH�CHCH3 isomers 3c and 3b, respectively,
were investigated. Similarly, in the organometallic case we
considered [Re(O3)OCHCH3CH�CH2] (4a) and the cis- and
trans-[Re(O3)OCH2CH�CHCH3] isomers, 4c and 4b, as
models of A, C, and B, respectively. Finally, the study was
extended to another transition metal by comparison of the
rhenium system 2 with the [Ta(O)(OH)2OCH2CH�CH2]
system (5).


Computational Methods


The calculations were carried out with the Gaussian 94 program system.[7]


The geometries of the organometallic systems were optimized at the HF
level by the gradient technique, with the LANL2DZ basis set and
additional polarization functions on the carbon and oxygen atoms. In this
basis set the innermost core electrons of the rhenium atom (up to 4 d) are
described by the relativistic pseudopotential of Hay and Wadt[8] and the
remaining outer core and valence electrons by a (5,6,4)< 3,3,2> basis
set.[8] The first-row atoms are described by the Dunning ± Hay (9,5)
contracted into <4,2> basis set.[9] The exponents of the polarization
functions are 0.75 and 0.85 for carbon and oxygen, respectively. Single-
point calculations at the MP2 level were then performed to evaluate the
relative energies of the various structures. For the organic systems, the
geometry optimizations were carried out at both the HF and MP2 levels,
using the same basis set as for the organometallic systems. The transition
states TS1 and TS2 for the rearrangement of 1 and 2 were characterized by
a numerical frequency analysis. In both cases a single imaginary frequency
was found (634i cmÿ1 and 346i cmÿ1 for TS1 for TS2, respectively). For the
transition states corresponding to the rearrangement of the methyl-
substituted derivatives and of the tantalum system, the optimized geo-


metries are close to those of TS1 and TS2 (see Figures 1 and 2). Therefore,
we did not perform a frequency analysis for these transition states. The
standard notation level of energy calculation//level of geometry optimiza-
tion is used throughout the article.


Results and Discussion


The optimized geometries of the reactants and transition
states for the organic and organometallic systems are shown in
Figure 1 for the unsubstituted systems 1, 2, and 5, and in
Figure 2 for the corresponding methyl derivatives of the
organic system 3 and of the rhenium system 4. For the alkyl-
substituted systems, either organic or organometallic, there
are of course many conformers that are quite close in energy
and that were not differentiated experimentally.[1c] The
structures that are reported here have been obtained by a
downhill optimization from a geometry generated by a small
displacement from the transition state geometry. Thus, 3a and
3a'' correspond to TS3a and TS3b respectively; 3a is more
stable than 3a'' by 3.6 kcal molÿ1 (MP2 values). Similarly 4a
and 4a'' correspond to TS4a and TS4b ; 4a is more stable than
4a'' by only 0.9 kcal molÿ1. The computed rearrangement
barriers are presented in Tables 1 ± 3,[10] together with the
recently reported results obtained for 1 with a 6-31G* basis.[5]


Although the HF- and the MP2-optimized geometries of
the organic systems are slightly different, especially for the


Table 1. Energy barriers (in kcal molÿ1) computed at various levels of
theory for the 1,3-rearrangement in 1, 2, and 5.


Level TS1 TS2 TS5


HF//HF 55.5 31.8 46.1
MP2//HF 47.4 23.7 29.0
MP2//MP2 46.1 ± ±
B3LYP//B3LYP ± 19.5 ±
MP4/6-31G*//MP2/6-31G* [a] 46.1 ± ±
B3LYP/6-31G*//B3LYP/6-31G* [b] 41.4 ± ±
MP2/6-31G*//B3LYP/6-31G* [b] 47.4 ± ±


[a] Ref. [5a]; difference in the zero-point vibrational energy taken into
account. [b] Ref. [5b]; difference in the zero-point vibrational energy not
taken into account. At the B3LYP/6-31G* level the corresponding
correction is computed to be only ÿ1.4 kcal molÿ1.


Table 2. Reaction energies and barriers (in kcal molÿ1) computed at
various levels of theory for the isomerization of 3.


Level 3a!3b 3a''!3c
DE DE= DE DE=


HF//HF ÿ 0.3 � 51.3 ÿ 2.8 � 50.3
MP2//HF � 1.2 � 48.6 ÿ 1.3 � 44.9
MP2//MP2 � 1.2 � 44.5 ÿ 1.4 � 43.0


Table 3. Reaction energies and barriers (computed and experimental, in
kcal molÿ1) for the isomerization of 4 (experimental values are enthalpy of
reactions and activation enthalpies for the [Re(O3)OCH(C3H7)CH�CH2]
system A).


Level 4a!4b 4a''!4c
DE DE= DE DE=


HF//HF � 0.4 � 27.5 � 0.6 � 28.7
MP2//HF � 2.0 � 24.7 � 2.9 � 25.2
Exp � 0.9 � 13.3 ÿ 4.0 � 20.9
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O ´´´ C distances in the transitions states, the MP2//MP2 and
MP2//HF energies are similar. This justifies our choice of the
MP2//HF level for our investigations of the organometallic
systems.[11] Moreover, previous theoretical studies carried out
for [RReO3] complexes (X�H, F, CH3, h1-C3H5) have shown
that the HF level of theory is adequate for the structure
determination of systems in which Re is in the formal �vii
oxidation state.[12] Indeed, our computed Re�O bond lengths
are within the range of those found experimentally.[13] The
Re ± O single bond length computed for 2, 3, and 4 (1.83 �) is
also in good agreement with the experimental value (ca.
1.85 �) obtained recently for [ReO3(OCMe2CMe2OR)] (R�
H, Me).[14] The studies on the 1,3-acyloxy shift in allyl
formate[5] or similar studies on the Claisen rearrangement[15]


also led to the conclusion that the results are more sensitive to
the level of the energy calculation than to the level of
geometry optimization. They showed in particular that energy


barrier differences were cor-
rectly reproduced once elec-
tron correlation had been tak-
en into account, either at the
MP2, QCI, or DFT level.[5, 15]


An initial result that emerg-
es from Figures 1 and 2 is that
the structure of the transition
states is of a single type, either
boatlike only for the organic
systems, or chairlike only for
the organometallic systems.
All our attempts to obtain
the alternative structure, that
is the chair structure in the
organic case or the boat struc-
ture in the organometallic
case, were unsuccessful. This
is in contrast to the Cope and
Claisen rearrangements where
both chairlike and boatlike
structures have been
found.[5, 15] For the allyl for-
mate rearrangement the
B3LYP/6-31G* optimization
of Zipse[5b] also resulted in
only one concerted structure
for the transition state (boat-
type), which is at variance with
the MP2/6-31G* optimization
performed by Pascal et al.[5a]


where both structures were
found; the boat structure was
slightly more stable. However,
the location of a chair-type
transition state may be very
sensitive to the basis set used:
with the 6-31G basis set the
chairlike transition state has a
second imaginary frequency
and is therefore not a true
transition state.[5a]


The most salient feature of Figures 1 and 2 is the rather flat
geometry of the reacting unit in all transition structures: the
out-of-plane bending angle between the formyl group and the
plane made of the forming and breaking bonds amounts to
29.88 in the organic system TS1. In the organometallic system
TS2 the structure is chairlike and the corresponding angle for
the ReO2 unit is even smaller, 4.08. Moreover, a test
calculation on TS1 in which the bending angle was set to 08
instead of 29.88 yielded a destabilization of only 3.5 kcal molÿ1


(MP2//HF value). Similar features have been already noticed
by Zipse; he ascribed them to the strong involvement of the s-
lone pairs of the oxygen atoms instead of the p-lone pairs.[5b]


The methylene groups that are involved in the Claisen or in
the Cope rearrangement are devoid of such s-lone pairs,
which precludes the possibility of a planar or almost planar
reacting unit in these rearrangements. In fact, as clearly
pointed out by Zipse,[5b] these oxy rearrangements in the allyl


Figure 1. Optimized geometries of the reactant and corresponding transition state for the allylic rearrangement
in the systems: [OC(H)OCH2CH�CH2] (1), [Re(O3)OCH2CH�CH2] (2), and [Ta(O)(OH)2OCH2CH�CH2] (5)
together with selected bond lengths [�] and angles [8]. HF and MP2 results; MP2 values for 1 and TS1 are given in
parentheses.
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esters are best understood as ªintramolecular nucleophilic
substitution reactions (SN2'), in which the carbonyl lone pair
features as the nucleophile, and the C ± O bond adjacent to the
allyl group takes the role of the leaving group.º The same
holds for the organometallic system in which the two oxygen
atoms of the ReO4 unit also bear s-lone pairs, thus accounting
for the similarity of the geometry of the organic and organo-
metallic transitions states. Alternatively, as suggested by one
referee, both the organic and organometallic reactions can be
described as pseudopericyclic.[16] Such reactions have been
studied in the past few years,[17, 18] including, in particular,
sigmatropic rearrangements of esters.[18]


As far as their electronic structures are concerned, these
transition states correspond to an allyl cation interacting
either with a perrhenate ReOÿ


4 or with a formate HCOÿ
2


moiety: the overall charge of the ReO4 unit (as given by the
Mulliken population analysis) is ÿ0.75 e in TS2, ÿ0.81 e in
TS4b and TS4c (with opposite values for the overall charge of
the allyl cationic moiety). There is less zwitterionic character
in the organic analogues: the formate unit has a charge of
ÿ0.61 e in TS1, and ofÿ0.67 e andÿ0.66 e in TS3b and TS3c,
respectively. We must note, however, that the increase in the
negative charge on going from the reactant to the transition
state is only slightly greater for ReO4 (0.35 e, from ÿ0.40 e in
2 to ÿ0.75 e in TS2) than for HCO2 (0.31 e from ÿ0.30 e in 1
to ÿ0.61 e in TS1).


There is one important difference, however, between the
organic and the organometallic reactions: the computed
energy barriers range between 23 and 25 kcal molÿ1 (MP2//


HF level) for the rhenium complexes (29 kcal molÿ1 for the
tantalum complex), that is much less than in the organic
analogues for which a barrier of more than 45 kcal molÿ1 is
computed. This difference can best be rationalized by
considering the four-electron repulsive interactions between
the orbitals of the allylic cationic fragment and the orbitals of
either the ReOÿ


4 or the HCOÿ
2 fragment that are responsible


for the barrier.[19] In particular, one finds in the organometallic
system a four-electron repulsive interaction between the p-
allyl orbital and the orbital 6 of the ReO4 moiety (see the left
side of Figure 3); there is also some antibonding contribution


O
C


H


O


O
Re


O


O


O6


7
8


Figure 3. Schematic interaction diagram between the occupied p-allyl
orbital of (C3H5)� and the interacting orbitals of either ReOÿ


4 (left) or
HCOÿ


2 (right) for the transition state of the allylic rearrangement.


Figure 2. Left: HF- and MP2-optimized geometries of the reactant, transition state, and product for the allylic rearrangement in the two structural isomers
3a and 3a'' of the methyl-substituted organic system [OC(H)OCHCH3CH�CH2]. MP2 values are given in parentheses. Right: HF-optimized geometries of
the reactant, transition state, and product for the allylic rearrangement in the two structural isomers 4a and 4a'' of the methyl-substituted organometallic
system [Re(O3)OCHCH3CH�CH2]. Selected bond lengths [�] and angles [8] are also given.
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from the orbital 7 and some bonding contribution from the
empty p*-orbital of the allyl. Its analogue in the organic
system is the interaction between the p-allyl orbital and 8 (see
the right side of Figure 3). However, the energy of 6 (as 7) is
much lower than that of 8 on account of its mixing with the
formally empty metal orbitals (either 5 dx2ÿy2 or 6 s). The result
is a much smaller repulsion in the organometallic system.
Thus the combination of two oxo termini and of a central
atom bearing orbitals that can stabilize the oxygen lone pairs
(here a transition metal in a high oxidation state) accounts for
the relative ease of the oxy rearrangement process in the
organometallic system. It is interesting to recall at this stage
that in calculations carried out for the Claisen rearrangement,
a decrease of the energy barrier has been found on substitut-
ing the oxyallyl unit with electron-withdrawing atoms.[21e]


Here too, one of the effects exerted by these substituents is
certainly to lower the energy of the orbitals of the oxyallyl unit
that interact with the orbitals of the facing allyl cation. One
should finally note that, at variance with results obtained for
various organic pseudopericyclic organic reactions,[17b,e, 18] the
geometries are apparently less favorable in the lower tran-
sition state TS1: the C ´´ ´ C distance between the allylic carbon
termini, 2.33 and 2.38 � in TS1 and TS2, respectively, matches
the O ´´´ O distance more closely in TS1 (2.23 �) than in TS2
(2.72 �).


For the isomerization process of 4a or 4a'' into 4b or 4c, the
computed energy barriers are somewhat greater than the
experimental activation enthalpies (Table 3) and more for 4b
than for 4c. As a result, the difference in the computed barriers
is much smaller than the difference in the experimental
activation enthalpies, 0.5 kcal molÿ1 at the MP2//HF level
instead of 7.6 kcal molÿ1 experimentally. There is also a small
difference in the organic system, especially at the HF//HF and
MP2//MP2 levels (Table 2; that a reverse order is found may
be attributed to the greater difference in the stability
of 3a with respect to 3a'', 3.6 kcal molÿ1 instead of
0.9 kcal molÿ1 for 4a versus 4a''). Thus at this stage the
computed energies of the above model systems do not
account for the selectivity in the isomerization that is
observed experimentally so that some additional features
need to be investigated.


These features can be either of computational or of
chemical nature: the lack of zero-point energy corrections,
the use of CH3 to mimic the propyl substituent, as well as
solvation effects[21] arising from the bulk solvent or from
interactions between the organometallic system and the
alcohols that are present in the reaction mixture. A precise
determination of the zero-point energy corrections cannot be
performed because we did not perform a frequency calcu-
lation for the methyl-substituted systems. However, for the
rearrangement of 1, a small zero-point energy (ZPE) correc-
tion was obtained by Zipse.[5b] We also computed (at the HF
level) a small ZPE correction to the energy difference
between TS2 and 2 : ÿ1.2 kcal molÿ1. Therefore, one can
reasonably expect a small influence of the ZPE correction on
the computed energy barriers for TS4b and TS4c, and an even
smaller influence on the difference. The replacement of CH3


by an alkyl substituent with a longer chain should also not
alter greatly the difference in the energy barriers. The fact that


the geometry of both TS4b and TS4c is that of an allylic cation
sitting almost perpendicularly to a rather flat [C2O2Re] unit
(and not a cyclohexane chairlike geometry) prevents any
strong and differential steric interaction between an oxo
ligand and the propyl substituent. Finally, a great discrim-
ination between TS4b and TS4c by the solvent is not expected
(here the noncoordinating dichloromethane CH2Cl2): Since
both transition states have similar charges (vide supra) and
dipole moments (10.4 D and 10.2 D respectively) the Kirk-
wood ± Onsager dielectric effects should be similar. Self-
association effects of the solvent,[22] if any, should also be
similar for both isomerization processes. Therefore, it must be
considered how the free alcohol that is present in the reaction
mixture can interfere with the process taking place in the
rhenium coordination sphere, either by coordination to the
rhenium atom or by the formation of hydrogen bonds with the
oxygen atoms.


In order to shed some light on this point, up to four
water molecules were added successively to the transition
state TS2 and its geometry reoptimized.[23] The validity
of the use of H2O to model the hydrogen bonding or the
coordinative properties of the alcohol was checked by
means of a calculation with one CH3OH molecule instead
of one H2O molecule. The corresponding optimized geo-
metries of TS2(H2O), TS2(2 H2O), TS2(3 H2O), TS2(4H2O),
and of TS2(CH3OH) are shown in Figures 4 and 5, respec-
tively.


The optimization procedure with either one or two water
molecules started from a geometry in which one H2O was
coordinated to Re in the axial position of a trigonal
bipyramidal [Re(O)4(H2O)] unit. However, in both cases
the optimization ended with structures in which water is
hydrogen-bonded to the ligands rather than coordinatively
linked through its oxygen atom to the Re center. Thus, the
coordinating properties of the alcohol should not come into
play. Interestingly, the geometry of TS2(CH3OH) is very
similar to the geometry of TS2(H2O). This shows the validity
of the use of H2O as a model for CH3OH in our present
investigations.


In TS2(H2O) one water molecule is hydrogen-bonded to
one spectator oxo ligand (through one of its hydrogen atoms)
and to two hydrogen atoms of the allylic cation (through its
oxygen atom). In TS2(3 H2O) the two additional water
molecules are hydrogen-bonded to the oxo ligands that
participate in the rearrangement. They also interact with the
equatorial hydrogen atoms of the C3H5 unit through their
oxygen atom; the corresponding O ´´´ H distances are 2.24 and
2.23 �. This dual interaction leads to a lengthening of the
O ´´´ C distance by �0.3 � (it has also been found that the
transition state has more dissociative character upon solvation
in the case of the Claisen rearrangement[21e±h]). The binding of
an extra water molecule in TS2(2 H2O) and in TS2(4H2O)
does not interfere with the structure: one hydrogen atom of
the extra water molecule interacts with the second oxo
spectator ligand; however, this hardly changes the geometry
of the system.[24] The most salient feature shown by the
various structures of TS2(nH2O) is that the chair character of
the transition state increases as successive H2O molecules are
added: the folding angle varies from 1768 in TS2 to �1648 in
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Figure 5. HF-optimized geometries of the transition state and product for
the allylic rearrangement in the [Re(O3)OCH2CH�CH2] (2) in the
presence of one methanol molecule. Selected bond lengths [�] and angles
[8] are also given.


TS2(H2O) and TS2(2 H2O), and to �1558 in TS2(3 H2O) and
TS2(4 H2O) (Figure 4). The increased folding results from the
necessity of the two oxo ligands that are participating in the
rearrangement to interact simultaneously with the two carbon
atoms of C3H5 and with the two hydrogen atoms of the
hydrogen-bonded water molecules.[27]


Therefore, the discrimination observed when the allylic
moiety has an alkyl (e.g. propyl) substituent can be tentatively
attributed to the interference of the free alcohol molecules in
the rearrangement process. These free alcohol molecules
should wrap around the perrhenate moiety, while retainingÐ
through their oxygen atomÐsome interaction with the
hydrogens of the allylic cation, as exemplified by the
structures of TS2(nH2O), n� 1 ± 4. Thus, the transition state
would be akin to a solvent-shared ion-pair.[28] As a result of
this wrapping, the transition state adopts a chairlike geometry.
The precise location of the alcohol molecules should depend
on their size and on the position of the alkyl substituent.


However, one can reasonably
expect more congestion and
more steric repulsionÐand
therefore a higher energy barri-
erÐwhen the alkyl group sub-
stitutes for the axial hydrogen
(as in TS4c) rather than when it
substitutes for the equatorial
hydrogen (as in TS4b).


In order to place this proposal
on a firmer basis we com-
puted the transition state struc-
tures for the bismethyl-sub-
stituted systems [Re(O3)-
OCHCH3CH�CHCH3] ´ 3 H2O.
In this system the two methyl
substituents are symmetrically
placed either in the equatorial
(TSeq) or in the axial position
(TSax), and three water mole-
cules can participate in the in-
teraction (Figure 6).[29] As in
TS2(nH2O), the water mole-
cules in TSeq and TSax arrange
themselves in order to maximize


the number of hydrogen bonds, which produces a more
congested structure for TSax : the O ´´´ Callyl distance is 2.851 �
instead of 3.030 � in TSeq.[30] Moreover, in TSax the allyl group
is almost perpendicular to the plane of the forming and
breaking bonds, instead of producing a folding angle of 114.48,
as in TSeq. Simultaneously, the folding angle of the ReO4 unit
is larger: 162.78 as compared to 143.38 in TSeq. These
variations in the folding angles both lead to an increased
overlap of the orbitals 6 and 7 with the p-orbital of the allyl
group and hence contributes to a greater four-electron
repulsive orbital interaction in TSax. It is therefore not
surprising that the stability of TSax is less than that of TSeq


by 8.6 kcal molÿ1.[31]


In fact, the destabilization of TSax can be totally attributed
to the deformation imposed on the [ReO2C3] skeleton by the
interacting H2O molecules, and not to a differential effect in
the stabilization provided by the H2O molecules. The
stabilization provided by the H2O molecules is equal for both
TSax and TSeq, that is 34.6 kcal molÿ1.[32] On the other hand, the
[Re(O3)OCHCH3CH�CHCH3] unit is less stable in the
structure corresponding to TSax than in the structure corre-
sponding to TSeq by 8.5 kcal molÿ1, which is the difference in
energy between TSax and TSeq. Thus all our results strongly
suggest that microsolvation effects of the alcohols present in
the reaction medium are at the origin of the selectivity that is
experimentally observed.


For the rearrangement involving the tantalum system 5, the
overall shape of the corresponding transition state is very
similar to that of TS2 (see Figure 1). The Ta ± O bond
distances are slightly longer: 1.773 � instead of 1.723 �. The
greatest difference is found for O ´´´ C, which amounts to
2.008 � instead of 2.148 �. Therefore, TS5 appears to be
tighter than TS2. A greater energy barrier is computed for
TS5, as expected from experiments carried out either with


Figure 4. HF-optimized geometries of the transition state and product for the allylic rearrangement in the
[Re(O3)OCH2CH�CH2] (2) in the presence of one, two, three, or four water molecules. Selected bond lengths [�]
and angles [8] are also given.
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[MoO2(OR)2] or [VO(OR)3] catalysts.[1a,b] One factor that
accounts for this feature is the smaller charge separation in
the Ta system compared to the Re system: in TS5 the
[TaO2(OH)2] unit has an overall charge of ÿ0.59 e, the allyl
cation bears a �0.59 e charge, whereas in TS2 the calculated
values are ÿ0.75 e and �0.75 e for TaO4 and C3H5, respec-
tively. A more careful decomposition reveals that this differ-
ence arises almost entirely from the difference in the charges
of the [Ta(OH)2] and [ReO2] spectator groups with respective
charges of �1.23 e and �1.03 e. This is in agreement with the
earlier proposal that the two spectator oxo ligands in the Re
system can be more effective in the accommodation of the
excess negative charge.[1c] The smaller charge separation in
TS5 results in a smaller electrostatic attraction between the
two units: a calculation which used the atomic point charges
of the two transition states (as obtained from a Mulliken
population analysis) yielded an attraction of 39.6 kcal molÿ1


for TS5 instead of 54.9 kcal molÿ1 in TS2. This is somewhat
counterbalanced by a smaller repulsive interaction between
the p-orbital of the allylic moiety and the orbital correspond-
ing to 6 in TS5, which is also due to this reduced charge
separation.[33] Finally, as far as the effects of the alcohols that
are present in the reaction medium are concerned, we can use
the results from previous theoretical studies that have related
the acceleration of the Claisen rearrangement in aqueous
solution to the transition state geometry. In particular, it has
been found that a loose (tight) transition state structure leads
to a rate increase (decrease).[21c,e] Since TS5 is tighter than TS2
(it has also a smaller charge separation) one expects a rate
enhancement by the alcohols to be smaller in the tantalum
systems than in the rhenium systems.


Conclusions


Our calculations confirm the original proposal[1, 2] of the
involvement of a cyclic transition state in the allylic re-


arrangement catalyzed by a tri-
oxorhenium complex that leads
to the isomerization of allyl
alcohols by 1,3-transposition of
a hydroxy group. This transition
state has a structure very sim-
ilar to that of the transition
state found in 1,3-acyloxy shifts
in allyl esters.[34] However, the
corresponding energy barrier is
much lower as a result of a
smaller repulsion between the
oxo lone pairs and the p-allyl
orbitals. This repulsion is highly
dependent on the folding angles
in the chair structure of the
[ReO2C3] skeleton. These an-
gles can be strongly affected by
microsolvation effects of the
alcohols present in the reaction
medium. We have suggested
that such effects on the angles,


rather than a variation in the charge difference and/or
separation of the transition state, account for the kinetic
discrimination (in terms of activation enthalpies) that is
observed for the catalyzed cis ± trans isomerization of hex-1-
en-3-ol. At present we have no clear-cut explanation of the
entropy effects.[1c] Hydrophobic effects of the allylic cation
might well come into play. They certainly warrant the further
theoretical studies that are currently in progress.[36]
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A Multi-O2 Complex Derived from a Copper(i) Dendrimer


Robertus J. M. Klein Gebbink,[a] Anton W. Bosman,[b] Martinus C. Feiters,*[a]


E. W. Meijer,*[b] and Roeland J. M. Nolte*[a]


Abstract: The high-pressure reaction of
2-vinylpyridine with the primary amines
of four consecutive generations of pol-
y(propylene imine) dendrimers (DAB-
dendr-(NH2)n) (n� 4, 8, 16, 32) yielded
dendrimers with bis[2-(2-pyridyl)ethyl]-
amine (PY2) ligands. The complexation
of the new dendrimers with metal ions
was investigated by a variety of techni-
ques. The reaction of the first- and
fourth-generation dendrimers (n� 4
and 32, respectively) with ZnII(ClO4)2


was studied by 1H NMR titration, and


the complexation of all new dendrimers
with CuII(ClO4)2 was investigated by
UV/Vis and EPR spectroscopy. Quanti-
tative coordination of one metal ion per
PY2 group was demonstrated in all
cases. A UV/Vis titration of the fourth-
generation dendrimer DAB-dendr-
(PY2)32 in dichloromethane with
[CuI(CH3CN)4](ClO4) in acetonitrile re-


vealed that approximately 30 CuI ions
were bound. Low-temperature UV/Vis
spectroscopy of this complex in di-
chloromethane at ÿ85 oC in the pres-
ence of dioxygen showed that approx-
imately 60 ± 70 % of the copper centers
can bind dioxygen, corresponding to
10 ± 11 of these molecules per dendrimer
molecule. This complex can be consid-
ered a synthetic analogue of hemocya-
nin, the copper-containing oxygen trans-
port protein from the hemolymph of
molluscs and arthropods.


Keywords: copper ´ dendrimers ´ dio-
xygen complexes ´ N ligands ´ zinc


Introduction


The remarkable O2-binding properties of the binuclear
copper protein hemocyanin (Hc) have stimulated many
groups to develop biomimetic copper complexes with various
Cu:O2 stoichiometries and different binding modes for the O2


ligand.[1] In the enzyme tyrosinase, it has been suggested that
O2 activation takes place at a binuclear copper site similar to
that in Hc.[2a] In the copper enzymes dopamine b-hydroxylase
and ascorbate oxidase, this activation occurs at one of two
mononuclear copper sites[2b] and at a trinuclear copper site,[2c]


respectively. Analogues for these copper sites may be
expected to catalyze oxidation reactions with molecular
oxygen as the oxidant. The complexes reported by Karlin
et al.[1c,d] and Kitajima et al.[1b, 3] have been very helpful in
predicting the m-h2 :h2 peroxo binding mode for the O2 ligand
in oxy-Hc. Hc molecules are known to assemble into large
aggregates under the influence of protons and of certain alkali


and alkaline earth metal ions.[4] In this way a complex is
formed which binds many O2 molecules. This behavior of Hc
inspired us to design a multicopper complex which is similarly
capable of binding a large number of O2 molecules.


The current interest in star-shaped, highly branched poly-
mers (so-called dendrimers) has led to the synthesis of
metallodendrimers such as metal-based dendritic polymers[5]


and multimetal dendrimer complexes.[6] Dendritic Fe ± por-
phyrin complexes were prepared by Jiang and Aida as well as
by Collman, Diederich et al. , and were shown to have a very
high affinity for O2 and CO.[7] Catalytically active metal-
lodendrimers have been described by the groups of van
Koten, Reetz, and Suslick, amongst others.[8] Here we report
on the preparation of four generations of dendrimers,
possessing 4, 8, 16, and 32 bis[2-(2-pyridyl)ethyl]amine
(PY2) ligands at their peripheries (compounds 1, 2, 3, and 4,
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respectively). The polypyridine dendrimer 4 is found to bind
approximately 32 CuI or CuII ions in its PY2 groups, and the
CuI


32 complex in turn can bind 10 or more molecules of O2.


Results and Discussion


Synthesis and characterization of (DAB-dendr-(PY2)n): Re-
cently we showed that poly(propylene imine) dendrimers
(DAB-dendr-(NH2)n)[9] are capable of forming multimetal
complexes in which the metals are sited selectively at the
dendrimer periphery.[10] In order to obtain a multiligand
system designed to complex CuI ions, we had to modify the
primary amines of the poly(propylene imine) dendrimers with
PY2 groups. We have also described a very efficient high-
pressure procedure for the modification of primary amines
with PY2-type pyridine ligands by a Michael-type reaction.[11]


To explore the applicability of the high-pressure procedure in
the synthesis of PY2-functionalized dendrimers, we first
synthesized the first-generation analogue 1. Under a pressure
of 15 kbar and at 50 8C the starting tetraamine DAB-dendr-
(NH2)4 was completely converted within 16 h into the desired
pyridine compound DAB-dendr-(PY2)4 with acetic acid as a
catalyst. Analytically pure 1 was successfully isolated in 64 %
yield after column chromatography, by which the oligo- and
polyvinylpyridine side products were removed.


These procedures applied to the dendrimers DAB-dendr-
(NH2)n (n� 8, 16, 32) with vinylpyridine yielded very viscous
orange-brown oils, which were purified by precipitation in the
case of DAB-dendr-(PY2)8 (2) and DAB-dendr-(PY2)16 (3),
and by dialysis in the case of DAB-dendr-(PY2)32 (4). FT-IR


and 13C NMR analysis showed that all the primary amine
groups had reacted, although some dispersity of the number
of residual primary amine groups in 4 could not be completely
ruled out.[12] Broadened resonances were observed in the
1H NMR spectrum of 4. The relative intensities of the signals
were in agreement with the expected polypyridine dendrimer
structure. For 1 ± 3, ESI-MS spectra confirmed the complete
functionalization of the dendrimers. Both ESI and MALDI-
TOF mass analysis revealed a very broad ion cluster of low
intensity between 7500 and 10 500 amu for 4. This range
corresponds to the calculated molecular mass (10 242 amu) of
the monocation of a completely reacted polyamine. The origin
of the broadening of the peak is not yet clear: it may be the
result of fragmentation during the analysis, although incom-
plete conversion cannot be excluded.


ZnII and CuII complexes of (DAB-dendr-(NH2)n): An uptake
of four CuII ions per molecule of 1 was revealed by UV/Vis
spectroscopic titration of 1 with Cu(ClO4)2 in methanol, in
which the increase in the d ± d absorption band of the resulting
complex at 664 nm was plotted against the number of CuII


ions added per ligand. 1H NMR titration of 1 with ZnII(ClO4)2


in a mixture of deuterated methanol and acetonitrile was
carried out to obtain more structural information. Addition of
ZnII to 1 resulted in a new set of pyridine signals at lower field
(Figure 1), indicating the coordination of the PY2 donor


Figure 1. 1H NMR titration of 1 with Zn(ClO4)2.


centers to a transition metal. Downfield shifts were also
observed for protons of the ethylene spacer and for some of
the methylene protons adjacent to tertiary amine nitrogen
atoms of 1, but no shifts were observed for the b-methylene
protons in the dendrimer core. Analysis of the NMR titrations
showed that four ZnII ions were bound per molecule of 1,
consistently with identical binding of ZnII and CuII by the PY2
ligand set.


The tetranuclear copper complex [1(CuII
4 )](ClO4)8 was


isolated in 42 % yield by simply adding a methanol solution
of the appropriate amount of CuII(ClO4)2 ´ 6 H2O to a stirred
solution of 1 in methanol, then warming the mixture to reflux
temperature, and precipitation. The elemental analysis was in
agreement with the proposed structure, and MALDI-TOF
mass spectrometry showed a strong peak at m/z� 1710,
attributed to the tetranuclear copper complex with three


Abstract in Dutch: De hoge druk-reactie van 2-vinylpyridine
met de primaire amines van vier opeenvolgende generaties van
poly(propyleen-imine) dendrimeren (DAB-dendr-(NH2)n)
(n� 4, 8, 16, 32) leverde dendrimeren op met bis[2-(2-
pyridyl)ethyl]amine (PY2) liganden. De complexering van de
nieuwe dendrimeren met metaalionen werd onderzocht met een
aantal technieken. De reactie van de 1e en 4e generatie-
dendrimeren met ZnII(ClO4)2 werd bestudeerd door middel
van een 1H NMR titratie, en de complexering van alle nieuwe
dendrimeren met CuII(ClO4)2 werd onderzocht door middel
van UV-zichtbaar licht spectrofotometrie en EPR. Kwantita-
tieve coordinatie van 1 metaal-ion per PY2 groep werd in alle
gevallen aangetoond. Een spectrofotometrische titratie van het
4e generatie dendrimeer DAB-dendr-(PY2)32 in dichloorme-
thaan met [CuI(CH3CN)4](ClO4) in acetonitril gaf als resultaat
dat ongeveer 30 CuI ionen werden gebonden. Op basis van
spectrofotometrische metingen bij ÿ85 oC aan dit complex in
dichloormethaan in aanwezigheid van zuurstof kon geconclu-
deerd worden dat ongeveer 60 ± 70 % van de kopercentra
betrokken was bij zuurstofbinding, wat correspondeert met
10 ± 11 moleculen zuurstof per dendrimeermolecuul. Dit
complex kan beschouwd worden als een synthetisch analogon
van hemocyanine, het koperhoudende zuurstoftransporteiwit
uit de haemolymfe van weekdieren en geleedpotigen.
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perchlorate counterions. FT-IR analysis in the solid state
showed that the perchlorate is noncoordinating (nÄ(ClOÿ


4 )�
1097, 623 cmÿ1). In methanol solution this complex behaved as
an 8:1 electrolyte (Lm� 1116 S cm2 molÿ1), indicating the
complete dissociation of the perchlorate counterions. A
frozen methanol solution of the complex at 130 K displayed
a typical axial EPR spectrum (g?� 2.07, gk � 2.25, Ak �
170 G), which might be explained by the weak axial coordi-
nation of solvent molecules to the copper centers. The EPR
linewidth was small and there was no indication of the
presence of more than a single type of copper center. All of
these observations strongly supported the formation of
tetranuclear complexes in which the metal centers are
complexed by the PY2 parts of the ligand and are further
weakly coordinated by solvent molecules. There was no
evidence for participation of the tertiary amine N atoms of the
dendrimer core in the complexation.


UV/Vis and EPR titrations showed that the pyridine
dendrimers 2, 3, and 4 readily bind copper ions as well. The
UV/Vis spectroscopic titration curves of 2, 3, and 4 with
CuII(ClO4)2 ´ 6 H2O in a MeOH/CH3CN (1:1, v/v) mixture
revealed inflection points at 8, 16, and 32 copper ions per
dendrimer, respectively. The EPR spectra of various mixtures
of 4 and CuII(ClO4)2 ´ 6 H2O in pure methanol are presented in
Figure 2. A typical axial spectrum, resembling the spectrum


Figure 2. EPR titration of 4 with Cu(ClO4)2 ´ 6 H2O in MeOH (130 K,
2 mW); see text for experimental details.


recorded for the tetranuclear complex derived from 1, was
obtained for the 8:1 mixture of CuII(ClO4)2 and 4 (g?� 2.07,
gk � 2.25, Ak � 185 G). Further addition of CuII did not change
the spectrum much initially; only after 32 equivalents of CuII


had been added did signals due to free CuII in solution emerge.
During this titration neither the g-tensor values nor the
copper hyperfine coupling constant underwent large changes,
implying high homogeneity of the copper centers. A 1H NMR
titration of dendrimer 4 with Zn(ClO4)2 in a CD3OD/CD3CN
(1:1, v/v) mixture was also carried out. Shifts comparable with
those in the titration with 1 were observed (vide supra). The
results of the UV/Vis, EPR, and 1H NMR titrations indicated
that the fourth-generation dendrimer 4 was completely
functionalized with PY2 ligands, and that the expected
number of CuII and ZnII ions could be bound.


Binding of CuI and O2 by dendrimer 4: To investigate whether
the dendritic ligand 4 behaved in a comparable way toward
CuI ions, we performed a UV/Vis spectroscopic titration by
adding [CuI(CH3CN)4](ClO4) in acetonitrile to a solution of 4
in dichloromethane under oxygen-free conditions (Figure 3).
Dendritic ligand 4 was selected for this purpose, as it was
expected to give a metallodendrimer in which the number of
CuI ions was comparable with that in a typical deoxy-Hc
assembly. The titration revealed the uptake of approximately
30 CuI ions per molecule of 4. This is considered to be in
agreement, within experimental error, with the number of
PY2 ligands (32) in 4, and thus matches the number of CuII


ions bound by this ligand.


Figure 3. UV/Vis spectra of 4 in dichloromethane in the absence of
dioxygen, upon titration with [CuI(CH3CN)4](ClO4) in acetonitrile. Top to
bottom: 35, 30, 25, 20, 15, 10, 5, and 0 equiv CuI added. Inset: Optical
density (OD) at 335 nm.


Complex [4(CuI)32](ClO4)32 was synthesized and isolated by
simple mixture of solid [CuI(CH3CN)4]ClO4 with a solution of
the polypyridine dendrimer in CH2Cl2, followed by concen-
tration and precipitation by diethyl ether. The choice of the
perchlorate counterion was expected to result in highly
reactive, three-coordinate CuI complexes, which are known
to be formed from PY2-based ligands and [CuI(CH3CN)4]-
ClO4.[13] The complex [4(CuI)32](ClO4)32 was characterized by
1H NMR and UV/Vis spectroscopy. Downfield shifts were
observed for the pyridine protons and for the methylene
protons adjacent to some of the tertiary amine N atoms of 4,
indicating the coordination of the PY2 donor centers to a
transition metal. No shifts were observed for the b-methylene
protons in the dendrimer backbone. The UV/Vis spectrum
showed no absorption corresponding to CuII d ± d transitions,
but instead displayed a very strong feature at 340 nm
(Figure 4). This spectrum strongly resembles those of other
CuI complexes in which the copper ion is coordinated by the
PY2 unit.[11, 13] The extinction coefficient e of the 340 nm band
amounts to approximately 3250mÿ1 cmÿ1 per Cu atom. This
value corresponds well to that reported by Karlin et al. for
[CuI


2N4](ClO4)2, a CuI complex derived from a tetramethy-
lene-linked bis-PY2 ligand,[13] and to those we reported for
related molecular host complexes (e� 1750 mÿ1 cmÿ1 and
2500 ± 3000 mÿ1 cmÿ1 per CuI ± PY2 unit, respectively).[11]


These observations indicate that the copper ions are coordi-
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Figure 4. UV/Vis spectra in CH2Cl2. Broken line: the CuIClO4 complex of
4 ; solid line: its O2 complex; dotted line: the O2 complex after warming to
ambient temperature.


nated at the dendrimer periphery only, and that the amine
functions in the core of the dendrimer are not involved in the
CuI coordination.


The ability of [4(CuI)32](ClO4)32 to bind dioxygen was
studied by low-temperature UV/Vis spectroscopy. When
predried dioxygen was bubbled through a CH2Cl2 solution
of this complex at ÿ85 8C, a strong absorption band was
formed at 360 nm (Figure 4). This band indicates the forma-
tion of dioxygen complexes in which the dioxygen molecule is
bound as a bent m-h2 :h2 peroxo ligand between two CuII


centers.[13] The absence of additional absorption bands around
430 nm excludes the formation of bis(m-oxo) species.[14] The
extinction coefficient of the 360 nm band amounted to
145 300mÿ1 cmÿ1 per (Cu)32 complex. This value corresponds
to e� 9100 mÿ1 cmÿ1 per Cu2O2 unit, assuming that all the
copper ions are involved in O2 binding. For the O2 adduct
formed by Karlin�s [CuI


2N4](ClO4)2 complex, the extinction
coefficient of the 360 nm band is 14 000 mÿ1 cmÿ1.[13] For the
same band e� 12 800 ± 13 100 mÿ1 cmÿ1 in the O2 complexes of
the molecular host compounds that we reported previously.[11]


It appears likely, therefore, that 65 ± 70 % of all copper centers
of [4(CuI)32](ClO4)32 are involved in dioxygen binding; this
corresponds to a total of 10 ± 11 molecules of dioxygen per CuI


dendrimer. That not all the copper ions are involved in
dioxygen binding may be the result of restrictions placed on
the structure of the complex by the highly branched nature of
the dendrimer backbone. Another explanation would be that
16 dioxygen molecules are bound, involving all the copper
ions of the dendritic complex, but that the individual Cu2O2


moieties in the resulting complex have a relatively low
extinction coefficient (e� 9100 mÿ1 cmÿ1). When the complex
was left to stand at low temperature and subsequently
warmed to room temperature, green CuII complexes were
formed (Figure 4), showing that no additional stabiliza-
tion of the copper dioxygen species in the dendritic com-
plex occurred. In any case, this dendritic dioxygen complex
may be regarded as a �hot� species as it contains at least
approximately 10 ± 11 highly activated dioxygen molecules at
its copper-covered periphery, resulting in a high local
concentration of oxygenating equivalents. The oxidizing
properties of the dendritic oxygen complex are under inves-
tigation.


Experimental Section


Materials and methods : [CuI(CH3CN)4]ClO4 was synthesized according to
Kubas.[15] Poly(propylene imine) dendrimers were a generous gift from
DSM Research. 2-Vinylpyridine was purified before use by flash chroma-
tography over Silica 60 with diethyl ether as the eluent. All other chemicals
were purchased commercially and used as received. Solvents were dried
and distilled before use, except methanol, which was HPLC grade and used
as received. Diethyl ether was distilled from sodium/benzophenone.
Dichloromethane and acetonitrile were distilled from calcium hydride.
The dichloromethane used in the handling of the CuI complexes was stirred
with concentrated sulfuric acid for two days, and neutralized by washing
with ammonia and with water before distillation. The air-sensitive CuI


samples were prepared by standard Schlenk techniques. Solvents were
deoxygenated by repeated freeze ± thaw cycles or by bubbling dinitrogen
through them (20 min).


TLC analyses were performed on precoated aluminum oxide 150 F254


(type T) plates (Merck). Flash chromatography was carried out using
neutral aluminum oxide (70 ± 200-mesh; Across), brought to activity III.[16]


Regenerated cellulose dialysis tubing (pore size 24 �), swollen in water for
1 h, was used for dialysis. UV/Vis spectra were recorded on a Perkin-Elmer
Lambda 5 spectrophotometer.


Low-temperature UV/Vis spectra were obtained on a Hewlett Packar-
d 8452A diode array spectrophotometer driven by a Compaq Desk-
pro 386S computer using a software system written by On-Line Instrument
Systems, Inc. The spectrophotometer was equipped with a Kontes KM-
611772 variable-temperature UV/Vis Dewar cell with quartz windows. The
low temperature inside the Dewar assembly was achieved by circulation, by
an external cooling unit (Neslab CC-100II cryocool immersion cooler,
Agitainer A with circulation pump), of cold methanol through a copper
tubing coil inside the methanol-filled Dewar cell. The cuvette assembly
consisted of a quartz cuvette fused to one end of a glass tube. The other end
was attached to a high-vacuum stopcock and a 14/20 ground glass joint. The
temperature inside the Dewar assembly was monitored by an Omega
Model 651 resistance thermometer probe. The spectrum of the solvent was
also recorded for each set of experiments. After a solution of [4(CuI)32]-
(ClO4)32 in dichloromethane had been placed in the Dewar assembly, the
temperature was allowed to equilibrate for 10 min and the spectrum was
then recorded. The volume of the cuvette assembly had been previously
calibrated against the height of the solution in the tube; this height at low
temperature was noted to determine the concentration. Oxygenation of the
chilled solutions was effected by direct bubbling of dry, precooled dioxygen
through a syringe needle. The spectra were recorded at set intervals; after
the solutions had been warmed to room temperature, the spectra were
recorded again.
1H and 13C NMR spectra were recorded on a Bruker AM-400 instrument.
Chemical shifts are referred to TMS. EPR spectra were recorded at X-band
frequency using a Bruker ER200D SRC spectrometer. The temperature
was set at 130 K by a Bruker ER411 variable-temperature unit. MALDI-
TOF-MS spectrometry was performed on a PerSeptive Biosystems
Voyager-DE-RP MALDI-TOF mass spectrometer at the Institute for
Mass Spectrometry, University of Amsterdam. ESI-MS spectra were
recorded on an API 300 MS/MS mass spectrometer (PE-Sciex) with a mass
range of 3000. FT-IR spectra were recorded on a Biorad FTS-25 instru-
ment. Elemental analyses were performed on a Carlo Erba EA 1108
instrument. Melting points were measured on a Reichert ± Jung hot stage
mounted on a microscope, and are reported uncorrected.


Syntheses


DAB-dendr-(PY2)4 (1): A Teflon high-pressure capsule was filled with a
solution of DAB-dendr-(NH2)4 (1.10 g, 3.47 mmol), 2-vinylpyridine (4.08 g,
38.9 mmol), and acetic acid (1.7 g, 28 mmol) in methanol (total volume
15 mL) and was kept at 50 8C and 15 kbar for 16 h. The resulting reddish
solution was dissolved in CH2Cl2; this solution was washed twice with an
equal volume of aqueous 15% NaOH and once with an equal volume of
water. The organic layer was dried over Na2SO4 and the solvent was
removed in vacuo. The excess vinylpyridine was removed by leaving the
resulting brown oil under vacuum on a rotary evaporator for several hours.
Yield: 4.9 g crude product. Purification was performed portionwise by
column chromatography (neutral alumina (activity III), CH2Cl2/MeOH
(97/3, v/v)). Yellowish oil; typical yield: 209 mg (64 %) from 400 mg crude
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oil; 1H NMR (CDCl3, 400 MHz): d� 1.35 (m, 4H), 1.56 (m, 8H), 2.33 (t,
J� 7.2 Hz, 12 H), 2.54 (t, J� 7.4 Hz, 8H), 2.91 (s, 12 H), 7.06 (ddd, J� 1.1,
4.8, 7.3 Hz, 8 H), 7.09 (d, J� 7.7 Hz, 8H), 7.52 (dt, J� 2.3, 9.9 Hz, 8H), 8.49
(ddd, J� 1.0, 4.8 Hz, 8H); 13C NMR (CDCl3, 100 MHz): d� 25.5, 25.7, 36.6,
52.7, 52.8, 54.6, 121.6, 124.0, 136.8, 149.8, 161.4; FT-IR (KBr): nÄ � 3067, 3007
(ArH), 2943, 2803 (CH2), 1591, 1568, 1473, 1434 (C�C, C�N), 1362 (CH2),
1302, 1248, 1211 (CÿN), 1145, 1113, 1082, 1049, 992 (CÿC), 749 cmÿ1 (Ar);
FAB-MS: m/z� 1158 [(M�H)�]; C72H96N14 ´ MeOH: calcd. C 73.70, H
8.47, N 16.48; found C 73.64, H 8.19, N 16.10.


DAB-dendr-(PY2)8 (2): The procedure was identical to that described for 1,
using DAB-dendr-(NH2)8 (334 mg, 0.43 mmol), 2-vinylpyridine (1.34 g,
12.2 mmol), and acetic acid (415 mg, 69 mmol) in methanol (total volume
7.5 mL). Purification was by precipitation of a concentrated dichloro-
methane solution of the crude product in hexane. Brownish orange oil;
yield: 922 mg (87 %); 1H NMR (CDCl3, 400 MHz): d� 1.35 (m, 4 H), 1.52
(br m, 24 H), 2.32 (t, 20 H), 2.35 (br m, 16H), 2.53 (t, 16H), 2.88 (s, 64H),
7.05 (m, 32H), 7.50 (m, 16H), 8.47 (m, 16H); 13C NMR (CDCl3, 100 MHz):
d� 25.2, 25.4, 36.7, 52.7, 52.9, 54.1, 54.7, 121.7, 124.0, 136.8, 149.9, 161.4; FT-
IR (KBr): nÄ � 3067, 3007 (ArH), 2942, 2803 (CH2), 1590, 1568, 1474, 1434
(C�C, C�N), 1365 ± 1250 (CÿN), 1150 ± 990 (CÿC), 749 cmÿ1 (Ar); ESI-
MS: m/z : 2456 [(M�H)�].


DAB-dendr-(PY2)16 (3): The procedure was identical to that described for
1, using DAB-dendr-(NH2)16 (374 mg, 0.22 mmol), 2-vinylpyridine (2.00 g,
18.2 mmol), and acetic acid (426 mg, 71 mmol) in methanol (total volume
7.5 mL). Purification was by precipitation of a concentrated dichloro-
methane solution of the crude product in hexane. Brownish orange oil;
yield: 1.02 g (91 %); 1H NMR (CDCl3, 400 MHz): d� 1.35 (br m, 4H), 1.52
(br m, 56 H), 2.32 (br t, 52 H), 2.35 (br m, 32H), 2.51 (t, 32 H), 2.87 (s, 128 H),
7.05 (m, 64H), 7.47 (m, 32H), 8.46 (m, 32H); 13C NMR (CDCl3, 100 MHz):
d� 25.0, 25.5, 36.7, 52.6, 52.8, 52.9, 53.2, 54.1, 54.6, 121.6, 124.0, 136.8, 149.8,
161.4; FT-IR (KBr): nÄ � 3067, 3007 (ArH), 2942, 2803 (CH2), 1590, 1568,
1474, 1434 (C�C, C�N), 1365 ± 1250 (CÿN), 1150 ± 990 (CÿC), 749 cmÿ1


(Ar); ESI-MS: m/z : 5052 [(M�H)�].


DAB-dendr-(PY2)32 (4):The procedure was identical to that described for
1, using DAB-dendr-(NH2)32 (114 mg, 0.32 mmol), 2-vinylpyridine (430 mg,
4.10 mmol), and acetic acid (132 mg, 22 mmol) in methanol (total volume
7.5 mL). After workup a brown oil was obtained. Yield: 414 mg. Purifica-
tion was by three dialysis runs against methanol/water (500 mL; 95:5, v/v).
Brownish orange oil; yield: 330 mg (100 %); 1H NMR (CDCl3, 400 MHz):
d� 1.3 (br, 4H), 1.52 (br m, 124 H), 2.30 (br t, 64 H), 2.37 (br m, 116 H), 2.49
(br t, 64H), 2.85 (br s, 256 H), 7.02 (br m, 128 H), 7.46 (br m, 64 H), 8.44 (br m,
64H); 13C NMR (CDCl3, 100 MHz): d� 24.8, 25.3, 36.5, 52.5, 52.8, 53.1,
54.5, 121.7, 124.0, 136.8, 149.7, 161.3; FT-IR (KBr) nÄ � 3067, 3007 (ArH),
2942, 2803 (CH2), 1590, 1568, 1474, 1434 (C�C, C�N), 1365 ± 1250 (CÿN),
1150 ± 990 (CÿC), 749 cmÿ1 (Ar); MALDI-TOF-MS: m/z : 7500 ± 10500
(calcd. 10 242.8); C632H880N126 ´ MeOH: calcd. C 74.00, H 8.67, N 17.18;
found C 74.42, H 8.58, N 16.85.


[1(CuII)4](ClO4)8: To a solution of ligand 1 (45 mg, 0.04 mmol) in MeOH
(10 mL) was added dropwise a solution of Cu(ClO4)2 ´ 6 H2O (57.6 mg,
0.16 mmol) in MeOH (1 mL). A dark green precipitate was formed
immediately upon addition of the copper salt. After the addition was
completed, the reaction mixture was heated quickly to reflux. This resulted
in a clear, dark green solution, which was set aside and allowed to come to
room temperature. The dark green precipitate formed was collected by
filtration, then dried in vacuo. Pale, dark green powder; yield: 36 mg
(42 %); m.p. 168 8C (decomp); Lm(acetonitrile)� 1116 Scm2 molÿ1; UV/Vis
(acetonitrile): lmax� 261 (e� 26 300), 307 (sh, 13700), 390 (sh, 3640),
664 nm (750mÿ1 cmÿ1); FT-IR (KBr): nÄ � 3474 (H2O), 3084 (ArH), 2957,
2848 (CH2), 1612, 1572, 1489, 1448 (C�C, C�N), 1320 (CÿN), 1097, 623
(noncoord. ClOÿ


4 ), 769 cmÿ1 (Ar); MALDI-TOF-MS: m/z : 1710 [(1�
4Cu� 3ClO4)�], 1546 [(1� 3 Cu� 2 ClO4)�], 1383 [(1� 2Cu�ClO4)�],
1221 [(1�Cu)�]; C72H96N14Cu4Cl8O32 ´ 4 H2O: calcd. C 37.94, H 4.60, N
8.60; found C 37.72, H 4.89, N 8.53.


[4(CuI)32](ClO4)32 : To solid CuI(CH3CN)4ClO4 (50.2 mg, 0.16 mmol,
32 equiv) a solution of 4 (49.1 mg) in CH2Cl2 (35 mL) was added dropwise
under continuous stirring. After 2 h the resulting orange solution had
turned somewhat cloudy. Filtration yielded an orange powder, which was
discarded, and a clear orange solution, which was concentrated in vacuo
before an excess of diethyl ether was added to induce precipitation of an
orange-brown powder. After storage at ÿ20 8C overnight the supernatant


was decanted and the precipitate was dried in vacuo. The pale yellow-
brown product was isolated after another precipitation. Yield: not
determined; 1H NMR (CD3NO2, 300 MHz): d� 1.59 (br s, 124 H), 2.30 ±
2.70 (br m, 244 H), 2.89 (br s, 256 H), 7.33 (br s, 128 H), 7.81 (br s, 64H), 8.59
(br s, 64 H); UV/Vis (CH2Cl2): lmax� 340 nm (e� 104 600 mÿ1 cmÿ1).
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Synthesis, Redox Behavior and Magnetic Interaction
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Abstract: Stepwise oxidation of deca-
methylbinickelocene ([Ni'Ni']) with
decamethylferrocenium hexafluoro-
phosphate has produced [Ni'Ni']�[PF6]ÿ


and [Ni'Ni']2�[PF6]ÿ2 in yields of up to
78 %. [Co'Co']�[PF6]ÿ has been synthe-
sized almost quantitatively by reduction
of [Co'Co']2�[PF6]ÿ2 with sodium amal-
gam. These solid salts are stable in the
absence of wet air. In acetone solution
the nickel derivatives decompose very
slowly to give [Cp*2 Ni]� (Cp*� penta-
methylcyclopentadienyl) and other un-
known paramagnetic species. The Cp*
ligands of [Co'Co']� have been deuter-
ated selectively by prolonged exposure
to CD3CN. The synthetic work is based
on cyclic voltammetry (CV) studies. A
double set of half-wave potentials was


obtained for each dinuclear compound
[M'M'] (M�Fe, Co, Ni); these were
compared with those of [Cp*MCp] spe-
cies. The first oxidation in [M'M'] occurs
at lower potential (with one exception)
than in [Cp*MCp], while the second is
higher; potential separations of up to
0.86 V have been found. NMR experi-
ments indicate delocalization in the
mixed-valence cations [Co'Co']� and
[Ni'Ni']� , with the intra-cation electron
transfer faster than 5� 104 sÿ1. Magnetic
studies suggest that the valencies of
solid [Ni'Ni']�[PF6]ÿ are localized. While


[Co'Co']� [PF6]ÿ is a simple para-
magnet (S� 1/2), [Ni'Ni']�[PF6]ÿ and
[Ni'Ni']2�[PF6]ÿ2 show weak (J�
ÿ11.8 cmÿ1; H�ÿJSA ´ SB) and strong
(J�ÿ240 cmÿ1) antiferromagnetic in-
teractions, respectively. [Ni'Ni']�[PF6]ÿ


undergoes a reversible magnetic phase
transition, and tends to ferromagnetic
interaction below 14 K. This magnetic
interaction is promoted by the bridging
fulvalene ligand, which carries appreci-
able spin. The 1H and 13C NMR spectra
reflect the magnetic behavior and con-
firm the structure. Through comparison
of the experimental signal patterns with
theoretical patterns (based on extended
Hückel calculations) it was possible to
determine which MOs are involved in
the spin delocalization.


Keywords: cobalt ´ magnetic prop-
erties ´ mixed-valence compounds ´
nickel ´ sandwich complexes


Introduction


A one-bond ligand bridge is one of the simplest ways of
linking transition metal centers; the coupling of two cyclo-
pentadienyls (Cp) to form the fulvalenediyl ligand is a well-
known example. The bi- and polymetallic derivatives of this
ligand have received much attention, as the various kinds of
interactions between the metal centers can relate fulvalene
compounds to molecular electronics. Many such interactions
involve electron transfers (ETs) as outlined by Astruc,[1] who
also recently summarized his enlightening work on electronic


communication across fulvalene- and biphenyl-type ligands.[2]


A particularly well-studied case is that of linked metallocenes,
which have been reviewed in detail by Barlow and O�Hare.[3]


Their survey illustrated that most studies have concerned
either ferrocenes or, in the case of the fulvalenediyl ligand,
biferrocenes.


With cationic biferrocenes almost all efforts have been
devoted to the paramagnetic (spin S� 1/2) mixed-valence
monocations. The groups of both Hendrickson[4a] and
Dong,[4b] amongst others, have shown that the valencies may
be readily trapped or detrapped (delocalized) by changing the
substituents and/or the counterions. Reports on paramagnetic
bimetallocenes containing metals other than iron are scarce,[5]


and before we started work on such non-ferrous bimetallo-
cenes,[6] only the bicobaltocene monocation had been de-
scribed.[4a] In the course of detailed investigations we found
that the neutral decamethylbimetallocenes ([M'M'])[7] display
strikingly different magnetic interactions, which range from
weakly antiferromagnetic to strongly ferromagnetic.[8] This
prompted us to study also the cationic decamethylbimetallo-
cenes ([M'M']n�, M�Co, Ni) with emphasis on their magnetic
behavior and on the distribution of the unpaired electron spin.
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Results


Synthesis and redox behavior : For the parent complex
biferrocene, it was found over twenty-five years ago that the
electron transfers (ETs) which yield its mono- and dications
are well separated (0.35 V in CH3CN),[9] and that both species
can indeed be isolated.[10] Since the corresponding binick-
elocene ([NiNi]) proved to be unstable, we synthesized the
decamethyl derivative as part of the series [M'M'] (M�V, Fe,
Co, Ni, andÐless well characterizedÐCr)[8] and subsequently
recorded the cyclic voltammograms (CV) of [Fe'Fe'], [CoCo],
and [Ni'Ni'].[6b] The CVs of [Fe'Fe'] and [Co'Co'] were
obtained independently by Astruc,[11a] who has also studied
in detail the cations [Fe'Fe']� [11b] and [Fe'Fe']2�.[11c]


The CV results are summarized in Figure 1. It is useful to
compare the ETs of [M'M'] to those of [Cp*MCp] ([M']),[7]


because, formally, the coupling of two sandwiches [M'] yields
[M'M']. Such coupling is accompanied by stepwise one-


Figure 1. Comparison of the E1/2 values for the decamethylbimetallocenes
([M'M'])[7b] with those for [Cp*MCp] ([M']) (Table 2). All scales are
reported in V relative to [Cp2Fe]/[Cp2Fe]� . Areas showing the stability
range of the mixed-valence ions are hatched.


electron ETs (with separations up to 0.86 eV) rather than by
two-electron ETs, as found in biferrocene.[9] The reason is that
generation of [M'M']� is easier than that of [M']� owing to
electron delocalization in [M'M']� , while further oxidation to
[M'M']2� is more difficult because of mainly Coulombic
interactions between the two charges. In the light of these
results it is surprising that it has been claimed that the parent
compound [NiNi][7] undergoes two two-electron ETs to the di-
and tetracations rather than being oxidized in four well-
separated steps.[5c] This may be linked with the discrepancies
in magnetic properties: [NiNi] obtained from fulvalenediid
and [Cp3Ni�2 ] was reported to be diamagnetic,[5c] whereas
antiferromagnetic interaction has been found for [NiNi] and
[Ni'Ni'] when synthesized from fulvalenediid and [CpNi-
{P(OCH3)3}] or [Cp*Ni(acac)], respectively.[8]


The CV results of Figure 1 suggested that not only [M'M']2�


but also the monocations should be isolable, as the separation
of the E1/2 values was rather large (�375 mV) and, therefore,
the tendency of [M'M']� to disproportionate was negligible.
As shown in Scheme 1 the paramagnetic cations were
obtained in 76 ± 97 % yield by reduction of [Co'Co']2� with
sodium amalgam, and by stepwise oxidation of [Ni'Ni'] with
[Cp*2 Fe]�[PF6]ÿ . In order to isolate the monocations, the
stoichiometry was chosen such that some [M'M'], as well as
[M'M']� , was present. [M'M'] could be removed easily by
extraction into hexane. All these new cations are air-sensitive
and green to dark green solids which are soluble in acetone,
THF, and CH3CN. The purity of the compounds was checked
by full elemental analyses.


Magnetic susceptibility : The magnetic susceptibility data for
both [Ni'Ni']2� and [Ni'Ni']� compounds are presented in
Figure 2 in the form of a cmT versus T plot (cm� zero-field
molar magnetic susceptibility, T� temperature).


Abstract in German: Durch schrittweise Oxidation von
Decamethylbinickelocen ([Ni'Ni']) mit Decamethylferro-
ceniumhexafluorophosphat wurden [Ni'Ni']�[PF6]ÿ und
[Ni'Ni']2�[PF6]ÿ2 in Ausbeuten von bis zu 78 % erhalten.
[Co'Co']�[PF6]ÿ wurde fast quantitativ durch Reduktion von
[Co'Co']2�[PF6]ÿ2 mit Natriumamalgam synthetisiert. Die
festen Salze waren unter Ausschluû von feuchter Luft stabil.
In Aceton zersetzten sich die Nickelderivate sehr langsam unter
Bildung von [Cp*2 Ni]� (Cp*�Pentamethylcyclopentadienyl)
sowie anderen unbekannten paramagnetischen Spezies, und
die Cp*-Liganden von [Co'Co']� wurden durch längeres
Stehen in CD3CN selektiv deuteriert.
Die synthetischen Arbeiten bauten auf cyclovoltammetrischen
Untersuchungen auf. Im Vergleich mit [Cp*MCp] (M�Fe, Co,
Ni) wurde ein doppelter Satz von Halbstufenpotentialen für die
zweikernigen Verbindungen [M'M'] gefunden. Die erste Oxi-
dation erfolgte bei niedrigerem Potential (mit einer Ausnahme)
als im Fall von [Cp*MCp], während das zweite Potential höher
lag; die Potentialabstände betrugen bis zu 0.86 V. Die gemischt-
valenten Kationen [Co'Co']� und [Ni'Ni']� waren aus Sicht der
NMR-Spektroskopie delokalisiert, und der kationeninterne
Elektronentransfer war schneller als 5� 104 sÿ1. Den Magne-
tismusmessungen zufolge sind die Valenzen von festem
[Ni'Ni']�[PF6]ÿ lokalisiert. Während [Co'Co']�[PF6]ÿ ein ein-
faches paramagnetisches Molekül mit S� 1/2 ist, wies
[Ni'Ni']�[PF6]ÿ schwache (J�ÿ11.8 cmÿ1; H�ÿJSA ´ SB)
und [Ni'Ni']2�[PF6]ÿ2 starke (J�ÿ240 cmÿ1) antiferromagne-
tische Wechselwirkungen auf. [Ni'Ni']�[PF6]ÿ durchlief einen
reversiblen magnetischen Phasentransfer und wies unterhalb
von 14 K ferromagnetische Wechselwirkungen auf. Die ma-
gnetische Wechselwirkung wird durch den verbrückenden
Fulvalenliganden vermittelt, der nennenswerte Spindichte trägt.
Die 1H- und 13C-NMR-Spektren spiegelten das magnetische
Verhalten wider und bestätigten die Struktur. Der Vergleich der
experimentellen Signalmuster mit theoretischen Mustern, die
auf Extended-Hückel-Rechnungen basierten, ermöglichte die
Bestimmung derjenigen MOs, die an der Spin-Delokalisierung
beteiligt sind.
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Scheme 1. Routes to paramagnetic decamethylbimetallocenium ions:
a) Na/Hg, THF; b) [Cp*2 Fe]�[PF6]ÿ , THF.


Figure 2. cmT versus T curves of [Ni'Ni']�[PF6]ÿ and [Ni'Ni']2�[PF6]ÿ2 . The
best-fit curves are depicted by solid lines.


For [Ni'Ni']2�, cmT� 0.38 cm3 K molÿ1 at room temperature,
which is much less than expected for two isolated local spins of
SNiIII� 1/2 . This value decreases very rapidly as T is lowered,
and the compound becomes diamagnetic below ca. 60 K. The
cm versus T curve shows a rounded maximum at about 210 K,
characteristic of a strong antiferromagnetic interaction be-
tween a singlet ground state and a low-lying triplet excited
state. The data can be fitted to the theoretical expression of cm


valid for a pair of local doublets which leads to a singlet ±
triplet energy gap of J�ÿ240 cmÿ1 and a Zeeman factor of
g� 2.07.


The magnetic susceptibility data for the mixed-valence
compound [Ni'Ni']� [PF6]ÿ (local spins: SNiIII� 1/2 and SNiII� 1)
are much more surprising. At room temperature cmT�
1.3 cm3 K molÿ1, which corresponds approximately to what is
expected for isolated local spins SNiIII� 1/2 and SNiII� 1. (For
delocalized species cmT should be about 0.5 cm3 K molÿ1


larger.) As T is lowered, cmT decreases more and more


rapidly, and reaches a value of 0.7 cm3 K molÿ1 at 14 K.
Further cooling of the sample results initially in an abrupt
increase of cmT which shows a maximum of 1.4 cm3 K molÿ1


at 10 K. At 2 K cmT� 0.4 cm3 K molÿ1. This behavior is
observed on both cooling and warming, and is perfectly
reproducible. The most likely explanation is the occur-
rence of a phase transition around 14 K, but, unfortunately,
we do not know which molecular rearrangements are
involved.


Above 20 K, the magnetic data suggest an antiferromag-
netic interaction between the localized spins of SNiIII� 1/2 and
SNiII� 1. Under this hypothesis, the spin Hamiltonian may be
written as in Equation (1), where the first term on the right-
hand side describes the isotropic interaction, the second term


h�ÿJSNiII ´ SNiIII�DNiII ´ SNiII,z2� gb(SNiII�SNiIII) ´ H (1)


the local anisotropy (zero-field splitting) of the NiII ion, and
the third term the Zeeman perturbation. With the assumption
that the axial zero-field splitting parameter of the NiII ion has
the same value as in nickelocene (i.e. DNiII� 25 cmÿ1),[12] it is
possible to reproduce the magnetic data from the Hamilto-
nian [Eq. (1)] with J�ÿ11.8 cmÿ1 and g� 1.98.


NMR spectroscopy and reactivity : The 1H NMR spectra for
[Co'Co']� , [Ni'Ni']2�, and [Ni'Ni']� are depicted in Figure 3. In
all cases the methyl groups of Cp* were identified by their
signal areas, while the signals of H2/5 and H3/4 were


Figure 3. 1H NMR spectra of [Co'Co']�[PF6]ÿ in CD3CN, and of
[Ni'Ni']2�[PF6]ÿ2 and [Ni'Ni']�[PF6]ÿ , both in [D6]acetone. Temperature�
305 K, X� impurity ([Cp*2 Ni]�), S� solvent. For signal numbering see
Scheme 1.


distinguished by determining which molecular orbitals (MOs)
carry the spin (see Discussion). Conversion of the exper-
imental signal shifts (dexp) into the paramagnetic signal shifts
at standard temperature, T� 298 K (dpara), gave the data
collected in Table 1. These values reflect the pure effect of the
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unpaired electrons on the nuclei, which is essential to the
Discussion. In addition, the signal half-widths (W) are given in
Table 1. Note that for [Co'Co']� and [Ni'Ni']2�, W is small
enough to allow observation of one-bond C,H couplings
[1J(C,H)].


However, the 13C NMR spectra reproduced in Figure 4 do
not show the C,H couplings in every case, for at least one of
the engaged nuclei relaxes too rapidly. An example is C3/4 of
[Co'Co']� . While W(H3/4) would be sufficiently small for
observable coupling, W(C3/4) indicates fast relaxation which,
in fact, causes decoupling. The doublets observed in Figure 5c
are rare examples of resolved 1J(C,H) splittings of Cp carbon


Figure 4. 13C NMR spectra of [Co'Co']�[PF6]ÿ in CD3CN, and of
[Ni'Ni']�[PF6]ÿ and [Ni'Ni']2�[PF6]ÿ2 both in [D6]acetone. Temperature�
305 K, X� impurity, S� solvent. For signal numbering see Scheme 1. The
insets given for [Ni'Ni']2� are the proton-decoupled spectra.


resonances. The only other known instance where para-
magnetic d-metal Cp compounds show such a splitting occurs
in the m-alkylidene compound [{CpCr(m-Cl)}2(m-CHSiMe3)].[13]


The multiplet structure of the signals greatly facilitates
assignment, which is aided further by the signal areas. As in
the 1H NMR spectra, assignment of the 13C NMR signals for
the nuclei in positions 2/5 and 3/4 is based on the MO
arguments given below.


Some difficulties were encountered with C1 of [Co'Co']� .
Since the area of the signals assigned to C2/5 and C3/4 was
approximately 1:1, and since only four signals could be
identified in the range up to 1000 ppm, we were forced to
assume that the signals of C1 and C1-5 of Cp* coincided.
Temperature-dependent spectra in the range 235 ± 350 K gave
no observable signal splitting. When dexp(C1) and dexp(CCH3)
are equal the referencing procedure yields dpara(C1)� 312 and
dpara(CCH3)� 310 (Table 1). Application of the Curie law with
back-referencing produces a signal splitting of 2 ppm at best,
which cannot be observed owing to the large line width
W(CCH3). A similar case in which the signals of C3/4 and
CCH3 overlap is that of [Ni'Ni']2� (Figure 4), where the signals
are just separated, partly because W(CCH3) is sufficently
small. As for [Ni'Ni']� , Figure 4 shows that the signal for C2/5
is hidden under one of the solvent signals. C2/5 could be
revealed by recording the spectrum of [Ni'Ni']� in 1,2-
difluorobenzene.


[Ni'Ni']2� slowly decomposed in acetone at 25 8C. Amongst
other reaction products, [Ni'Ni']� and [Cp*2 Ni]� (dexp� 103 at
305 K) were identified by their 1H NMR signals. When pure
[Ni'Ni']� was left in acetone at 25 8C for three months it was
converted partly to [Cp*2 Ni]� and also to other unidentified
paramagnetic [Cp*Ni] derivatives.


[Co'Co']� dissolved in CD3CN underwent selective deuter-
ation of the Cp* ligands that was complete after six months at
25 8C, as substantiated by its 1H NMR spectrum (Figure 5).
The CH3 signal in the initial spectrum (Figure 3) disappeared,
while the signals of H2/5 and H3/4 were unchanged (Fig-
ure 5b). This was verified by the 2H NMR spectrum (Fig-
ure 5a) which showed the CD3 resonance with no indication
that the fulvalene ligand had been deuterated. As expected,
the widths of the corresponding 2H and 1H NMR signals were
different (5 and 100 Hz, respectively), although the theoret-
ical factor of 42.4 was not attained.[14] Further evidence for this
process was provided by 13C NMR spectroscopy. The quartet
of the CH3 group disappeared going from [Co'Co']� (Fig-
ure 5c) to [D30][Co'Co']� (Figure 5d) because the smaller
coupling 1J(C,D) (by a factor of 6.5) was not resolved. In
contrast, the doublet of C2/5 remained unchanged. We
assume that deuteration proceeds in a similar way to that
found for alkylated cobaltocenium ions.[15]


Discussion


The new cations [Co'Co']� and [Ni'Ni']� are mixed-valence
species having d6,d7- and d7,d8-electron counts, respectively.
While these species may be formally unsymmetric, their NMR
spectra showed only one set of signals for both metallocene
fragments. It follows that [Co'Co']� and [Ni'Ni']� are average-


Table 1. Paramagnetic 1H and 13C NMR signal data[a] of the cationic
decamethylbimetallocenes [Co'Co']� , [Ni'Ni']� , and [Ni'Ni']2� at 298 K.


Nuclei[b] [Co'Co']� [c] [Ni'Ni']� [d] [Ni'Ni']2� [d]


H2/5 6.3 (90) ÿ 73.9 (320) ÿ 8.1 (30)
H3/4 ÿ 4.1 (90) ÿ 223 (810) ÿ 12.1 (100)
CH3(Cp*) 25.3 (100) 248 (680) 11.8 (120)


C1 312[e] 648[h] 53.9 (150)
C2/5 ÿ 51.2[f] (120) ÿ 48[i] (400) 88 (380)
C3/4 255 (450) 644 (1000) 52.9[j] (190)
CCH3(Cp*) 310 (950) 1305 (3200) 78.9 (380)
CCH3(Cp*) ÿ 106.5[g] (120) ÿ 679 (500) ÿ 35.1[k] (150)


[a] Signal shifts dpara relative to corresponding diamagnetic compounds (see
Experimental Part); signal half widths in Hz at 305 K in parentheses.
[b] For numbering see Scheme 1. [c] Solvent CD3CN. [d] Solvent [D6]ace-
tone. [e] Signal coincides with that of CCH3(Cp*). [f] Doublet, 1J(C,H)�
120 Hz. [g] Quartet, 1J(C,H)� 120 Hz. [h] Shoulder. [i] Solvent 1,2-difluoro-
benzene. [j] Doublet, 1J(C, H)� 187 Hz. [k] Quartet, 1J(C,H)� 123 Hz.
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Figure 5. NMR spectra demonstrating the selective deuteration of the Cp*
ligands of [Co'Co']�: a) 2H and b) 1H NMR spectra of [D30][Co'Co']� in
CH3CN/CD3CN and in CD3CN, respectively (T� 305 K). Relevant parts of
the 13C NMR spectra of: c) [Co'Co]� and d) [D30][Co'Co']� in CD3CN at
T� 352 K. S� solvent. (For signal numbering see Scheme 1.)


valent ions (delocalized or class III in the Robin and Day
classification[16]) in the frequency window accessible to NMR
spectroscopy. In a temperature-dependency study no signal
splitting was observed for [Co'Co']� down to 235 K. In
contrast, investigations of magnetism reveal that solid
[Ni'Ni']�[PF6]ÿ has localized valencies (class I mixed-valence
compound).


In order to estimate the frequency and the barrier of the ET
we assume that the NMR signal shifts for each half of the
valence-localized [Co'Co']� can be approximated by those of
[Co'Co'] and [Co'Co']2� [17] , and that the corresponding signals
of H2/5 (d�ÿ56.8 and 5.55, respectively)[8] coalesce at 235 K.
Simple calculations[18] then yield an ET rate of 4.3� 104 sÿ1


and a barrier of 36.3 kJ molÿ1. Clearly, the actual ET rate of
[Co'Co']� in CD3CN must be higher and the barrier lower. For
[Ni'Ni']� the ET rate exceeds 5.6� 104 sÿ1 with a barrier lower
than 27.4 kJ molÿ1 at 183 K in (CD3)2CO.[19] [Fe'Fe']� is
another member of the series under discussion. Mössbauer
spectroscopy has shown that the salts [Fe'Fe']�[PF6]ÿ [11a] and
[Fe'Fe']�[I3]ÿ [11b] are localized mixed-valence compounds in
the solid state. Localization in [Fe'Fe']�[I3]ÿ has also been
indicated by the results of X-ray and IR investigations.[11b, c]


Whether mixed-valence compounds appear delocalized or
localized depends on the frequency window of the physical
method employed[20] and also on whether they are studied in
solution or in the solid state. Even the nature of the
counterion may be important.[4] Therefore, further investiga-
tions of the [M'M']� series would be of interest.


Spin-carrying MOs : If the number of unpaired electrons alone
is counted, then the magnetic behavior and the NMR results


obtained are surprising. For instance, [Ni'Ni']2� is antiferro-
magnetically coupled down to 14 K, whereas [Co'Co'] is
ferromagnetically coupled,[8] although both are d7,d7 species.
Furthermore, the 13C NMR signal pattern of the fulvalene
bridge is 1/2/2 for [Ni'Ni']� (with decreasing shift, see
Figure 4), whereas it is 2/1/2 for [Ni'Ni']2� and 2/2/1 for
[Co'Co'].[8] This may be understood by consideration of the
spin-carrying MOs.


For this purpose we have previously employed the known
correlation between the squared carbon 2pz AO coefficient
(c2


i ) of ligand p orbitals and the 1H and 13C NMR contact shifts
(dcon).[8] Originally, these correlations were established for the
hyperfine coupling constants (A(1H)[21] and A(13C)[22]) of
organic radicals. For the NMR data of paramagnetic p


complexes, we make use of the proportionality A/ dcon, and
we must consider the fact that the ligand p orbitals do not
entirely accommodate the unpaired electron. It is, in fact, only
partly delocalized on the ligands which are, therefore, treated
as reduced-spin radicals by normalization of the calculated c2


i


before comparison with the normalized dcon values. The latter
are obtained after subtraction of the dipolar shifts (ddip) from
dpara. These calculations show that the ddip values are negligibly
small, except for the proton result of [Co'Co']� (see Exper-
imental Section).


Extended Hückel calculations were performed for [M'M']n�


in order to interpret qualitatively the experimental results. At
this level of approximation, four MOs must be considered for
accommodating the unpaired electrons. Their energy splitting
is small, and they are well separated from the next lower
doubly occupied MO. The bridging-ligand content of these
MOs is shown in Figure 6, where they are labelled with


Figure 6. Normalized theoretical 13C and 1H NMR signal patterns
obtained from extended Hückel results of [Ni'Ni']2�. The patterns shown
are those expected for the fulvalene bridge when spin is transmitted
selectively to the bu, bg, au, and ag orbitals, respectively (see text). From top
to bottom the MO energies decrease nonlinearly.[23]


increasing energy: bu, bg, au, and ag. For each of these MOs
the c2


i values were converted[21, 22] into normalized NMR
signal shifts, which are also depicted in Figure 6. Note that for
au and bg the result is rather similar. In fact, in the fulvalene
dianion these orbitals are degenerate, but bonding to Cp*M
fragments produces a small splitting.


For comparison, the normalized experimental results (dcon


values) are given in Figure 7, together with data obtained
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Figure 7. Normalized experimental 13C and 1H NMR results (contact
shifts) for the fulvalene bridge of the cationic decamethylbimetallocenes
compared to those of the neutral congeners.[8]


previously.[8] An instructive example is [Ni'Ni']2� which has
two magnetically interacting unpaired electrons, and is
formally a d7,d7 species like [Co'Co']. However, the NMR
data (Figures 3 and 4, Table 1 and ref. [8]) are rather different.
Thus, the smaller 1H and 13C NMR signal shifts of [Ni'Ni']2�


reflect the antiferromagnetic interaction, but [Co'Co'] has a
triplet ground state. Even if the magnetic interaction is
eliminated artificially by normalization of the data, the signal
patterns of [Ni'Ni']2� and [Co'Co'] still differ (Figure 7).


When the patterns for [Ni'Ni']2� are compared with the
calculated patterns of Figure 6 it is evident that spin in a single
MO cannot explain the results. The agreement should
improve when more than one MO contributes to the spin
distribution, and according to the MO energies the bg and au


orbitals (almost degenerate) should be involved as well as bu.
Model calculations (Figure 8b) show that good agreement
with the experimental 13C NMR pattern (Figure 7) is obtained


Figure 8. Calculated 13C and 1H NMR signal patterns for the fulvalene
bridge of [M'M']n� arising from spin in more than one of the orbitals shown
in Figure 6: [Ni'Ni']2� a) ± c) illustrate the dependence of the patterns on the
factor bu/0.5(bg� au) (1.50, 1.53, and 1.56, respectively). [Co'Co']� d) where
bu/0.5(bg� au)� 1.78. [Ni'Ni']� e) bu/0.5(bg� au)� 1.82; f) bu/0.5(bg� au)/ag


� 4/1/1.7.


when bu and bg� au contribute 60.5 % and 39.5 %, respective-
ly. As the traces of Figure 8a ± c demonstrate, the 13C NMR
pattern is rather sensitive to changes in the orbital contribu-
tions. However, a perfect agreement between experimental
and calculated patterns would be coincidental, as a) the
EHMO approach is crude, b) the geometry of the ion must be
estimated (see Experimental Section), and c) the fourth MO
(ag) may be slightly populated (see below). In addition, when
the signal shifts are small, the dipolar contributions cause
some ambiguity as they depend on the g factor anisotropy, and
only a range of g factors, rather than precise values, is known
in some cases. This explains why the experimental and
calculated 1H patterns deviate.


Assignment of the NMR signals requires only qualitative
treatment of these results. Figure 8 shows that the signals for
C3/4 and H3/4 of the fulvalene bridge in [Ni'Ni']2� are shifted
more than those for C2/5 and H2/5. Rather unexpectedly, this
is the reverse of the signal sequences for [Co'Co'] (Figure 7).
This example and those that follow demonstrate that model
calculations are the surest way to assign NMR signals for this
sort of fulvalene complex.


The simplest case is [Co'Co']� . It has one unpaired electron,
which would be expected to reside in the bu orbital. In fact, the
experimental 13C NMR signal pattern (Figure 7) is similar to
that calculated for the spin in the relevant bu orbital of
[Co'Co']� , and this, in turn, bears similarity to that of the bu


orbital of [Ni'Ni']2� in Figure 6. However, the agreement
between theory and experiment may be improved by allowing
the bg and au orbitals to be populated in addition to bu


(Figure 8). This situation arises with [Ni'Ni']2�, and it agrees
with the fact that the EHMO energies change very little in
the [M'M']n� series.[23] As in the case of [Ni'Ni']2�, the
simulated 1H NMR data are poorer than the 13C data.


The product cmT for [Co'Co']� at ambient temperature is
about half that for [Co'Co']. This is reflected in the 1H and
13C NMR signal shifts of the Cp* ligand which are smaller for
[Co'Co']� than for [Co'Co'] (Table 1 and ref. [8]). However,
the mean factor is 0.63 rather than 0.5. We conclude,
therefore, that the metal-to-ligand spin transfer in [Co'Co']�


is more efficient than in [Co'Co'].
For [Ni'Ni']� the NMR signal shifts are caused by three


unpaired electrons. If the signal shifts are considered to be
proportional to S(S�1), and the contributions of S� 1 and
S� 1/2 are averaged, then a rough comparison with nickel-
ocenes may be made. Consequently, these shifts should be
almost 70 % of those found for the nickelocenes;[24] that is, for
the probe Cp* approximately 1030 ppm (CCH3), ÿ460 ppm
(CCH3m), and 170 ppm (CCH3). These values are smaller
than are observed for [Ni'Ni']� (Table 1). This suggests that
the spin delocalization in [Ni'Ni']� is more efficient than in
nickelocenes, which is in line with the properties of [Co'Co']� .


The 13C NMR signal pattern of the fulvalene bridge of
[Ni'Ni']� could be well reproduced by considering spin to be
once more in the orbitals bu, bg, and au (Figures 6, 7, and 8). In
contrast, the corresponding calculated 1H NMR pattern
deviated similarly to that of [Co'Co']� and [Ni'Ni']2�. These
last two cations have small signal shifts for the nuclei of the
fulvalene bridge, which could be perturbed by small dipolar
shifts. This does not apply to [Ni'Ni']� , which has much larger
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proton signal shifts (Table 1). We have therefore tried to
improve the calculated NMR signal pattern by admixing some
ag orbital contribution. Although this is demonstrated suc-
cessfully in Figure 8f, we consider it to be tentative, as the
number of adjustable parameters at the given level of
approximation is a serious limitation. For all the cations
[M'M']n� an inverted assignment of C2/5 and C3/4 was tested.
In these cases either it was completely impossible to
reproduce the experimental signal sequence, or the agree-
ment between theory and experiment was much worse.


Magnetic interaction : We have previously suggested that the
ferromagnetic interaction in [Co'Co'] arises from the acci-
dental degeneracy of the orbitals.[8] In fact, the MO calcu-
lations show that throughout the series [M'M']n� the relevant
orbitals bu, bg, au, and ag are close in energy.[23] It follows that
slight modifications of [M'M']n� will lead to orbital degener-
acies or remove them, and that they will thus influence
strongly the magnetic behavior. Such changes include varia-
tion of M, of the external charge, of the number of unpaired
electrons, of the ligand substituents, and of the metal-to-
ligand distance. This idea is substantiated by the fact that the
d7,d7 species [Co'Co'] and [Ni'Ni']2� are ferro- and antiferro-
magnetic, respectively. Further modifications of the d7,d7


bimetallocenes must show how robust the triplet ground state
actually is.


It is also possible to attribute the magnetism of the
compounds [M'M']n� to the interaction between the metal-
locene units. As discussed in earlier work,[8] the interaction is
essentially mediated by the bridging fulvalene ligand, because
the metal ± metal distance is large (>520 pm). The relevant
parts of the p orbitals which may carry the spin are shown in
Figure 6. The bu and ag orbitals have a big AO coefficient at
the carbon atoms that join the two five-membered rings (C1
and C1'), and hence the antiferromagnetic interaction will be
strong. In contrast, it will be much smaller for the bg and au


orbitals so that ferromagnetic interaction can dominate. There
are gross factors that determine the overall magnetic inter-
action, one of which is the amount of spin transferred to each
MO (hence the interest in determining the spin distribution).
The second factor concerns the interactions between the
orbitals of the two five-membered rings which are not
restricted to the 2pz AOs of C1 and C1'.[8]


The propensity of [M'M']n� to change the magnetic
behavior is also reflected in the J values, which are similar
for [Ni'Ni']2� (ÿ240 cmÿ1) and Ni'Ni' (ÿ180 cmÿ1),[8] while J
drops to ÿ11.8 cmÿ1 for [Ni'Ni']� . Yet another indication is
the magnetic phase transition of [Ni'Ni']�[PF6]ÿ at 14 K
(Figure 2). The relevance of the magnetic data below 20 K is
not clear. However, we observe that the cmT value at 10 K
seems to be larger than the paramagnetic limit. This suggests
that below the temperature of the phase transition some
ferromagnetic interactions are operative. If these ferromag-
netic interactions were intramolecular, the ground state spin
for [Ni'Ni']� would be S� 3/2 , and the magnetic data below
10 K might arise from the zero-field splitting of this S� 3/2


state. Without any structural information it is not possible to
improve the interpretation of the data, but the counterion
may also play an important role. Also noteworthy is that for a


fully delocalized NiIINiIII mixed-valence pair, the S� 3/2 state
is expected to be stabilized strongly through a double-
exchange mechanism.[25]


The only other compounds of this sort studied so far by
magnetic measurements are [FeFe]2�[BF4]ÿ2 [10b] and
[Fe'Fe']2�[I3]ÿ2 .[11b] No magnetic interaction was considered
for the interpretation of the data of [FeFe]2�, while the
magnetic susceptibility of [Fe'Fe']2� was seen to follow the
Curie ± Weiss law with a Weiss constant of q�ÿ5.58 K.


Conclusion


Electron transfer potentials have again proven to be a
valuable guide in isolating mixed-valence species. The deca-
methylmetallocenium cations [Co'Co']� and [Ni'Ni']� were
obtained from [Ni'Ni'] and [Co'Co']2� by simple redox
reactions. Further oxidation of [Ni'Ni']� gave [Ni'Ni']2�.


The species [M'M']n� may be regarded simply as the
product of metallocene coupling, but some new properties
have been found. In particular, the resulting compound acts as
a �magnetic chameleon� when more than one unpaired
electron is present. In a previous study,[8] weak and strong
antiferromagnetic interactions were found for [V'V'] and
[Ni'Ni'], respectively, whereas the d7,d7 compound [Co'Co'] is
strongly ferromagnetic. [Ni'Ni']2�, described in this work, is a
d7,d7 analogue, which experiences strong antiferromagnetic
interaction, whereas [Ni'Ni']� shows weak antiferromagnetic
coupling, but seems to become ferromagnetic below 14 K.


MO analysis of the Co and Ni derivatives showed that such
behavior results from the near degeneracy of four orbitals
whose splitting is sensitive both to the nature of the metal and
to the charge of [M'M']n�. It was possible to probe the ligand
contribution of these MOs by NMR spectroscopy which, in
turn, established the metal-to-ligand spin transfer. The NMR
signals for the nuclei of the fulvalene bridge can be under-
stood if more than one p orbital accommodates spin and so
these orbitals must be involved in the magnetic interaction.
The signal shifts of the Cp* ligand are a measure of the overall
spin transfer, which is more efficient for the cations [M'M']n�


than for the neutral compounds [M'M'].


Experimental Section


The synthetic work and characterization of the compounds were carried
out under purified argon. Flame-dried Schlenk glassware was used, and the
solvents were dried and freed from dioxygen by standard methods. All
liquids were transferred with a cannula. The elemental analyses were
performed by the Microanalytical Laboratory at Garching.


Decamethylbinickelocenium(iiii,iiiiii) hexafluorophosphate ([Ni''Ni'']�[PF6]ÿ):
A sample of [Ni'Ni'][8] (760 mg, 1.47 mmol) was dissolved in THF (150 mL).
When [Cp*2 Fe]�[PF6]ÿ (585 mg, 1.24 mmol) was added to the deep red-
violet solution at 25 8C, the color turned to dark green-brown. After stirring
for 1 day the solvent was removed in vacuo, and the residue was extracted
into hexane (50 mL portions) until the extract was colorless. The remainder
was recrystallized from acetone to yield the black-green [Ni'Ni']2�[PF6]ÿ2
(640 mg, 78% with respect to [Cp*2 Fe]�[PF6]ÿ). CV (E1/2 , mV vs. [Cp2Fe]/
[Cp2Fe]� , [DEp, mV;ipa/ipc]): ÿ1025 [65; 1.09] ([Ni'Ni']/[Ni'Ni']�);
C30H38F6Ni2P (661.0): calcd C 54.51, H 5.79, Ni 17.76, F 17.24, P 4.69; found
C 53.85, H 5.63, Ni 18.10, F 16.35, P 4.57.
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Decamethylbinickelocenium(iiiiii,iiiiii) bis(hexafluorophosphate)
([Ni''Ni'']2�[PF6]ÿ2 ): [Ni'Ni'][8] (330 mg, 0.64 mmol) was dissolved in THF
(150 mL), and [Cp*2 Fe]�[PF6]ÿ (600 mg, 1.27 mmol) was added with stirring
at 25 8C. The reaction was accompanied by a color change from deep red-
violet to dark green. The solvent was removed in vacuo, and hexane (50 mL
portions) was used to extract [Cp*2 Fe] from the residue. The remaining
powder was recrystallized twice from acetone to yield the green
[Ni'Ni']2�[PF6]ÿ2 (390 mg, 76 %). CV (E1/2 , mV vs. [Cp2Fe]/[Cp2Fe]� [DEp,
mV; ipa/ipc]): ÿ640 [65; obscured by impurity] ([Ni'Ni']�/[Ni'Ni']2�); 150
[78; 1.03] ([Ni'Ni']2�/[Ni'Ni']3�); 625 [195; obscured by solvent] ([Ni'Ni']3�/
[Ni'Ni']4�); C30H38F12Ni2P2 (806.0): calcd C 44.71, H 4.75, Ni 14.57, F 28.28, P
7.69; found C 44.21, H 4.63, Ni 14.17, F 27.65, P 7.75.


Decamethylbicobaltocenium(iiii,iiiiii) hexafluorophosphate ([CoCo]�[PF6]ÿ):
Sodium amalgam (5.47 g, 1.94% Na, 4.63 mmol) was added to a suspension
of [Co'Co']2�[PF6]ÿ2 [8] (3.39 g, 4.20 mmol) in THF (200 mL). The mixture
was stirred for 3 days to produce a color change from yellow to green, after
which a light green solid was obtained by filtration. The solid was washed
twice with hexane (50 mL portions). Recrystallization from acetonitrile
yielded dark green crystals of [Co'Co']�[PF6]ÿ (2.43 g, 97 %). CV (E1/2 , mV
vs. [Cp2Fe]/[Cp2Fe]� [DEp, mV; ipa/ipc]): ÿ1370 [90; 1.08] ([Co'Co']2�/
[Co'Co']�); ÿ1800 [80; 0.99] ([Co'Co']�/[Co'Co']); ÿ2655 [130; 1.03]
([Co'Co']/[Co'Co']-); ÿ3150 [170; 1.05] ([Co'Co']ÿ/[Co'Co']2ÿ);
C30H38Co2F6P (661.5): calcd C 54.47, H 5.79, Co 17.82, F 17.23, P 4.68;
found: C 54.42, H 5.82, Co 17.10, F 17.95, P 5.01.


Physical measurements : The CVs were obtained with equipment described
previously.[26] The samples were dissolved in solutions of nBu4NPF6 in
propionitrile (0.1 M) at ÿ21 8C. The solvent was dried by passing it over
activated Al2O3 placed in a tube within the cell. The concentrations were
2.5� 10ÿ4 and 9.7� 10ÿ4 mol Lÿ1 for [Co'Co'] and [Ni'Ni'], respectively. The
scan rate was 200 mV sÿ1. [Cp2Co]�[PF6]ÿ and [Cp2Fe] were added as
internal standards for [Ni'Ni] and [Co'Co'], respectively. The CV data of
the mixed sandwiches [Cp*MCp] were needed for comparison and are
summarized in Table 2.


The NMR spectra were recorded on Bruker CXP 200, Bruker MSL 300,
JEOL JNM GX 270 spectrometers with samples held in standard tubes
equipped with ground glass and stoppers (1H NMR), and with solenoid
tubes[27] (13C NMR). The temperature was calibrated with a Pt resistance
thermometer placed in a tube which contained ethylene glycol. Exper-
imental signal shifts dexp were measured relative to solvent peaks. In order
to obtain the paramagnetic signal shifts at the temperature of measurement
T, the dexp values of [Ni'Ni']2� were calculated relative to the signal shifts of
[Co'Co']2�,[8] and the dexp values of [Ni'Ni']� and [Co'Co']� were calculated
relative to the mean of the signal shifts of [Fe'Fe'][8] and [Co'Co']2�. The
standard shifts at 298 K (dpara) were estimated from temperature-depend-
ent 1H NMR measurements. The 13C NMR spectra were recorded at less
than 10 K above 298 K, and the dpara values were obtained under the
assumption that the Curie law holds in the narrow temperature range.


The dipolar NMR signal shifts (ddip) at 298 K were estimated in line with
the work of Kurland and McGarvey.[28] Standard distances (CÿH� 1.1,


CÿC� 1.42, CÿCH3� 1.50 �) were used for the ligands to obtain the
geometric factor. The metal-to-ligand distances were those given by the
extended Hückel calculation below. The g factors were allowed to vary:[29]


gk � 1.721 ± 1.707, g?� 1.772 ± 1.854 for cobaltocene fragments, and gk �
1.768 ± 1.878, g?� 1.865 ± 2.024 for nickelocenium fragments. For the
nickelocene fragment gk � 2.003, g?� 2.09,[12] and a zero field splitting of
D� 25 cmÿ1 [12] was used. These values were inserted into Equation 2 to


ddip� mo


4p


b
2S�S � 1�


9kT


3cos2�ÿ 1


r3
(g2k ÿ g2?) ´


�
1ÿ g2k � 0:5 g2?


3 �g2k ÿ g2?�
Dkÿ1 Tÿ1


�
(2)


give the values shown in Table 3. (mo� permeability of vacuum, b�Bohr
magneton, k�Boltzmann constant, T� absolute temperature, r� vector
relating the metal and the nucleus under study, f� angle between r and the
ligand ± metal ± ligand axis of the metallocene fragment, g� electron g
factor, and D� zero field splitting.) Subtraction of ddip from dpara (Table 1)
yielded dcon, also listed in Table 3.


The magnetic measurements were performed with a SQUID magneto-
meter at temperatures between 1.7 and 300 K. The samples were sealed in
quartz tubes under vacuum. The data were corrected for the magnetization
of the sample holders and for the core diamagnetism.


Extended Hückel calculations : The program devised by Mealli and
Prosperio[30] (Version 4.0, 1994) was used for these calculations. Idealized
structures for the decamethylmetallocenium ions were assumed, and the
bond lengths were adapted from those of [Cp2M] (M�Fe, Co, Ni),[31]


[Fe'Fe'],[11a] and [Fe'Fe']�[I3]ÿ .[11b] When these last two structures were
compared to that of [Cp2Fe] they showed characteristic differences in the
metal-to-ligand distances which depended on whether the fulvalene (fv) or
the Cp* ligand was concerned (M ± fv and M ± Cp*, respectively). These
distances also depended on charge. For the ions [M'M']� in this work, M ± fv
and M ± Cp* were obtained from [Cp2M], taking into account the changes
in passing from [Cp2Fe] to [Fe'Fe']� , that is, [Co'Co']� (delocalized) M ±
fv� 1.757 � and M ± Cp*� 1.774 �; [Ni'Ni']� (delocalized) M ± fv�
1.854 � and M ± Cp*� 1.873 �; and [Ni'Ni']2� M ± fv� 1.870 � and M ±
Cp*� 1.886 �.
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Synthesis and Binding Properties of a Macrocyclic Peptide Receptor


James Dowden,[a] Peter D. Edwards,[b] Stephen S. Flack,[a] and Jeremy D. Kilburn*[a]


Abstract: Macrocyclic receptor 1 has
been synthesised, as a racemate and as a
single enantiomer, utilising a Stille cou-
pling for the formation of the biphenyl
portion and a macrolactamisation as the
final step. The binding properties for the
racemic and the homochiral macrocycle
with amino acid and dipeptide deriva-
tives, in CDCl3 solution, have been
investigated. In the case of racemic 1,
addition of homochiral peptide sub-
strates led to two distinct diastereomeric
complexes, and the well separated sig-
nals for several protons in the 1H NMR
spectrum could be conveniently fol-
lowed in titration experiments, allowing
determination of both binding constants


for the two diastereoisomeric com-
plexes, and indicating that 1 is capable
of enantioselective recognition. Titra-
tion of homochiral 1 with the same
peptide substrates allowed the sense of
the enantioselectivity to be determined,
and experiments with a greater range of
substrates indicated that 1 is particularly
effective for the recognition of N-Cbz-b-
alanyl-l-amino acids, the strongest bind-
ing being observed with N-Cbz-b-alanyl-
l-alanine (ÿDGass� 19.9 kJ molÿ1). No-


tably the binding of N-Cbz-b-alanyl-l-
lactic acid was considerably weaker
(ÿDGass� 13.1 kJ molÿ1), presumably
due to replacement of an NH hydro-
gen-bond donor in the case of N-Cbz-b-
alanyl-l-alanine with an oxygen lone-
pair in the case of N-Cbz-b-alanyl-l-
lactic acid. Molecular modelling and 2 D
NMR studies on the free macrocycle 1
and associated complexes did not pro-
vide conclusive evidence for the struc-
ture of the host ± guest complexes, but
did serve to emphasise the flexibility of
1, which despite this flexibility, shows
strong, selective binding of certain pep-
tide guests.


Keywords: host ± guest chemistry ´
macrocycles ´ peptides ´ receptors
´ synthetic methods


Introduction


Over the last thirty years the rapid development of host ±
guest chemistry has led to the development of synthetic
receptors for a whole range of substrates, including many of
biological importance, such as nucleotides, carbohydrates and
amino acids.[1] The study of such synthetic model systems aids
the understanding of fundamental aspects of non-covalent
interactions and in many cases inspires the design of new
functional molecules and supramolecular systems. The devel-
opment of synthetic receptors for peptides and amino acid
derivatives[2] is of particular interest because the intermolec-
ular interactions involved in complexes between small
molecules and peptides are of direct relevance to many
biological peptide ± protein interactions, and may also lead,


for example, to new biosensors, therapeutics and catalysts for
peptide hydrolysis. In our own efforts to develop novel
receptors for amino acids and peptides we have targeted
peptidic guests with a carboxylic acid terminus by preparing a
range of macrocyclic structures which feature a specific
binding site for the carboxylic acid and additional hydrogen
bonding functionality to bind to the backbone of the peptidic
guest.[3] Macrocycle 1 is an example of such a receptor, which
incorporates a diamidopyridine unit to serve as a carboxylic
acid binding site,[4] in a cavity lined on one side with an amide
functionality, and on the other with a rigid biaryl fragment,
linked by a benzyl ether to a further aromatic ring, to hold
open the binding cavity and, in principle, to provide a site for
p-stacking interactions or hydrophobic interactions in water-
soluble variants of the basic structure.
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We envisioned that variation of the amide-containing side
wall of the macrocycle would provide a means of tuning the
binding selectivity for specific peptide guests, but initially we
wished to prepare a relatively simple example of these
structures and establish that it contained appropriate basic
features for peptide recognition. Thus we chose to prepare
macrocycle 1, in which the amide side wall is made up of a
succinic acid moiety linked to a phenylalanine unit; the latter
unit provides a single chiral centre for the structure and thus
the possibility of some stereoselective binding properties. In
this paper we describe our synthetic efforts to prepare
macrocycle 1 in both racemic and chiral forms, and discuss
the binding properties of the macrocycle with a range of
peptidic guests.[5]


Results and Discussion


Synthesis : Our first attempts to prepare macrocycle 1
involved the synthesis of diacid 11 (Scheme 1) which we
hoped to activate and couple in one step to diaminopyridine.
This route would be short and allow easy variation of the
amide side wall in later variants.
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Scheme 1. Synthesis of diacid 11.


Diacid 11 was assembled by an initial Mitsunobu coupling[6]


of commercially available alcohols 2 and 3 (see Scheme 1),
and subsequent reduction of nitrile 4 by using borane ± di-
methyl sulfide complex[7] to give amine 5. Alternative
methods for reduction of the nitrile (LiAlH4, H2/Raney
nickel, NaBH4/AlCl3) were less successful, since cleavage of
the benzyl ether occurs as a competing side reaction. Acid 6
was simply prepared by a base-mediated opening of succinic
anhydride with methyl phenylalaninate, and was coupled to
amine 5 using dicyclohexyl carbodiimide (DCC) to give aryl
bromide 7 in 85 % yield. Formation of the biaryl unit then
required coupling of aryl bromide 7 with a suitable organo-
metallic reagent derived from bromide 8. Thus we prepared
stannane 9 by treatment of bromide 8 with bis(tributyltin) and
a palladium catalyst.[8] The best yields for this reaction (72 %)
were ultimately achieved by using an excess of bis(tributyltin),
(Ph3P)4Pd as catalyst, and carrying out the reaction under
highly concentrated conditions that minimised unwanted
biaryl formation. With the required stannane 9 in hand, the
Stille coupling[9] with bromide 7 using (Ph3P)4Pd and a
stoichiometric amount of silver(i) oxide[10] gave the diester
10 in reasonable yields (50 % by NMR analysis of the crude
material). Purification of the diester proved to be problem-
atic, and it was instead hydrolysed directly to give the
corresponding diacid 11 in 24 % overall yield from bromide 7.


Numerous attempts were made to couple diacid 11 with
diaminopyridine. Formation of the bis(acid chloride) was
attempted by using oxalyl chloride, thionyl chloride or
cyanuric chloride[11] but failed to yield any of the desired
product in the subsequent coupling with diaminopyridine.
Similarly all efforts with in situ activating agents, such as
dicyclohexylcarbodiimide (DCC; with or without auxiliary
reagents), carbonyldiimidazole and 2-(1H-benzotriazole-1-
yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU)[12]


were in vain. The use of the bis(acylhydrazide) or bis(acti-
vated esters),[13] such as the bis(pentafluorophenol ester), also
failed to give the desired macrocycle.


The failure of this approach led us to consider an alternative
synthesis which would culminate in the macrolactamisation of
amino acid derivative 21 (see Scheme 3), which in turn could
be assembled, with appropriate protecting groups, by sequen-
tial coupling of a suitable peptidic fragment and a biaryl acid
fragment with diaminopyridine.


The peptidic fragment was prepared, as the allyl ester 14
(Scheme 2), by reaction of succinic anhydride with allyl
alcohol, followed by conversion of monoacid 12[14] to the acid
chloride 13, which, in turn, was used to acylate phenylalanine.
A PyBOP- (PyBOP� benzotriazol-1-yloxy-tripyrrolidino-
phosphonium hexafluorophosphate[15] or DCC-mediated cou-
pling of acid 14 to 2,6-diaminopyridine gave the desired
monoacylated product 15, but with complete racemisation of
the phenylalanine derived chiral centre, presumably via an
oxazolone intermediate.[16] In retrospect the formation of 15
as a racemate is not surprising given that 14 is an acylated
amino acid (and therefore prone to racemisation on activa-
tion) and diaminopyridine is a poor nucleophile.


Racemisation was avoided in the subsequent synthesis of
the enantiomerically pure macrocycle by first coupling 2,6-
diaminopyridine to N-tert-butoxycarbonyl-l-phenylalanine to
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Scheme 2. Synthesis of monoacylated product 15.


give 16, followed by removal of the amine protecting group,
and selective acylation of the more reactive amino function-
ality with acid chloride 13 (Scheme 2).


Biaryl ester 18 was prepared by Stille coupling of stannane
9 with the protected amino bromide 17 (Scheme 3). Initial
attempts at this reaction under Pd(PPh3)4 or Pd(PPh3)2Cl2


catalysis in N-methylpyrollidinone gave poor yields of the
desired biaryl ester 18 (30 ± 40 %). The use of more polar
solvents,[9] copper iodide co-catalysis[17] and softer ligands
such as triphenylarsane[18] gave no improvement. Variations of
the Pd2(dba)3 catalytic system developed by Farina and
Krishman[19] gave none of the desired product with apparent
rapid decomposition of the catalyst. However, when the
reaction was performed in a less polar solvent such as toluene
with Pd(PPh3)2Cl2 as catalyst, the yield of the biaryl ester
improved to an acceptable and reproducible level of 60 ±
65 %. The ester 18 was readily hydrolysed to give the required
acid 19 in good yield.


Coupling of the relatively unreactive monoacylated diami-
nopyridine 15 (as the racemate or as a single enantiomer) with
biaryl acid 19 could be achieved in moderate yield (30 ± 40 %)
by using either DCC or 2-ethoxy-N-ethoxycarbonyl-1,2-dihy-
droquinoline (EEDQ) in refluxing THF. Better yields how-
ever, were achieved by converting acid 19 to the acid fluoride
20[20] and refluxing this with 15 and N-methylmorpholine in
THF to give the protected macrocyclisation precursor 21 in
62 % yield (Scheme 3). The allyl ester was deprotected to give
acid 22 by using (Ph3P)4Pd in dioxan, with water or pyrrolidine
as the allyl scavenger.[21] Subsequent DCC coupling with
pentafluorophenol and removal of the amine protecting
group by treatment with 4m HCl in dioxan, followed by
trituration with diethyl ether, provided the hydrochloride salt
24. The crude hydrochloride salt, dissolved in DMF, was
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Scheme 3. Synthesis of 1.


added by syringe pump to a refluxing solution of diisopropyl-
ethylamine (DIPEA) in acetonitrile to give the desired
macrocycle (as a racemate or as a single enantiomer) in 25 ±
35 % yield from the allyl ester 21.


Macrocycle 1 was isolated as an amorphous solid which
resisted all our attempts to obtain single crystals for X-ray
analysis. It is sparingly soluble in relatively apolar solvents
such as chloroform (�2 mg per mL), and the analysis of 1 by
1H NMR spectroscopy (in CDCl3) gave a well resolved
spectrum which could be fully assigned with the help of 2 D
NMR experiments. A 2 D ROESY[22] spectrum revealed no
NOEs between protons on opposite sides of the macrocyclic
ring, suggesting that 1 exists in an open conformation in
CDCl3 solution, as desired.


Binding studies and molecular modelling
In order to determine the extent to which the receptor was


able to bind amino acids and peptides with a free carboxylic
acid terminus, as it was designed to do, a series of binding
studies with a range of carboxylic acid substrates was carried
out. All binding studies with macrocycle 1 were carried out in
deuteriochloroform (in which hydrogen bonds can be ex-
pected to provide the dominant binding interactions), using a
standard NMR titration experiment, monitoring the shift of
the NH signals, and analysing the resultant binding curves
using the Hostest programme.[23] In each titration experiment
significant downfield shifts of NH b were observed with no
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apparent shift of NH a, consistent with a strong association
between the carboxylic acid and the amidopyridine moiety,
presumably involving NH b and not NH a. (Addition of
corresponding methyl esters to a solution of 1 led to no
significant changes in the NMR spectrum for 1 further
confirming the importance of the interaction between the
carboxylic acid and the amidopyridine in the observed
binding). In each binding experiment a 1:1 binding stoichi-
ometry has been assumed which was generally supported by
the good fit of the measured data to the theoretical model, on
analysis. (A Job plot[24] was attempted to confirm the 1:1
binding stoichiometry, but the low solubility of 1 meant that
acceptable NMR spectra could not be obtained across a
suitable concentration range). Dilution experiments were also
carried out on both the receptor 1 and on the guest molecules
to provide estimates of dimerisation constants for each
compound. No appreciable dimerisation or aggregation was
detected for 1 and although dimerisation constants were
measurable for the dipeptide substrates these were sufficient-
ly small (0 ± 30mÿ1) that inclusion of these numbers did not
affect the measured binding constants with receptor 1 within
the margin of error for the measurements. As would be
anticipated,[25] for the more strongly bound substrates
(ÿDGass> 17 kJ molÿ1), the titration data showed a poorer
fit to the theoretical model and were therefore repeated
several times to give an average value. Repeat experiments
did, however, give consistent results and the comparison
between data obtained for the homochiral macrocycle and
that obtained for the racemate was also good (vide infra).
Furthermore, titration of receptor 1 with strongly binding
substrates in CDCl3 contaminated with'2 % MeOH, gave, as
expected, reduced binding energies, but now the data again
gave an excellent fit for the assumed 1:1 binding.


Macrocycle 1 was at first obtained as a racemate, but was
none-the-less used in initial binding studies (Table 1).


Titration of racemic 1 with phenylacetic acid gave
ÿDGass� 11.5 kJ molÿ1 which places an upper limit on the
strength of the amidopyridine ± carboxylic acid interaction.[26]


N-Cbz-b-alanine (ÿDGass� 12.9 kJ molÿ1) showed a modest
increase in binding over phenylacetic acid, while N-Cbz-


glycine (ÿDGass� 14.4 kJ molÿ1) showed a more pronounced
increase. When the racemic receptor was titrated with
homochiral peptide substrates two distinct diastereomeric
complexes were immediately evident in the 1H NMR spec-
trum, and the well separated signals for NH b of the two
complexes (and to a lesser extent for NH c and NH d) could be
conveniently monitored throughout the titration experiment.
Analysis of these data using the Hostest software[23] gave
estimates of the two binding energies for the diastereomeric
complexes. Thus, titration of racemic 1 with N-Cbz-l-alanine
gave ÿDGass� 15.8 and 15.2 kJ molÿ1 for the two diastereo-
meric complexes (which was essentially mirrored, as expect-
ed, by titration with N-Cbz-d-alanine) and titration with N-
Cbz-l-phenylalanine gave ÿDGass� 14.2 and 13.7 kJ molÿ1


for the two diastereomeric complexes.
Titration of racemic 1 with the dipeptide N-Cbz-l-alanyl-l-


alanine showed no significant increase in binding over simple
amino acid derivatives for either of the two diastereomeric
complexes formed, and N-Cbz-b-alanylglycine similarly
showed only weak binding (ÿDGass� 15.0 kJ molÿ1) (al-
though the measured binding constant of the latter must be
treated with some caution as the poor solubility of the
substrate in CDCl3 meant that only 49 % saturation was
achieved in the titration experiment). However, titration of 1
with N-Cbz-b-alanyl-l-alanine gave two significantly different
binding energies for the two diastereomeric complexes
(ÿDGass� 19.4 and 16.2 kJ molÿ1, DDG� 3.2 kJ molÿ1), rep-
resenting a binding enantioselectivity of�80:20, although the
sense of the enantioselectivity could not be determined from
these experiments).


The 1H NMR of a 1:1 complex between racemic 1 and N-
Cbz-b-alanyl-l-alanine (7.5 mm in CDCl3) also showed the
most significant differences between the diastereomeric
complexes so formed (as compared to 1:1 complexes with
any other substrate) (Figure 1).


Thus NH b shifted downfield (relative to uncomplexed 1)
from d� 7.97 to d� 8.79 and 8.28, respectively, for the two


Figure 1. 1H NMR spectra of the aromatic/NH region, in CDCl3 of:
a) Macrocycle 1; b) Racemic macrocycle 1�N-Cbz-b-alanyl-l-alanine;
c) homochiral macrocycle 1�N-Cbz-b-alanyl-l-alanine


Table 1. Binding constants (Kass) and free energies of complexation[a]


(ÿDGass) for the 1:1 complexes formed between racemic macrocycle 1
and various acid substrates in CDCl3 at 20 8C.


Substrate Kass [mÿ1] ÿDGass
[b]


[kJ molÿ1]


phenylacetic acid 113 11.5
Cbz-Gly-OH 376 14.4
Cbz-l-Ala-OH 665/505 15.8/15.2
Cbz-d-Ala-OH 608/492 15.6/15.2
Cbz-l-Phe-OH 344/279 14.2/13.7
tBoc-l-Ala-OH 335/275 14.2/13.7
Cbz-b-Ala-OH 202 12.9
Cbz-l-Ala-l-Ala-OH 723/405 16.0/14.6
Cbz-b-Ala-l-Ala-OH 2920/781 19.4/16.2
Cbz-b-Ala-Gly-OH 313 15.0


[a] Where two figures are reported these refer to the binding constants or
binding energies for the two diastereomeric complexes formed (see text).
[b] Errors for binding energies were estimated as 0.5 ± 0.9 kJmolÿ1 for the
substrates listed.
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diastereomeric complexes. NH c shifted downfield from d�
6.25 to d� 6.84 and 6.52, respectively, and NH d shifted
downfield from d� 5.95 to d� 6.21 and 6.09, respectively. The
position of the signal for NH a, however, again appeared to be
unaffected by the addition of the substrate. Essentially all
other signals in the 1H NMR spectrum were separated and
could be assigned to the two diastereomeric complexes. (Thus
macrocycle 1 may serve as a chiral shift reagent for the
1H NMR spectrum of such peptidic substrates, although
perhaps not a very practical one!).


With homochiral receptor 1 in hand we were able to extend
the binding studies and determine the sense of the enantio-
selective binding initially observed with the racemic receptor.
Titration experiments were carried out with homochiral 1 and
a range of dipeptide substrates (Table 2).


Whereas titration of such guests with the racemic macro-
cycle had led to the formation of two diastereomeric
complexes, clearly distinguishable in the 1H NMR spectra,
we now observed formation of a single diastereomeric
complex (see Figure 1), allowing independent determination
of binding energies for each enantiomer of the various guests,
and incidentally confirming that no racemisation had occur-
red in the modified synthesis of 1. As before, in each titration
experiment significant downfield shifts of NH b were observed
with no apparent shift of NH a.


Initially, identical dipeptide substrates to those explored
with racemic 1 were examined. The results compared well
with those obtained for racemic 1 with the best agreement
observed for the N-Cbz-b-alanylalanine enantiomeric pair,
which were bound with very similar levels of enantioselectiv-
ity (ee� 60 %) to those observed in the racemic experiment.
The overall levels of binding were also in good agreement, N-
Cbz-b-alanyl-l-alanine bound with a free energy of binding of
ÿDGass� 19.9 kJ molÿ1, which compared favourably with the
strongest diastereomeric complex in the racemic experiment
(ÿDGass� 19.4 kJ molÿ1).


In order to probe the relatively high enantioselective
binding of the N-Cbz-b-alanylalanine dipeptides the binding
of related substrates was studied. Thus with the N-Cbz-b-
alanylphenylalanine dipeptides as guests, binding energies
were somewhat lower (ÿDGass� 16.2, 14.0 kJ molÿ1), with
enantioselectivity also being slightly reduced (DDG�
2.2 kJ molÿ1, ee� 44 %). With the more sterically bulky valine


side chain incorporated into the dipeptide, the binding for N-
Cbz-b-alanyl-l-valine was of a similar order of magnitude
(ÿDGass� 16.8 kJ molÿ1) to N-Cbz-b-alanyl-l-phenylalanine,
but the binding energy for the enantiomer N-Cbz-b-alanyl-d-
valine was much lower (ÿDGass� 12.7 kJ molÿ1), in fact
reduced to a value only slightly larger than that for phenyl-
acetic acid. The enantioselectivity (DDG� 4.1 kJ molÿ1, ee�
70 %) for the N-Cbz-b-alanylvaline dipeptides is quite high
and although it does not compare with the high enantiose-
lectivities observed for other recently described peptide
receptors,[2b] it is notable for such a flexible receptor that
bears only one chiral centre.


From these results it would appear that the presence of a
methyl group attached to the chiral centre adjacent to the
carboxylic acid receives more stabilisation from complexation
than other substituents, reflected by the higher levels of
binding for all alanyl containing peptides compared to other
substrates, and in particular the strong binding of N-Cbz-b-
alanyl-l-alanine in comparison to the binding of N-Cbz-b-
alanylglycine (DDG�� 5 kJ molÿ1). In the 1H NMR spectrum
of the 1:1 complex between macrocycle 1 and N-Cbz-b-alanyl-
l-alanine the alanine methyl signal was shifted upfield from
its unbound position at d� 1.44 to d� 1.28 in the complex,
which could be due to a weak interaction between the methyl
group and the biphenyl unit.


We also measured the binding of the ester-linked N-Cbz-b-
alanyllactic acids as substrates for receptor 1, effectively
replacing a hydrogen bond donor substituent (NH) with a
hydrogen bond acceptor substituent (lone pair of electrons on
oxygen) in the guest structure. The binding energies for both
enantiomers of N-Cbz-b-alanyllactic acid (ÿDGass� 13.1,
11.2 kJ molÿ1) are comparable to the binding energy measured
for phenyl acetic acid (ÿDGass� 11.5 kJ molÿ1) indicating that
these substrates apparently gain little stabilisation other than
from the carboxylic acid interaction with the amidopyridine
binding site. The substantially lower binding energies for
these esters compared to the corresponding N-Cbz-b-alanyl-
alanine dipeptides, strongly suggests that a hydrogen bond
from the guest NH to the receptor side wall is a key
interaction in the binding of the latter.[27] This result is also
of interest in view of recent observations that certain bacteria
have mutated their cell wall precursor structure from a
terminal d-Ala-d-Ala-CO2H sequence to a d-Ala-d-Lac-
CO2H sequence, thus providing immunity to conventional
antibacterials such as the natural d-Ala-d-Ala-CO2H receptor
vancomycin.[28, 29]


The 1:1 complex of N-Cbz-b-alanyl-l-alanine with both
racemic and homochiral 1, in chloroform, was studied by 2 D
ROESY and NOESY NMR spectroscopy in an attempt to
identify which intermolecular interactions were contributing
to complexation. No useful intermolecular NOEs, however,
were observed in any of these experiments. One possible
explanation for this is that, due to the flexibility of the
macrocycle and guest peptides a large number of conforma-
tions are occupied that are suitable for binding and it is
therefore, impossible to observe any intermolecular interac-
tions. If this is correct then the level of selectivity observed for
some of the substrates is surprisingly good (in general higher
selectivity is anticipated with less flexible receptors).[2]


Table 2. Binding constants (Kass) and free energies of complexation
(ÿDGass) for the 1:1 complexes formed between homochiral macrocycle
1 and dipeptide substrates in CDCl3 at 20 8C.


Substrate Kass [mÿ1] ÿDGass


[kJ molÿ1]


Cbz-l-Ala-l-Ala-OH 1940� 485 18.4� 0.7
Cbz-d-Ala-d-Ala-OH 869� 124 16.5� 0.3
Cbz-b-Ala-l-Ala-OH 3598� 900 19.9� 0.7
Cbz-b-Ala-d-Ala-OH 925� 230 16.6� 0.7
Cbz-b-Ala-l-Phe-OH 321� 82 16.2� 0.5
Cbz-b-Ala-d-Phe-OH 828� 143 14.0� 0.5
Cbz-b-Ala-l-Val-OH 995� 364 16.8� 0.6
Cbz-b-Ala-d-Val-OH 186� 15 12.7� 0.2
Cbz-b-Ala-l-Lac-OH 221� 24 13.1� 0.3
Cbz-b-Ala-d-Lac-OH 100� 10 11.2� 0.2
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Molecular modelling was also carried out in an attempt to
visualise the structure of the complex. Thus the geometry of
the free macrocycle 1 and its complexes with dipeptide
substrates were examined by using a combination of simu-
lated annealing calculations and molecular dynamics using the
MacroModel[30] program. The AMBER*[31] force field was
used[32] as implemented in MacroModel V5.0 and the effect of
solvent was included through the use of GB/SA chloroform
model.[33] Initially, the free macrocycle was energy minimised
by using a conjugate gradient (PRCG) and five simulated
annealing calculations of 1 ns, involving slow cooling from 600
to �0 K, were performed, followed by 5� 1 ns calculations of
molecular dynamics at 300 K to examine the behaviour at
room temperature.


The results of the simulation were not conclusive as a large
number of conformations were generated in the course of the
simulation, reflecting the flexibility of the macrocycle, but it
was possible to draw some general conclusions. None of the
structures generated showed any intramolecular hydrogen
bonds and most of the conformations featured both of the
pyridyl-amide NH groups of the diamidopyridine binding site
pointing into the macrocyclic cavity. Furthermore, in all of the
structures the aromatic units provided an open, box shaped
binding cavity, as they were designed to do, and they could be
seen to effectively stretch out the amide side wall, holding it
apart from the carboxylic acid binding site. The most flexible
portion of the macrocycle was the amide side wall which
adopted many conformations during the calculation and as a
consequence it was not possible to identify a preferred
orientation for the benzyl residue of the phenylalanine
moiety. The five structures produced at the end of the
successive 1 ns molecular dynamics runs at 300 K are shown in
Figure 2, and reflect the open binding cavity, the consistent


Figure 2. Structures of macrocycle 1 generated at the end of each of five
successive molecular dynamics calculations (1 ns at 300 K).


orientation of the amidopyridine unit, and the flexibility of
the amide portion.


Dipeptide guests were docked by eye into the binding
cavity of the final structures from the molecular dynamic
calculations, such that the carboxylic acid carbonyl formed a
hydrogen bond with the pyridyl-amide NH b which was
justified by the earlier NMR experiments that showed that
only this pyridyl-amide NH group is involved in binding. This
single hydrogen-bonding interaction was constrained at a
reasonable hydrogen-bonding distance (2.0 �) throughout all
future calculations, thus tethering the guest to the binding site,
although this was the only bias placed on the system. The
same simulated annealing and molecular dynamics protocol
was used as before to examine the conformation of the
complex between the macrocycle 1 and dipeptide substrates.


Now an even greater diversity of structures was produced
for the conformation of the complexes, in the course of the
simulation. Both the macrocycle and the dipeptide guests
were very flexible and did not show any clear preference for a
single binding geometry. However, complexation of the
carboxylic acid to the diamidopyridine unit through two
hydrogen bonds in an eight-membered ring arrangement was
commonly observed, and this generally preferred orientation
for carboxylic acid binding placed the rest of the dipeptide
guest in a position close to the amide side wall of the
macrocycle. Further hydrogen bonding interactions between
the backbone of the guest and the amide side wall of the
receptor frequently featured in the structures generated by
the molecular modelling, but no specific hydrogen bonds,
other than the constrained one, could be consistently identi-
fied. The structure for the complex of macrocycle 1 with N-
Cbz-b-alanyl-l-valine shown in Figure 3 is an illustrative
example.


From the modelling it was not possible to provide a
rationalisation for the measured enantioselective binding
properties of macrocycle 1. Similarly it was not possible to


Figure 3. Complex between macrocycle 1 and Cbz-b-alanyl-l-valine
illustrating possible H-bonding interactions that may be formed (all H
atoms, except those in NH groups, have been omitted for clarity).
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elucidate how the selectivity for alanyl amides over lactate
esters may arise. The results do, however, support the
hypothesis that the macrocycle is very flexible, and indicate
that in addition to a strong interaction between the carboxylic
acid and the diamidopyridine unit, additional hydrogen
bonding interactions between the backbone of the guest and
the amide side wall of the receptor are perfectly feasible,
consistent with the observed stronger binding of N-Cbz-b-
alanyl-l-amino acid guests compared to simple amino acid
derivatives. The modelling of such a flexible system would
undoubtedly benefit from structural experimental data, since
it would allow known interactions to be confidently and
accurately constrained, but such data was not forthcoming
from 2 D NMR experiments (vide supra).


Conclusion


In conclusion, we have been able to show that macrocycle 1 is
an effective receptor for dipeptides with a carboxylic acid
terminus, and shows some selectivity, particularly for N-Cbz-
b-alanyl-l-amino acids, and thus the basic receptor design was
shown to be appropriate for peptide recognition. Although
the observed binding enantioselectivity is not as great as has
been observed in some other peptide binding systems it is
surprisingly good given the flexibility of the receptor and the
minimal chirality which it incorporates. Evidence from the
binding studies suggests that the binding of N-Cbz-b-alanyl-l-
amino acid substrates involves interaction of the carboxylic
acid of the peptide guest with the amidopyridine unit (with a
strong hydrogen bond to NH b) and involves a hydrogen-bond
interaction with the amide NH group of the substrate.
Variation of the peptide side wall of the receptor, using the
synthetic route we have developed, should be straightforward,
allowing the preparation of less flexible variants, with
increased binding functionality, and potentially providing
structures which can be solubilised in water.


Experimental Section


General methods: Whenever possible all solvents and reagents were
purified according to literature procedures.[34] Thin layer chromatography
(TLC) was performed on aluminium backed sheets (CamLab) coated with
either silica gel (SiO2; 0.25 mm) or neutral alumina, containing fluorescent
indicator UV254. Unless otherwise indicated column chromatography was
performed on Sorbsil C60, 40 ± 60 mesh silica. All melting points were
determined in open capillary tubes using Gallenkamp Electrothermal
Melting Point Apparatus and are uncorrected. Infrared spectra were
recorded on a Perkin-Elmer 1600 Fourier Transform Spectrophotometer.
1H NMR spectra at 270 MHz were obtained on a JEOL GX 270, at
300 MHz on a Bruker AC 300 and at 360 MHz on a Bruker AM 360
spectrometer. 13C NMR spectra were recorded at 68 MHz on the JEOL GX
270, and at 75 MHz on the Bruker AC 300 and at 90 MHz on the Bruker
AM 360. Microanalytical data were obtained from SmithKline Beecham
Pharmaceuticals, Brockham Park, Surrey, UK. Mass spectra were recorded
either on a Micromass Platform quadrupole mass analyser with an
electrospray ion source, or on a VG Analytical 70-250-SE normal geometry
double focusing mass spectrometer at Southampton University.
11-Bromo-4-cyano-3-oxa-1(1,4),4(1,4)-dibenzatetraphane (4): Diethyl di-
azodicarboxylate (11.10 g, 64.0 mmol) was added dropwise over a period of
one hour to a stirred solution of 4-bromobenzyl alcohol (2) (10.00 g,


53.3 mmol), 4-cyanophenol (3) (6.32 g, 53.3 mmol) and triphenylphos-
phane (16.79 g, 64.0 mmol) in dry, freshly distilled THF (80 mL) at 0 8C
under nitrogen. The reaction mixture was gradually allowed to warm to
room temperature and stirred overnight. The reaction was concentrated in
vacuo to give an orange gum and trituration with MeOH gave a white
powder which was recrystallised from MeOH to give nitrile 4 (11.68 g,
78%), m.p. 130 ± 131 8C (MeOH); IR (CHCl3): nÄ � 2225, 1605, 1574, 1507,
1488, 1465, 1406, 1377, 1298, 1254 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
7.60 (d, J� 8.0 Hz, 2 H, ArH), 7.55 (d, J� 8.0 Hz, 2 H, ArH), 7.3 (d, J�
8.0 Hz, 2H, ArH), 6.95 (d, J� 8.0 Hz, ArH), 5.10 (s, 2H, ArCH2O);
13C NMR (68 MHz, CDCl3): d� 161.9, 134.9, 134.2, 132.1, 129.3, 122.5,
119.3, 115.8, 104.6, 69.7; MS (EI): m/z (%): 289 (7), 287 (7), 171 (97), 169
(100), 90 (40); elemental analysis calcd for C14H10ONBr: C 58.36, H 3.5, N
4.86; found: C 58.09, H 3.38, N 4.96.


11-Bromo-5-amino-3-oxa-1(1,4), 4(1,4)-dibenzapentaphane (5): Borane ±
dimethyl sulfide reagent (22 mL of a 2m solution in THF, 44.0 mmol) was
added to a refluxing solution of nitrile 4 (10.02 g, 34.7 mmol) in dry THF
(200 mL) under nitrogen. The reaction was refluxed for two days, allowed
to cool, and 1m HCl (105 mL) was added. The resulting mixture was
refluxed for a further two hours, cooled to room temperature and sodium
hydroxide pellets (8.42 g, 209 mmol) were added. The mixture was stirred
at room temperature for thirty minutes. The organics were extracted into
Et2O (3� 100 mL) and the combined organic layer washed with H2O (3�
300 mL) and brine (2� 100 mL). The organic phase was dried (MgSO4),
filtered and concentrated under reduced pressure. Recrystallisation from
EtOH yielded amine 5 as a white solid (9.44 g, 94 %), m.p. 155 ± 157 8C
(EtOH/H2O); IR (Nujol): nÄ � 2918, 2856, 1605, 1595, 1503, 1457, 1401, 1375,
1303, 1237, 1171 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.51 (d, J� 8.5 Hz,
2H, ArH), 7.31 (d, J� 8.5 Hz, 2 H, ArH), 7.23 (d, J� 8.5 Hz, 2H, ArH), 6.92
(d, J� 8.5 Hz, 2 H, ArH), 5.01 (s, 2 H, ArCH2O), 3.81 (s, 2H, ArCH2NH2),
1.66 (bs, 2H, NH2); 13C NMR (68 MHz, CDCl3): d� 157.5, 136.3, 136.1,
131.8, 129.2, 128.5, 122.0, 115.0, 69.4, 46.0; MS (EI): m/z (%): 293 (30), 291
(30), 171 (100), 169 (100), 90 (25); elemental analysis calcd for
C14H14ONBr: C 57.55, H 4.83, N 4.79; found: C 57.35, H 4.92, N 4.83.


N-Succinyl-ll-phenylalanine methyl ester (6): Succinic anhydride (1.0 g,
10 mmol), phenyl alanine methyl ester hydrochloride (2.16 g, 10 mmol) and
triethylamine (2.02 g, 2.8 mL, 20 mmol) were suspended in dry CH2Cl2


(50 mL) and the mixture was stirrred at room temperature for 12 h. 1m HCl
was added (50 mL) until the aqueous layer was at pH 1. The layers were
separated and the aqueous layer further extracted with CH2Cl2 (50 mL).
The combined organic layers were dried (Na2SO4) and concentrated to give
a clear oil which was crystallised overnight in a freezer from EtOAc/
toluene to give acid 6 as a white amorphous solid (2.48 g, 89%); m.p. 70 ±
72 8C; IR (CHCl3): nÄ � 3425, 2926, 1736, 1676, 1514, 1438 cmÿ1; 1H NMR
(270 MHz, CDCl3): d� 7.08 ± 7.31 (m, 5H, ArH), 6.36 (d, J� 8 Hz, 1H,
NHCO), 4.88 (q, J� 7 Hz, 1H, CHNH), 3.72 (s, 3H, COOMe), 3.15 (dd,
J� 6 Hz, 14 Hz, 1 H, PhCHAHB), 3.07 (dd, J� 6 Hz, 14 Hz, 1 H,
PhCHAHB), 2.66 (t, J� 6 Hz, 2H, CH2COOH), 2.50 (t, J� 6 Hz, 2H,
CH2CONH); 13C NMR (68 MHz, CDCl3): d� 177.1, 172.2, 171.6, 135.8,
129.4, 128.7, 127.3 (1) 53.5, 52.6, 37.9, 30.6, 29.4 (2); MS (CI, NH3): m/z (%):
297 ([M�NH4]� , 30), 280 ([M�H]� , 100), 180 (45).


Methyl (1S)-1-benzyl-12-bromo-3,6-dioxo-10-oxa-2,7-diaza-9(1,4),12(1,4)-
dibenzenadodecaphane-1-carboxylate (7): Dicyclohexyl carbodiimide
(1.78 g, 8.63 mmol) was added to a stirred solution of amine 5 (2.09 g,
7.16 mmol), acid 6 (2 g, 7.16 mmol) and 1-hydroxybenzotriazole monohy-
drate (0.97 g, 7.16 mmol) in dry distilled DMF (65 mL) at 0 8C, under N2,
and stirred at 0 8C for 30 min then at room temperature for six hours. The
solvent was removed by distillation at reduced pressure and the crude solid
was purified by flash column chromatography (CH2Cl2/MeOH, 99:1 v/v) to
give ester 7 as a white amorphous solid (3.36g, 85 %); m.p. 175 ± 177 8C; IR
(CHCl3): nÄ � 3281, 2924, 1740, 1633, 1538, 1516, 1456, 1427, 1375, 1254,
1178 cmÿ1; 1H NMR (270 MHz, (CD3)2SO): d� 8.49 (d, J� 8 Hz, 1H,
MeOOCCHNH), 8.37 (t, J� 6 Hz, 1 H, ArCHNHCO), 7.69 (d, J� 8 Hz,
2H, ArH), 7.51 (d, J� 8 Hz, 2 H, ArH), 7.25 ± 7.40 (m, 7H, ArH), 7.04 (d,
J� 8 Hz, 2H, ArH), 5.18 (s, 2H, ArCH2O), 4.56 (q, J� 7 Hz, 1 H,
CHCOOMe), 4.28 (d, J� 6 Hz, 2 H, ArCH2NH), 3.70 (s, 3H, COOMe),
3.13 (dd, J� 6 Hz,14 Hz, 1H, CHCHAHBPh), 3.05 (dd, J� 6 Hz,14 Hz, 1H,
CHCHAHBPh), 2.41 ± 2.46 (m, 4 H, OCCH2CH2CO); 13C NMR (68 MHz,
(CD3)2SO): d� 172.0, 171.4, 170.9, 156.8, 137.1, 136.6, 131.8, 131.2, 129.6,
128.9, 128.4, 128.1, 126.4, 120.7, 114.5, 68.2, 53.5, 51.7, 41.4, 36.7, 30.4, 30.3;
MS (FAB): m/z (%): 553 (45), 262 (37), 225 (60), 169 (65); elemental
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analysis calcd for C28H29BrN2O5: C 60.77, H 5.28, N 5.06; found: C 60.93, H
4.97, N 5.21.


Methyl 4-tri-n-butylstannylphenylacetate (9): Tetrakis(triphenylphospha-
ne)palladium(0) (250 mg, 2.2 mmol) was added to a thoroughly degassed
solution of methyl 4-bromophenylacetate 7 (5.00 g, 22.0 mmol) and
bis(tributylditin) (22.0 mL, 25.0 g, 44 mmol) in toluene (5 mL) under
nitrogen. The reaction mixture was heated to reflux and stirred for five
hours. The mixture was cooled to room temperature and concentrated
under reduced pressure. Dry flash silica chromatography, using petroleum
ether as eluent, removed unwanted bis(tributylditin) and tributyltin
bromide and the product was then obtained by elution with petroleum
ether/EtOAc (99.5:0.5, v/v) to give stannane 9 as a clear, colourless oil
(7.05 g, 76 %), IR (neat): nÄ � 2957, 2925, 1736, 1458, 1440, 1371, 1340, 1249,
1154; 1H NMR (300 MHz, CDCl3): d� 7.48 (dd, J� 7.7 Hz, JH,Sn 37.9 Hz,
2H, ArH), 7.13 (d, J� 7.7 Hz, 2H, ArH), 3.73 (s, 3 H, COOMe), 3.65 (s, 2H,
CH2COO), 1.67 ± 1.61 (m, 6 H, Sn(CH2)2CH2CH3), 1.51 ± 1.36 (m, 6H,
SnCH2CH2CH2CH3), 1.11 (t, J� 8.1 Hz, 6 H, SnCH2(CH2)2CH3), 0.95 (t,
J� 7.4 Hz, 9H, Sn(CH2)3CH3); 13C NMR (75 MHz, CDCl3): d� 172.1,
140.4, 136.7 (JC,Sn� 32 Hz), 133.6, 128.8 (JC,Sn� 40 Hz), 52.0, 41.2, 29.1
(JC,Sn� 20 Hz), 27.4 (JC,Sn117/119� 55/57 Hz), 13.7, 9.6 (JC,Sn117/119� 326/
340 Hz); MS (CI, NH3): m/z (%): 458 ([M�NH4]� , 55), 441 ([M�H]� ,
12), 400 (25), 308 (100), 168 (57), 35 (85).


(14S)-14-Benzyl-9,12-dioxo-5-oxa-8,13-diaza-2(1,4),3(1,4),6(1,4)-tribenze-
natetradecaphane-1,14-dicarboxylic acid (11): Tetrakis(triphenylphospha-
ne)palladium (20 mg) and silver(i) oxide (83 mg, 0.36 mmol) were added to
a thoroughly degassed solution of bromide 7 (200 mg, 0.36 mmol) in dry
DMF (7 mL) and the mixture was heated with stirring to 50 8C under
nitrogen. A degassed solution of stannane 9 (192 mg, 0.44 mmol, 1.2 equiv)
in dry DMF (2 mL) was added and the mixture stirred for 12 hours at 50 8C.
The mixture was allowed to cool and was filtered through celite. The filtrate
was diluted with EtOAc (100 mL) and washed with H2O (100� 2 mL) and
brine (100 mL), dried (Na2SO4) and concentrated, to give a crude solid
which was purified by flash column chromatography (petroleum ether/
EtOAc 90:10 v/v, then MeOH/CH2Cl2/Et2O 1:50:50 v/v) to give the
intermediate diester 10 (152 mg) contaminated with the starting bromide 7
in 4:1 ratio (yield of 10 �54% by 1H NMR spectroscopy), which was
subjected to hydrolysis without further purification.


Diester 10 (contaminated with bromide 7) (152 mg) was dissolved in 1,4-
dioxane (20 mL) with gentle warming. Lithium hydroxide monohydrate
(70 mg, 1.6 mmol) in H2O (5 mL) was added and the mixture stirred at
room temperature overnight. The solution was adjusted to pH 1 (1m HCl)
and the solvents were removed in vacuo to give a crude solid, which was
purified by flash column chromatography (CH2Cl2/MeOH, 98:2 to 95:5 v/v)
to give the diacid 11 as a yellowish solid (52 mg, 24 % from 7); m.p. 185 ±
187 8C; 1H NMR (270 MHz, (CD3)2SO): d� 8.39 (t, J� 6 Hz, 1 H, ArCH2-


NHCO), 8.33 (d, J� 8 Hz, 1H, MeOOCCHNH ), 7.79 (d, J� 8 Hz, 2H,
ArH), 7.74 (d, J� 8 Hz, 2 H, ArH), 7.63 (d, J� 8 Hz, 2H, ArH), 7.47 (d, J�
8 Hz, 2 H, ArH) 7.27 ± 7.42 (m, 7H, ArH), 7.08 (d, J� 8 Hz, 2 H, ArH), 5.24
(s, 2 H, ArCH2O), 4.53 (m, 1H, CHCOOMe), 4.30 (d, J� 6 Hz, 2H,
ArCH2NH), 3.74 (s, 2H, ArCH2COOH), 3.19 (dd, J� 5 Hz, 14 Hz, 1H,
CHCHAHBPh), 2.97 (dd, J� 9 Hz, 14 Hz, 1 H, CHCHAHBPh), 2.41 ± 2.46
(m, 4H, OCCH2CH2CO); 13C NMR (68 MHz, (CD3)2SO): d� 173.1, 172.6,
171.3, 171.0, 157.1, 139.3, 138.1, 137.6, 136.2, 134.3, 131.7, 129.9, 129.0, 128.4,
128.1, 126.5, 126.4, 126.3, 114.5, 68.7, 53.5, 41.4, 40.2, 36.7, 30.6, 30.5; IR
(CHCl3): nÄ � 1698, 1634, 1231, 1004 cmÿ1; MS (FAB): m/z (%): 595 (5), 225
(20), 169 (52), 85 (100); elemental analysis calcd for C35H34N2O7: C 70.69, H
5.76, N 4.71; found C 70.39, H 5.61, N 4.63.


4-Hydrogen-1-prop-2-enyl-butane dicarboxylate (12): A mixture of suc-
cinic anhydride (5 g, 50 mmol) and allyl alcohol (3 mL, 50 mmol) were
refluxed for 3 h. The mixture was then distilled at reduced pressure to
afford monoester 12 as a colorless liquid (5 g, 72%), bp 128 8C (4 mm of
Hg) [ref.[14] 148 8C (8 mm of Hg)]; IR (CH2Cl2): nÄ � 2930, 1737, 1717, 1649,
1420, 1170 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 10.90 (br. s, 1 H,
COOH), 5.85 (ddt, J� 17.3 Hz, 10.3 Hz, 5.5 Hz, 1H, CH2�CH), 5.26 (ddt,
J� 17.3 Hz, 3.3 Hz, 1.5 Hz, 1H, CH2CH�CHtrans), 5.18 (ddt, J� 10.3 Hz,
3.3 Hz, 1.5 Hz, 1H, CH2CH�CHcis), 4.55 (dt, J� 5.5 Hz, 1.5 Hz, 2H,
CH2O), 2.62 (m, 4H, CH2CH2); 13C NMR (75.5 MHz, CDCl3): d� 178.5,
172.1, 132.0, 118.4, 65.5, 29.1, 28.9.


Acid chloride (13): Oxalyl chloride (4.2 mL, 47.5 mmol) was added to a
stirred solution of monoester 12 (5 g, 31.7 mmol) in CH2Cl2 (20 mL). Two


drops of DMF were added and the mixture stirred for two hours under
nitrogen. The solvent was removed under reduced pressure to yield acid
chloride 13 as a pale yellow oil (6.0 g), which was used without further
purification; IR (CH2Cl2): nÄ � 1794, 1737 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 5.85 (ddt, J� 17.3 Hz, 10.3 Hz, 5.5 Hz, 1H, CH2�CH), 5.26
(ddt, J� 17.3 Hz, 3.3 Hz, 1.5 Hz, 1H, CH2CH�CHtrans), 5.18 (ddt, J�
10.3 Hz, 3.3 Hz, 1.5 Hz, 1 H, CH2CH�CHcis), 4.55 (dt, J� 5.5 Hz, 1.5 Hz,
2H, CH2O), 3.22 (t, J� 6.6 Hz, 2H, CH2CH2), 2.71 (t, J� 6.6 Hz, 2H,
CH2CH2); 13C NMR (75.5 MHz, CDCl3): d� 173.2, 170.0, 131.8, 118.9, 66.0,
41.9, 29.4.


4(S) 4-tert-butoxycarbonyl-4-benzyl-3-oxo-11,4-diamino-12,2-diaza-1(1,3)-
benzatetraphane (16): Dicyclohexyl carbodiimide (12.90 g, 56.5 mmol) was
added to a stirred solution of 2,6-diaminopyridine (6.17 g, 56.5 mmol),
HOBt (5.09 g, 37.7 mmol) and N-tert-butoxycarbonylphenylalanine
(10.00 g, 37.7 mmol), in CH2Cl2/DMF (100 mL, 10:1 v/v) . After stirring
overnight the reaction mixture was filtered through celite and concentrated
under reduced pressure. The resulting gum was diluted with EtOAc
(100 mL), washed with saturated aqueous NaHCO3 (2� 100 mL) and brine
(2� 100 mL) and the organic phase dried (MgSO4), filtered and concen-
trated under reduced pressure to give a green gum, which was purified by
flash column chromatography (CH2Cl2/MeOH, CH2Cl2/MeOH, 99.5:0.5 to
98:2, v/v) followed by recrystallization from aqueous EtOH to give 16 as a
white crystalline solid (10.21 g, 76 %), m.p. 198 ± 200 8C (EtOH); [a]D�
�3.9 (c� 1.0 in acetone); IR (CH2Cl2): nÄ � 3467, 3347, 3257, 1695, 1685,
1671, 1617, 1555, 1463, 1388, 1365, 1159 cmÿ1; 1H NMR (300 MHz,
(CD3)2SO): d� 9.00 (s, 1H, pyrNH), 7.50 ± 7.10 (m, 7H, p-pyrH, PhH,
CHNH), 6.26 (d, J� 7.3 Hz, 1H, m-pyrH), 6.25 (d, J� 7.1 Hz, 1 H, m-pyrH),
5.30 (bs, 2H, NH2), 4.56 (br. m, 1H, CHCO), 3.26 (dd, J� 13.8 Hz, 4.8 Hz,
1H, PhCHAHB), 2.95 (dd, J� 13.8 Hz, 9.6 Hz, 1 H, PhCHAHB), 1.30 (9 H, s,
(CH3)3); 13C NMR (68 MHz, (CD3)2SO): d� 171.3, 158.6, 155.5, 150.2,
139.0, 138.2, 129.4, 128.9, 126.3, 103.6, 100.9, 78.2, 56.5, 37.2, 28.2; MS (CI):
m/z (%):357 (70), 229 (100), 246 (85); elemental analysis calcd for
C19H24N4O3; C 64.03, H 6.79, N 15.72; found: C 63.81, H 6.65, N 15.33.


4(S) Prop-2-enyl-4-benzyl-3,6-dioxo-11-amino-12,2,5-diaza-1(1,3)-benza-
nonaphane-9-carboxylate (15): Amine 16 (2.05 g, 5.64 mmol) was dissolved
with TFA/CH2Cl2 (25 mL, 1:1 v/v) and stirred for 30 minutes. The reaction
mixture was concentrated under reduced pressure and excess TFA was
removed by azeotropic distillation with toluene. The resulting gum was
triturated with Et2O to give the amine as the trifluoroacetate salt as a white
solid (2.50 g) which was used without further purification, 1H NMR
(300 MHz, CD3OD): d� 7.86 (dd, J� 8.8 Hz, 7.7 Hz, 1H, p-pyrH), 7.38 (m,
5H, ArH), 6.82 (d, J� 7.7 Hz, 1 H, m-pyrH), 6.68 (d, J� 8.8 Hz, 1H, m-
pyrH), 4.41 (dd, J� 8.4 Hz, 6.4 Hz, 1 H, CHNH), 3.39 (dd, J� 14.0 Hz,
6.4 Hz, 1H, PhCHAHB), 3.20 (dd, J� 14 Hz, 8.4 Hz, 1H, PhCHAHB);
13C NMR (75.5 MHz, CD3OD): d� 170.3, 155.4, 146.0, 142.0, 134.9, 130.5,
130.1, 129.0, 108.2, 101.4, 56.4, 38.3.


Acid chloride 13 (1.00 g, 5.57 mmol) in THF (5 mL) was added dropwise to
a stirred solution of the trifluoroacetate salt described above (1.44 g,
5.64 mmol) and a large excess of DIPEA (0.14 mL, 29 mmol) in dry freshly
distilled THF (5 mL). The reaction was stirred for two hours before being
concentrated under reduced pressure and dissolved in EtOAc (100 mL),
washed with saturated aqueous sodium bicarbonate (2� 50 mL), dried
(MgSO4), filtered and concentrated under reduced pressure to give a
yellow oil. Purification by flash column chromatography (CH2Cl2/MeOH,
99.5:0.5 to 98:2, v/v) gave (S)-15 as a colourless foam (1.58 g, 72 %), [a]D�
ÿ24.3 (c, 1.0 in CH2Cl2); IR (KBr): nÄ � 3407, 1729, 1662, 1458, 1380, 1298,
1247, 1162 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.46 (bs, 1 H, pyrNHCO),
7.33 (d, J� 7.6 Hz, 1 H, m-pyrH), 7.29 (dd, J� 7.8 Hz, 7.6 Hz, 1H, p-pyrH),
7.25 ± 7.15 (m, 7 H, PhH, CHNH), 6.36 (d, J� 7.8 Hz, 1 H, m-pyrH), 6.10 (d,
J� 8.1 Hz, 1 H, CHNH), 5.87 (ddt, J� 17.3 Hz, 10.3 Hz, 5.9 Hz, 1 H,
CH2�CH), 5.33 (ddt, J� 17.3 Hz, 3.3 Hz, 1.5 Hz, 1H, CH2CH�CHtrans),
5.27 (ddt, J� 10.3 Hz, 3.3 Hz, 1.5 Hz, 1H, CH2CH�CHcis), 4.92 (dd, J�
6.6 Hz, 6.3 Hz, 1H, CHNH), 4.62 (dt, J� 5.9 Hz, 1.5 Hz, 2H, CH2�
CHCH2), 4.32 (br, 2 H, NH2), 3.25 (dd, J� 14.0 Hz, 6.3 Hz, 1H, PhCHAHB),
3.14 (dd, J� 14.0 Hz, 6.6 Hz, 1H, PhCHAHB), 2.80 ± 2.50 (m, 4 H, CH2CH2);
13C NMR (75 MHz, CDCl3): d� 172.8, 171.9, 170.0, 157.3, 149.4, 140.2,
136.3, 132.1, 129.5, 128.8, 127.2, 118.7, 104.8, 103.6, 65.7, 55.2, 38.3, 31.0, 29.5;
LRMS (ES�): m/z (%): 793 ([2MH]� , 10%), 397 ([MH]� , 100). HRMS
(ES�): m/z (%): calcd for C21H25N4O4 [M�H]: 397.1876, found 397.1894.


Synthesis of racemic prop-2-enyl-4-benzyl-3,6-dioxo-11-amino-12,2,5-dia-
za-1(1,3)-benzanonaphane-9-carboxylate (15): Acid chloride 13 was added
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dropwise to l-phenylalanine (7.84 g, 47.5 mmol) in 1m aqueous sodium
carbonate solution (100 mL) and the mixture stirred overnight. The
reaction mixture was extracted with CH2Cl2 (100 mL), and the aqueous
phase acidified with 1m HCl. The resulting oily suspension was extracted
with CH2Cl2 (100 mL), the organic phase dried (Na2SO4) and the solvent
removed at reduced pressure to give crude 14 as a yellow oil (9 g) which was
used directly without further purification. Dicyclohexyl carbodiimide
(7.84 g, 38 mmol) was added to 2,6-diaminopyridine (3.44 g, 31.7 mmol),
4-dimethylaminopyridine (3.84 g, 31.7 mmol) and the crude 14 (9 g) in
CH2Cl2 (100 mL). After stirring overnight the mixture was filtered, silica
gel (20 g) added and concentrated to dryness. Purification by flash column
chromatography (CH2Cl2/MeOH, 99.5:0.5 to 98:2, v/v)) gave racemic 15 as
a yellow foam (9 g, 72% overall), identical to (S)-15 except [a]D� 0.0 (c�
1.0 in CH2Cl2);


1-Bromo-8-tert-butoxycarbonylamino-7-oxo-3-oxa-6-aza-1(1,4), 4(1,4)-di-
benzaoctaphane (17): Di-tert-butyldicarbonate (4.51 g, 20.6 mmol) was
added to a stirred suspension of amine 5 (5.00 g, 17.3 mmol) and triethyl-
amine (3.6 mL, 25.7 mmol) in CH2Cl2 (50 mL). After one hour the reaction
mixture was poured into aqueous 1m citric acid solution (50 mL). The
organic phase was washed with brine (3� 50 mL), dried (MgSO4), filtered
and concentrated under reduced pressure to afford a crude pale yellow
solid. Precipitation from EtOAc/hexane gave the protected amine 17 as a
white solid (5.22 g, 81%), m.p. 98 ± 100 8C (EtOAc/hexane); IR (CH2Cl2):
n� 3445, 1698, 1613, 1510, 1241, 1167 cmÿ1; 1H NMR (300 MHz, CDCl3):
d� 7.50 (d, J� 8.5 Hz, 2H, ArH), 7.39 (d, J� 8.5 Hz, 2 H, ArH), 7.21 (d, J�
8.5 Hz, 2H, ArH), 6.91 (d, J� 8.5 Hz, 2H, ArH), 4.99 (s, 2H, CH2O), 4.90
(br. s, 1 H, NH), 4.24 (d, 5.9 Hz, 2H, CH2NH), 1.47 (s, 9H, (CH3)3);
13C NMR (68 MHz, CDCl3): d� 157.6, 156.0, 136.1, 131.8, 131.7, 129.1, 129.0,
121.9, 115.0, 79.5, 69.3, 44.2, 28.5; IR (CHCl3): nÄ � 3448, 3312, 2981, 2925,
2873, 1682, 1610, 1585, 1531, 1510, 1434, 1392, 1366 cmÿ1; MS (CI, NH3):
m/z (%): 411 ([M�NH4]� , 30), 409 ([M�NH4]� , 30), 355 (100), 353 (100),
277 (30), 275 (37); elemental analysis calcd for C19H22O3NBr: C 58.17, H
5.65, N 3.57, found: C 57.86, H 5.57, N 3.55.


Methyl-1-tert-butoxycarbonylamino-3-oxa-2(1,4), 5(1,4), 6(1,4)-tribenza-
heptaphane-7-carboxylate (18): Bis(triphenylphosphane) palladium(II)
dichloride (94 mg, 0.13 mmol) was added to a thoroughly degassed solution
of bromide 17 (390 mg, 1.00 mmol) and stannane 9 (450 mg, 1.00 mmol) in
toluene (5 mL) under argon. The reaction was refluxed for 12 h, cooled to
room temperature, diluted with EtOAc (50 mL), washed with brine
(3x50 mL), dried (MgSO4), filtered and concentrated under reduced
pressure to give the crude product as a brown solid. Purification by flash
column chromatogaphy (petroleum ether (b.p. 40 ± 60 8C) to petroleum
ether (b.p. 40 ± 60 8C)/EtOAc (7:3, v/v)) followed by recrystallisation from
EtOAc/hexane gave ester 18 as a white solid (0.29 g, 63 %), m.p. 116 ±
118 8C (EtOAc/hexane); IR (CH2Cl2): nÄ � 3450, 2979, 2870, 1732, 1707,
1509, 1456, 1437, 1367, 1240, 1168 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
7.61 (d, J� 8.1 Hz, 2H, ArH), 7.56 (d, J� 8.1 Hz, 2 H, ArH), 7.49 (d, J�
8.1 Hz, 2H, ArH), 7.37 (d, J� 8.1 Hz, 2H, ArH), 7.22 (d, J� 8.5 Hz, 2H,
ArH), 6.96 (d, J� 8.5 Hz, 2 H, ArH), 5.07 (s, 2 H, CH2O), 5.00 (1 H, br. s,
NH), 4.26 (d, J� 5.6 Hz, 2 H, CH2NH), 3.73 (s, 2H, CH2COOMe), 3.69 (s,
3H, COOMe), 1.39 (s, 9 H, (Me)3); 13C NMR (68 MHz, CDCl3): d� 172.2,
158.2, 156.0, 140.7, 139.8, 136.1, 133.3, 131.5, 129.9, 129.0, 128.1, 127.5, 127.4,
115.1, 79.5, 69.9, 52.3, 44.3, 41.0, 28.6; MS (ES�): m/z (%): 945 ([2MNa]� ,
12), 940 ([2MNH4]� , 5), 500 ([MK]� , 15), 484 ([MNa]� , 100), 479
([MNH4]� , 15).


1-tert-butoxycarbonylamino-3-oxa-2(1,4), 5(1,4), 6(1,4)-tribenzahepta-
phane-7-carboxylic acid (19): Aqueous lithium hydroxide (1.3 mL of a 1m
solution, 1.3 mmol) was added to ester 18 (0.52 g, 1.1 mmol) in 1,4 dioxane
(4 mL) and the reaction mixture was stirred for two hours. The mixture was
concentrated under reduced pressure and diluted with EtOAc (50 mL). 1m
HCl (25 mL) was added and the mixture shaken until all of the solid
dissolved. The organic phase was separated, dried (MgSO4), filtered and
concentrated under reduced pressure. Recrystallisation from acetone/
hexane gave carboxylic acid 19 as a white solid (0.45 g, 92%), m.p. >230 8C
(acetone/hexane); IR (KBr): nÄ � 3303, 2726, 1719, 1686, 1517, 1248, 1161,
1109, 1055 cmÿ1; 1H NMR (300 MHz, (CD3)2SO): d� 12.35 (br, 1H,
COOH), 7.68 (d, J� 8.1 Hz, 2 H, ArH), 7.63 (d, J� 8.1 Hz, 2 H, ArH), 7.53
(d, J� 8.1 Hz, 2H, ArH), 7.36 (d, J� 8.1 Hz, 2 H, ArH), 7.31 (br, 1H, NH),
7.17 (d, J� 8.5 Hz, 2 H, ArH), 6.98 (d, J� 8.5 Hz, 2H, ArH), 5.14 (s, 2H,
CH2O), 4.06 (d, J� 4.5 Hz, 2 H, CH2NH), 3.63 (s, 2 H, CH2COOH), 1.48 (s,
9H, (Me)3); 13C NMR (75.5 MHz, (CD3)2SO): d� 172.6, 157.1, 156.0, 139.3,


138.1, 136.2, 134.3, 132.3, 129.9, 128.2, 128.1, 126.6, 126.5, 114.4, 77.6, 68.7,
42.7, 40.2, 28.2; MS (ES�): m/z (%): 465 ([MNH4]� , 100); elemental
analysis calcd for C27H29NO5: C 72.48, H 6.48, N 3.13; found C 72.08, H
6.50, N 3.19.


1-tert-butoxycarbonylamino-3-oxa-2(1,4), 5(1,4), 6(1,4)-tribenzahepta-
phane-7-carboxylic acid fluoride (20): Cyanuric fluoride (59 mg,
0.44 mmol) was added to a solution of carboxylic acid 19 (100 mg,
0.22 mmol) and pyridine (0.018 mL, 0.22 mmol) in dry acetonitrile
(2 mL) and stirred overnight at room temperature. H2O was added and
the precipitated cyanuric acid removed by filtration through a celite pad.
CH2Cl2 (10 mL) and H2O (10 mL) were added and the organic layer
separated, dried (MgSO4), filtered and concentrated under reduced
pressure to give acid fluoride 20 as a pale yellow solid (96 mg, 96%),
m.p. > 230 8C; IR (CH2Cl2): nÄ � 3054, 2986, 2305, 1842, 1710, 1509,
1421 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.60 (d, J� 8.5 Hz, 4 H,
ArH), 7.54 (d, J� 8.5 Hz, 2 H, ArH), 7.37 (d, J� 8.5 Hz, 2H, ArH), 6.96
(d, J� 8.5 Hz, 2 H, ArH), 5.11 (s, 2H, CH2O), 4.82 (br, 1H, NH), 4.26 (d,
J� 5.1 Hz, 2 H, CH2NH), 3.87 (s, 2H, CH2COF), 1.47 (s, 9 H, (Me)3).


13(S) Prop-2-enyl 1-tert-butoxycarbonylamino-13-benzyl-8,12,15-trioxo-3-
oxa-9,102,11,14-tetraaza-2(1,4), 5(1,4), 6(1,4), 10(1,3)-tetrabenzenahepta-
decaphane-17-carboxylate (21): N-Methylmorpholine (0.027 mL,
0.24 mmol) was added to a solution of acid fluoride 20 (0.05 g, 0.11 mmol)
and amine 15 (40 mg, 0.11 mmol) in THF (2 mL). The mixture was heated
at reflux under nitrogen for two hours, cooled, diluted with EtOAc (50 mL)
washed with saturated sodium bicarbonate (2� 50 mL) and brine (2�
50 mL). The organic phase was dried (MgSO4), filtered and concentrated
under reduced pressure to give an orange oil. Flash column chromatog-
raphy on basic alumina Brockman grade II (Et2O/MeOH (99.5:0.5 to 97:3,
v/v)) followed by recrystallisation from EtOAc/Et2O/hexane gave 21 as a
pale yellow solid (56 mg, 62%), m.p. 58 ± 60 8C (EtOAc/Et2O/hexane); [a]D


� �7.1 (c� 1.0 in MeOH); IR (CH2Cl2): n� 1846, 1492, 1410, 1086, 1014,
842, 804; 1H NMR (300 MHz, CDCl3): d� 9.11 (s, 1H, pyrNHCO), 8.48 (s,
1H, pyrNHCO), 7.86 (d, J� 8.1 Hz, 1H, m-pyrH), 7.73 (d, J� 7.7 Hz, 1H,
m-pyrH), 7.58 (d, J� 8.1 Hz, 2H, ArH), 7.56 (d, J� 8.1 Hz, 2 H, ArH), 7.52
(1H, obscured, p-pyrH), 7.48 (d, J� 8.1 Hz, 2H, ArH), 7.39 (d, J� 8.1 Hz,
2H, ArH), 7.25-7.15 (m, 8 H, PhH, ArH, ArCH2NH), 6.95 (d, J� 8.5 Hz,
2H, ArH), 6.65 (d, J� 8.1 Hz, 1 H, COCHNH), 5.85 (ddt, J�
17.3 Hz,10.3 Hz, 5.5 Hz, 1H, CH2CH�CH2), 5.26 (ddt, 17.3 Hz, 3.3 Hz,
1.5 Hz, 1 H, CH2CH�CHtrans), 5.20 (ddt, J� 10.3 Hz, 3.3 Hz, 1.5 Hz, 1H,
CH2CH�CHcis), 5.08 (s, 2H, CH2O), 4.90 (bm, 1H, COCHNH), 4.50 (dt,
J� 5.9 Hz, 1.5 Hz, 2H, CH2CH�CH2), 4.25 (d, J� 5.2 Hz, 2 H, CH2NH),
3.75 (s, 2 H, ArCH2CONH), 3.18 (dd, J� 13.6 Hz, 6.6 Hz, 1H, PhCHAHB),
3.10 (dd, J� 13.6 Hz, 7.0 Hz, 1 H, PhCHAHB), 2.68 (t, J� 7.0 Hz, 2H,
CH2CH2), 2.49 (t, J� 7.0 Hz, 2 H, CH2CH2), 1.46 (s, 9H, (Me)3); 13C NMR
(75 MHz, CDCl3): d� 172.9, 172.1, 170.4, 169.9, 158.2, 156.1, 149.9, 149.3,
140.5, 140.4, 140.0, 136. 3, 136.2, 133.8, 131.9, 131.6, 130.1, 129.5, 129.0, 128.7,
128.2, 127.7, 127.4, 127.2, 118.8, 115.1, 110.1, 109.9, 79.7, 69.9, 65.8, 55.2, 44.3,
44.2, 39.5, 30.8, 29.5, 28.8; LRMS (ES�): m/z (%): 826 (100); HRMS (ES�):
m/z calcd for C48H52N5O8 (M�H): 826.3816; found m/z 826.3821; elemental
analysis calcd for C48H51N5O8; C 69.80, H 6.22, N 8.48; found: C 69.45, H
6.28, N 8.41.


12(S) 12-Benzyl-2-oxa-8, 92, 10, 13, 18-pentaaza-1(1,4), 4(1,4), 5(1,4),
9(1,3)-tetrabenzenacycloicosaphane-7,11,14,17-tetraone (1): Tetrakis(tri-
phenylphosphane)palladium(0) (17 mg, 10 mol %, 0.01 mmol) was added
to 21 (0.12 g, 0.15 mmol) and pyrrolidine (0.12 mL, 1.5 mmol) in CH2Cl2


(5 mL) at room temperature. The reaction was stirred under argon for half
an hour, before being diluted with CHCl3 (25 mL) and washed with 1m HCl
(2� 25 mL). The organic layer was dried (MgSO4), filtered, concentrated
under reduced pressure and dried under high vacuum to give the crude acid
22 as a pale yellow foam (0.12 g 0.15 mmol) which was dissolved in CH2Cl2


(5 mL) with DMAP (2 mg, 0.01 mmol) and pentafluorophenol (80 mg,
0.44 mmol). Dicyclohexyl carbodiimide (90 mg, 0.44 mmol) in CH2Cl2


(2 mL) was added and the mixture stirred for an hour. The mixture was
concentrated under reduced pressure to give the crude pentafluorophenyl
ester 22 as an orange gum (0.33 g), which was dissolved in dioxane (2 mL)
and HCl (5 mL of a 4m solution in dioxane) was added. The reaction
mixture was stirred for half an hour, concentrated under reduced pressure
and the resulting gum was triturated with Et2O to give the crude
hydrochloride salt 22 as a pale yellow solid (0.25 g), which was dried for
half an hour under high vacuum.
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The solid 22 was dissolved in dry, freshly distilled DMF (10 mL) and added
by syringe pump (2 mL hÿ1) to a refluxing solution of DIPEA (0.075 mL,
0.44 mmol) in dry, freshly distilled MeCN (100 mL). After the addition was
complete the reaction mixture was refluxed for a further 12 h after which it
was concentrated under reduced pressure, diluted with EtOAc (100 mL)
and washed with saturated aqueous sodium bicarbonate solution (2�
100 mL). The organic layer was dried (MgSO4), filtered and concentrated
under reduced pressure. Flash column chromatography (on silica pre-
washed with Et2O/ammonia saturated MeOH (99:1, v/v)) and gradient
elution (Et2O/ammonia saturated MeOH (99:1 to 97:3, v/v)) gave macro-
cycle 1 as a white flaky solid (31 mg, 33 %). Further purification was
achieved by dissolving the product in acetone or CHCl3 and precipitating
with hexane. [a]D � ÿ16.3 (c� 0.3 in CHCl3/MeOH, 1:1 v/v); IR (CH2Cl2):
nÄ � 3392, 2919, 1635, 1584, 1509, 1449, 1289, 1241 cmÿ1; 1H NMR
(360 MHz, CDCl3): d� 7.97 (s, 1H, NHCOCHCH2Ph), 7.91 (d, 1 H, J�
8 Hz, m-pyrH), 7.78 (d, 1 H, J� 8 Hz, m-pyrH), 7.71 (d, 2H, J� 8 Hz, ArH),
7.65 (t, 1H, J� 8 Hz, p-pyrH), 7.63 (d, 2H, J� 8 Hz, ArH), 7.42 (d, 2H, J�
8 Hz, ArH), 7.37 (d, 2H, J� 8 Hz, ArH), 7.28 (s, 1 H, NHCOCH2Ar), 7.26 ±
7.12 (m, 5 H, Ph), 7.05 (d, 2 H, J� 9 Hz, ArH), 6.78 (d, 2 H, J� 9 Hz, ArH),
6.25 (d, 1H, J� 8 Hz, PhCH2CHNH), 5.95 (t, 1 H, J� 5 Hz, CH2NH), 5.30
(s, 2H, CH2O), 4.62 (m, 1 H, CHCH2Ph), 4.41 (dd, 1H, J� 6 Hz, 14 Hz,
CHAHBNH), 4.06 (dd, 1H, J� 5 Hz, 14 Hz, CHAHBNH), 3.80 (s, 2H,
NHCOCH2Ar), 3.19 (dd, 1H, J� 7 Hz, 14 Hz, CHAHBPh), 2.96 (dd, 1H,
J� 8 Hz, 12 Hz, CHAHBPh), 2.52 ± 2.13 (4 H, m, CH2CH2); 13C NMR
(75.5 MHz, 5% CD3OD in CDCl3): d� 173.2, 172.8, 169.5, 169.1, 156.9,
149.3, 148.9, 140.8, 139.8, 138.9, 137.0, 136.2, 133.1, 130.5, 130.4, 129.4, 129.3,
128.9, 128.1, 128.0, 127.3, 127.1, 116.6, 110.0, 109.8, 69.3, 55.8, 45.0, 43.5, 37.5,
31.3, 31.2; LRMS (ES�) 668 (100); HRMS (FAB) calcd for C40H37N5O5:
668.2874; found 668.2863.


General procedure for NMR titration experiments
Macrocycle 1 was first dissolved in CHCl3, washed with saturated aqueous
NaHCO3, and brine, then dried (MgSO4), filtered and the solvent removed
under reduced pressure. All deuterochloroform used was passed through
alumina and collected over activated 4� molecular sieves. A standard
solution of 1 was prepared immediately prior to use by dissolving a known
amount (typically �4 mgs) in CDCl3 (2 mL). A known aliquot of this
solution (either 500 or 600 mL) was transferred to a dry NMR tube. A
standard solution of the guest solution at 10 ± 20 times the concentration of
the host solution was similarly prepared. After recording the spectra of the
free host solution, aliqouts of the guest solution were added and the NMR
spectra recorded after each addition. The chemical shift of the most
downfield pyr-NHCO relative to residual chloroform (d� 7.27) was
recorded. The signals corresponding to the other NH protons were
observed to move during the titration but were either too broad or became
obscured as they merged with the aromatic signals and were consequently
not monitored throughout the titration. The volume of the added aliquots
of guest solution varied from addition to addition and from experiment to
experiment so as to obtain the best range of data points for analysis. The
experimental data so obtained was analysed by curve fitting to obtain the
association constant (Ka) using HOSTEST 5.0.[23] The quality of the curve
fit was assessed by stochastic analysis of the curve, also using HOSTEST
5.0, and is indicated by the associated errors (see Table 2).
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New, Accurate Lennard-Jones Parameters for Trivalent Lanthanide Ions,
Tested on [18]Crown-6


Frank C. J. M. van Veggel* and David N. Reinhoudt[a]


Abstract: Lennard-Jones parameters
for La3�, Nd3�, Gd3�, and Yb3� have
been derived by Monte Carlo free-
energy perturbation simulations that
correctly reproduce the experimental
free energy of hydration in water, mod-
eled as TIP3P, to within 1 % both
absolutely and relatively. The radial
distribution functions are in good agree-


ment with available experimental data.
The relative binding free energies of
these lanthanide ions with [18]crown-6
could correctly be reproduced in meth-


anol, with charges of ÿ0.430 e on the
oxygen and 0.215 e altogether on the
CH2 atoms. Based on the Lennard-Jones
parameters of La3�, Nd3�, Gd3�, and
Yb3� a fast method is presented for the
derivation of Lennard-Jones parameters
for other trivalent lanthanide and acti-
nide ions. All calculations were per-
formed with the BOSS program.


Keywords: crown compounds ´ lan-
thanides ´ molecular modeling ´
Monte Carlo ´ thermodynamics


Introduction


Molecular mechanics and dynamics (MM and MD, respec-
tively) and Monte Carlo (MC) simulations, with well-known
force fields like AMBER,[1] CHARMM,[2] BOSS-OPLS,[3]


UFF,[4] Dreiding,[5] Merck,[6] and MM4,[7] are mature,[8] but
the number of studies on complexes of trivalent lanthanides is
still limited. These are important to obtain a good under-
standing of the complexes at the molecular level in order to
improve such complexes for application in fluoroimmuno-
assays, optical amplification, extraction from (nuclear) waste
streams, etc. The majority of studies have focused on a good
description of the coordination distances with mostly an
emphasis on the shielding of the trivalent lanthanide ion by
the ligand.[9] We have also studied the shielding by poly-
dentate ligands using a Eu3� model (Lennard-Jones param-
eters: s� 3.107 � and e� 0.060 kcal molÿ1) that gave a correct
solvation number in OPLS methanol.[10] However, this model
had not yet been tested for the free energy of hydration or
solvation. With the protocol described here, the hydration
free energy (DGhydr) was estimated (vide infra) to be
ÿ831.2 kcal molÿ1 when scaled to Gd3� and ÿ835.5 kcal molÿ1


when scaled to Yb3�, making it actually a better model for
Ho3� (DGhydr�ÿ832.5 kcal molÿ1).[11] Merbach and co-work-
ers have derived a set of nonbonded potentials for a number


of trivalent lanthanide ions based on the enthalpy of hydra-
tion.[12] They used a cutoff of 8 � and approximated the cutoff
corrections with the Born model.[13] They emphasized the
number of waters in the first coordination shell and the
exchange rate of bound waters. Modern computers allow a
much larger cutoff, which is necessary for accurate DGs. As
has been stipulated by �qvist,[14] the agreement with experi-
ment should not only be in a relative sense, that is the DDG of
hydration/solvation between two cations, but also in an
absolute sense. Another reason to apply a much larger cutoff
is that the radial distribution function (RDF) of trivalent
cations has structure up to approximately 9 �. This makes the
Born correction, a continuum approximation, probably a poor
model for the electrostatic interactions from 8 � until infinity.
In this paper, we present new Lennard-Jones parameters for
trivalent lanthanide ions that give a correct DG of hydration
(i.e. within 1 % of the experimental value), and these have
been tested on the binding of these ions by [18]crown-6. A
cutoff of 15 � and a cutoff with the Born model were applied.
The van der Waals interactions were calculated with the
Lennard-Jones potential because this is computationally
efficient. This approach makes these Lennard-Jones poten-
tials useful for application in other frequently used force fields
like those mentioned above. Polarization effects have not
been included for the same reason.[12a, 15] Another reason is
that solvent and solute models that include polarization are
not routinely available; this also limits a wider application. It
would require a complete reparametrization of the solvent
and solute(s). The incorporation of polarization would also
certainly increase the already heavy demands on computa-
tional resources (vide infra). In principle both molecular
dynamics and Monte Carlo simulations can be used for the
present study. We have used Monte Carlo simulations,


[a] Dr. ir. F. C. J. M. van Veggel, Prof. D. N. Reinhoudt
University of Twente, Faculty of Chemical Technology
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Fax: (�31) 53-489-4645
E-mail : f.c.j.m.vanveggel@ct.utwente.nl


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0090 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 190







90 ± 95


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0091 $ 17.50+.50/0 91


because it has recently been shown by Jorgensen and co-
workers[16] that the sampling of the Boltzmann distribution
with MC is more efficient than with MD. The most difficult
part in these empirical force fields is the description of the
electrostatic interactions. The most simple approach employs
point charges on the atoms, which can be derived empirically
or, for example, by fitting the electrostatic potential. We
followed the first approach for the fine-tuning of the point
charges on [18]crown-6. A number of different sets of point
charges for [18]crown-6 have been used.[17]


Methodology


We have followed the methodology used by �qvist[14] to derive a set of
Lennard-Jones parameters for the alkali and alkaline earth metal ions. A
similar approach has been used by Straatsma and Berendsen.[18] This
approximation is also justified for Ln3� because there is little metal-
imposed directionality.[19] The free energy of solvation, DGhydr (In�), can be
computed as described in Equation (1), where DGFEP (I0!In�) is the free
energy change as a consequence of charging the ion, obtained by Monte
Carlo free-energy perturbation calculations. DGBorn is the correction for the
applied finite cutoff and is given by Equation (2). This gives the Born


DGhydr (In�)�DGFEP (I0!In�)�DGBorn�DGcav (1)


DGBorn�ÿ322 (1ÿ eÿ1)q2/2rBorn (2)


correction in kcal molÿ1 with e the dielectric constant, q the charge, and rBorn


the radius of the cavity in the macroscopic medium. The Born model gives
an estimation of the free energy change when a cation is brought from
vacuum into a solvent. In DDG calculations by thermodynamic cycles this
correction will cancel. The term DGcav gives the free energy change for the
formation of a cavity in water.[20] The electrostatic and van der Waals
interactions have been computed with atom-based point charges and
Lennard-Jones potentials, respectively. The initial parameters were from
previous work.[10] They were used in a grid search in which both Lennard-
Jones parameters (s and e) were systematically varied to give estimates for
La3�, Eu3�/Gd3�, and Yb3�. Subsequently, these parameters were fine-
tuned to give the correct DGhydr (and coordination number).


The calculations of the relative binding affinities of La3�, Nd3�, Gd3�, and
Yb3� by [18]crown-6 in methanol have been obtained from a thermody-
namic cycle (Figure 1). In the ideal case one would like to calculate the
complexation of a guest (here the trivalent cation) by the host (i.e.
[18]crown-6), but this is technically still a very difficult and CPU intensive
task. It is easier to calculate the vertical, unphysical processes and use the
fact that the Gibbs free energy is a state function to calculate the relative
binding free energies. Being a state function implies that the closed path
integral is zero.


Figure 1. Thermodynamic cycle for calculation of relative binding affin-
ities.


Experimental Section


Monte Carlo free-energy perturbation (MC-FEP) simulations were
performed with the BOSS program.[21] The trivalent ion was placed
in the center of a box of TIP3P water molecules[22] of approximately


31.2� 32.1� 35.6 �3 dimensions. Solvent molecules at distances smaller
than 2.5 � from the solute were removed, leaving 1182 water molecules.
The charge was perturbed in forward and backward directions in 10 or 20
equally spaced windows, allowing an estimation of the hysteresis. A linear
coupling parameter l was applied.[23] A cutoff of 12 or 15 � was used for the
nonbonded interactions, which were quadratically smoothed to zero
between the cutoff and the cutoffÿ 0.5 �. If an atom of a solvent molecule
is within the cutoff distance the interactions with the whole molecule are
taken into account.[24] The ranges of attempts of translational and rotational
moves of the waters was 0.20 � and 208, respectively, giving an acceptance
ratio of approximately 40 %. Preferential sampling was applied.[25] The
range of translational attempts of the solute was set such that an acceptance
ratio of roughly 40% resulted. This means that in a run from �3 to �0 the
range in the first window was set to 0.05 � and in the last window to 0.55 �.
The system was equilibrated first in the NVT ensemble for 1 million
configurations, followed by 2 million in the NPT ensemble at 1 atm and
298 K. The averaging was done for 2 million configurations in the NPT
ensemble. Full periodic boundary conditions were imposed. This was done
by making 26 images in the �x, �y, and �z directions. The average of the
forward and backward runs was taken as the value with the standard
deviation as a lower bound estimate of the error.


The relative free energies of hydration (DDGhydr) have been obtained by
perturbation of the Lennard-Jones parameters in 8 equally spaced windows
in both forward and reverse direction. Other details as above. All
calculations were run in forward and backward directions, but the results
are always presented from the earlier to the later lanthanide ion.


The appropriate z matrix was constructed from the [18]crown-6 ´ K�


structure with D3d symmetry, with the lanthanide ion at the center of the
ring. The z matrix of the [18]crown-6 was constructed as follows. Starting at
an oxygen atom, one half of the ring was defined counterclockwise and the
other clockwise. With one additional bond the cycle was closed. In this way
the swing at the end of a string when a torsion is sampled in the beginning of
that string was kept to a minimum, allowing a more efficient sampling. The
methylene groups were treated as united atoms. The complexes were
placed along the long axis of a rectangular box of OPLS MeOHs of
approximately 36.7� 36.0� 40.5 � dimensions. Solvent molecules with
heavy atom distances smaller than 2.5 � to the solutes were removed,
leaving 764 molecules of MeOH. A cutoff of 15 � was used for the
nonbonded interactions, which were quadratically smoothed to zero
between the cutoff and the cutoffÿ 0.5 �. The solvent molecules were
sampled with a translational range of 0.20 � and a rotational range of 208.
The crown ether and the Ln3� were sampled independently. The Lennard-
Jones parameters of one lanthanide ion were perturbed into those of the
other in 8 equally spaced windows, in both forward and backward direction.
Translational and rotational sampling was applied to the ligand, in addition
to all bonds, angles, and dihedrals. The crown ether was sampled with a
translational range of 0.01 � and a rotational range of 18. The sampling of
the bonds and angles was done automatically. The sampling range of the
dihedrals was set to 0.508, giving an acceptance ratio of 40%. Dihedrals
changed up to 40 ± 508 in merely 2 million configurations. The translational
sampling range of Ln3� ion was set to 0.03 �, giving an acceptance ratio of
about 45 ± 50%. All calculations were equilibrated for 1 million config-
urations in the NVT ensemble, followed by 16 million configurations in the
NPT ensemble at 1 atm and 298 K. Averaging was done over 8 million
configurations in the NPT ensemble. Full periodic boundary conditions
were imposed. The average of the forward and backward runs was
calculated with the standard deviation as a lower bound estimate of the
error. In order to close the thermodynamic cycle, the calculations of the
trivalent lanthanide ions in methanol solutions were treated accordingly.
The translational sampling range was 0.05 �, giving an acceptance ratio of
45 ± 50%. Equilibration was done in the NVT ensemble for 1 million
configurations, followed by 1 million in the NPT ensemble. The averaging
was done over 2 million configurations.


The calculations in which the sampling of the coordinated solvent
molecules was investigated were performed by taking the appropriate
solvated complexes from a simulation described in the previous paragraph
and defining the z matrix accordingly. This allowed the rotational and
translational sampling of the coordinated methanols to be optimized
automatically by the program to give an acceptance ratio of roughly 50%.
Other details are as above. Calculations were run on Pentium-based PCs.[26]
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Results and Discussion


Free energies of hydration : The Lennard-Jones parameters
derived in this study are summarized in Table 1, showing a few
aspects which will be further discussed. These sets of Lennard-
Jones potentials reproduce the free energy of hydration to
within 1 % of the experimental value.[11] The parameter set of
s� 3.30 � and e� 0.050 kcal molÿ1 gives a calculated free
energy of hydration which is equally good for Eu3� and Gd3�.
In a relative sense this set of parameters is better for Gd3�


(vide infra). From now on we will refer to this set as the Gd3�


parameters. The calculations are dependent on the number of
applied windows, not in an absolute sense but in a relative
sense; the estimated error is roughly three times as large when
10 windows are applied as when 20 are applied. The
calculations are, in an absolute sense, dependent on the
cutoff. The same set of Lennard-Jones potentials for Gd3�


gave a calculated free energy ofÿ819.6 andÿ811.1 kcal molÿ1


for a cutoff of 12 and 15 �, respectively. A value for s of
3.35 � and a cutoff of 12 � gave a value of ÿ810.9 kcal molÿ1.
The Lennard-Jones parameters for Nd3� were obtained by
linear interpolation between the parameters of La3� and Gd3�,
with the experimental free energy of hydration as the scale. In
this way it proved possible to get a fair estimate of DGcalcd with
a new set of parameters by calculation of only a few windows
and scaling the result on a full calculation. In general the
estimate was within 1 ± 2 % of the full run, making it a
convenient and quick way to fine-tune the parameters.


Radial distribution functions and coordination numbers : The
radial distribution functions (RDF) in TIP3P (O) are
presented in Figure 2 and show a distinct first coordination
peak at 2.65, 2.55, 2.45, and 2.35 � for La3�, Nd3�, Gd3�, and
Yb3�, respectively. These peak positions are in good agree-
ment with available experimental data of 2.58 � for La3�,
2.50 ± 2.51 � for Nd3�, 2.41 � for Gd3�, and 2.32 � for Yb3�.[27]


These peaks integrate to 10, 10, 9, and 9 oxygens, respectively.
This is possibly a slight overestimation of the number of water
molecules in the first coordination shell compared to exper-
imental data, but these data are not entirely consistent. These
slight overestimations are not necessarily an artifact of the
simulations. The experimental data by X-ray diffraction,
EXAFS, or neutron diffraction are often obtained from quite
concentrated solutions (up to 3m) and under these conditions
ion pairing is likely to occur, even in water.[28] In contrast to
these data, the free energies of hydration are extrapolated
from infinite dilution. This makes the protocol we followed,


Figure 2. Radial distribution function of La3�, Nd3�, Gd3�, and Yb3� (peak
positions from right to left) in TIP3P water.


where no interactions between the ions exist, probably more
applicable to the free energies of hydration. A distinct second
coordination peak is present around 4.8 �, and a third,
broader peak is present around 7.5 �. The RDFs are
essentially featureless after 10 �, providing justification for
the applied cutoff of 15 �. The small feature around 14.5 � is
an artifact due to the cutoff. Possible artifacts introduced by
the way the cutoff is treated have been the subject of
numerous studies and are not discussed here.[29] The RDFs in
methanol are given in Figure 3. The observed features are


Figure 3. Radial distribution function of La3�, Nd3�, Gd3�, and Yb3� (peak
positions from right to left) in OPLS methanol. The RDFs of Nd3� and Eu3�


almost completely coincide.


quite similar to those in water. The first coordination peaks
are found at similar values, with coordination numbers of 9, 9,
9, and 8 for La3�, Nd3�, Gd3�, and Yb3�, respectively.
Unfortunately no experimental data are available.


Table 1. Absolute free energies of hydration; standard deviation in parentheses.


Ion Windows s e ncoord rcut ÿDGpert ÿDGcalcd ÿDGexp
[a]


[�] [kcal molÿ1] [�] [kcal molÿ1] [kcal molÿ1] [kcal molÿ1]


La3� 20 3.75 0.060 10 15 656.7 (6.1) 755.0 754.8
Nd3� 20 3.473 0.054 10 15 689.3 (5.5) 787.5 786.4
Eu3�/Gd3� 10 3.30 0.050 9 12 696.7 (16.5) 819.6 806.2/809.8


20 3.30 0.050 9 12 695.4 (5.5) 818.3 806.2/809.8
10 3.30 0.050 9 15 712.8 (20.3) 811.1 806.2/809.8
10 3.35 0.050 9 12 688.0 (18.9) 810.9 806.2/809.8


Yb3� 20 2.95 0.040 9 15 757.7 (7.6) 856.0 856.2


[a] Taken from ref. [11].
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Relative free energies of hydration : The relative free energies
of hydration are presented in Table 2, from which it can be
seen that these Lennard-Jones parameters accurately repro-
duce the experimental values. It is also evident that
the Lennard-Jones parameters (s� 3.30 � and e�
0.050 kcal molÿ1) give a better description for Gd3� than for
Eu3�. Being a state function dictates that the path along which
the calculation is performed from one point to the other is
irrelevant, so it should not matter, for example, whether one


calculates the DDG from La3� to Yb3� in one simulation or
one takes the sum of the DDG from La3� to Gd3� and the DDG
from Gd3� to Yb3�. This is reflected in the data of Table 2. This
comparison has been advocated as a more reliable discrim-
inator of the reliability of the simulations than the quoted
statistical errors.[30] Table 2 also shows that the perturbation
from La3� to Yb3� is not very sensitive to the applied number
of windows. The computed DDGs are ÿ99.87 and
ÿ100.37 kcal molÿ1 for 8 and 16 windows, respectively. The
estimated error is, however, somewhat smaller with 16
windows.


Relative binding free energies of [18]crown-6 : In order to
obtain the relative binding free energies of the various Ln3�


ions in methanol, both the relative free energies of the ions
bound to the [18]crown-6 and the solvated ions have been
calculated (Table 3). The application of these parameters
implies that they are transferable from TIP3P to the OPLS
methanol. This is probably a valid argument because both
models have been derived with a similar methodology, that is,
rigid solvent models with empirically derived point charges on
the atoms to reproduce the heats of vaporization and densities


to within 1 % of experiment at 298 K and 1 atm. A second
reason is that systematic errors are likely to cancel in relative
binding free energy calculations. The La3�, Nd3�, and Gd3�


ions were displaced from the center of the [18]crown-6 within
the first few million configurations. The estimated error in the
calculations (see experimental section) is on the order of 1 %,
similar to the calculations in Tables 1 and 2. As stated above,
the point charges are to a certain extent arbitrary and for
[18]crown-6 a number of different sets have been used.[17]


Initially we applied the point charges (qO�ÿ0.40 e and
qCH2
� 0.20 e) similar to those used by Kollman and co-


workers in simulations of the complexes with alkali cations in
methanol, but this gave an overestimation of the binding
selectivity of La3� over Gd3� (DDGcalcd�ÿ3.65 kcal molÿ1 vs.
DDGexp�ÿ2.69 kcal molÿ1).[31] Therefore, it was decided to
fine-tune (i.e. to balance) the point charges on the [18]crown-6
with respect to the Ln3� ions and the solvent by means of the
DDGexp of La3� ± Gd3�. With point charges of qO�ÿ0.430 e
and qCH2


� 0.215 e the experimental DDG could be well
reproduced (Table 4). These increased charges might reflect


some polarization.[32] With these point charges a consistent set
of DDG values has been calculated (Table 4). Also here it is
satisfying to note that the data without a host comply with the
rule that the Gibbs free energy is a state function (Table 3).
This agreement is somewhat less for the calculations in the
presence of [18]crown-6. The agreement with experiment is
excellent, the binding of one lanthanide ion over the other by
[18]crown-6 is correctly reproduced for all calculations, except
for the perturbation from La3� to Yb3�. The error in this
calculation is considerably larger than for the other calcu-
lations due to the fact that two transitions (vide infra)
occurred, both introducing a hysteresis. Here the sampling is
obviously inadequate. However, adding the calculations from
the runs La3� ± Gd3�/Gd3� ± Yb3� and the runs La3� ± Nd3�/
Nd3� ± Yb3� gives a relative binding free energy of ÿ4.95 and
ÿ6.05 kcal molÿ1, respectively, consistent with the experimen-
tal data (DDGexp<ÿ 4.49 kcal molÿ1). In order to reduce the
hysteresis, a run was performed with 16 equally spaced
windows, giving a DDGcalcd�ÿ4.13 kcal molÿ1, nicely repro-
ducing the experimentally observed selectivity. It also implies
that the Lennard-Jones parameters for the lanthanide ions are
in balance with respect to each other and with respect to the
OPLS MeOH. It is obvious from these results that the
sampling of complexes remains an inherently difficult prob-
lem.


Table 2. Relative free energies of hydration; standard deviation in parentheses.


DDGcalcd [kcal molÿ1] DDGexp [kcal molÿ1][a]


La3� ± Eu3�/Gd3� ÿ 55.61 (0.56) ÿ 51.4 (Eu3�)/ÿ 55.0 (Gd3�)
La3� ± Nd3� ÿ 32.33 (0.15) ÿ 31.6
La3� ± Yb3� ÿ 99.87 (1.45)/ÿ 100.37 (0.58)[b] ÿ 101.4
Nd3� ± Eu3�/Gd3� ÿ 22.09 (0.24) ÿ 20.0 (Eu3�)/ÿ 23.4 (Gd3�)
Nd3� ± Yb3� ÿ 67.83 (0.97) ÿ 69.8
Eu3�/Gd3� ± Yb3� ÿ 46.45 (0.16) ÿ 50.0 (Eu3�)/ÿ 46.4 (Gd3�)


[a] Taken from ref. [11]. [b] 16 equally spaced windows.


Table 3. Relative free energies of solvation in methanol; standard devia-
tion in parentheses.


Host DDGcalcd [kcal molÿ1]


La3� ± Nd3� none ÿ 26.55 (0.18)
La3� ± Gd3� none ÿ 43.01 (0.15)
La3� ± Yb3� none ÿ 78.96 (0.48)/ÿ 80.06 (0.46)[a]


Nd3� ± Gd3� none ÿ 16.58 (0.16)
Nd3� ± Yb3� none ÿ 53.37 (0.58)
Gd3� ± Yb3� none ÿ 36.45 (0.29)


La3� ± Nd3� 18C6 ÿ 24.54 (0.47)
La3� ± Gd3� 18C6 ÿ 40.50 (0.59)
La3� ± Yb3� 18C6 ÿ 80.32 (2.61)/ÿ 75.93 (1.46)[a]


Nd3� ± Gd3� 18C6 ÿ 16.28 (0.03)
Nd3� ± Yb3� 18C6 ÿ 48.61 (1.03)
Gd3� ± Yb3� 18C6 ÿ 34.01 (0.66)


[a] 16 equally spaced windows.


Table 4. Relative binding free energies in methanol of Ln3� by [18]crown-
6. Data from Table 3.


DDGcalcd (kcal molÿ1) DDGexp (kcal molÿ1)[a]


La3� ± Nd3� ÿ 1.29 ÿ 1.16
La3� ± Gd3� ÿ 2.51[b] ÿ 2.69
La3� ± Yb3� 1.36/ÿ 4.13[c] �ÿ 4.49
Nd3� ± Gd3� ÿ 0.30 ÿ 0.82
Nd3� ± Yb3� ÿ 4.76 �ÿ 3.33
Gd3� ± Yb3� ÿ 2.44 �ÿ 1.80


[a] Taken from ref. [31]. [b] Used for scaling the point charges on
[18]crown-6 (see text). [c] 16 equally spaced windows.
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Some snapshots of the complexes are shown in Figure 4.
They show that going from La3� to Yb3� there is a gradual
encapsulation of the ion by the [18]crown-6, leaving less space
for solvent molecules. The binding of one molecule of
methanol through the cavity of the [18]crown-6 is a general
phenomenon. The binding of the lanthanide ion is abbrevi-
ated as MeOH ´ 18C6 ´ Ln3� ´ n MeOH. Although there are no
data available on the actual solvation of these complexes in
methanol, they make chemical sense. The larger La3� ion is


Figure 4. Snapshots of the Ln3� complexes of [18]crown-6 in OPLS
methanol.


complexed in a sandwich-type structure, with the [18]crown-6
and one methanol forming one face of the sandwich and four
methanols the other. Similar coordination is observed for
Nd3� and Gd3�, with three instead of four methanols on one
face of the sandwich. The much smaller Yb3� is encapsulated
by the [18]crown-6, leaving only space for three methanols.
This is very similar to the binding modes of various crown
ethers with alkali and alkaline earth metal ions.[33] The
observed structures also resemble those obtained by X-ray
analyses.[33, 34] The stability of the solvation of [18]crown-6 ´
La3� and [18]crown-6 ´ Nd3� in methanol has been checked by
a run of an additional 30 million configurations. Regular
checks of saved configurations gave stable coordinations as
MeOH ´ 18C6 ´ La3� ´ 4 MeOH and MeOH ´ 18C6 ´ Nd3� ´
3 MeOH, respectively.


The decreased solvation number going from La3� to Yb3� is
also observed along the perturbation. At a certain value of the
coupling parameter l a change in the solvation number by one
molecule of methanol is observed. One such transition
occurred in most perturbations, but two occurred in the
perturbation from La3� to Yb3�. In the forward and backward
run this is clearly reflected in the calculated free energy
changes and it is the main contribution to the estimated errors.
More windows around the transition will most likely decrease
the hysteresis (not performed).


The sampling of the solvent investigated : In the MC-FEP
calculations of solvated [18]crown-6 ´ Ln3� in methanol dis-
cussed above, the coordinated methanols were treated as the
bulk methanols with respect to the sampling ranges of
rotation and translation. Analyzing the acceptance ratios of
the methanols in a particular run showed that the acceptance
ratio of the coordinated methanols is only roughly 10 %. In
order to investigate the influence of this fact, the appropriate z


matrices were constructed from saved configurations with the
coordinated methanols explicitly in the z matrix, allowing the
independent sampling of these coordinated methanols to be
optimized easily. This gave a DGpert for [18]crown-6 ´ La3� )
Gd3� of ÿ41.68 kcal molÿ1, giving a DDGcalcd�ÿ1.33 vs
DDGexp�ÿ2.69 kcal molÿ1. Relatively this is still correct,
but absolutely it underestimates the binding selectivity. It
clearly shows that the way the coordinated solvent molecules
are sampled has a significant effect on the calculations.
Probably this observation also applies to other calculations.


Conclusions


We have obtained accurate Lennard-Jones parameters that
correctly reproduce the hydration free energies for La3�,
Nd3�, Gd3�, and Yb3�, using a cutoff of 15 � and TIP3P as
water model. The Born correction was applied to correct for
the finite cutoff. From these parameters it is easy to derive
parameters for other trivalent lanthanide ions and also
trivalent actinide ions.[35] We have also shown that the
calculations are quite sensitive to changing the cutoff length,
making them in this sense probably not transferable.[36]


However, small adjustments to the Lennard-Jones parameters
are easily made. With a slight increase of the point charges on
[18]crown-6 with respect to similar charges used by Kollman
and co-workers,[17f,g] the relative binding free energies in
methanol could be reproduced. This implies that these
parameters can be used in the design of selective receptors
for trivalent lanthanide ions.
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Steroid-Bridged Thiophenes:
Synthesis and Self-Organization at the Solid/Liquid Interface
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Bruno Gompf,[b] and Wolfgang Eisenmenger*[b]


Abstract: The synthesis of the oligo-
thiophene 6 a as well as the terminally
mono- and diformylated oligothio-
phenes 6 b and 6 c, in which mono- and
bithiophene units are bridged by an-
drostene, is described. Starting from epi-
androstane the thiophene units were
linked in positions 3 and 17 by Grignard
reaction. The synthesis was accomplish-
ed by introduction of formyl groups. The
self-organization of compounds 6 on


highly oriented pyrolytic graphite at
the liquid/solid interface was studied by
STM. Derivatives 6 a,b,c spontaneously
formed ordered monolayers on graphite,
although neither are they planar nor do
they have alkyl chains. Due to their


different energy gaps in all cases the
thiophene units were imaged as bright
areas and the steroid unit as a dark area
representing a novel type of surface
structuring. While 6 a and 6 b are loosely
packed, resulting in an area per mole-
cule of 3 nm2, the dialdehyde 6 c self-
assembles to form a closely packed
monolayer (area per molecule 2 nm2)
obviously owing to interactions between
the formyl groups.


Keywords: monolayers ´ oligothio-
phenes ´ scanning tunneling micro-
scopy ´ self-assembly ´ steroids


Introduction


The design of well-defined supramolecular structures by self-
assembly of molecules is an interesting and challenging
goal.[1, 2] In particular, the self-organization of organic mole-
cules on solid surfaces to form monolayers with a high degree
of structural order is one way to develop novel nanostructures.
Organic monolayers on solid substrates with a thickness in the
molecular dimensions play an important role in many
interfacial phenomena such as wetting, lubrication and
adhesion processes, and open a wide range of applications,
for example in optical and electronic devices or sensor
systems.[3±6]


Monolayers have been fabricated for many years by means
of the well-known Langmuir ± Blodgett (LB) and self-assem-
bly techniques.[3, 6] In addition, organic molecular beam
epitaxy (OMBE) and related techniques are applied to
generate organic monolayers and thin organic films.[7, 8] More
recently, the formation of monolayers by spontaneous self-
organization of molecules from solution to form highly


ordered two-dimensional (2D) arrangements on solid sub-
strates has been achieved.[5, 9] In order to investigate 2D
monolayers of this type, scanning tunnelling microscopy
(STM) in situ at the solid/liquid interface has become a
powerful tool which allows adsorbates to be observed at
molecular resolution and provides a unique opportunity to
gain insight into the surface structure.[9, 10]


Since the first reports of physisorbed monolayers of long-
chain alkanes and alcohols on highly oriented pyrolytic
graphite (HOPG) as solid substrate,[5] the self-organization
of numerous compounds at the liquid/graphite interface has
been studied by STM.[11] Interesting monolayer structures of
two-component systems,[12] photochromic systems[13] and
liquid crystalline systems[14] were recently described. Mono-
layers of rigid saturated compounds such as steroids (choles-
terol), however, could be observed by STM only with low
resolution.[15] The formation of ordered monolayers of con-
jugated systems, for example oligothiophenes, is of particular
interest because of their high potential for applications in
optical and electronic devices.[16] The formation of 2D arrays
of alkyloligothiophenes on graphite at the liquid/solid inter-
face has recently been reported.[17, 18] The epitaxy depends on
the length of both the oligothiophene and the alkyl chain, and
moreover, it could be demonstrated that polar substituents
like the formyl group influence the epitaxy.[17]


In our investigations of energy-transfer systems based on
donor ± acceptor-substituted oligothiophenes[19] we have also
synthesized compounds in which a steroid spacer (andros-
tene) is incorporated in the oligothiophene chain.[20] Oligo-
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thiophenes of this type seem to be challenging candidates for
monolayer formation on graphite due to their molecular
composition. The rigid hydrocarbon androstene with a length
of about 9 � is imbedded on both sides in thiophene units with
distinct conjugation length. It is a general feature in STM
images that aromatic regions appear brighter than aliphatic
regions due to their lower energy gap.[11c] Therefore steroid-
bridged thiophenes should assemble to form a monolayer with
defined bright (thiophene) and dark (androstene) areas in the
STM image, resulting in a novel type of surface structure.


In this paper we report on the synthesis of the new steroid-
bridged thiophenes 6 (Scheme 1) and their self-organization
properties on graphite at the liquid/solid interface imaged by
STM. Furthermore, we demonstrate the influence of the polar
formyl substituent on the 2D arrangement which leads to
extraordinary surface patterns. It is a particular characteristic
that nonplanar molecules without alkyl chains such as 6 form
ordered monolayers on graphite by physisorption from
solution.


Results and Discussion


Synthesis : The synthetic approach to compound 6 a as well as
to the mono- and diformylated derivatives 6 b and 6 c,
respectively, is illustrated in Scheme 1.


According to a described methodology,[20] the thienyl-
substituted steroid derivative 2 was accessible in 59 % yield
with an a/b isomeric ratio of approximately 1:1 (TLC
detection) from 17-ethylenedioxy-5a-androstan-3-one[21] and
thienylmagnesium bromide (1). The direct treatment of
isomeric 2 with HCl in methanol resulted in regioselective
water elimination, as stated by an X-ray crystallographic
analysis of 3, and simultaneous removal of the acetal
protecting group to give 3 in 83 % yield.


Using a Wittig reaction[20] we succeeded in the transforma-
tion of the keto group in position 17 of 3 to an aldehyde
function with extension by one C atom by means of
methoxymethyltriphenylphosphonium chloride. The ylide
was generated with nBuLi at 0 8C and allowed to react with
3 in boiling THF. A total of 10 equiv of ylide were added.
After aqueous workup, triphenylphosphine and unreacted 3
were separated by column chromatography on silica gel.
Acidic hydrolysis of the intermediate enol ethers with
aqueous HClO4 and chromatographic purification gave
aldehyde 4 in 57 % yield as a 17a/b isomeric mixture which
was used without further purification.


The bithienyl unit was coupled to the formyl group in 4 by a
Grignard reaction.[20] Grignard reagent 5 a, derived from
5-bromo-2,2'-bithiophene,[19a, 20] was reacted with steroid al-
dehyde 4 at room temperature in diethyl ether/benzene and
subsequently treated with HCl in toluene at 75 8C in order to
eliminate water from the intermediate alcohol, yielding the
steroid derivative 6 a in 78 % yield.


Grignard reagent 5 b was accessible from the acetal-
protected 5-dimethoxymethyl-2,2'-bithiophene[22] by lithia-
tion with nBuLi at 0 8C and subsequent transmetalation of
the organolithium compound with anhydrous magnesium
bromide. The transmetalation was found to be necessary


Scheme 1. Synthesis of model compounds 6a ± c.


because the reaction of the corresponding organolithium
compound with 4 resulted only in product mixtures. Grignard
reagent 5 b was reacted with 4 as previously described, and by
acid-catalyzed water elimination combined with simultaneous
deprotection in the medium HCl/toluene at 75 8C the mono-
formylated compound 6 b was obtained in 47 % yield after
chromatographic purification.


The diformyl-substituted steroid derivative 6 c was pre-
pared starting from 6 a by Vilsmeier ± Haack formylation.[17]


After 3.5 h reaction time and addition of an approximately 14-
fold excess of Vilsmeier reagent, the crystalline dialdehyde 6 c
could be isolated in 89 % yield. The model compounds 6 are
completely characterized by NMR spectroscopy, UV/Vis
spectroscopy and elemental analysis.


STM investigations : The STM investigations of the synthe-
sized steroid derivatives 6 yielded monolayers in all cases. The
formation of multilayers can be excluded because STM
images of the underlying graphite substrate were always
observed after dragging away the molecular layer by lowering
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the sample ± tip distance. Furthermore, multilayer steps were
never observed. Figure 1 shows a highly resolved tunnelling
image of a monolayer of 6 a in phenyloctane.


Figure 1. High-resolution image of a monolayer of 6a in phenyloctane.
The proposed structure shows a very open arrangement in lamellae without
direct contact between the molecules (8.9 nm� 8.9 nm, U � ÿ 1.26 V, I�
140 pA).


The molecules lie parallel to each other in lamellae. As
expected, the image contrast corresponds to the electronic
structure of the molecules: the aromatic thiophene areas
appear brighter and more extended than the saturated steroid
areas. In the images mono- and bithiophene sections are not
discernible, so that a possible alternating structure parallel to
the lamellae with two molecules rotated by 1808 per unit cell
can neither be confirmed nor excluded. Therefore one
molecule per unit cell is assumed. The crystallographic
structure is very open without direct contact between the
molecules, illustrated by the structural model of the molecular
arrangement in Figure 1, where the molecules are drawn with
their van der Waals radii. The arrows mark the dimension of
the unit cell. For 6 a on graphite only one fixed orientation of
the unit cell with respect to the substrate is observed. This
means that the monolayer is commensurate to the substrate.
In this case the lattice vectors ~A and ~B of the adsorbed
overlayer can be expressed in terms of the substrate lattice
vectors ~a and ~b by the matrix notation given in Equation 1.


�AB��� 1ÿ 13
4
8� ´�ab� (1)


The crystallographic parameters are ~A� 1.1 nm, ~B� 2.7 nm,
the angle between the lattice vectors is 918 and the area per
molecule is 3.0 nm2. It is remarkable that 6 a self-assembles in
the solvent dodecane with a similar molecular arrangement,
however, with slightly varied crystallographic parameters.
Again a commensurate superstructure is found. In this case
the crystallographic data are ~A� 1.5 nm, ~B� 2.7 nm, the
angle between ~A and~B is 958 and the area per molecule is now
4.0 nm2. These small changes lead to a slightly different matrix
notation [Eq. (2)].


�AB��� 1ÿ 11
4


11� ´�ab� (2)


Figure 2 shows a high-resolution image of a monolayer of
aldehyde 6 b in dodecane. The molecules again arrange in
lamellae with one molecule per unit cell. It is worth noting
that the distance between the single lamellae is large (width
about 1 nm) and many dislocations appear parallel to the
lamellae.


Figure 2. High-resolution image of a monolayer of 6b in dodecane with a
proposed structure. The molecules form lamellae with characteristic
displacements and a loose packing (9.0 nm� 9.0 nm, U � ÿ 1.34 V, I�
350 pA).


The crystallographic parameters are ~A� 0.9 nm, ~B�
3.3 nm, angle� 978. As in 6 a, the loose packing leads to an
area per molecule of 3.0 nm2. The molecule ± molecule
interaction is dominated in this case by the thiophene
subunits; the steroid moieties act only as a spacer. This
localized interaction seems to lead to a metastable phase with
an increasing stress along the lamellae with increasing length.
This stress could explain the many dislocations appearing
along the lamellae with a periodicity of 6 ± 8 molecules. The
image contrast again reflects the electronic structure: the
saturated steroid area causes a dark region in the middle of
the molecule compared to the bright aromatic areas. In this
case, the bithiophene section appears brighter and more
extended than the monothiophene one. In contrast to 6 a,
arbitrary orientations of the molecular unit cell with respect to
the substrate were observed corresponding to an incommen-
surable structure.


Figure 3 depicts a submolecularly resolved monolayer of
dialdehyde 6 c in dodecane. These molecules also arrange in
lamellae with one molecule per unit cell. In contrast to 6 a and
6 b, however, the packing is very close and shows no
dislocations even on larger areas. This is probably due to a
stronger intermolecular interaction caused by the polar
formyl groups on both sides of the molecules. The crystallo-
graphic data are ~A� 0.8 nm, ~B� 2.3 nm, angle� 988. The
area per molecule is only 2.0 nm2. The observed image
contrast corresponds with that for 6 a and 6 b : the dark zone in
the middle of the lamellae has a width of about 1 nm, which is
identical with the dimension of the steroid spacer in the
middle of the molecules. The thiophene rings appear much
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Figure 3. Highly resolved monolayer of 6c in dodecane with a proposed
structure. The molecules again arrange in lamellae with a very close
packing (9.2 nm� 9.2 nm, U�ÿ1.50 V, I� 500 pA).


brighter, but the varying extension of the mono- and
bithiophene areas is not discernible. An incommensurable
orientation with respect to the substrate as in the case of 6 b is
found.


Generally, the order of a molecular monolayer is deter-
mined by a complex balance between the molecule ± molecule
and the molecule ± substrate interaction. The molecule ± mo-
lecule interaction depends strongly on the properties of the
polar end groups. In the case of a flat-lying adsorption
geometry the molecule ± substrate interaction grows with
respect to the extension of the molecules and tends to fix
the orientation of the molecular monolayer with respect to the
substrate.


In principle, the different balances of these two interaction
forces depending on the molecular structure can explain the
crystallography of the investigated steroid derivatives 6. In the
case of derivative 6 a the intermolecular forces are very weak
because of the missing polar substituents. Thus, the mole-
cule ± substrate interaction dominates the crystallography,
resulting in a coincident structure of the monolayer. The
engaging of the molecules in certain substrate lattice positions
also leads to a very open superstructure without any direct
contact between the molecules. Although it is experimentally
well confirmed that the solvent phenyloctane itself does not
form ordered monolayers,[23] we cannot exclude the possibility
that solvent molecules adsorb in a nearly liquid state in the
free space between the steroid molecules and thereby stabilise
the observed ordered structure. For an ordered arrangement
of solvent molecules incorporated in the layer, one would
expect additional features in the images. Derivative 6 b
exhibits interaction only between the thiophene areas. The
single formyl group leads to an open structure with a lamellae
distance corresponding to the extension of the steroid area.
The frequent dislocations probably result from the metastable
character of this superstructure. Dialdehyde 6 c shows very
close packing because of the interactions between the polar
formyl groups. In the case of 6 b,c the molecule ± molecule
interaction is the dominating force leading to an incommen-
surable superstructure.


The STM image contrast is in agreement with the electronic
structures of 6. The different energy gaps of the steroid and
thiophene moieties lead to the expected distribution of the
tunnelling current corresponding to dark and bright areas,
respectively, in the submolecularly resolved tunnelling im-
ages. Compound 6 a displays clearly the correlation of the
tunnelling current with the aromatic and saturated areas of
the molecules. Aldehyde 6 b shows differently extended
brightness areas that render a distinction between mono-
and bithiophene sides of the molecules. Also, in the case of
dialdehyde 6 c the dark zone corresponding to low tunnelling
current corresponds well with the extension of the steroid
spacer.


Interestingly, all images are recorded at negative tunnelling
voltages, that is, tunnelling of electrons from the sample into
the tip. Possibly the acceptor behaviour of the thiophene parts
of the molecules with respect to the substrate may lead to a
larger distance between the lowest unoccupied molecular
orbital (LUMO) and the Fermi level than between the latter
and the highest occupied molecular orbital (HOMO). In
STS (scanning tunnelling spectroscopy) measurements of
PTCDA and NTCDA (perylene- and naphthalenetetracar-
boxylic dianhydride) this behaviour of acceptor-like mole-
cules was also observed.[24, 25]


Conclusion


A new class of steroid-bridged oligothiophenes 6 have been
synthesized and their self-organization properties on highly
oriented pyrolytic graphite at the solid/liquid interface were
studied with scanning tunnelling microscopy (STM). Com-
pound 6 a as well as the aldehyde derivatives 6 b,c sponta-
neously form highly ordered monolayers on graphite with
distinct structural patterns. The received image contrast and
the molecular orientation with respect to the substrate agree
with the electronic structure of 6 and allow a direct
observation of the steroid units as dark areas with low tunnel
current, imbedded in bright thiophene areas with high tunnel
current. All compounds 6 arrange in lamellae with one
molecule per unit cell assumed. In the case of 6 a, the 2D
crystallographic structure is determined by both the mole-
cule ± molecule and the molecule ± substrate interactions;
these lead to monolayers with coincident structure. In
contrast, in the aldehydes 6 b and 6 c the molecule ± mole-
cule interactions dominate owing to the polar formyl groups;
this results in incommensurable structures. However, only
dialdehyde 6 c forms a closely packed monolayer with unique
structure, which consists of strongly alternating aliphatic
(steroid) and aromatic (thiophene) ribbons, because of the
polar intermolecular interactions in both directions.


Altogether, the results of our STM investigations reveal the
different crystallography and the common electronic structure
of the steroid derivatives 6 with submolecular resolution. The
rigid steroid acts as a molecular spacer between aromatic
subunits leading to patterned physisorbed monolayers.


The aldehyde function in 6 b,c opens a wide range of
chemical modifications, for example, redox or carbonyl
reactions to give a variety of possible self-assembling deriv-
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atives. Our future work will be focused on the introduction of
polymerizable end groups directed towards the preparation of
two-dimensional covalently linked organic networks.[26] The
described engineering of ordered monolayers on solid sub-
strates might provide a basis for the development of interfaces
in electronic devices with tailor-made properties.


Experimental Section


General methods : Melting points were determined on a Büchi SMP-20
apparatus and are uncorrected. 1H NMR spectra were recorded with TMS
as an internal standard on a Bruker AC250 F (250 MHz) instrument.
Preparative column chromatography was carried out on columns of
different sizes packed with silica gel S (Riedel ± de Haen, size: 0.032 ±
0.063 mm). UV/Vis spectra were recorded on a Perkin ± Elmer Lambda 7
spectrophotometer. All solvents were dried and distilled. The reactions
were carried out in dried glassware under argon atmosphere. (Methoxy-
methyl)triphenylphosphonium chloride was purchased from Fluka and
dichloromethane (UVASOL) from Merck. The following compounds were
prepared according to known procedures: 5-bromo-2,2'-bithiophene,[19a, 20]


5-dimethoxymethyl-2,2'-bithiophene[22] and 17-(ethylenedioxy)-5a-andro-
stan-3-one.[21]


17-Ethylenedioxy-3a-hydroxy-3b-(2-thienyl)-5a-androstane and 17-ethyl-
enedioxy-3b-hydroxy-3a-(2-thienyl)-5a-androstane (2): Grignard reagent
1 was prepared from Mg (0.098 g, 4.03 mmol) in diethyl ether (4 mL) with
1,2-dibromoethane as entrainer, and dropwise addition of a solution of
2-bromothiophene (0.545 g, 3.34 mmol) in diethyl ether (8 mL). After
heating under reflux for 2 h, the reaction mixture was cooled to 0 8C. A
solution of 17-(ethylenedioxy)-5a-androstan-3-one (1.0 g, 3.01 mmol) in
THF (8 mL) was added dropwise, and the reaction mixture stirred for a
further 2 h at 0 8C and then allowed to warm to room temperature (22 h).
After hydrolysis with ice-water, the aqueous phase was extracted with
diethyl ether. The combined extracts were washed with water and
concentrated. The residue was taken up in CH2Cl2, dried (Na2SO4),
concentrated, and dried under high vacuum over P4O10 and paraffin.
Chromatography on silica gel with CH2Cl2 gave 0.74 g (59 %) of an a/b-
isomeric mixture of 2 as a colourless solid. The isomers were separated as
follows: recrystallization from n-hexane/ethyl acetate (2:1): b-isomer as
colourless fine needles, m.p. 149 ± 151 8C; 1H NMR (250 MHz, CDCl3): d�
0.85 ± 2.08 (m, 22H, steroid H), 0.85 (s, 6H, H18,19), 3.84 ± 3.95 (m, 4H,
CH2), 6.93 ± 6.98 (m, 2 H, thiophene H3,4), 7.19 (dd, J� 4.6, 1.6 Hz, 1H,
thiophene H5); C25H36O3S (416.6): calcd C 72.07, H 8.71, S 7.70; found C
72.03, H 8.79, S 7.83. Chromatography on silica gel with CH2Cl2: a-isomer
as a colourless solid; 1H NMR (CDCl3): d� 0.54 ± 2.30 (m, 22 H, steroid H),
0.81, 0.89 (each s, 6 H, H18,19), 3.87 ± 3.90 (m, 4 H, CH2), 6.98 (dd, J� 5.1,
3.6, 1.1 Hz, 1 H, thiophene H4), 7.07 (dd, 1 H, thiophene H3), 7.26 (dd, 1H,
thiophene H5).


3-(2-Thienyl)-5a-androst-2-en-17-one (3): Concentrated HCl (0.25 mL)
was added to a solution of 2 (0.316 g, 0.76 mmol) in methanol (20 mL) at
room temperature, and the reaction mixture was stirred for 7 h. After
hydrolysis with ice-water, the reaction mixture was extracted with CH2Cl2.
The extracts were combined, washed with a solution of NaHCO3 and water
to neutral, dried (Na2SO4), and concentrated. Chromatography on silica gel
with CH2Cl2 and recrystallization from n-hexane/ethyl acetate (3:1)
afforded 0.223 g (83 %) 3 as colourless crystals: m.p. 215 ± 217 8C;
1H NMR (250 MHz, CDCl3): d� 0.76 ± 2.51 (m, 20 H, steroid H), 0.82,
0.88 (each s, 6 H, H18,19), 6.07 ± 6.10 (m, 1 H, H2), 6.92 ± 6.97 (m, 2H,
thiophene H3,4), 7.09 (dd, J� 4.7, 1.5 Hz, 1H, thiophene H5); C23H30OS
(354.6): calcd C 77.92, H 8.53, S 9.04; found C 77.69, H 8.47, S 9.08.


17x-Formyl-3-(2-thienyl)-5a-androst-2-ene (4): To a vigorously stirred
suspension of (methoxymethyl)triphenylphosphonium chloride (27.98 g,
81.63 mmol) in THF (150 mL) a solution of nBuLi (1.6m) in n-hexane
(51.02 mL, 81.63 mmol) was added dropwise at 0 8C within 1 h. 2.5 equiv of
this solution (with respect to 3) were added dropwise within 1 h to a
solution of 3 (3.86 g, 10.88 mmol) in THF (75 mL) at 65 8C followed by two
further additions of 2.5 equiv after 2 and 5 h. After heating to 65 8C for 15 h,
the reaction mixture was poured onto ice-water, neutralized with dilute


HCl, and extracted several times with CH2Cl2. The combined extracts were
washed with water, dried (Na2SO4), and concentrated. The residue was
chromatographed in five portions on silica gel with CH2Cl2 to separate
starting material 3 (8%) and triphenylphosphine. The crude product was
dissolved in THF (230 mL), a solution of HClO4 (30 %, 50 mL) was added,
and the reaction mixture was stirred at room temperature for 5 h (TLC
monitoring). After hydrolysis with ice-water, the reaction mixture was
extracted with CH2Cl2. The combined extracts were washed with a solution
of NaHCO3 and water to neutral, dried (Na2SO4), and concentrated.
Repeated chromatography on silica gel with CH2Cl2 and recrystallization
from n-hexane/ethyl acetate (3:1) and drying under high vacuum over
paraffin gave 4 (2.27 g, 57%) as a colourless to pale yellow solid, m.p. 204 ±
208 8C (sintering >201 8C); 1H NMR (250 MHz, CDCl3): d� 0.77 ± 2.37 (m,
21H, steroid H), 0.77, 0.79 (each s, 6H, H18,19), 6.07 ± 6.10 (m, 1 H, H2),
6.92 ± 6.97 (m, 2H, thiophene H3,4), 7.09 (dd, J� 4.7, 1.5 Hz, 1H, thiophene
H5), 9.77 ± 9.78 (m, 1H, CHO, isomeric mixture); C24H32OS (368.6): calcd C
78.21, H 8.75, S 8.70; found C 77.96, H 8.76, S 8.43.


17-[(2,2''-bithienyl-5-yl)methylidene]-3-(2-thienyl)-5a-androst-2-ene (6a):
A solution of 5 a [prepared as described above from Mg (0.088 g,
3.62 mmol) in diethyl ether (5 mL) and a solution of 5-bromo-2,2'-
bithiophene (0.56 g, 2.27 mmol) in diethyl ether/benzene (2:1) (30 mL)]
was added dropwise at room temperature to a solution of 4 (0.76 g,
2.06 mmol) in diethyl ether/benzene (1:1) (80 mL). The reaction mixture
was stirred for 1 h (TLC monitoring), hydrolyzed with ice water and
extracted several times with diethyl ether. Then the aqueous phase was
acidified and extracted for the last time with diethyl ether. The combined
extracts were washed with water, dried (MgSO4), and concentrated. The
residue was chromatographed on silica gel with dichloromethane. Inter-
mediate 17a- and 17b-[(2,2'-bithienyl-5-yl)-hydroxymethyl]-3-(2-thienyl)-
5a-androst-2-enes were dissolved in toluene/methanol (50:15 mL). Con-
centrated HCl (1 mL) was added, and the reaction mixture stirred at 75 8C
for 1 h followed by workup as described above for 3. Chromatography on
silica gel with CH2Cl2 and recrystallization from ethyl acetate gave 0.83 g
(78 %) of 6a as fine yellow needles, m.p.> 210 8C; 1H NMR (250 MHz,
CDCl3): d� 0.76 ± 2.63 (m, 20 H, steroid H), 0.83, 0.87 (each s, 6H, H18,19),
6.09 ± 6.11 (m, 1 H, H2), 6.26 (m, 1H, �CH), 6.81 (d, J� 3.7 Hz, 1H,
bithiophene H4), 6.94 ± 6.97 (m, 2 H, thiophene H3,4), 7.00 (dd, J� 5.1,
3.6 Hz, 1H, bithiophene H4'), 7.08 (d, J� 3.7 Hz, 1 H, bithiophene H3),
7.08 ± 7.11 (m, 1H, thiophene H5), 7.15 (dd, J� 3.6, 1.1 Hz, 1 H, bithiophene
H3'), 7.18 (dd, J� 5.1, 1.1 Hz, 1 H, bithiophene H5'); UV/Vis (n-hexane):
lmax (e)� 346 (25700), 336 (25400), 282 (14800), 255 (13900), 247 nm
(16100); C32H36S3 (516.8): calcd C 74.37, H 7.02, S 18.61; found C 74.45, H
7.15, S 18.47.


17-[(5''-formyl-2,2''-bithienyl-5-yl)-methylidene]-3-(2-thienyl)-5a-androst-
2-ene (6 b): To a solution of 5-dimethoxymethylbithiophene[22] (0.424 g,
1.76 mmol) in THF (3.5 mL) at 0 8C a solution of nBuLi (1.6m) in hexane
(1.16 mL, 1.85 mmol) was added dropwise. After stirring for 1 h (reaction
followed by NMR), a solution of magnesium bromide [prepared from Mg
(0.051 g, 2.10 mmol) in diethyl ether (3 mL) and 1,2-dibromoethane (0.33 g,
1.76 mmol)] was added with a syringe, and the reaction mixture was stirred
for 1 h. This solution containing 5 b was added dropwise to a solution of 4
(0.5 g, 1.36 mmol) in diethyl ether/benzene (1:1) (50 mL). After stirring for
2 h, the reaction mixture was hydrolyzed with ice-water and extracted with
diethyl ether/benzene (1:1). The aqueous phase was acidified and then
extracted for the last time with diethyl ether/benzene. The combined
extracts were washed with water and concentrated. The residue was
chromatographed on silica gel with CH2Cl2 to separate unreacted
bithiophenes. The product-containing fractions were concentrated, taken
up in toluene (135 mL) and treated with concentrated HCl (3 mL) at 75 8C.
After 30 min further concentrated HCl (2.5 mL) was added, and the
reaction mixture stirred for a total of 1.5 h. Workup as described above,
repeated chromatography on silica gel with CH2Cl2 and recrystallization
from ethyl acetate gave 0.35 g (47 %) 6b as dark red dendritic crystals, m.p.
232 ± 233 8C; 1H NMR (250 MHz, CDCl3): d� 0.69 ± 2.64 (m, 20H, steroid
H), 0.83, 0.88 (each s, 6H, H18,19), 6.09 ± 6.11 (m, 1H, H2), 6.29 (br s, 1H,
�CH), 6.87 (d, J� 3.9 Hz, 1 H, bithiophene H4), 6.94 ± 6.98 (m, 2H,
thiophene H3,4), 7.10 (dd, J� 4.6, 1.6 Hz, 1 H, thiophene H5), 7.21 (d, J�
4.0 Hz, 1H, bithiophene H3'), 7.28 (d, J� 3.9 Hz, 1 H, bithiophene H3), 7.66
(d, J� 4.0 Hz, 1 H, bithiophene H4'), 9.84 (s, 1H, CHO); UV/Vis (n-
hexane): lmax (e)� 390 (31600), 275 nm (17900); C33H36OS3 (544.8): calcd C
72.75, H 6.66, S 17.65; found C 72.55, H 6.56, S 17.82.
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17-[(5''-formyl-2,2''-bithienyl-5-yl)-methylidene]-3-(5-formyl-2-thienyl)-5a-
androst-2-ene (6c): To a boiling solution of 6a (0.2 g, 0.39 mmol) in CH2Cl2


(5 mL) a solution of the Vilsmeier reagent[17] (1.25 mL, 1 mL� 2.15 mmol
of reagent) was added, followed by further Vilsmeier reagent (1.25 mL)
after 2 h. After a total of 3.5 h, NaHCO3 (1m) solution was added, and the
reaction mixture stirred for 2 h. Then it was diluted with water and
extracted several times with CH2Cl2. The combined extracts were washed
with water to neutral, dried (Na2SO4), and concentrated. Chromatography
on silica gel with CH2Cl2 and recrystallization from ethyl acetate afforded
0.198 g (89 %) 6c as fine yellow needles, m.p. 231 8C (decomp); 1H NMR
(250 MHz, CDCl3): d� 0.79 ± 2.71 (m, 20H, steroid H), 0.83, 0.88 (each s,
6H, H18,19), 6.29 (br s, 1H, �CH), 6.36 ± 6.38 (m, 1H, H2), 6.87 (d, J�
3.8 Hz, 1 H, bithiophene H4), 7.05 (d, J� 3.9 Hz, 1H, thiophene H3), 7.21
(d, J� 4.0 Hz, 1 H, bithiophene H3'), 7.28 (d, J� 3.8 Hz, 1 H, bithiophene
H3), 7.63 (d, J� 3.9 Hz, 1H, thiophene H4), 7.66 (d, J� 4.0 Hz, 1H,
bithiophene H4'), 9.82, 9.84 (each s, 2 H, CHO); UV/Vis (n-hexane/CH2Cl2


(1:1)): lmax (e)� 398 (31800), 338 (25400), 277 nm (11600); C34H36O2S3


(572.9): calcd C 71.29, H 6.33, S 16.79; found C 71.05, H 6.20, S 16.66.


Scanning tunnelling microscopy : The STM investigations were carried out
at room temperature in a home-built Video-STM with mechanically
formed Pt/Ir tips. All images shown are recorded in the constant height
mode at negative tunnelling voltages with a scanning frequency of 1 kHz
corresponding to 4 framessÿ1. For noise reduction, 4 ± 8 frames were
averaged on-line. Monolayers of the molecules were prepared by sponta-
neous adsorption on the basal plane of HOPG from almost saturated
solutions in dodecane (Aldrich) or phenyloctane (Merck). The solvents are
chosen mainly because of their low conductivity. The solubilities of the
derivatives 6 in these solvents are very low. Saturation is not necessary for
the formation of monolayers, but we found that it increases the tendency of
the molecules to adsorb on the substrate. The STM measurements were
performed in situ at the liquid/solid interface. In some cases abrupt changes
of the tunnelling polarity were helpful to induce the monolayer formation.
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The Design and Generation of Inorganic Cylindrical Cage Architectures by
Metal-Ion-Directed Multicomponent Self-Assembly


Paul N. W. Baxter,[a] Jean-Marie Lehn,*[a] Gerhard Baum,[b] and Dieter Fenske[b]


Abstract: The inorganic cage-type ar-
chitectures 1 ± 6 and 10 of cylindrical
shape and nanometric size are generated
spontaneously by self-assembly from the
linear ditopic ligands 7 a ± f and 9, the
circular tritopic ligand 8 and copper(i) or
silver(i) ions. The crystal structures of
two such complexes have been deter-
mined. They confirm and provide a
detailed description of the geometry of
these species. They also indicate that the


anions are contained within the central
cavity. An experiment performed with a
mixture of the ligands 7 a, 7 c, and 7 d
shows that self-assembly occurs with
ligand selection, only the expected com-


plexes 1 a, 3, and 4 being formed. The
self-assembly is also influenced by the
nature of the counteranions. The results
demonstrate that supramolecular archi-
tectures of well-defined shape and nano-
metric size are accessible by multicom-
ponent self-assembly processes involv-
ing several ligands of different types and
several metal ions. They open ways
towards the spontaneous but directed
generation of complex nanostructures.


Keywords: inorganic architectures ´
metal complexes ´ nanostructures ´
self-assembly ´ supramolecular
chemistry


Introduction


Closed three-dimensional molecular cage-type structures that
have the capability of acting as receptor molecules that
encapsulate guest species have provided the chemical com-
munity with a continual source of fascination and study over
the past three decades. A variety of such molecules encom-
passing several classes of compounds have been prepared. For
example, cryptates were developed for alkali metal ion and
anion binding,[1] multiwalled cyclophanes[2] and carceplex-
es[3a,b] encapsulate neutral molecular guests, and inorganic
clusters enclose various cations and anions.[4] Such compounds
may present a range of applications in materials science,
medicine, and chemical technology. Additionally, the unusual
properties of these systems provide interesting and challeng-
ing opportunities for the study of basic physicochemical
issues. However, access to these substances through the
methodologies of molecular chemistry makes them of limited
availability, thus posing also a serious obstacle to their
technological development, due to the lengthy multistep


reaction sequences and low overall yields often encountered
during their synthesis.[1]


A conceptually different approach of high promise lies
within supramolecular chemistry and is provided by the
processes of self-assembly and self-organization.[5] Recently
molecular cages have been prepared in high to quantitative
yield through self-assembly from simpler components,
through hydrogen bonding[6a±c] and metal-ion ± ligand inter-
actions.[7, 8a±p] As well as currently providing one of the
potentially most efficient methods of access to cage-type
molecules, this approach offers insight into the process of
formation of large biomolecular assemblies such as virus and
bacterial capsids.[9] The work presented herein describes the
use of multicomponent metal-ion ± ligand self-assembly as a
building principle for the controlled generation of molecular
cage complexes of up to nanodimensional size and predeter-
mined shape.


Design concept: Early investigations showed that it was
possible to use metal-ion ± ligand interactions as a driving
force for the generation of structural complexity at a
molecular level. This approach allowed direct access to
topographically unusual metal ion containing entities such
as helicates,[10, 11] catenates,[12] and metallomacrocyclic recep-
tors.[13] The general design principle may also allow the self-
assembly of three-dimensional architectures such as molec-
ular cages and cage-type receptors of controllable size and
shape, from multiple ligand components and metal ions.
Inorganic cage architectures that incorporate metal ions as
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[b] G. Baum, Prof. Dr. D. Fenske
Institut für Anorganische Chemie, Universität Karlsruhe
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integral structure-generating units would be expected to
exhibit novel and interesting physicochemical properties such
as optical, magnetic, electrochemical, and catalytic functions.


As a first step we envisioned the self-assembly of the C3
symmetric cage complex 1 (Scheme 1, Figure 1).[7] The con-
cept for its design was based on the following reasoning: i) it is
constructed from bipyridine subunits and metal ions of
tetrahedral coordination geometry, a combination which had
already been demonstrated to participate in self-assembly
reactions;[10-12] ii) structure 1 is the only entity in the reaction
mixture in which all the ligand-binding sites are occupied by
metal ions and all metal ions are fully coordinated by ligands;


complex 1 therefore represents the situation of maximum site
occupancy and must be the most stable species produced in
the reaction; iii) the ligand components of 1 are rigidly
preorganized; this feature would be expected to reduce
entropic penalties associated with loss in degrees of rotational
freedom upon self-assembly; iv) ligand 8 in cage 1 bears
groups of sufficient steric requirements to destabilize polymer
formation in the presence of metal ions; this would be
expected to generate a reservoir of energetically less stable
monomers and oligomers comprising 8 and metal ions with
incompletely occupied sites; initial investigations showed that
phenyl rings would be sufficient for this purpose;[14] v) the
presence of phenyl substituents on 8 was also expected to
stabilize the cage 1 superstructure by maximizing intramo-
lecular aromatic p-p interactions between the electron-
deficient pyridine rings of 7 a and the phenyl rings of 8.


Results and Discussion


Self-assembly of the cylindrical complexes 1 a ± 1 d: When
nitromethane was added to a 1.5:1:3 stoichiometric ratio of
7 a,[7] 8,[15] and [Cu(MeCN)4]PF6 and the reaction mixture
stirred at ambient temperature, the ligand components
reacted to give the deep purple cage complex 1 a in
quantitative yield. 1H NMR measurements of the solution
24 h after mixing showed a simple spectrum comprising ten
bands, two triplets, and a doublet due to 8 and seven bands
from 7 a, corresponding to the presence of a single highly
symmetric species in solution. A similar spectrum is obtained
for the corresponding tetrafluoroborate compound 1 b (Fig-
ure 2). The 13C spectrum also showed the expected seventeen
bands. Addition of a small quantity of 7 a or 8 to a nitro-
methane solution of the product complex resulted in compli-


Abstract in French: Les architectures inorganiques 1-6 et 10
de forme cylindrique et de taille nanomØtrique se forment
spontanØment par auto-assemblage à partir des ligands ditopi-
ques linØaires 7 et 9, du ligand tritopique circulaire 8 et de
cations cuivre(i) ou argent(i). Les structures cristallines de deux
de ces complexes ont ØtØ dØterminØes. Elles confirment la
gØomØtrie de ces esp�ces et en permettent une description
dØtaillØe. Elles indiquent aussi que des anions sont contenus
dans leur cavitØ centrale. Une expØrience menØe avec un
mØlange des ligands 7a, 7c et 7d conduit à la formation
exclusive des complexes attendus 1a, 3 et 4, indiquant que
l'auto-assemblage se fait avec sØlection des ligands. Il est aussi
influencØ par la nature des contre-ions. Ces rØsultats dØmon-
trent que des architectures supramolØculaires de forme bien
dØfinie et de taille nanomØtrique sont rendues accessibles par
des processus d�auto-assemblage à composants multiples
mettant en jeu plusieurs ligands de diffØrents types et plusieurs
ions mØtalliques. Ils ouvrent la voie à la formation spontanØe
mais controÃlØe de nanostructures complexes.
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Scheme 1. Multicomponent self-assembly of the cylindrical architectures 1 ± 6 from the linear ditopic 7 and circular tritopic 8 ligands, and copper(i) or
silver(i) cations.
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cation of the 1H NMR spectrum with sharp peaks due to 1 a
still present as a major component. Thus 1 a is undergoing
slow exchange on the NMR timescale in nitromethane
solution. The visible spectrum of a 1:1 mixture of [Cu-
(MeCN)4]PF6 and 8 in CH2Cl2 gave absorptions at 509 and
613 nm, and that of a 1:1 mixture of [Cu(MeCN)4]PF6 and 7 a
in 5 % MeCN/CH2Cl2 at 472 nm. However, absorptions due to
the homoligand chromophoric units [Cu(7 a)2]� , and [Cu(8)2]�


were absent in the visible spectrum of the reaction product
which instead showed two absorptions at 546 and 695 nm in
CH2Cl2. This showed that entities incorporating the mixed
ligand chromophore [Cu(7 a)(8)]� were the dominant species
present in solutions of the above reaction product, further
supporting its formulation as the cage complex 1 a. The
electrospray (ES) mass spectrum recorded at 10ÿ4 mol dmÿ3


in nitromethane showed four bands corresponding to


the species {[Cu6(7 a)3(8)2](PF6)4}2�, {[Cu6(7 a)3(8)2](PF6)3}3�,
{[Cu6(7 a)3(8)2](PF6)2}4�, and {[Cu6(7 a)3(8)2](PF6)}5�, formed
by successive counterion loss. Cation 1 was also found to self-
assemble in quantitative yield in the presence of other anions,
for example BFÿ4 (1 b) and ClOÿ


4 (1 c).
Complex 1 b was characterized by X-ray crystallography,


thereby providing unambiguous evidence for the cage-type
structure of 1.[7] The cation consists of a triple helical
arrangement of three 7 a ligands forming the walls of the
cage, capped top and bottom by two horizontally positioned 8
ligands and held together by six Cu� ions. The overall
dimensions of 1 b are 19.0 (height)� 20.0 (diameter) �
placing it within the nanostructural domain. The cage also
possesses an internal void of approximately 4� 6 � (taking
Van der Waals radii into consideration) in which some
residual electron density was located but not identified.
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Figure 1. Schematic representations of the structures of the cylindrical inorganic cage architectures 1 ± 6 of nanometric size; the heights of the complexes are
indicated with inclusion of the Van der Waals surfaces (phenyl rings on 8 omitted for clarity).
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The silver(i)-containing analogue 1 d also formed in quanti-
tative yield upon stirring a 1.5:1:3 stoichiometric ratio of 7 a, 8,
and AgCF3SO3 in MeNO2 at ambient temperature for 24 h.
Complex 1 d was characterised by 1H and 13C NMR spectro-
scopy, elemental analysis, and X-ray crystallography. The
crystal structure revealed that the cation, unlike the helically
twisted CuI-containing analogue 1 b, was shaped into an
almost perfect trigonal prism (Figure 3). The complex is


Figure 3. Representations of the crystal structure of the cylindrical cage
complex 1 d : side view (top left), space-filling side view (top right) side view
with included substrates, see text (bottom left), view along the axis of the
cylinder (bottom right).


composed of three vertically
positioned 7 a ligands forming
the walls of the cage, closed
top and bottom by two 8
ligands, and cemented togeth-
er by six Ag� ions. The dis-
tance between the Ag� ions
along the axis of 7 a is 8.16 ±
8.26 �, and 7.38 ± 7.44Ê within
the 8 mean planes. The bipyr-
idine subunits of the 7 a li-
gands are slightly twisted from
planarity, with a maximum
deviation of 14.56 8 between
the intra-subunit pyridine ring
mean planes. The bipyridines
are also twisted relative to
each other with a maximum
angle of 31.218 between their
mean planes. The 8 ligand
planes are however only


slightly rotated with respect to each other by 7.438 and are
seen to be almost eclipsed when viewed down the long axis of
1 d. The small relative rotation between the 8 ligands results
mainly from the inter-bipyridine twisting discussed above. The
Ag ± N bond lengths 2.284(7) ± 2.405(6) �, and the N7 a-Ag-
N7 a 73.1(3) ± 74.0(3)8, N8-Ag-N8 71.6(2) ± 72.2(2)8, and N7 a-
Ag-N8 119.0(2) ± 140.1(2)8 angles are representative of all
Ag� ions with partially distorted tetrahedral coordination
polyhedra. The overall dimensions of the complex are 20.2
(height)� 19.4 (diameter) �, which make it 1.2 � longer and
0.6 � narrower than the CuI analogue 1 b, due to the almost
eclipsed conformation of 1 d. The cation 1 d possesses an
internal cavity of 4.7 (height) � 9.2 (diameter) � (taking Van
der Waals radii into account) inside which are captured two
triflate anions and a single MeNO2 solvent molecule. The
guests are positioned in the same plane in such a way that
almost all available space within the cavity is filled. Each guest
species also partly protrudes through each of the three cavity
portals into the antechambers defined by the 7 a ligand
surfaces and the 8 phenyl rings.


These results demonstrate the generation of molecular
cage-type architectures by metal ion-mediated multicompo-
nent self-assembly. The next important question to be
answered concerned the possibility of extending the approach
to construct cages possessing different dimensions, in
particular by increasing the length of the rigid linear
component 7 a.


Having established the success of the above design princi-
ple in constructing inorganic cages, an important further
question concerned the possibility of engineering the size and
shape of the internal void within cations such as 1 in a
predictable and controllable way. Such species would have the
potential capacity for shape-selective and multiple-guest
inclusion. Towards this goal, vertical elongation of the cage
1 was attempted by utilizing ligands structurally similar to 7 a
but incorporating bridging groups between the bipyridine
subunits, and repeating the reaction conditions which were
successfull for the self-assembly of 1 a.


Figure 2. 1H NMR spectrum of complex 1b at 500 MHz in CD3NO2 (25 8C).
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Self-assembly of the elongated cylindrical architectures 2 ± 6
with rigid ligand bridges: Cages possessing cylindrical cavities
(2 ± 6, see Scheme 1 and Figure 1) were prepared by using a
class of ligand structurally similar to 7 a but axially elongated
by the incorporation of rigidly preorganized bridges between
the bipyridine subunits. Thus ligands 7 b ± f were synthesized
and each mixed with 8 and [Cu(MeCN)4]PF6 in a 1.5:1:3 ratio
under the same experimental conditions as that used to
prepare 1 a. Examination of the reaction mixtures by 1H NMR
spectroscopy prior to workup revealed that the cylindrical
complex 2 had formed in 50 % yield, 3 and 4 in 90 % ± quan-
titative yield and 5 and 6 in 60 ± 80 % yield. There exists
therefore a correlation between the efficiency of the self-
assembly and the presence or absence of acetylene groups in
the reacting components. The presence of acetylenic functions
has a deleterious effect upon the yields of 2, 5, and 6. The
reason for this may be related to the enhanced chemical
reactivity of the acetylene bridges compared to the phenyl
spacers. Complexes 2 ± 6 were characterised on the basis of
elemental analysis, 1H, and 13C NMR, and UV/Vis spectro-
scopy, and ES mass spectrometry. The 1H and 13C NMR
spectra of 2 ± 6 indicated the presence of a highly symmetrical
species in solution with ligands 7 b ± f and 8 in a single
magnetic and chemical environment. The signals observed
agree with the cylindrical structures 2 ± 6 (see Experimental
Section). Figure 4 illustrates the 1H NMR spectrum of
complex 5. In the complexes elongated by means of acetylene
containing bridges (2, 5, 6), the band corresponding to the
ortho phenyl ring protons of 8 appeared as a sharp doublet.
This is consistent with an unrestricted movement of anions
through the larger portals in the walls of these complexes (see
also below). The ES mass spectra showed bands assignable to
the cylindrical complexes with successive loss of 2 ± 6 PFÿ6
counterions.


Thus, rigid preorganization of both reacting ligand species
proved to be a successfull design modification for generating
cylindrical cages with a range of cavity sizes. Molecular


modeling of 6 showed the external dimensions of the complex
to be 33 (height)� 20 (diameter) � in the extended non-
helical conformation.[16] Complex 6 is therefore a truely
nanoscopic cylinder which has been designed and generated
through a multicomponent self-assembly strategy.


Self-assembly of the cylindrical architecture 10 with confor-
mationally flexible ligand bridges: During initial attempts at
generating cages with cylindrical cavities, bisbipyridines
functionalized in the 5 and 6 pyridine ring positions with
flexible bridges such as CH2-O-CH2 and (CH2)n (n� 6 ± 14)
were used in place of 7 a. All reactions failed to yield isolable
quantities of the cages even after prolonged reaction times
and elevated temperatures. A 1H NMR spectroscopic inves-
tigation of the reactions in a variety of solvents showed only a
complex mixture of unidentified and interconverting species.
However, it was encouraging that no formation of insoluble
polymers was observed.


Cage complex 10 was isolated from the reaction of a 1.5:1:3
ratio of 9,[17] 8, and [Cu(MeCN)4]PF6 in MeNO2 (Scheme 2).
The 1H NMR spectrum of the reaction solution in CD3NO2


and CD2Cl2 prior to workup showed a considerable degree of
complexity indicative of the presence of multiple species in
slow to medium exchange on the NMR timescale. An ES mass
spectrum of the reaction mixture in CH2Cl2 at 10ÿ4 mol dmÿ3


showed 10 to be the dominant species in solution, accom-
panied by lesser amounts of [Cu2(9)2]2� and [Cu(8)2]� .
Diffusion of an excess of diisopropyl ether into the reaction
mixture resulted in the formation of a high yield of crystalline
10. Complex 10 therefore appears to be most stable in the
solid state, and can be selectively isolated from the mixture by
simple adjustment of the reaction conditions (i.e. adding a
precipitating solvent).[18]


An X-ray crystal structure determination was performed on
the above reaction product and confirmed its identity as the
cage complex 10. The cation is shaped into a highly twisted
helical cage in which two 8 ligands form the top and bottom,


respectively, and three 9 li-
gands, the walls of the complex
(Figure 5). The ligand compo-
nents are held together by six
Cu� ions which are each sepa-
rated by an average of 6.87 �
within the 8 planes and 7.65 �
between the 8 planes. The over-
all dimensions of the complex
are 19.0 (height) � 20.0 (diam-
eter) � which make it identical
in size to 1 b. The almost planar
8 ligands are slightly warped in
shape with maximum devia-
tions of �0.10 to ÿ0.13 � from
their mean planes. They are
also staggered relative to each
other by 20.18 as viewed down
the long axis of the complex. In
order to minimize strain within
the bridging ethylene groups
and orient the nitrogen loneFigure 4. 1H NMR spectrum of complex 5 at 500 MHz in CD3NO2 (25 8C).
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Figure 5. Representations of the crystal structure of the cylindrical cage
complex 10 : side view (top left), space-filling side view (top right) side view
with included PFÿ6 ion, (bottom left), view along the axis of the cylinder
(bottom right).


pairs towards the central axis of the cage, the bipyridine
subunits have had to become laterally displaced from each
other within each 9 ligand by a maximum distance of 4 ± 5 �
between their mean planes and also rotated with respect to
each other by 33.5 ± 67.2 8. As viewed down the axes of the 9
ligands, the bipyridine mean planes do not symmetrically
bisect the Cu-8 chelate rings, but are all tilted by 4 ± 278 to one
side and in the same directional sense within each 8 ligand,
and in a clockwise ± anticlockwise relationship between each 8
plane. The Cu ± N bond lengths of 1.991(3) ± 2.185(3) �, and
N9-Cu-N9 81.7(2) ± 83.0(2)8, N8-Cu-N8 81.7(1) ± 82.6(1)8, and
N8-Cu-N9 103.8(1) ± 137.1(2)8 angles are representative of all
Cu� ions in a distorted tetrahedral coordination geometry.


Complex 10 is helically twisted to a greater degree than 1 b.
This could be due to the summed effects of the distorted
tetrahedral coordination polyhedra of the six Cu� ions and the
twisted conformation of the three 9 ligands. Inside the cage is
a small cavity of dimensions 4.5 (height)� 5.5 (diameter) �
(taking Van der Waals radii into account) which is occupied by
a single PFÿ6 ion with an almost perfect fit. The contracted
diameter of the cavity of 10 relative to 1 b results directly from
the steric volume imposed by the internally facing bridging
ethylene groups of the three 9 ligands.


Ligand selection in the self-assembly of inorganic cages: In
order to explore the degree to which recognition can operate
within a complex mixture, an experiment was performed in
which a 1:1:1:3:6 stoichiometric combination of respectively
7 a :7 c :7 d :8 :[Cu(MeCN)4]PF6 was allowed to stir in nitro-
methane for 72 h. Analysis of the resulting purple solution by
1H NMR spectroscopy and ES mass spectrometry showed that
only three species were present in solution, that is the cage
complexes 1 a, 3, and 4. This result represents a remarkable
example of correct recognition fidelity within a combinatorial
library of self-assembling entities, based on four different
ligands and involving a total of 33 particles (15 ligand
molecules and 18 copper(i) ions) which associate with correct
recognition, propagation, and termination to yield three
structurally complex supermolecules. Previous studies with
helicate mixtures[19] showed that only products comprising
identical ligand strands were formed through a process of self-
recognition. In the above example many more particles are
initially present within the reaction mixture and the products
form only by recognition between ligands of different identity.
This situation which is of a higher information content, may
be termed as nonself-recognition, and bears analogy to
biological phenomena as found for instance in the immune
system.


Self-assembly and properties: The above results demonstrate
that it is possible to utilize a multicomponent strategy as a
design principle for the metal-ion-directed self-assembly of
complex three-dimensional molecular architectures of nano-
scopic dimensions. In the multicomponent approach, � two
ligand types correctly associate along with the metal ions to
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Scheme 2. Multicomponent self-assembly of the cylindrical architecture 10 from the linear flexible 9 and circular 8 ligands and copper(i) cations; phenyl
rings of 8 in 10 omitted for clarity.
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yield the desired supermolecule.[20a±k] The self-assembly of
cations 1 proceeded with a very high level of efficiency as all
complexes investigated were found to form in high to
quantitative yield prior to workup. The Ag� ion mediated
self-assembly resulted in quantitative formation of 1 d. This
presumably originates from the fact that Ag ± N(bipyridine)
bonds are weaker than the Cu ± N(bipyridine) analogues, as
evidenced by the lower stability constants of [Ag(2,2'-
bipy)2]�-type complexes in donating solvents. This in turn
would allow an increased Ag ± N bond-forming/dissociation
reversibility (error checking) and thus a more facile pathway
to the final closed structure.


The effect of anions upon the self-assembly of 1 was also
investigated. The formation of 1 a, 1 b and 1 c proceeded in
quantitative yield in the presence of PFÿ6 , BFÿ4 and ClOÿ


4


counterions, respectively. However, when the self-assembly of
1 was attempted with CuCl and CuBr in MeCN/H2O mixtures,
no evidence for the formation of the cages was observed after
48 h at ambient temperature. Slow decomposition also
occured when (nBu)4NX salts (X�Clÿ, Brÿ) were added to
preformed 1 a in MeNO2 solution. The formation of 1 appears
therefore to be strongly influenced by the class of anion. The
failure of the self-assembly in the presence of halogen anions
may possibly be attributed to the propensity of CuI to form
halogen-bridged metal dimers, which in the absence of strong
metal ± bipyridine-type ligand binding would direct the reac-
tion pathway to different products.[21] When CuI salts of
aromatic anions such as B(Ph)ÿ4 and toluenesulfonate were
employed, only insoluble precipitates were obtained. Also
addition of the N(nBu)�4 salts of the above anions to solutions
of 1 a resulted in rapid precipitation of the respective
complexes in MeNO2 and MeCN. This may originate from
the formation of extended aromatic contacts between the
surface of the cations and the phenyl rings of the anions,
thereby reinforcing and stabilising the resulting crystal lattice.
The 1H NMR spectra of complexes 1 a ± c showed small
differences between the chemical shifts of some of the
externally positioned protons, suggesting that the anions are
positioned in proximity to the Cu� ions in interligand pockets
on the surface of the complexes and thereby influence the
chemical shifts of closely situated protons.


The crystal structure of the CuI complex 1 b shows the
cation to be twisted into a helical conformation. The helical
twisting is in accordence with the well documented preference
of CuI to adopt a distorted tetrahedral coordination polyhe-
dron in the presence of bipyridine-type ligands.[22a±c] However,
the crystal structure of the AgI complex 1 d, is essentially non-
helical, with an overall trigonal-prismatic shape. An X-ray
crystallographic investigation of the structures of [M(L)2]�


(M�Cu�, Ag� ; L� bipyridine and phenanthroline ligands)
complexes has revealed that the distortions from ideal
tetrahedral coordination geometry in the solid-state result
primarily from crystal packing factors.[22a±c, 23] The helical
conformation of 1 b may result therefore from an attempt to
minimise the cavity volume to best fit the guests and maximise
intra- and intermolecular aromatic p-p interactions as well as
to accomodate interstitial anions and solvent.


The 1H NMR spectra of complexes 1 a ± d show the bands
assignable to the ortho-phenyl ring protons of the 8 ligands to


be considerably line broadened. This phenomenon appears to
be linked to the presence of anions in the cage cavity.[24]


The cage complexes described here exhibit unusual and
interesting physicochemical properties which are not ex-
pressed by their component parts, the anion guest inclusion
discussed above being one example. Another example is the
strikingly deep purple colour of the CuI complexes which may
hint to interesting photophysical properties. The colour
originates from two metal-to-ligand charge transfer (MLCT)
envelopes in the visible spectrum of the cages and is
associated with the mixed ligand [Cu(7 a)(8)]� chromophore.
The AgI complexes are unusual in that they are stable to light,
even upon exposure for one year on the bench. The robust
nature of these materials will be an attractive feature in any
future applications.


Conclusions


The above work describes the construction of a range of
three-dimensional inorganic molecular architectures of cylin-
drical shape and nanometric size (Figure 1). The principle for
their design consists of a metal-ion-mediated multicomponent
self-assembly process in which ligands of different identity
preferentially combine in the presence of metal ions to
generate the desired closed structure. The multicomponent
approach represents a highly convergent type of self-assembly
of greater information content than systems comprising metal
ions and single ligand species, and which in principle should be
capable of accessing the highest levels of structural complex-
ity at the molecular level in the shortest number of steps. The
success of this strategy relies upon two main factors; i) that the
metal-ion ± ligand bonding interactions are reversible and that
the reaction proceeds under equilibrium thermodynamic
control, and ii) the ligands are designed in such a way as to
destabilise the formation of polymers and stabilise the desired
supramolecular product. In the latter case the use of rigidly
preorganised ligands functionalised with sterically hindering
groups was found to be of crucial importance to the success of
the self-assembly. The phenyl rings of 8 were chosen in order
to fulfill the above requirements by reducing the degree to
which 8 can polymerise in the presence of metal ions through
steric interactions and to stabilise the resulting cage structure
through multiple attractive intramolecular contacts.[14, 25]


All cage complexes possess an average C3 symmetric
architecture laterally expanded to provide an internal cavity.
A high level of control over the cavity size and shape was
achieved by using rigidly preorganised ligand components
which allowed the construction of internal voids varying in
size from �ngstrom (1 a ± d) to nanoscopic dimensions (2 ± 6).
The self-assembled complexes also fulfill the expectation of
displaying physicochemical properties not expressed by their
component parts such as anion guest inclusion behaviour.
They can therefore be regarded as metallocryptands which
are accessible through self-assembly and do not require
lengthy sequential synthetic protocols and low yield statistical
cyclisation reactions for their construction.


The present results demonstrate that it is possible to access
in a single overall step supramolecular architectures of
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nanometric size presenting a high level of structural complex-
ity by metal-ion-mediated self-assembly. The formation of the
cage complexes results from the operation of a programmed,
informational process that involves three main stages:
a) initiation, b) propagation, and finally c) termination of
the assembly leading to a discrete supermolecule. Entropic
and solvation factors are also expected to play an important
role in the generation of such species.


Other extensions of the above work currently under
investigation include further alteration of the cavity size and
shape, extension to octahedral metal ion analogues, incorpo-
ration into higher order structures and surface chemical
studies, as well as self-assembly of multicompartmental
architectures from polytopic components.[27]


Experimental Section


General techniques: The metal-ion containing salts [Cu(CH3CN)4]PF6 and
AgCF3SO3 were purchased from Aldrich. The former was recrystallised
from MeCN and the latter from benzene prior to use. The solvents
nitrobenzene and nitromethane (Fluka, puriss) were redistilled under
vacuum before use. Adsorption column chromatography was performed
using silica gel (GEDURAN, SI 60 (40 ± 63 mm, MERCK). Ligands 7b ± f
were prepared by using standard organometallic coupling protocols.[26]


Ultraviolet/visible spectra were recorded on a Varian, CARY 3 spectro-
photometer in CH2Cl2 redistilled from CaH2 under argon. Infrared spectra
were recorded as compressed KBr discs on a Perkin Elmer 1600 Series
FTIR. The following notation is used for the IR spectral intensities; strong
(s), medium (m), weak (w), shoulder (sh). 500 MHz 1H and 125 MHz
13C NMR spectra were recorded on a Bruker ARX 500 spectrometer and
300 MHz 1H and 75 MHz 13C NMR spectra on a Bruker AM 300
spectrometer, and were referenced to residual CH3NO2 in the CD3NO2


solvent. ES-MS studies were performed on a VG BioQ triple quadrupole
mass spectrometer upgraded in order to obtain the Quattro II perform-
ances (Micromass, Altrincham, UK). Samples were dissolved in MeNO2 at
10ÿ4 ± 10ÿ5m and were continuously infused into the ion source at a flow
rate of 6 mL minÿ1, via a Harvard Model 55 1111 syringe pump (Harvard
Apparatus, South Natick, MA, USA). The extraction cone voltage (Vc)
was at 20 V to avoid fragmentations. Elemental analyses were performed
by the Service de Microanalyse, Institut de Chimie, UniversiteÂ Louis
Pasteur.


General procedure for 1 a ± c: Nitromethane (2 mL) was added by syringe
to a 1.5:1 stoichiometric mixture of 7 a and 8 under an atmosphere of argon.
A solution of three equivalents of [Cu(CH3CN)4]X in acetonitrile (1.5 mL)
was then added by syringe, and the mixture stirred at ambient temperature
for 48 h. All solvent was then removed from the purple solution under
vacuum and the remaining solid dissolved in nitromethane (3 mL), gravity-
filtered and benzene added dropwise over 2 h until formation of solid
ceased. The solid was isolated by filtration under vacuum, washed with
benzene, air dried and further dried under vacuum at 85 8C/2�
10ÿ6 mm Hg.


1a: From 7 a (0.0184 g, 5.43� 10ÿ5 mol), 8 (0.025 g, 3.62� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.0405 g, 1.09� 10ÿ4 mol) was obtained 1 a (0.064 g,
97%) as permanganate-coloured microcrystals, which were considered
pure by 1H and 13C NMR spectroscopy and ES mass spectrometry.
Microanalytically pure material was however only obtained upon further
purification by flash chromatography through a short plug of silica, eluting
with 1% MeOH/CH2Cl2 then then 4 % MeOH/CH2Cl2 followed by
recrystallisation from CH2Cl2/benzene and finally drying under vacuum
at 100 8C/0.1 mm Hg. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.43 (d,
J3',4'� 8.6 Hz, 6H; 7 aH-3'), 8.30 (d, J4',3'� 7.9 Hz, 6 H; 7aH-4'), 8.22 (d, J3,4�
8.0 Hz, 6H; 7 aH-3), 8.04 (s, 6 H; 7aH-6'), 7.88 (t, J4,3;4,5� 7.9 Hz, 6 H; 7aH-
4), 7.40 (s, 24H; 8H-ortho), 7.17 (d, J5,4� 7.7 Hz, 6 H; 7aH-5), 6.89 (t, Jp,m�
7.4 Hz, 12H; 8H-para), 6.68 (t, Jm,o;m,p� 7.4 Hz, 24 H; 8H-meta), 2.15 (s,
18H; 7a-CH3); 13C NMR (CD3NO3, 125.8 MHz, 25 8C): d� 159.02, 157.64,


153.10, 151.67, 147.04, 140.40, 140.15, 138.23, 138.12, 134.78, 131.57, 130.66,
129.00, 127.73, 124.57, 121.37; 26.17 (CH3). ES MS (CH3NO2): m/z (relative
intensity, %): 1679.1 (3) {[Cu6(7a)3(8)2](PF6)4}2�, 1071.1 (11)
{[Cu6(7 a)3(8)2](PF6)3}3�, 767.0 (34) {[Cu6(7a)3(8)2](PF6)2}4�, 584.7 (100)
{[Cu6(7 a)3(8)2](PF6)}5� ; UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]): 287
(119 785), 338 (211 647), 383 (111 096), 546 (27 678), 695 (12 977); elemental
analysis calcd. for C162H114Cu6F36N24P6 (%): C 53.34, H 3.15, N 9.22; found C
53.15, H 3.30, N 9.35.


1b: From 7a (0.0184 g, 5.43� 10ÿ5 mol), 8 (0.025 g, 3.62� 10ÿ5 mol) and
[Cu(CH3CN)4](BF4) (0.0342 g, 1.09� 10ÿ4 mol) was obtained 1b (0.058 g,
97%) as permanganate-coloured microcrystals, which were considered
pure by 1H and 13C NMR spectroscopy and ES mass spectrometry.
Microanalytically pure material was obtained by column chromatography,
recrystallisation and drying as described for 1 a above. 1H NMR (CD3NO3,
500 MHz, 25 8C): d� 8.41 (d, J3',4'� 8.8 Hz, 6H; 7 aH-3'), 8.32 (dd, J4',3'�
8.7 Hz, J4',6'� 2.2 Hz, 6H; 7 aH-4'), 8.18 (d, J3,4� 8.1 Hz, 6H; 7 aH-3), 8.03
(d, J6',4'� 1.8 Hz, 6 H; 7 aH-6'), 7.88 (t, J4,3;4,5� 7.9 Hz, 6H; 7 aH-4), 7.40 (d,
Jo,m� 7.2 Hz, 24H; 8H-ortho), 7.21 (d, J5,4� 7.8 Hz, 6H; 7aH-5), 6.89 (t,
Jp,m� 7.5 Hz, 12H; 8H-para), 6.67 (t, Jm,o;m,p� 7.8 Hz, 24H; 8H-meta), 2.16
(s, 18 H; 7 a-CH3); UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]): 287
(125 789), 339 (221 517), 382 (115 652), 545 (28 792), 694 (13 969); elemental
analysis calcd. for C162H114B6Cu6F24N24(%): C 58.98, H 3.48, N 10.19; found
C 58.74, H 3.28, N 9.99.


1c: From 7a (0.0194 g, 5.73� 10ÿ5 mol), 8 (0.0264 g, 3.82� 10ÿ5 mol) and
[Cu(CH3CN)4](ClO4) (0.0375 g, 1.15� 10ÿ4 mol) was obtained 1c (0.057g,
89%) as a permanganate-coloured powder, pure by 1H, 13C NMR
spectroscopy and ES mass spectrometry. Microanalytically pure material
was obtained by column chromatography, recrystallisation and drying as
described for 1a. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.40 (d, J3',4'�
8.6 Hz, 6H; 7aH-3'), 8.30 (dd, J4',3'� 8.7 Hz, J4',6'� 2.2 Hz, 6H; 7aH-4'), 8.18
(d, J3,4� 8.1 Hz, 6H; 7 aH-3), 8.05 (d, J6',4'� 2.0 Hz, 6H; 7aH-6'), 7.88 (t,
J4,3;4,5� 7.9 Hz, 6H; 7aH-4), 7.41 (d, Jo,m� 6.8 Hz, 24H; 8H-ortho), 7.20 (d,
J5,4� 7.7 Hz, 6H; 7aH-5), 6.88 (t, Jp,m� 7.6 Hz, 12 H; 8H-para), 6.67 (t,
Jm,o;m,p� 7.8 Hz, 24 H; 8H-meta), 2.17 (s, 18 H; 7 a-CH3); UV/Vis (CH2Cl2):
l [nm] (e [molÿ1dm3cmÿ1]); 288 (130307), 339 (239217), 383 (124772), 545
(31374), 698 (15039); elemental analysis calcd. for C162H114Cl6Cu6-
N24O24 (%): C 57.66, H 3.40, N 9.96; found: C 57.48, H 3.49, N 9.75.


1d: To a mixture of 7 a (0.015 g, 4.43� 10ÿ5 mol), 8 (0.020 g, 2.95�
10ÿ5 mol) and AgCF3SO3 (0.023 g, 8.87� 10ÿ5 mol) was added nitrome-
thane (2 mL), the mixture briefly ultrasonicated, then left to stir at ambient
temperature for 24 h. All solvent was removed under vacuum and the
remaining solid washed with benzene. The product was then recrystallised
by adding excess benzene to a solution of the complex in nitromethane over
a 2 h period. Isolation by vacuum filtration, washing with benzene and
drying under vacuum (85 8C/2� 10ÿ6 mm Hg) yielded 1d (0.057 g, 98%) as
yellow microcrystals. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.37 (dd,
J4',3'� 8.7 Hz, J4',6'� 2.3 Hz, 6 H; 7 aH-4'), 8.34 (d, J3',4'� 8.4 Hz, 6H; 7aH-
3'), 8.20 (d, J3, 4� 8.0 Hz, 6 H; 7aH-3), 8.17 (s, 6H; 7 aH-6'), 7.97 (t, J4,3;4,5�
7.9 Hz, 6 H; 7 aH-4), 7.55 (d, Jo,m� 6.9 Hz, 24H; 8H-ortho), 7.25 (d, J5,4�
8.1 Hz, 6H; 7aH-5), 6.86 (t, Jp,m� 7.6 Hz, 12 H; 8H-para), 6.70 (t, Jm,o;m,p�
7.7 Hz, 24 H; 8H-meta), 2.15 (s, 18 H; 7a-CH3); 13C NMR (CD3NO3,
125.7 MHz, 25 8C): d� 160.21, 158.94, 152.95, 152.10, 148.57, 140.79, 139.74,
139.46, 137.96, 134.10, 132.02 , 130.60, 129.57, 127.03, 125.06, 121.94, 27.35
(CH3), {126.29, 123.74, 121.18, 118.63 CF3SO3}; UV/Vis (CH2Cl2): l [nm] (e


[molÿ1dm3cmÿ1]): 333 (220522), 376 (91273); elemental analysis calcd. for
C168H114Ag6F18N24O18S6 (%): C 51.23, H 2.92, N 8.54; found: C 51.29, H 2.98,
N 8.57.


10: To a mixture of 9 (0.0162 g, 4.42� 10ÿ5 mol), 8 (0.0204 g, 2.95�
10ÿ5 mol) and [Cu(CH3CN)4](PF6) (0.033 g, 8.85� 10ÿ5 mol) under argon,
was added nitromethane (2 mL) by syringe. The reaction was stirred at
ambient temperature for 24 h, during which time the colour changed from
brown through black-green to finally deep blue. The solvent was then
removed under vacuum and the remaining solid recrystallised from
nitromethane-diisopropyl ether by liquid ± liquid diffusion. The product
was isolated by filtration under vacuum, washed with diisopropyl ether, air
dried and further dried at 100 8C/2� 10ÿ6 mm Hg to yield 10 (0.045 g, 82%)
as blue-black crystals. ES MS (CH2Cl2): m/z (relative intensity; %): 1721.3
(46) {[Cu6(9)3(8)2](PF6)4}2�, 1445.2 (19) [Cu(8)2]� , 1099.1 (69)
{[Cu6(9)3(8)2](PF6)3}3�, 788.2 (100) {[Cu6(9)3(8)2](PF6)2}4�, 601.5 (75)
{[Cu6(9)3(8)2](PF6)}5�, 429.9 (4) [Cu2(9)2]2�.
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General procedure for 2 ± 6 : To a mixture of 7 b ± f, 8 and
[Cu(CH3CN)4](PF6) in a 1.5:1:3 stoichiometric ratio under an argon
atmosphere was added nitromethane (3 ± 4 mL) by syringe and the reaction
stirred at ambient temperature for 48 h (2, 3), 72 h (4, 5), and 168 h (6). All
solvent was removed under vacuum, the remaining solid dissolved in the
minimum volume of dichloromethane and purified by gradient elution
flash chromatography down a short column of silica with increasing ratios
of methanol/dichloromethane. The product was then dissolved in nitro-
methane (3 mL) and recrystallised by slow addition of excess benzene or
toluene over a 2 h period. The crystalline solid was isolated by filtration
under vacuum, washed with benzene, air dried and further dried under
vacuum at 90 8C/2� 10ÿ6 mm Hg.


2: From 7 b (0.031 g, 8.55� 10ÿ5 mol), 8 (0.039 g, 5.65� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.064 g, 1.72� 10ÿ4 mol) was obtained a solid which
was purified by chromatography using first 3% MeOH/CH2Cl2, then 8%
MeOH/CH2Cl2. Finally recrystallisation from MeNO2/toluene yielded 2
(0.026 g, 25%) as a dark purple microcrystalline powder. 1H NMR
(CD3NO3, 500 MHz, 25 8C): d� 8.22 (dd, J6',4'� 1.9 Hz, J6',3'� 0.8 Hz, 6H;
7bH-6'), 8.19 (dd, J3',4'� 8.7 Hz, J3',6'� 0.8 Hz, 6 H; 7 bH-3'), 8.12 (dd, J4',3'�
8.5 Hz, J4',6'� 2.0 Hz, 6H; 7 bH-4'), 8.10 (d, J3,4� 8.0 Hz, 6H; 7 bH-3), 7.92
(t, J4,3;4,5� 7.9 Hz, 6 H; 7bH-4), 7.44 (dd, Jo,m� 8.3 Hz, Jo,p� 1.1 Hz, 24H;
8H-ortho), 7.28 (d, J5,4� 7.6 Hz, 6H; 7 bH-5), 6.96 (tt, Jp,m� 7.6 Hz, Jp,o�
1.2 Hz, 12H; 8H-para), 6.82 (t, Jm,o;m,p� 7.9 Hz, 24H; 8H-meta), 2.21 (s,
18H; 7b-CH3); 13C NMR (CD3NO3, 125.8 MHz, 25 8C): d� 159.12, 157.61,
152.71, 151.72, 151.45, 142.74, 140.60, 140.14, 138.35, 131.49, 130.51, 129.22,
127.57, 123.49, 122.52, 121.40, 91.37 (C�C), 26.18 (CH3); ES MS (CH3NO2):
m/z (relative intensity; %): 1715.7 (3) {[Cu6(7b)3(8)2](PF6)4}2�, 1095.2 (15)
{[Cu6(7b)3(8)2](PF6)3}3�, 785.0 (44) {[Cu6(7b)3(8)2](PF6)2}4�, 598.9 (100)
{[Cu6(7b)3(8)2](PF6)}5� ; UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]): 299
(124924), 348 (277477), 366 (264897), 390 (126108), 553 (33429), 672
(15414): IR ([cmÿ1]): nÄ � 3106 w, 3059 m, 3028 w, 2956 w, 2925 w, 2854 w,
1625 m, 1602 m, 1560 m, 1495 m, 1461 s, 1372 s, 1295 w, 1273 w, 1251 m, 1236
m, 1210 m, 1182 m, 1147 m, 1102 w, 1075 w, 1030 m, 1017 m, 1000 w, 843 s,
802 m, 771 m, 761 m, 753 m, 722 m, 701 s, 610 m, 558 s; elemental analysis
calcd. for C168H114Cu6F36N24P6 (%): C 54.24, H 3.09, N 9.04; found: C 54.08,
H 3.33, N 9.12.


3: From 7c (0.035 g, 8.44� 10ÿ5 mol), 8 (0.039 g, 5.65� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.064 g, 1.72� 10ÿ4 mol) was obtained a solid which
was purified by chromatography and recrystallisation as described for 2
above to yield 3 (0.075g, 69%) as permanganate-coloured microcrystals.
1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.60 (s, 6 H; 7cH-6'), 8.25 (s,
12H; 7 cH-3', 4'), 8.15 (d, J3,4� 8.0 Hz, 6H; 7cH-3), 7.93 (t, J4,3;4,5� 7.9 Hz,
6H; 7 cH-4), 7.77 (s, 12H; 7c central phenyl H-2'', 3'', 5'', 6''), 7.49 (d, Jo,m�
7.3 Hz, 24 H; 8H-ortho), 7.25 (d, J5,4� 7.7 Hz, 6H; 7cH-5), 6.95 (t, Jp,m�
7.6 Hz, 12H; 8H-para), 6.77 (t, Jm,o;m,p� 7.9 Hz, 24 H; 8H-meta), 2.16 (s,
18H; 7 c-CH3); 13C NMR (CD3NO3, 75 MHz, 25 8C): d� 158.92, 157.73,
152.49, 152.16, 148.24, 140.51, 140.07, 138.70, 138.53, 137.80, 137.63, 131.32,
130.66, 129.07, 127.11, 123.85, 120.99, 26.03 (CH3); ES MS (CH3NO2): m/z
(relative intensity, %): 1794.0 (3) {[Cu6(7c)3(8)2](PF6)4}2�, 1147.1 (28)
{[Cu6(7c)3(8)2](PF6)3}3�, 824.1 (60) {[Cu6(7c)3(8)2](PF6)2}4�, 630.2 (100)
{[Cu6(7c)3(8)2](PF6)}5� ; UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]): 345
(242758), 388 (119741), 557 (30538), 681 (13740); elemental analysis calcd.
for C180H126Cu6F36N24P6 (%): C 55.77, H 3.28, N 8.67; found: C 55.89, H 3.37,
N 8.83.


4: From 7d (0.040 g, 8.15� 10ÿ5 mol), 8 (0.0375 g, 5.43� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.061 g, 1.64� 10ÿ4 mol) was obtained a solid which
was purified by chromatography and recrystallisation as described for 2
above to yield 4 (0.085 g, 77 %) as permanganate-coloured crystals.
1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.61 (d, J6',4'� 2.0 Hz, 6H;
7dH6'), 8.26 (d, J3',4'� 8.4 Hz, 6 H; 7 dH-3'), 8.22 (dd, J4',3'� 8.5 Hz, J4',6'�
2.1 Hz, 6H; 7 dH-4'), 8.16 (d, J3,4� 8.1 Hz, 6H; 7dH-3), 7.94 (t, J4,3;4,5�
7.9 Hz, 6 H; 7dH-4), 7.83 (d, J2'',3'';6'',5''� 8.6 Hz, 12H; 7d J3'',2'';5'',6''), 7.73 (d,
biphenyl inner H-2'',6''� 8.6 Hz, 12 H; 7d biphenyl outer H-3'',5''), 7.51 (d,
Jo,m� 7.5 Hz, 24H; 8H-ortho), 7.28 (d, J5,4� 7.7 Hz, 6H; 7dH-5), 6.97 (t,
Jp,m� 7.5 Hz, 12H; 8H-para), 6.79 (t, Jm,o;m,p� 7.9 Hz, 24 H; 8H-meta),
2.21 (s, 18H; 7 d-CH3); 13C NMR (CD3NO3, 75 MHz, 25 8C): d� 158.91,
157.72, 152.17, 152.00, 148.77, 141.76, 140.47, 140.04, 139.27, 138.80, 137.50,
137.11, 131.27, 130.67, 129.15, 129.07, 126.98, 123.62, 120.84, 26.19 (CH3); ES
MS (CH3NO2): m/z (relative intensity, %): 1907 (2) {[Cu6(7d)3(8)2](PF6)4}2�,
1223.4 (25) {[Cu6(7d)3(8)2](PF6)3}3�, 881.2 (49) {[Cu6(7d)3(8)2](PF6)2}4�,
675.9 (100) {[Cu6(7d)3(8)2](PF6)}5� ; UV/Vis (CH2Cl2): l [nm]


(e [molÿ1dm3cmÿ1]): 260 (168439), 347 (294489), 388 sh (144446), 560
(33651), 680 (15814); elemental analysis calcd. for C198H138Cu6F36N24P6 (%):
C 57.94, H 3.39, N 8.19; found C 58.19, H 3.18, N 8.25.


5: From 7 e (0.025 g, 5.40� 10ÿ5 mol), 8 (0.025 g, 3.62� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.040 g, 1.07� 10ÿ4 mol) was obtained a solid which
was purified by flash chromatography eluting with 4%MeOH/CH2Cl2 and
recrystallisation from MeNO2/toluene to yield 5 (0.042 g, 58 %) as
permanganate-coloured crystals. 1H NMR (CD3NO3, 500 MHz, 25 8C):
d� 8.43 (d, J6',4'� 1.9 Hz, 6H; 7 eH-6'), 8.17 (d, J3',4'� 8.7 Hz, 6H; 7eH-3'),
8.11 (d, J3,4� 8.1 Hz, 6H; 7eH-3), 8.07 (dd, J4',3'� 8.5 Hz, J4',6'� 2.0 Hz, 6H;
7eH-4'), 7.95 (t, J4,3;4,5� 7.9 Hz, 6H; 7eH-4), 7.54 (s, 12 H; 7e central phenyl
H-2'',3'',5'',6''), 7.49 (d, Jo, m� 8.2 Hz, 24H; 8H-ortho), 7.31 (d, J5,4� 7.7 Hz,
6H; 7eH-5), 6.98 (t, Jp,m� 7.6 Hz, 12 H; 8H-para), 6.81 (t, Jm,o;m,p� 7.9 Hz,
24H; 8H-meta), 2.24 (s, 18H; 7e-CH3); 13C NMR (CD3NO3, 75 MHz,
25 8C): d� 159.11, 157.96, 152.43, 152.19, 151.67, 141.87, 140.51, 140.17,
138.81, 133.33, 131.32, 130.64, 129.12, 127.44, 124.10, 123.19, 123.14, 121.23,
95.14 (C�C), 88.13 (C�C), 26.36 (CH3); ES MS (CH3NO2): m/z
(relative intensity; %): 1865 (3) {[Cu6(7e)3(8)2](PF6)4}2�, 1195.4 (33)
{[Cu6(7e)3(8)2](PF6)3}3�, 860.1 (69) {[Cu6(7e)3(8)2](PF6)2}4�, 659.0 (100)
{[Cu6(7e)3(8)2](PF6)}5� ; UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]):
362 (325 097), 374 (314 365), 559 (31 038), 677 (13 843): IR (cmÿ1): nÄ �
3104 sh, 3085 sh, 3058 m, 3028 sh, 3002 sh, 2220 m (C�C), 1624 w, 1603
m, 1576 w, 1559 m, 1507 m, 1458 s, 1406 w, 1370 s, 1320 w, 1293 w, 1272 m,
1251 m, 1235 m, 1207 m, 1181 m, 1148 m, 1103 w, 1076 w, 1030 m, 1017 m,
1000 m, 937 w, 920 w, 843 s, 801 s, 773 m, 761 m, 752 m, 722 m, 701 s, 644 w,
623 w, 610 m, 598 sh, 557 s, 406 w; elemental analysis calcd. for
C192H126Cu6F36N24P6 (%): C 57.36, H 3.16, N 8.36; found C 57.16, H 3.28,
N 8.48.


6: From 7 f (0.030 g, 5.57� 10ÿ5 mol), 8 (0.026 g, 3.76� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.042 g, 1.13� 10ÿ4 mol) was obtained a solid which
was purified by flash chromatography eluting first with 4 % MeOH/CH2Cl2


then 8% MeOH/CH2Cl2. The chromatography was repeated with 2%
MeOH/CH2Cl2 and the product recrystallised from MeNO2/benzene to
yield 6 (0.044 g, 56%) as permanganate-coloured microcrystals. 1H NMR
(CD3NO3, 500 MHz, 25 8C): d� 8.51 (d, J6',4'� 1.3 Hz, 6H; 7 fH-6'), 8.19 (d,
J3',4'� 8.6 Hz, 6 H; 7 fH-3'), 8.12 (d, J3,4� 8.1 Hz, 6 H; 7 fH-3), 8.08 (dd,
J4',3'� 8.5 Hz, J4',6'� 2.0 Hz, 6H; 7 fH-4'), 7.98 (t, J4,3;4,5� 7.9 Hz, 6 H; 7fH-4),
7.61 (d, J3'',2'';5'',6''� 8.5 Hz, 12H; 7 f biphenyl outer H-3'',5''), 7.50 (d, Jo,m�
8.2 Hz, 24H; 8H-ortho), 7.42 (d, J2'',3'';6'',5''� 8.5 Hz, 12H; 7 f biphenyl inner
H-2'',6''), 7.37 (d, J5,4� 7.8 Hz, 6 H; 7 fH-5), 7.00 (t, Jp,m� 7.5 Hz, 12H; 8H-
para), 6.82 (t, Jm,o;m,p� 7.9 Hz, 24H; 8H-meta), 2.29 (s, 18 H; 7 f-CH3);
13C NMR (CD3NO3, 125.8 MHz, 25 8C): d� 159.01, 157.79, 152.55, 151.86,
151.63, 142.03, 141.55, 140.78, 140.22, 138.89, 133.65, 131.26, 130.58, 129.10,
128.51, 127.42, 123.56, 123.03, 122.80, 121.12, 95.65 (C�C), 87.04 (C�C),
26.40 (CH3); ES MS (CH3NO2): m/z (relative intensity; %): 1979 (2)
{[Cu6(7f)3(8)2](PF6)4}2�, 1271.6 (40) {[Cu6(7 f)3(8)2](PF6)3}3�, 917.2 (79)
{[Cu6(7 f)3(8)2](PF6)2}4�, 704.6 (100) {[Cu6(7 f)3(8)2](PF6)}5�, 563.0 (16)
[Cu6(7 f)3(8)2]6� ; UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]): 280
(136 976), 375 (358 542), 571 (25 483), 678 (11 208); IR (cmÿ1): nÄ � 3059 w,
3034 w, 2217 m (C�C), 1603 m, 1559 m, 1498 s, 1459 s, 1370 s, 1294 w, 1274 w,
1251 m, 1235 m, 1209 m, 1181 m, 1154 m, 1104 w, 1075 w, 1030 m, 1017 m,
1004 m, 843 s, 801 s, 772 m, 761 m, 752 m, 739 w, 722 m, 701 s, 622 w, 610 m,
597 sh, 558 s, 406 w.


Crystallographic measurements: 1 d : Single crystals suitable for X-ray
crystallography were grown by slow diffusion of benzene into a nitro-
methane solution of the complex at ambient temperature. X-ray data:
C162H114Ag6N24 ´ 6 CF3SO3 ´ 7C6H6, M� 4172.7, a� 29.099(9), b�
16.618(12), c� 41.128(20) �, b� 100.92(2)8, V� 19528(18) �3, T� 200 K,
space group�C2/c , Z� 4, 1calcd� 1.42 gcmÿ3, m(Moka)� 0.74 mmÿ1,
F (000)� 8400. Data were collected on a STOE-IPDS diffractometer,
7.48> 2q< 48.38, Moka radiation (graphite monochromator). A total of
14434 independent reflections were measured and of these, 11217 had
jF0 j 4s(jF0 j ) and were considered to be observed. The data were corrected
for Lorentz and polarisation factors; no absorption correction was applied.
The structure was solved by direct methods. The Hydrogen atoms were
placed in calculated positions, the isotropic temperature factor was coupled
with the Ueq from the parent carbon atom. The refinement was by full-
matrix least-squares based on F 2 to give R� 0.0831, wR� 0.2068 with F>
6s(F0). R� 0.1078, wR� 0.2406 with all data for 1108 parameters. The
maximum and minimum residual electron densities in the final DF map
were 1.566 and ÿ1.278 e�ÿ3. 10 : Single crystals suitable for X-ray
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crystallography were grown by slow diffusion of benzene into a nitro-
methane solution of the complex at ambient temperature. X-ray data:
C168H126Cu6N24 ´ 6 PF6 ´ 6.5C6H6 ´ 4.5CH3NO2, M� 4514.5, monoclinic, a�
26.843(3), b� 39.511(3), c� 19.505(2) �, b� 91.92(1)8, V� 20675(4) �3,
T� 200 K, space group�P2(1)/n, Z� 4, 1calcd� 1.45 gcmÿ3, m(Moka)�
0.75 mmÿ1, F(000)� 9228. Data were collected on a STOE-IPDS diffrac-
tometer, 3.18> 2q< 50.28, Moka radiation (graphite monochromator). A
total of 34653 independent reflections were measured and of these, 25538
had jF0 j 4s(jF0 j ) and were considered to be observed. The data were
corrected for Lorentz and polarisation factors; no absorption correction
was applied. The structure was solved by direct methods. The Hydrogen
atoms were placed in calculated positions, the isotropic temperature factor
was coupled with the Ueq from the parent carbon atom. The refinement
was by full-matrix least-squares based on F 2 to give R� 0.0629, wR�
0.1731 with F> 4s(F0). R� 0.0850, wR� 0.1905 with all data for 2663
parameters. The maximum and minimum residual electron densities in the
final DF map were 0.906 and ÿ0.642 e �ÿ3. Further details of the crystal
structure investigations can be obtained from the Fachinformationszen-
trum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax:
(�49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting the
depository numbers CSD-410 250 (1 d) and CSD-410 251 (10).
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The Designed Self-Assembly of Multicomponent and Multicompartmental
Cylindrical Nanoarchitectures


Paul N. W. Baxter,[a] Jean-Marie Lehn,*[a] Boris O. Kneisel,[b] Gerhard Baum,[b]


and Dieter Fenske[b]


Abstract: The polytopic linear 4 and
circular 5 ligands undergo self-assembly
with copper(i) and silver(i) ions to gen-
erate the large inorganic entities 2 and 3
containing, two and three internal cav-
ities, respectively. The process amounts
to the spontaneous assembly of a total of
15 and 19 particles to yield multicom-
partmental architectures. The crystal
structures of two such complexes have
been determined. They confirm the


nature of the entities formed and show
that in addition several substrate species
(anions and solvent molecules) are con-
tained in the cavities. The generation of
architectures 2 and 3 presents several


important features: it represents a multi-
component mixed-ligand self-assembly
process involving self-compartmentali-
sation with simultaneous inclusion (and
selection) of multiple substrate species.
Such features are of interest for both the
analogies with biological processes and
the potential applications in nano-
science. They also amount to a further
step in the design of systems of increas-
ing structural and functional complexity.


Keywords: inorganic architectures ´
metal complexes ´ nanostructures ´
self-assembly ´ supramolecular
chemistry


Introduction


The design and construction of molecular architectures lying
within the nanostructural domain gives access to more and
more complex entities presenting a range of novel structural
and functional properties. The controlled use of intermolec-
ular forces provides an efficient method for creating large,
organised supramolecular systems through self-assembly,
unimpeded by the problems associated with stepwise covalent
synthetic methodology.[1±4] We present herein the spontaneous
generation of multicompartmental nanoarchitectures exhibit-
ing multiple guest encapsulation, by self-organisation from
multiple components by metal ion coordination. Such a high
level of structural complexity is attained through the correct
association of up to twenty-five particles. The formation of
these supermolecular entities represents an abiological ana-
logue of numerous biological processes mediated by collective
interactions and recognition events between large molecules.
In particular, it amounts to a self-compartmentalisation


process presenting analogies with that displayed by multi-
compartmental proteases.[5] Also, potential applications exist,
for example, in materials science and nanotechnology, where
the establishment of pathways for the controlled access to
nanosized chemical entities is of paramount interest.


Mixtures of correctly instructed components represent
programmed chemical systems undergoing self-assembly to
give a single equilibrium supramolecular entity or eventually
a collection of such species.[1] A range of structural types have
been generated in this way; they include aggregates main-
tained through hydrogen bonding[1±6] or donor ± acceptor
interactions[4] as well as metal-ion-assembled structures such
as cages,[7±10] helicates[1, 11, 12] and grids.[13, 14] The inorganic
systems which incorporate metal ions as assembling and
organising centres are particularly interesting in that they may
potentially confer a variety of novel optical, redox, magnetic
or catalytic properties.


Earlier work demonstrated that it was possible to utilise
metal-ion-mediated self-assembly to produce the hexanuclear
cage complex 1[7a] from a mixture of five ligand components of
two different types (three ligands 4 with n� 0 and 2 ligands
5 a) and six copper(i) ions, that is by the correct recognition
and positioning of eleven particles in one stroke. An increase
in size of the internal cavity was achieved by elongation of the
linear pillar ligand 4, leading to cylindrical complexes of up to
31 � that is nanometric in height.[7b] These results raised the
question as to whether this process could give access to
multicellular inorganic architectures that would present
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several internal cavities and might in addition incorporate
selected substrates in the course of the assembly. We herein
report that this is indeed the case. Thus, the bicompartmental
2 and tricompartmental 3 complex cations (Figure 1) contain-
ing anions in their cavities (see Figures 4 and 5) are generated
in a single operation by self-assembly from the corresponding
stoichiometric mixtures of ligand components of two different
types and metal ions (see Scheme 1).


Results and Discussion


Self-assembly of the multicompartmental architectures 2 and
3: Mixing the linear tritopic trisbipyridine, (or sexipyridine,
spy) 4 a,[15] and hexaphenylhexaazatriphenylene (hat) 5 a[16]


ligands with [Cu(CH3CN)4]X (X�PFÿ6 , CF3SOÿ
3 ) in (2:1)


nitromethane/acetonitrile solution in a 1:1:3 stoichiometric
ratio resulted in slow dissolution of the sparingly soluble 4 a
and a concomitant colour change from brown to deep purple
(Scheme 1). After stirring at ambient temperature for five
days and subsequent workup, the dark-purple organic solvent
soluble complexes 2 a and 2 b were isolated in 88 % and 93 %
yields, respectively. Complex 2 c (78 %) was generated in a
similar way upon reaction between 4 a, 5 b and
[Cu(CH3CN)4]PF6. Combination of 4 a, 5 a and AgCF3SO3 in
nitromethane in a 1:1:3 ratio yielded a yellow microcrystalline
complex 2 d (85%) as the single product after workup.
Complexes 3 a and 3 b were prepared from the tetratopic
tetrakis(bipyridine) (or octapyridine, octapy) 4 b, 5 a and the
copper(i) or silver(i) salt by procedures similar to those used
for 2 a ± d above and were isolated in 61 % and 95 % yields,
respectively. In the case of 3 a, the reaction had to be
conducted in pure acetonitrile at 60 8C in order to drive the
self-assembly to completion.


Evidence that the products from the above reactions
possessed multicellular cage-type structures (Figure 1) in
solution came from inspection of their 1H NMR spectra
(Figures 2 and 3; connectivities were determined by 1H-1H
COSY and NOESY experiments; see Experimental Section


Abstract in French: Les ligands polytopiques linØraires 4 et
circulaires 5 gØn�rent par auto-assemblage avec des ions
cuivre(I) et argent(I) les entitØs inorganiques de grande taille
2 et 3 contenant respectivement deux et trois cavitØs internes. Ce
processus reprØsente l�assemblage spontanØ d�un total de 15 et
de 19 composants pour former des architectures à comparti-
ments multiples. Les structures cristallines de deux complexes
ont ØtØ dØterminØes. Elles confirment la nature des esp�ces
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auto-compartimentalisation et inclusion simultanØe de sub-
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Figure 1. Schematic representations of the structures of the cylindrical inorganic architectures 1, 2 and 3 containing one, two and three internal cavities,
respectively; their heights are 18, 26 and 35 �, respectively, including the Van der Waals surfaces (phenyl rings of 5 omitted for clarity); �Cu�


or Ag�.
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for signal assignment). In all cases, the spectra were partic-
ularly simple and indicative of the presence of a highly
symmetrical species in nitromethane. The signals observed
agreed with the assigned structures. In 2 a, 2 b and 2 d the
peaks due to the ortho- and meta-protons of the phenyl rings
of 5 a were divided into two groups in a ratio of 2:1
corresponding to the two outer and single inner ligands 5 a
in 2 (Figure 2). In 3 a and 3 b, the above-mentioned protons
were divided into two groups in a 1:1 ratio corresponding to
the two outer and two inner ligands 5 a (Figure 3). The H6'
and H6'' protons of ligand 4a in 2a, 2b and 2d were found to be
shielded relative to the remaining protons (H3', H4', H4'', H3'')
of the four central pyridine rings of 4 a. This shielding effect is
exactly what would be expected for protons pointing towards
the interior of the cage cavity. In all complexes studied, the
protons on the outer pyridine rings of ligands 4 a and 4 b (H3,
H4 and H5) were clearly distinguishable from the remaining
protons as a doublet, a triplet and a doublet in a 1:1:1 ratio.


One also observes that the signals of the ortho-protons of the
phenyl rings on the inner and outer hat ligands are broadened
for both 2 a and 3 a (Figures 2 and 3). This indicates that a slow
kinetic process is taking place, possibly linked to the presence
of anions inside the cavities. More detailed studies are
required in order to provide insight into the nature of this
phenomenon.


The electrospray (ES) mass spectra of complexes 2 a and 2 b
were especially informative. Six bands were clearly observ-
able in each spectrum, corresponding to the species
{[Cu9(4 a)3(5 a)3](X)7}2�, {[Cu9(4 a)3(5 a)3](X)6}3�, {[Cu9(4 a)3-
(5 a)3](X)5}4�, {[Cu9(4 a)3(5 a)3](X)4}5�, {[Cu9(4 a)3(5 a)3](X)3}6�


and {[Cu9(4 a)3(5 a)3](X)2}7�, (X�PFÿ6 , CF3SOÿ
3 ), formed by


successive anion loss. All spectra were recorded at a concen-
tration of 10ÿ4 moldmÿ3 in nitromethane and no other peaks
were seen, showing that 2 was the only species present in
solution and was stable to dissociation down to at least
10ÿ4 mol dmÿ3.
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+2a : n=1,  y=3,  z=9,   M=Cu , X=PF6
-; [Cu9(4a)3(5a)3](PF6)9


+


4b : n=2


y
+


4a : n=1


2d : n=1,  y=3,  z=9,   M=Ag , X=CF3SO3
-; [Ag9(4a)3(5a)3](CF3SO3)9


+


3a : n=2,  y=4,  z=12, M=Cu , X=PF6
-; [Cu12(4b)3(5a)4](PF6)12


+


3b : n=2,  y=4,  z=12, M=Ag , X=CF3SO3
-; [Ag12(4b)3(5a)4](CF3SO3)12


+


5b : R=C(Me)3


5a : R=H


+2c : n=1,  y=3,  z=9,   M=Cu , X=PF6
-; [Cu9(4a)3(5b)3](PF6)9


2b : n=1,  y=3,  z=9,   M=Cu , X=CF3SO3
-; [Cu9(4a)3(5a)3](CF3SO3)9


+


Scheme 1. Self-assembly of the multicompartmental cylindrical inorganic architectures 2 and 3 from linear oligobipyridine 4 and hexaazatriphenylene (hat)
5 ligands through Cu� and Ag� metal ion coordination.


Figure 2. 1H NMR spectrum of the bicompartmental complex 2a at 500 MHz in CD3NO2 (25 8C).
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Crystal structures of the multicompartmental architectures 2
and 3: Confirmation that the structures of 2 a ± d, 3 a and 3 b
were indeed of multicellular type was obtained by determi-
nation of the x-ray crystal structures of 2 a and 3 a (see Figures
4 and 5). The cation 2 a is constructed from nine Cu� ions,
three 4 a and three 5 a ligands, and 3 a from twelve Cu� ions,
three 4 b and four 5 a ligands. Both complexes are shaped into
beautiful expanded triple helical cylindrical cages. The overall
dimensions of 2 a of 26.4(height)� 20.2(diameter) �, and 3 a
of 35.3 (height)� 20.3(diameter) � places them within the
nanostructural domain.


In 2 a three platelike hat 5 a ligands are incorporated in the
cation as shown in structure 2, two forming the top and
bottom of the cylindrical cage and the third centrally
positioned between the outer pair, dividing the cage into
two compartments (Figure 4). The two outer and single inner
hat ligands are close to planarity (maximum deviation from
mean plane, 0.142(30) �), and are approximately parallel to


Figure 4. Crystal structure of the bicompartmental complex cation [2a�
(PF6)4]5� : left: cylindrical bond representation, showing the four included
PFÿ6 ion guests (space-filling representation); right: space-filling represen-
tation with the included PFÿ6 ions.


one another. However, each outer hat is slightly tilted to
different degrees relative to the central hat (angle between
normals to their mean planes, 2.39(13)8 (outer'-inner) and
11.84(13)8(outer''-inner 5 a ligands). The average distances
between the mean planes through the hat ligands are 7.7 �
(outer'/outer''-inner) and 15.3 � (outer'-outer'') respectively.
As a result of the helical twist of the cation, the hat ligands 5 a
are not eclipsed as shown in 2 but sequentially rotated with
respect to each other by 30.08 (outer'-inner) and 40.58 (inner-
outer''), (70.68 outer'-outer''). The helical screw sense of the
complex arises mainly from a combination of the distorted
tetrahedral coordination polyhedron about the Cu� ions
(N(4 a)-Cu-N(5) 109.45(33) ± 141.69(34)8 ; N(4 a)-Cu-N(4 a)
and N(5 a)-Cu-N(5 a) 81.23(41) ± 85.24(33)8) and the dihedral
twist angles between the bipyridine chelating subunits in the
spy (4 a) ligands, and to a lesser extent upon the dihedral
twisting within the bipyridine units themselves. The overall
geometry of each spy ligand is therefore that of a propeller
blade in which the bipyridine units are twisted by 19.5 ± 32.98
with respect to each other, as well as the pyridine rings within
each bipyridine unit where twist angles fall within the range
3.8 ± 17.78. The two halves of each spy ligand are also inclined
by 218 and 288 with respect to the axis passing vertically
through the centre of the hat units. The hat phenyl rings are
tilted by 42.03 ± 61.208 relative to the mean plane through the
hat ligands, and are mostly within Van der Waals contact
(shortest distance �3.2 �) with the spy ligands. The Cu ± N
bond lengths fall within the range 1.97 ± 2.15 � and are
unexceptional. The complex 2 a possesses two internal cavities
of radius 5.4 � (based on the N atoms of the three spy
ligands), which are each of slightly different size and provide a
space of 6.5� 4.5 � and 6.5� 4.0 � taking Van der Waals radii
into account. One PFÿ6 ion with full occupancy and one PFÿ6
ion and a nitromethane molecule with 50 % occupancy are
present inside the smaller compartment. The larger compart-


Figure 3. 1H NMR spectrum of the tricompartmental complex 3a at 500 MHz in CD3NO2 (25 8C).
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ment contains two PFÿ6 ions and a water molecule with full
occupancy such that almost all available internal space is
filled. The remaining five PFÿ6 ions and solvent molecules of
crystallisation lie within the interstices between the cations,
which are themselves arranged in layers with the anions in
between. The cations are in Van der Waals contact with each
other, (the shortest H ± H distance of 2.29 � occurs within
each layer).


Cation 3 a is also triple-helical and comprises four hat (5 a)
ligands, two outer ones defining the ends of the cylinder, and
two inner ones dividing the cylindrical cage into three
compartments (Figure 5). The hat ligands 5 a are close to


Figure 5. Crystal structure of the tricompartmental complex cation [3a�
(PF6)6]6� : left: cylindrical bond representation, showing the six included
PFÿ6 ion guests (space-filling representation); right: space-filling represen-
tation with the included PFÿ6 ions.


planarity and sequentially rotated with respect to each other
by 228 (each outer-inner) and 338 (inner-inner) and 778 (outer-
outer). The bipyridine subunits of 4 b are twisted relative to
each other by 19.4 ± 31.78 and the N-Cu-N angles and Cu ± N
lengths fall within the range 106.6 ± 137.58 (N4 b-Cu-N5 a),
78.7 ± 89.08 (N4 b-Cu-N4 b), 79.1 ± 90.78 (N5 a-Cu-N5 a), and
Cu ± N distances 1.91 ± 2.19 �. Extensive contacts (within
3.4 �) exist between the phenyl rings of 5 a and the octapy
4 b ligands which presumably also help to stabilise the
resulting superstructure. The average distances between the
mean planes through the hat 5 a ligands are 7.97 � (both
outer-inner), 7.87 � (inner-inner), and 23.81 � (outer-outer),
and define three cavities of dimensions 4.5� 8.0 � (outer two
cavities), and 5.0� 7.5 � (inner cavity). As in 2 a, the cavities
are occupied by guests, that is two PFÿ6 ions and one
MeNO2 molecule in the outer two, and two PFÿ6 ions and a
MeOH molecule in the inner compartment. The unprece-
dented structures of the complexes 2 a and 3 a might be
described as molecular skyscrapers with occupants residing on
each level!


The slight difference in cavity size apparent in the crystal
structure of 2 a and 3 a is not observed in the 1H NMR spectra
of the complexes 2 a ± d, 3 a and 3 b which each show the
presence of a single highly symmetric species with both halves


of the molecule in a chemically and magnetically equivalent
environment. The complexes must therefore be undergoing
intramolecular motions in solution which are rapid on the
NMR timescale and confer an average cylindrical symmetry
to the species.


Anion inclusion and anion exchange: As revealed by the
crystal structures, anions are contained in the cavities of the
complexes 2 a and 3 a. Their presence is also reflected in the
spectral properties of these species. Interestingly, the 1H NMR
signals of 2 a and 2 b in CD3NO2 have very similar chemical
shifts except for those of the protons H6' and H6'' of ligands
4 a which point into the interior of the cavities. The chemical
shifts of the latter differ by 0.90 (d(2 bH6')ÿ d(2 aH6')) and
0.10 (d(2bH6'')ÿd(2aH6'')) ppm (2a : H6' 8.21, H6'' 8.25 ppm
and 2 b : H6' 8.30, H6'' 8.35 ppm) and provide clear evidence
for the presence of anions within the cavities of 2 a and 2 b in
solution. When nine equivalents of nBu4NCF3SO3 were added
to 2 a the chemical shifts of H6' and H6'' became identical to
those of 2 b after 24 h. When nine equivalents of nBu4NPF6


were added to 2 b, the chemical shifts of H6' and H6''
remained unchanged on standing for 24 h in CD3NO2. The
anions are therefore able to move into and out of the cavities
at room temperature but cation 2 appears to have a distinct
preference for the inclusion of CF3SOÿ


3 in the presence of PFÿ6 .
Inspection of the crystal structure of 2 a shows that the six
portals in the walls of the cage are slightly smaller than a PFÿ6
ion. Intramolecular breathing of the complex by unwinding of
the helix may result in opening up the windows thus
facilitating anion exchange into and out of the cavities.
Further studies on anion inclusion and exchange in and out of
the cavities are underway in order to further characterise
these interesting processes.


Conclusions


The formation of complexes 2 a ± d, 3 a and 3 b represents a
demonstration of multicomponent self-assembly, which, in the
case of 3 a involves seven ligand components of two different
types and 12 metal ions, that is 19 particles plus six anions, one
methanol and two nitromethane molecules, and generates a
closed three-dimensional coordination architecture main-
tained by 48 Cu, N coordination bonds.


The superstructures of 2 and 3 display a unique combina-
tion of unusual properties: i) they possess novel architectures
of nanoscopic dimension, laterally expanded to provide an
internal cavity; ii) they have the features of multicompart-
mental or multicellular containers; iii) their formation repre-
sents a self compartmentalisation process presenting biolog-
ical analogies,[5] and iv) operates by way of multicomponent
mixed-ligand self-assembly, in which preferential association
occurs between different ligands; this represents a step
forward in informational complexity compared to that of
self-assembling systems consisting of metal ions and a single
ligand species; v) they behave as cryptands exhibiting multiple
guest inclusion with four (2 a) and six (3 a) PFÿ6 ions and
solvent molecules encapsulated within a single receptor entity.
Hydrogen-bonding aggregates that formally are of the multi-
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compartmental type have been described but not structurally
characterised.[17]


Multiple guest inclusion and compartmentalisation are
characteristic features of the organisation of living organisms,
ensuring that the correct chemical events take place within
spatially confined, well-defined domains that may either be
intracellular or belong to different cells in multicellular
organisms.


The present results demonstrate that it is possible to access
supramolecular architectures of nanometric size presenting a
high level of structural complexity by metal ion-mediated self-
assembly. The formation of 2 a ± d, 3 a and 3 b results from the
operation of a programmed, informational process that
involves three main stages: a) initiation, b) propagation, and
finally c) termination of the assembly leading to a discrete
supramolecular entity. Entropic and solvation factors are also
expected to play an important role in the generation of such
species. Of particular interest is also the simultaneous
occurence of two processes: the self-assembly of a multitopic
receptor and the selection of substrate entities possessing
features compatible with inclusion in the internal cavities.


Extension of the above work is pursued towards the
preparation of larger multicompartmental architectures
which may present cells of different size, shape and content,
as well as towards the exploration of communication between
different cellular compartments.


From another point of view, the ability to generate large
complex architectures spontaneously through programmed
self-organization represents a powerful alternative to nano-
fabrication and nanomanipulation, that may be expected to
have a profound impact in nanoscience and nanotechnology.[1]


In a broader perspective, the present results represent a
further step in the progressive design of programmed systems
undergoing spontaneous but controlled complexification.


Experimental Section


General techniques: The metal-ion-containing salts [Cu(CH3CN)4]PF6 and
AgCF3SO3 were purchased from Aldrich. The former was recrystallised
from MeCN and the latter from benzene prior to use. The solvents
nitrobenzene and nitromethane (Fluka, puriss) were redistilled under
vacuum before use. Adsorption column chromatography was performed by
using aluminium oxide (neutral, activity II/III, MERCK) and gel perme-
ation chromatography by using S-X1 Bio-beads (200 ± 400 mesh, BIO-
RAD) pre-swelled in nitrobenzene. Ligands 4a and 4 b were prepared by
using standard organometallic coupling protocols.[18] 1,2-Bis(4-tert-butyl-
phenyl)ethane-1,2-dione was prepared from 4-tert-butylbenzaldehyde (Al-
drich) by using the published procedure for benzil.[19] Ultraviolet/visible
spectra were recorded on a Varian, CARY 3 spectrophotometer in CH2Cl2


redistilled from CaH2 under argon. 500 MHz 1H and 125 MHz 13C NMR
spectra were recorded on a Bruker ARX 500 spectrometer and 300 MHz
1H and 75 MHz 13C NMR spectra on a Bruker AM 300 spectrometer, and
were referenced to residual CH3NO2 in the CD3NO2 solvent. ES-MS
studies were performed on a VG BioQ triple quadrupole mass spectrom-
eter upgraded in order to obtain the Quattro II performances (Micromass,
Altrincham, UK). Samples were dissolved in MeNO2 at 10ÿ4 ± 10ÿ5m and
were continuously infused into the ion source at a flow rate of 6 mL minÿ1,
by a Harvard Model 55 1111 syringe pump (Harvard Apparatus, South
Natick, MA, USA). The extraction cone voltage (Vc) was at 20 V to avoid
fragmentations. Elemental analyses were performed by the Service de
Microanalyse, Institut de Chimie, UniversiteÂ Louis Pasteur.


General procedure for 2a ±d : Nitromethane (3 mL) was added by syringe
to a 1:1 stoichiometric mixture of 4a (finely powdered) and 5a or 5 b under
an atmosphere of argon. A solution of three equivalents of
[Cu(CH3CN)4]X in acetonitrile (2 mL) was then added by syringe, the
mixture ultrasonicated for 0.25 h then stirred at 20 8C for five days. All
solvent was removed under vacuum and the remaining solid purified by
either size exclusion chromatography or recrystallisation by liquid-liquid
diffusion. In the case of chromatography, the solid was dissolved in
nitrobenzene (2 mL) and eluted down a column of SX-1 Biobeads with
nitrobenzene as eluant. The product was collected in one fraction, reduced
in volume to 3ml then precipitated by the addition of excess toluene. The
solid was isolated by filtration under vacuum, washed with excess toluene
and pumped dry. Further purification was achieved by adding toluene to a
nitromethane solution of the complex over a 2 h period until 90 % of the
product had come out of solution. The process was repeated and the solid
finally dried under vacuum at 70 8C/2� 10ÿ6 mm Hg. Purification by
recrystallisation was achieved by slow diffusion of benzene into a nitro-
methane solution of the crude reaction product. The crystals which grew
over a three week period were isolated by vacuum filtration, washed with
benzene and dried under vacuum as described above.


2a : From 4 a (0.030 g, 6.09� 10ÿ5 mol), 5 a (0.042 g, 6.08� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.068 g, 1.83� 10ÿ4 mol) was isolated 2a (0.097 g,
88%) as permanganate-coloured microcrystals after purification by size
exclusion chromatography. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.52
(d, J3'',4''� 8.3 Hz, 6 H; 4aH-3''), 8.49 (dd, J4'',3''� 8.8 Hz, J4'',6''� 2.0 Hz, 6H,
4aH-4''), 8.45 (s, 12 H; 4aH-3', 4'), 8.25 (s, 6H; 4 aH-6''), 8.21 (s, 6H;
4aH-6'), 8.18 (d, J3,4� 8.2 Hz, 6 H; 4 aH-3), 7.88 (t, J4,3;4,5� 8.0 Hz, 6H;
4aH-4), 7.42 (d, Jo,m� 6.7 Hz, 24H; H-ortho (outer 5 a)), 7.27 (s, 12H;
H-ortho (inner 5a)), 7.22 (d, J5,4� 7.8 Hz, 6 H; 4aH-5), 6.89 (t, Jp,m� 7.5 Hz,
12H; H-para (outer 5a)), 6.87 (t, Jp',m'� 7.5 Hz, 6H; H-para (inner 5a)),
6.71 (t, Jm,o;m,p� 7.9 Hz, 24H; H-meta (outer 5a)), 6.61 (t, Jm',o';m',p'� 8.0 Hz,
12H; H-meta (inner 5a)), 2.14 (s, 18 H; 4a-CH3); 13C NMR (CD3NO3,
75 MHz, 25 8C): d� 159.11, 157.82, 157.20, 153.52, 151.87, 151.49, 146.61,
146.47, 140.56, 140.40, 140.28, 138.48, 138.32, 137.71, 137.27, 134.77, 133.78,
131.52, 131.45, 130.56, 130.49, 129.08, 128.96, 127.83, 124.77, 124.46, 121.42,
25.93 (CH3). ES MS (CH3NO2): m/z (relative intensity; %): 2569.2 (0.5)
{[Cu9(4 a)3(5 a)3](PF6)7}2�, 1664.4 (11.9) {[Cu9(4 a)3(5 a)3](PF6)6}3�, 1211.5
(33.2) {[Cu9(4a)3(5a)3](PF6)5}4�, 940.0 (47.0) {[Cu9(4a)3(5a)3](PF6)4}5�, 759.3
(81.2) {[Cu9(4a)3(5a)3](PF6)3}6�, 630.1 (100.0) {[Cu9(4a)3(5a)3](PF6)2}7�;
UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]); 313 (206 377), 361
(413 976), 379 (335 957)sh, 545 (43 759), 676 (20 797); elemental analysis
calcd. for C240H162Cu9F54N36P9 (%); C 53.12, H 3.01, N 9.29; found C 52.87,
H 3.27, N 9.41.


2b : From 4 a (0.030 g, 6.09� 10ÿ5 mol, 5a (0.042 g, 6.08� 10ÿ5 mol) and
Cu(CF3SO3)2 (0.066 g, 1.82� 10ÿ4 mol) and hydrazine hydrate (0.053 mL,
1.09� 10ÿ3 mol) as reducing agent was isolated 2b (0.104 g, 93 %) as
permanganate-coloured microcrystals. 1H NMR (CD3NO3, 500 MHz,
25 8C): d� 8.53 (d, J3'',4''� 8.3 Hz, 6H; 4aH-3''), 8.49 (dd, J4'',3''� 8.8 Hz,
J4'',6''� 2.1 Hz, 6H; 4aH-4''), 8.45 (d, 12 H; 4 aH-3', 4'), 8.35 (d, J6'',4''� 1.5 Hz,
6H; 4aH-6''), 8.30 (s, 6H; 4 aH-6'), 8.18 (d, J3,4� 8.1 Hz, 6H; 4 aH-3), 7.88
(t, J4,3;4,5� 8.0 Hz, 6 H; 4 aH-4), 7.40 (d, Jo,m� 6.9 Hz, 24H; H-ortho (outer
5a)), 7.25 (s, 12H; H-ortho (inner 5a)), 7.22 (d, J5,4� 7.8 Hz, 6H; 4aH-5),
6.89 (t, Jp,m� 7.6 Hz, 12H; H-para (outer 5a)), 6.88 (t, Jp',m'� 8.9 Hz, 6H;
H-para (inner 5 a)), 6.71 (t, Jm,o;m,p� 7.9 Hz, 24H; H-meta (outer 5 a)), 6.61
(t, Jm',o';m',p'� 7.9 Hz, 12H; H-meta (inner 5 a)), 2.15 (s, 18H; 4 a-CH3);
13C NMR (CD3NO3, 75 MHz, 25 8C): d� 162.94, 161.28, 160.41, 157.29,
155.69, 155.32, 150.62, 150.50, 145.02, 144.81, 144.09, 142.34, 142.15, 141.52,
141.12, 138.66, 137.69, 135.31, 135.24, 134.37, 134.27, 132.93, 132.84, 131.63,
128.59, 128.25, 125.23, 29.83 (CH3), 123.98 (CF3SO3); ES MS (CH3NO2):
m/z (relative intensity; %): 1672.2 (1.6) {[Cu9(4a)3(5a)3](CF3SO3)6}3�,
1216.9 (35.3) {[Cu9(4a)3(5a)3](CF3SO3)5}4�, 943.7 (65) {[Cu9(4 a)3(5a)3]-
(CF3SO3)4}5�, 761.6 (100.0) {[Cu9(4a)3(5a)3](CF3SO3)3}6�, 631.5 (96.5)
{[Cu9(4 a)3(5 a)3](CF3SO3)2}7�; UV/Vis (CH2Cl2): l [nm] (e


[molÿ1dm3cmÿ1]): 311 (220 567), 360 (428 454), 376 (378 144)sh, 544
(41 203), 676 (19 296); elemental analysis calcd. for C249H162Cu9F27N36O27S9


(%): C 54.74, H 2.99, N 9.23; found C 54.76, H 3.22, N 9.37.


2c : From 4 a (0.025 g, 5.08� 10ÿ5 mol), 5 b (0.052 g, 5.06� 10ÿ5 mol) and
[Cu(CH3CN)4](PF6) (0.057 g, 1.53� 10ÿ4 mol) was obtained 2c (0.085 g,
78%) as dark-brown/black microcrystals after purification by size exclu-
sion chromatography. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.59 (d,
J3'',4''� 8.5 Hz, 6 H; 4 aH-3''), 8.53 (d, J3',4'� 8.8 Hz, 6H; 4aH-3'), 8.48 (dd,
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J4'',3''� 8.6 Hz, J4'',6''� 2.2 Hz, 6 H; 4 aH-4''), 8.44 (dd, J4',3'� 4.5 Hz, J4',6'�
2.0 Hz, 6 H; 4aH-4'), 8.43 (s, 6H; 4 aH6''), 8.39 (d, J6',4'� 1.9 Hz, 6 H; 4aH-
6'), 8.22 (d, J3,4� 8.2 Hz, 6H; 4 aH-3), 7.95 (t, J4,3;4,5� 8.0 Hz, 6 H; 4aH-4),
7.31 (m, 30 H; H-ortho (outer 5 b) and H-5), 7.18 (d, Jo',m'� 8.0 Hz, 12H;
H-ortho (inner 5 b)), 6.72 (d, Jm,o� 8.8 Hz, 24H; H-meta (outer 5 b)), 6.62
(d, Jm',o'� 8.8 Hz, 12H; H-meta (inner 5 b)), 2.16 (s, 18H; 4 a-CH3), 0.98 (s,
54H; H-tBu (inner 5b)), 0.97 (s, 108 H; H-tBu (outer 5b)); 13C NMR
(CD3NO3, 75 MHz, 25 8C): d� 159.31, 157.75, 157.37, 155.13, 153.71, 151.92,
151.11, 146.66, 146.57, 140.63, 140.45, 140.37, 137.96, 137.76, 135.85, 135.68,
134.66, 133.59, 130.45, 127.90, 125.71, 125.45, 124.63, 124.23, 121.24, 35.42
(C(CH3)3,5b), 31.36 (C(CH3)3,5b), 25.88 (CH3,4 a); ES MS (CH3NO2): m/z
(relative intensity; %): 3075.1 (0.2) {[Cu9(4a)3(5 b)3](PF6)7}2�, 2002.0 (8.1)
{[Cu9(4 a)3(5 b)3](PF6)6}3�, 1464.2 (37.5) {[Cu9(4a)3(5b)3](PF6)5}4�, 1141.9
(94.1) {[Cu9(4a)3(5b)3](PF6)4}5�, 927.3 (100.0) {[Cu9(4 a)3(5 b)3](PF6)3}6�,
774.2 (71.3) {[Cu9(4 a)3(5b)3](PF6)2}7�; UV/Vis (CH2Cl2): l [nm] (e


[molÿ1dm3cmÿ1]): 312 (192 760), 360 (369 432), 532 (38 957), 663 (19 305);
elemental analysis calcd. for C312H306Cu9F54N36P9 (%): C 58.22, H 4.79, N
7.83; found: C 58.08, H 4.66, N 7.78.


2d : To a mixture of 4 a (0.034 g, 6.90� 10ÿ5 mol, finely powdered), 5a
(0.048 g, 6.94� 10ÿ5 mol) and AgCF3SO3 (0.053 g, 2.06� 10ÿ4 mol) was
added nitromethane (7 mL), and the mixture ultrasonicated for 1 h, then
left to stir at ambient temperature for three days. During ultrasonication
most of the suspended solid reacted and passed into solution, which, finally
became clear after 24 h. All solvent was removed under vacuum and the
remaining solid twice recrystallised by adding excess benzene over a 2 h
period to a solution of the complex in nitromethane. The product was then
isolated by vacuum filtration, washed with benzene and air dried. Finally
drying under vacuum at 65 ± 70 8C/2� 10ÿ6 mm Hg, yielded 2 d (0.115 g,
85%) as yellow, light insensitive fibrous microcrystals. 1H NMR (CD3NO3,
500 MHz, 25 8C): d� 8.58 ± 8.50 (m, 30H; 4 aH-4', 6', 3'', 4'', 6''), 8.45 (d,
J3',4'� 8.7 Hz, 6 H; 4 aH-3'), 8.20 (d, J3,4� 8.1 Hz, 6 H; 4aH-3), 7.96 (t,
J4,3;4,5� 7.9 Hz, 6 H; 4aH-4), 7.64 (d, Jo,m� 7.3 Hz, 24H; H-ortho (outer 5a)),
7.49 (d, Jo',m'� 7.2 Hz, 12 H; H-ortho (inner 5a)), 7.30 (d, J5,4� 7.8 Hz, 6H;
4aH-5), 6.88 (t, Jp,m� 7.5 Hz, 12H; H-para (outer 5 a)), 6.84 (t, Jp',m'�
7.6 Hz, 6 H; H-para (inner 5a)), 6.79 (t, Jm,o;m,p� 7.7 Hz, 24H; H-meta
(outer 5a), 6.65 (t, Jm',o';m',p'� 7.9 Hz, 12H; H-meta (inner 5 a)), 2.28 (s, 18H;
4a-CH3); 13C NMR (CD3NO3, 75 MHz, 25 8C): d� 159.99, 158.78, 158.20,
153.11, 151.73, 151.33, 148.68, 148.35, 140.60, 140.01, 139.85, 139.40, 137.84,
137.67, 134.04, 133.27, 131.60, 131.39, 130.35, 130.28, 129.42, 129.20, 126.75,
124.69, 124.60, 121.66, 27.26 (CH3), {128.66, 124.40, 120.13, 115.88 CF3SO3};
UV/Vis (CH2Cl2): l [nm] (e [molÿ1dm3cmÿ1]): 304 (175 848), 352 (351 372);
elemental analysis calcd. for C249H162Ag9F27N36O27S9 (%): C 51.01, H 2.79, N
8.60; found C 50.80, H 3.02, N 8.72.


3a: To 4b (0.0168 g, 2.60� 10ÿ5 mol, finely powdered), 5a (0.024 g, 3.47�
10ÿ5 mol) and [Cu(CH3CN)4](PF6) (0.038 g, 1.04� 10ÿ4 mol) under an
atmosphere of argon was added acetonitrile (7 mL) by syringe, the dark-
brown mixture ultrasonicated for 0.25 h, then left to stir at ambient
temperature for 48 h. During this time the suspended solids slowly
dissolved to give a dark-purple solution. The reaction mixture was then
heated with continued stirring in a bath at 60 8C for 120 h. All solvent was
removed under vacuum, the remaining solid dissolved in nitromethane
(4 mL) and gravity filtered, then reduced in volume under vacuum to 2 mL.
This solution was then layered with benzene and left to crystallise by
liquid ± liquid diffusion over a 2 ± 3 week period. The crystallisation mixture
was then vigorously shaken and the solvent containing the less-dense
contaminants decanted off. Benzene was added and the process repeated
five times. The crystals of product were isolated by filtration under vacuum,
washed with benzene, air dried and further dried under vacuum at 90 8C/
2� 10ÿ6 mm Hg to yield 3a (0.038 g, 61 %) as permanganate-coloured
blocks. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.51 (m, 12H; 4 bH-3''',
4'''), 8.50 (d, J3'',4''� 8.4 Hz, 6 H; 4 bH-3''), 8.47 (dd, J4'',3''� 8.9 Hz, J4'',6''�
2.0 Hz, 6 H; 4bH-4''), 8.45 (d, J3',4'� 9.6 Hz, 6 H; 4bH-3'), 8.41 (dd, J4',3'�
8.9 Hz, J4',6'� 1.9 Hz, 6H; 4 bH-4'), 8.31 (s, 6H; 4 bH-6'''), 8.21 (d, J6'',4''�
1.3 Hz, 6H; 4 bH-6''), 8.18 (d, J3,4� 7.7 Hz, 6H; 4bH-3), 8.17 (d, J6',4'�
1.6 Hz, 6H; 4 bH-6'), 7.88 (t, J4,3;4,5� 7.9 Hz, 6H; 4bH-4), 7.41 (d, Jo,m�
6.4 Hz, 24H; H-ortho (outer 5 a)), 7.26 (s, 24 H; H-ortho (inner 5a)), 7.21 (d,
J5,4� 7.7 Hz, 6 H; 4bH-5), 6.88 (t, Jp,m� 7.7 Hz, 12H; H-para (outer 5a)),
6.85 (t, Jp',m'� 7.6 Hz, 12H; H-para (inner 5a)), 6.70 (t, Jm,o;m,p� 7.8 Hz,
24H; H-meta (outer 5 a)), 6.60 (t, Jm',o';m',p'� 7.8 Hz, 24H; H-meta (inner
5a)), 2.13 (s, 18H; 4 b-CH3); 13C NMR (CD3NO3, 125.8 MHz, 25 8C): d�
159.04, 157.78, 157.33, 153.48, 152.15, 151.71, 151.47, 146.54, 146.39, 146.33,


140.49, 140.42, 140.26, 138.37, 137.81, 137.41, 137.04, 134.90, 134.01, 133.84,
131.51, 131.40, 130.55, 130.45, 129.05, 128.92, 127.82, 124.81, 124.67, 124.48,
121.42, 25.91 (CH3); ES MS (CH3NO2): m/z (relative intensity; %): 2254 (6)
{[Cu12(4b)3(5a)4](PF6)9}3�, 1656.5 (30) {[Cu12(4b)3(5 a)4](PF6)8}4�, 1296.8
(53) {[Cu12(4b)3(5 a)4](PF6)7}5�, 1056.4 (83) {[Cu12(4 b)3(5a)4](PF6)6}6�,
884.5 (100) {[Cu12(4b)3(5a)4](PF6)5}7�, 755.3 (99) {[Cu12(4 b)3(5 a)4](PF6)4}8�,
654.6 (47) {[Cu12(4 b)3(5a)4](PF6)3}9� ; UV/Vis (CH2Cl2): l [nm] (e


[molÿ1dm3cmÿ1]: 317 (262 076), 371 (521 269), 387sh (438 140), 543
(52 429), 670 (25 768); elemental analysis calcd. for C318H210Cu12F72N48P12


(%): C 53.01, H 2.94, N 9.33; found C 53.22, H 3.15, N 9.54.


3b: To a mixture of 4 b (0.010 g, 1.55� 10ÿ5 mol, finely powdered), 5a
(0.0142 g, 2.06� 10ÿ5 mol) and AgCF3SO3 (0.016 g, 6.23� 10ÿ5 mol) was
added nitromethane (4 mL) and the mixture ultrasonicated for 1.5 ± 2 h.
The resulting pale yellow solution was then left to stir at ambient
temperature for 48 h. All solvent was removed under vacuum and the
remaining solid redissolved in warm nitromethane (4 mL) and injected
through a microporous filter. The product was then reduced in volume
under vacuum to 3 mL and purified by recrystallisation in the same way as
that described for 2d above. After washing with benzene and drying under
vacuum, 3 b (0.038 g, 95%) was obtained as a pale yellow microcrystalline
powder. 1H NMR (CD3NO3, 500 MHz, 25 8C): d� 8.67 (s, 6 H), 8.56 ± 8.42
(m, 48 H), 4bH-3', 4', 6', 3'', 4'', 6'', 3''', 4''', 6''', 8.19 (d, J3,4� 8.0 Hz, 6H;
4bH-3), 7.94 (t, J4,3;4,5� 7.9 Hz, 6H; 4bH-4), 7.61 (d, Jo,m� 7.3 Hz, 24H;
H-ortho (outer 5 a)), 7.51 (d, Jo',m'� 7.2 Hz, 24H; H-ortho (inner 5 a)), 7.28
(d, J5,4� 7.7 Hz, 6 H; 4bH-5)), 6.87 (t, Jp,m� 7.6 Hz, 12 H; H-para (outer 5a),
6.82 (t, Jp',m'� 7.6 Hz, 12H; H-para (inner 5a)), 6.77 (t, Jm,o;m,p� 7.8 Hz,
24H; H-meta (outer 5 a)), 6.64 (t, Jm',o';m',p'� 7.9 Hz, 24H; H-meta (inner
5a)), 2.25 (s, 18H; 4 b-CH3); 13C NMR (CD3NO3, 125.8 MHz, 25 8C): d�
159.91, 158.73, 158.23, 153.02, 153.00, 151.78, 151.62, 151.30, 148.95, 148.67,
148.30, 140.59, 139.91, 139.28, 137.85, 137.70, 137.59, 134.10, 133.68, 133.29,
131.63, 131.33, 130.30, 129.72, 129.39, 129.16, 126.73, 124.67, 124.57, 124.52,
121.66, 27.21 (CH3); UV/Vis (CH2Cl2): l [nm ] (e [molÿ1dm3cmÿ1]): 313
(239 087), 362 (450 389), 379sh (351 758); elemental analysis calcd. for
C330H210Ag12F36N48O36S12 (%): C 50.90, H 2.72, N 8.63; found: C 50.63, H
2.84, N 8.64.


5b: A warm solution of hexaaminobenzene[16] (0.102 g, 6.06� 10ÿ4 mol) in
distilled water (3.5 mL) was prepared under argon and added by syringe to
a stirred solution of 1,2-bis-(4-tert-butylphenyl)ethane-1,2-dione[19] (2.0 g,
6.20� 10ÿ3 mol) in acetic acid (8 mL), heated in a bath at 50 8C. During
addition, a khaki-coloured solid (crude 5b) rapidly developed. Ethanol
(3 mL) was then added, the temperature increased to 80 8C, and the
reaction maintained at this temperature with continued stirring for 24 h.
The precipitated solid was isolated by filtration uder vacuum, washed with
excess MeOH and air dried. The solid was then powdered, briefly boiled in
MeOH (30 mL) and re-isolated by vacuum filtration as above. The crude
product was finally twice chromatographed on columns of neutral
Alumina, eluting with 1:1 hexane/CH2Cl2. Removal of solvent on a water
bath and drying under vacuum yielded 5b (0.451 g, 72%) as a pale yellow
powdery solid. Microanalytically pure material was obtained by further
recrystallisation from methylcyclohexane and drying under vacuum at
100 ± 120 8C/0.05 mm Hg. 1H NMR (CDCl3, 300 MHz, 25 8C): d� 7.84 (d,
Jo,m� 8.4 Hz; 12H; H-ortho), 7.43 (d, Jm,o� 8.5 Hz, 12H; H-meta), 1.36 (s,
54H; para-C(CH3)3); 13C NMR (CDCl3, 75 MHz, 25 8C): d� 153.70,
152.58, 139.09, 136.04, 129.98, 125.37, 34.82 C(CH3)3, 31.30 C(CH3)3;
FAB� MS (CHCl3): m/z (relative intensity; %): 895.6 (4) [5bÿ
C6H4(C(CH3)3)�H]� , 996.7 (7) [5 bÿ 2 CH3ÿH]� , 1012.7 (24) [5bÿ
CH3ÿH]� , 1027.7 (100) [5 b]� , 1043,7 (11) [5b�CH3�H]� ; elemental
analysis calcd. for C72H54N6 (%): C 84.17, H 7.65, N 8.18; found C 84.12, H
7.64, N 8.04.


Crystallographic measurements: [2a� (PF6)4](PF6)5: Crystals suitable for
measurement were grown by slow diffusion of toluene into a nitromethane
solution of the complex. X-ray data: [Cu9(4 a)3(5 a)3](PF6)9 ´ 0.5 MeNO2 ´
H2O: STOE IPDS (ÿ70 8C), graphite-monochromated MoKa radiation
(l� 0.71073 �), triclinic, space group P1Å (no. 2), a� 18.588(4), b�
18.790(3), c� 39.737(7) �, a� 76.34(2), b� 82.86(2), g� 85.88(2); V�
13369(4) �3, Z� 2, m� 0.853 mmÿ1, F(000)� 5706, 1calcd� 1.403 Mg mÿ3,
2qmax� 42.008. Structure solution and refinement: Primary structure
solution by direct methods (SHELXS-92).[20] Anisotropic refinement for
all non-hydrogen atoms of the cationic complex molecule (SHELXL-
93).[21] A riding model starting from calculated positions was employed for
the hydrogen atomsÐno hydrogen positions were calculated for solvent
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molecules. A total of 63054 reflections were measured and of these 27302
were independent [R(int)� 0.0689], 26996 of which were used for the
refinement of 3375 parameters. The solvent and the anion structure shows
multifold disorder, therefore atoms of the solvent molecules were refined
isotropically using splitpositions. The structure was refined against F 2 (full-
matrix least-squares). R1� 0.0931 (for 19 569 reflections with F> 4sF)
[R1� 0.1225 (all data)] and wR2� 0.3115 (all data), GooF on F 2�S�
1.032, max./ min. residual density: �1.11/ÿ 0.54 e �ÿ3, (R1�SFo jÿjFc /
S jFo j , wR2� [Sw(F 2


o ÿF 2
c )2/Sw(F 2


o )2]1/2, GooF� S� {S[w(F 2
o ÿF 2


c )2]/
(n-p)}1/2, where n� no. of reflections and p� no. of parameters). [3a�
(PF6)6](PF6)6: Crystals suitable for measurement were grown by slow
diffusion of toluene into a nitromethane solution of the complex. X-ray
data: [Cu12(4b)3(5 a)3](PF6)12C6H6 ´ 3MeNO2 ´ 3MeOH: STOE IPDS
(ÿ70 8C), graphite-monochromated MoKa radiation (l� 0.71073 �), or-
thorhombic, space group Pcca (no. 54), a� 30.615(6), b� 32.515(7), c�
39.436(8) �; V� 39256(14) �3, Z� 4, m� 0.775 mmÿ1, F(000)� 15456,
1calcd� 1.293 Mgmÿ3, 2qmax� 47.408. Structure solution and refinement:
Primary structure solution by direct methods (SHELXS-92).[20] Anisotropic
refinement for all non-hydrogen atoms of the cationic complex molecule
(SHELXL-93)[21] and benzene and one PF6. A riding model starting from
calculated positions was employed for the hydrogen atoms. A total of
75697 reflections were measured and of these 23 987 were independent
[R(int)� 0.0681], 14978 of which were used for the refinement of 1786
parameters. Parts of the solvent and the anion structure shows multifold
disorder, therefore atoms of the solvent molecules were refined isotropi-
cally using splitpositions. The structure was refined against F 2 (full-matrix
least-squares). R1� 0.1342 (for 8718 reflections with F> 4sF) [R1� 0.2343
(all data)] and wR2� 0.3328 (all data), GooF on F 2� S� 3.407, max./ min.
residual density:�1.03/ÿ 0.63 e�ÿ3. Further details of the crystal structure
investigations can be obtained from the Fachinformationszentrum Karls-
ruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax: (�49) 7247-808-
666; e-mail : crysdata@fiz-karlsruhe.de), on quoting the depository num-
bers CSD-410248 (2a) and CSD-410249 (3 a).
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Asymmetric Total Synthesis of Taxol� **


Teruaki Mukaiyama,*[a] Isamu Shiina,[b] Hayato Iwadare,[a] Masahiro Saitoh,[a]


Toshihiro Nishimura,[a] Naoto Ohkawa,[a] Hiroki Sakoh,[a] Koji Nishimura,[a]


Yu-ichirou Tani,[a] Masatoshi Hasegawa,[a] Koji Yamada,[a] and Katsuyuki Saitoh[a]


Abstract: The asymmetric total synthe-
sis of Taxol was achieved by way of B to
BC to ABC to ABCD ring construction.
Optically active 8-membered ring
enones 1 and 2 corresponding to the B
ring of Taxol have been synthesized in
high yields from the linear precursors 28
and 32, respectively, by intramolecular
aldol cyclization using SmI2. The opti-
cally active linear polyoxy compounds
28 and 32 were obtained by way of
diastereoselective aldol reaction be-
tween aldehyde 4 and ketene silyl acetal
8 catalyzed by MgBr2 ´ OEt2. The chiral
pentanal 4 was synthesized either by
asymmetric aldol reaction of achiral
aldehyde 7 and ketene silyl acetal 8 by
means of a chiral Lewis acid or by


diastereoselective aldol reaction be-
tween the chiral aldehyde 16, derived
from l-serine, and the lithium enolate
derived from methyl isobutyrate. Opti-
cally active bicyclo[6.4.0]dodecanone
38 b, corresponding to the BC ring
system of Taxol, was prepared from
8-membered ring enone 2 in high yield
by stereoselective Michael addition and
successive intramolecular aldol cycliza-
tion. Furthermore, baccatin III, the
ABCD ring system of Taxol, was effi-
ciently synthesized from the BC ring


system 38 b by successive construction of
the A and D rings by intramolecular
pinacol coupling cyclization, introduc-
tion of the C-13 hydroxyl group and an
oxetane-forming reaction. Finally, the
total synthesis of Taxol was accomplish-
ed by dehydration condensation be-
tween a protected N-benzoylphenyliso-
serine 70 or 75 and 7-TES baccatin III,
prepared from baccatin III. Taxol side
chains 70, 73, 75, and 77, optically active
protected N-benzoylphenylisoserines,
were synthesized by enantioselective
aldol reaction from two achiral starting
materials, benzaldehyde and an enol
silyl ether 65 derived from S-ethyl ben-
zyloxyethanethioate.


Keywords: antitumor agents ´ cycli-
zations ´ natural products ´ Taxol ´
total synthesis


Introduction


Taxoids are diterpenoids isolated from Taxus species and have
a highly oxidized tricyclic carbon framework consisting of a
central 8-membered and two peripheral 6-membered rings.[2]


Taxol� (paclitaxel), a taxoid isolated in 1971, has been found
to have anticancer properties, and the synthesis of its highly


functionalized structure has been a tempting challenge for
synthetic chemists over the past two decades.[3]


In past few years, four US groups have reported the total
synthesis of Taxol by way of independent and original
pathways.[4±7] These successful syntheses of Taxol were land-
marks in the field of organic synthesis and the associated
methodologies represented significant developments in syn-
thetic technology. These approaches to synthesizing the basic
skeleton of Taxol can be divided into two types; that is,
elaboration of naturally occurring terpenes to the AB ring
system of Taxol by epoxy-alcohol fragmentation, or a
convergent strategy including a B ring closure reaction of
connected A ± C ring systems.
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[**] The asymmetric total synthesis of Taxol is outlined in Proc. Jpn. Acad.
1997,[1] and the preliminary reports of the constructions of intermedi-
ate skeletons for Taxol and related compounds have appeared in
Chem. Lett. (1995 ± 1998).[9±20]


FULL PAPER


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0121 $ 17.50+.50/0 121







FULL PAPER T. Mukaiyama et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0122 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1122


In Holton�s and Wender�s basic strategies, the total
syntheses were achieved by a sequence of effective synthetic
reactions involving formation of the AB ring by fragmenta-
tion of epoxy alcohols derived from (ÿ)-camphor and a-
pinene, respectively.[4, 7] On the other hand, the key step of B
ring closure was carried out after connecting the A and C rings
in the convergent approach used in Nicolaou�s, Danishefsky�s
and Kuwajima�s total syntheses.[5, 6, 8] Unlike these strategies,
our preliminary reported total synthesis of Taxol was achieved
by a unique pathway starting from an 8-membered ring
compound by way of B to BC to ABC to ABCD ring
construction.[1, 9±20] (Scheme 1).


Scheme 1. Retrosynthesis of Taxol from optically active linear compounds
3 and 4.


We planned the synthesis of taxane�s basic skeleton starting
from the B ring of Taxol, prepared from optically active
polyoxy unit 3, and proceeding by construction of the A and C
ring systems onto this framework. According to this plan, it is
expected that flexible pathways in the syntheses of Taxol and
its analogues are possible via B ring compounds prepared
from their respective chiral linear precursors. In this paper, we
would like to report our synthetic routes toward Taxol in
detail.


Results and Discussion


Synthesis of optically active polyoxy linear compounds
corresponding to the B ring of Taxol : In the first place, the
preparation of optically active polyoxy unit 3 corresponding
to the B ring of Taxol by way of asymmetric synthesis was
studied.[9] Oxidation of commercially available methyl 3-
hydroxy-2,2-dimethylpropionate (5) with Swern reagent gave
the corresponding aldehyde, which in turn was converted to
dimethyl acetal 6 (Scheme 2). Reduction of the ester function
of 6 with LiAlH4 followed by Swern oxidation gave the
desired aldehyde 7. Next, the asymmetric aldol reaction
between 7 and ketene silyl acetal 8 using chiral SnII Lewis acid
was examined under several reaction conditions.[21] At last,
the desired optically active ester 10 was obtained in good
selectivity (anti/syn� 80/20, anti aldol; 87 ± 93 % ee) by using
Sn(OTf)2 coordinated with chiral diamine 9. The relative
configuration of 10-anti was determined by measuring the


Scheme 2. Synthesis of optically active aldehyde 4. Reagents and con-
ditions: a) (COCl)2, DMSO, Et3N, CH2Cl2, ÿ78 8C to RT (89 %);
HC(OMe)3, TsOH, MeOH, RT (93 %); b) LiAlH4, THF, RT (90 %);
(COCl)2, DMSO, Et3N, CH2Cl2, ÿ78 8C to RT (85 %); c) Sn(OTf)2, chiral
diamine 9, nBu2Sn(OAc)2, CH2Cl2, ÿ23 8C (68 %, anti/syn� 80/20);
d) PMBOC(CCl3)�NH, TfOH, Et2O, 0 8C (95 %, anti/syn� 80/20);
e) LiAlH4, THF, 0 8C (86 % from 11-anti); f) TBSCl, imidazole, CH2Cl2,
RT (93 %); g) AcOH, H2O, THF, RT (87 %).
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coupling constant of its derivative 14-trans as shown in
Scheme 3. The secondary hydroxyl group of 10 was protected
by the imidate method using TfOH, and then reduction of a
diastereomeric mixture of 11 gave the corresponding alcohol
12, which was separated as a single stereoisomer. A silyl ether
13 was obtained from 12 on treatment with tert-butyldime-
thylsilyl chloride and imidazole. Finally, the acetal was
deprotected by acetic acid to give desired optically active
aldehyde 4.


Scheme 3. Relative stereochemistries of aldols 10. Reagents and condi-
tions: a) HSCH2CH2SH, BF3 ´ OEt2, CH2Cl2, RT (92 %); LiAlH4, THF,
0 8C (90 %); Me2C(OMe)2, CSA, CH2Cl2, RT (78 %).


The chiral aldehyde 4 was also prepared by the following
route: optically active dihydroxyester 15 was prepared from
l-serine by a literature method,[22] and subsequent protections
of the primary alcohol with tert-butyldimethylsilyl chloride
and secondary alcohol with benzylimidate gave dialkoxyester,
which was reduced with DIBAL to produce aldehyde 16. The
stereoselective aldol reaction between 16 and the lithium
enolate derived from methyl isobutyrate smoothly proceeded
to afford the aldol product 17 (anti/syn� 77/23). Successive
treatment of the hydroxyl group by the imidate method,
reduction of the ester function of 18 with DIBAL and Swern
oxidation then gave the aldehyde 4 (Scheme 4).


Scheme 4. An alternative pathway for the synthesis of aldehyde 4.
Reagents and conditions: a) NaNO3, H2SO4, H2O, RT; then HC(OMe)3,
H2SO4, MeOH, 60 8C (88 %); b) TBSCl, imidazole, DMF, 0 8C (82 %);
BnOC(CCl3)�NH, TfOH, Et2O, RT (100 %); DIBAL, hexane, ÿ78 8C
(95 %); c) LDA, Et2O, ÿ78 8C (65 % of 17-anti, 20 % of 17-syn);
d) PMBOC(CCl)3�NH, TfOH, CH2Cl2, 0 8C (99 % based on 76 %
conversion); e) DIBAL, hexane, ÿ78 8C (92 %); (COCl)2, DMSO, Et3N,
CH2Cl2, ÿ78 8C to RT (97 %).


Though the aldol reaction between 4 and the lithium
enolate derived from methyl benzyloxyacetate gave the
corresponding adduct with poor stereoselectivity, the aldol
reaction between 4 and ketene silyl acetal 8 took place rapidly
in the presence of MgBr2 ´ OEt2 to yield the desired ester 19 in
good stereoselectivity (2,3,5,6-anti,anti,anti/three dia-
stereomers� 81/19/0/0). On the other hand, ether-free MgBr2


did not promote this aldol reaction, probably because it was
not soluble in toluene. Treatment of the alcohol with tert-
butyldimethylsilyl triflate and 2,6-lutidine afforded disiloxy-
ester 20 in high yield. The pseudo-C2 symmetrical structure of
20 was deduced by measuring the 1H NMR spectrum of its
derivative 21. Reduction of the ester function of 20 with
DIBAL followed by Swern oxidation gave the corresponding
aldehyde 22, and subsequent alkylation with MeMgBr and
Swern oxidation then produced methyl ketone 3 (Scheme 5).


Scheme 5. Synthesis of optically active ketone 3. Reagents and conditions:
a) MgBr2 ´ OEt2, toluene, ÿ15 8C (87 % based on 88% conversion, 71 % of
19-anti,anti,anti, 16 % of 19-syn,anti,anti); b) TBSOTf, 2,6-lutidine,
CH2Cl2, 0 8C (100 %); c) DIBAL, toluene, ÿ78 8C; (COCl)2, DMSO,
Et3N, CH2Cl2, ÿ78 8C to RT (94 % from 20); d) MeMgBr, Et2O, ÿ78 8C
(99 %); (COCl)2, DMSO, Et3N, CH2Cl2, ÿ78 8C to RT (97 %); e) DIBAL,
toluene, ÿ78 8C (81 %); TBAF, THF, RT (91 %); BnBr, NaH, THF, RT
(87 %); DDQ, MS 4 �, CH2Cl2, RT (79 %); 1n HCl, THF, RT (53 %).


A single recrystallization of 3 thus gave optically pure
methyl ketone 3. The relative stereochemistry and pseudo-C2


symmetrical structure of 3, shown in Figure 1, was determined
by X-ray crystallography of 3.[23]


Attempted synthesis of 8-membered ring compounds : In
1985, Kocienski reported the formation of 8-membered ring
compounds by cyclization of linear precursors containing both
acetal and enol silyl ether groups by intramolecular aldol-type
reaction between these two functionalities promoted by Lewis
acids such as TiCl4, TiCl2(OiPr)2, BF3 ´ OEt2, SnCl4, TMSOTf,
etc.[24] Furthermore, it is well known that an a,b-unsaturated
ketone can be formed from a b-alkylthioketone by oxidation
and subsequent elimination. We therefore looked at the
intramolecular aldol reaction between a dithioacetal and an
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Figure 1. ORTEP drawing and relative stereochemistry of ketone 3.


enol silyl ether in the presence of TrClO4, first using a model
substrate having no other oxygen-containing functionali-
ties.[25] Actually, in the presence of a stoichiometric amount
of TrCl and 30 mol % of AgClO4, the intramolecular aldol
reaction proceeded smoothly at ÿ23 8C to produce the
desired b-alkylthiocyclooctanone in fairly good yield
(Scheme 6).


Scheme 6. Synthesis of 8-membered ring compound by means of Lewis
acid.


Next, synthesis of enol silyl ether 25 was tried using
optically active polyoxy unit 3 which contains all the
functionalities necessary for the construction of B ring of
Taxol.[10] Selective cleavage of the primary silyl ether followed
by Swern oxidation afforded ketoaldehyde 23 in good yield.
The aldehyde was protected as its dithioacetal, which was in
turn transformed to the corresponding enol silyl ether 25.


Then intramolecular aldol reaction of 25 was tried in the
presence of TrClO4 under several reaction conditions. In the
above procedure, deprotection of the PMB group of 25
produced exclusively cyclic hemiketal 26. This reaction is
assumed to proceed by p-methoxybenzylic hydride reduction
of the dithioacetal, followed by cyclization after quenching to
give this undesired product (Scheme 7).


Synthesis of the B ring of Taxol : Secondly, utilization of an
intramolecular aldol cyclization using SmI2 was planned for
constructing 8-membered ring compounds following the
SmI2-mediated Reformatsky cyclizations used in the synthe-
ses of medium-membered ring compounds reported by
Yamaguchi and Inanaga.[26] a-Bromoketo aldehyde 28 was
obtained in high yield by bromination of the a-position of
synthetic intermediate 3, followed by deprotection of silyl
ether of 27 and Swern oxidation (Scheme 8). In the presence
of an excess amount of SmI2, the cyclization reaction of 28


Scheme 7. Attempted synthesis of 8-membered ring compound. Reagents
and conditions: a) 0.8n HCl, THF, RT (100 %); (COCl)2, DMSO, Et3N,
CH2Cl2, ÿ78 8C to RT (90 %); b) AgClO4, TMSCl, EtSTMS, toluene,
ÿ78 8C (70 %); c) LHMDS, TMSCl, THF,ÿ78 8C to RT (89 %); d) TrClO4,
CH2Cl2, ÿ45 8C (48 %).


proceeded quite smoothly to give a mixture of desired aldols
29 a and 29 b in high yield (29 a/29 b� 65/35).[10, 11] The aldols
were mesylated and subsequent treatment with DBU gave the
desired a,b-unsaturated cyclooctanone 1 in good yield. In
order to clarify the structures of the 8-membered ring
compounds, 29 a, 29 b, and 1 were transformed into bicyclic
derivatives 30 a, 30 b, and 31 by transannulation, and the
structures of the rigid bicyclic skeletons formed were con-
firmed by 1H NMR spectroscopy.


8-Membered ring compounds are known to have many
conformational peculiarities, and the above enone 1 has
unique structural character as expected.[27] For example, the
1H NMR spectrum of 1 shows that it is a mixture of two slowly
interconverting conformational isomers corresponding to the
broadened peaks in its spectra (in CDCl3 at 25 8C), as shown in
Figure 2. Fast exchange of atropisomers on the 1H NMR time
scale at 270 MHz occurs at 100 8C in [D8]toluene, whereas the
two isomers did not interconvert at ÿ30 8C, as demonstrated
by the sharp signals detected in the 1H NMR spectrum (57/43
in CDCl3). The free energy of activation for the conforma-
tional change was estimated to be approximately
17 kcal molÿ1 from the coalescence temperature (ca. 60 8C).
The 8-membered ring enone 1 was found to have the two
global stable conformations depicted in Figure 3, generated
by MMFF (Merck molecular force field) conformational
search and minimization with PM3 molecular orbital calcu-
lation.[28]


Next, the synthesis of 8-membered ring compounds having
methyl groups in their C-8 position was attempted. Methyl-
ation of the a-position of the above mentioned brominated
intermediate 27 was carried out by use of LHMDS and MeI in
THF. The tert-butyldimethylsilyl group was deprotected and
Swern oxidation was carried out. The 8-membered ring
closure reaction of the optically active polyoxy unit 32
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Scheme 8. Synthesis of 8-membered ring enone 1. Reagents and con-
ditions: a) LHMDS, TMSCl, THF, ÿ78 8C; b) NBS, THF, 0 8C (100 % from
3); c) 1n HCl, THF, RT (99 %); (COCl)2, DMSO, Et3N, CH2Cl2, ÿ78 8C to
0 8C (94 %); d) SmI2, THF, 0 8C (87 %, 29a/29b� 65/35); e) MsCl, iPr2NEt,
CH2Cl2, RT; then DBU, 0 8C (83 %); f) DDQ, H2O, CH2Cl2, RT (72 % for
29a, 55% for 29 b, 90% for 1). Some atoms of the molecular structure of 31
have been omitted for clarity.


containing a C-8 methyl group proceeded smoothly in the
presence of an excess amount of SmI2 to give a mixture of the
desired aldols in high yield with good stereoselectivity (83/17/
0/0).[18] Acetylation of this mixture of isomeric alcohols with
acetic anhydride and subsequent treatment with DBU gave
the desired 8-membered ring enone 2 in high yield. The
relative stereochemistries of major product 33 a, minor
product 33 b, and 8-membered ring enone 2 were assigned
by 1H NMR spectroscopic measurements of their transformed
products 34 a, 34 b, and 35, respectively (Scheme 9).


It is known that generally 8-membered ring compounds are
not easily available directly from simple linear precursors,
except in the cases of compounds containing 5- or 6-mem-
bered rings, aromatic rings or cis double bonds in their
backbones.[24b] The above high-yielding cyclization forming
8-membered ring compounds proceeds smoothly, presumably
because the linear precursors have suitable conformations for
cyclization. X-ray crystallography of methyl ketone 3 (Fig-
ure 1) and a conformational search of 3 using MMFF followed


Figure 2. 1H NMR spectra of 8-membered ring enone 1 at several
temperatures.


Figure 3. Stable conformations of 8-membered ring enone 1 calculated
with PM3. Some atoms have been omitted for clarity.


by minimization with PM3 semiempirical molecular orbital
calculations suggest that steric repulsions among the two
methyl groups at C-5, tert-butyldimethylsiloxy group at C-4,
and p-methoxybenzyloxy group at C-6 cause the terminal
functionalities at C-1 and C-8 to come close to each other
(Figure 4). Further, a conformational search of enolate anion
derived from 28 (or 23) using MMFF followed by minimiza-
tion with PM3 showed that the terminal functionalities at C-1
and C-8 are located very close to one another, as depicted in
Figure 4.


Synthesis of the BC ring system of Taxol : In order to build the
C ring onto the 8-membered ring compounds, a three-
component coupling reaction of 1 with a cuprate reagent,
followed by trapping with methyl iodide, was attempted under
several reaction conditions.[16] The Michael addition proceed-
ed smoothly, employing the cuprate reagent generated in situ
from 4 equiv of 2-bromo-5-(triethylsiloxy)pentene with
8.2 equiv of tBuLi and 2 equiv of CuCN,[29] and the desired
a,b-disubstituted 8-membered ring ketone 36 a (Scheme 10)
was obtained in good yield with high diastereoselectivity (91/
9/0/0). The relative stereochemistry of 36 a was assigned by
1H NMR spectroscopic measurement of the transannulated
product. Ketoaldehyde 37 a, a precursor of the BC ring system
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Scheme 9. Synthesis of 8-membered ring enone 2. Reagents and con-
ditions: a) LHMDS, MeI, HMPA, THF,ÿ78 8C (100 %); 1n HCl, THF, RT
(83 %); (COCl)2, DMSO, Et3N, CH2Cl2, ÿ78 8C to RT (95 %); b) SmI2,
THF, ÿ78 8C (70 % plus 7 % of 10-deoxygenated 8-membered ring aldols);
Ac2O, DMAP, pyridine, RT (87 %, 33a/33 b� 83/17); c) DBU, benzene,
60 8C (91 %); d) DDQ, H2O, CH2Cl2, RT (62 % for 33a, 51 % for 33b, 65%
for 2). Some atoms of molecular structure of 34a and 34b have been
omitted for clarity.


Figure 4. Stable conformations of the carbon backbone of ketone 3 (top)
and of the carbon backbone of the enolate anion derived from 28 (or 23)
calculated with PM3. Some atoms have been omitted for clarity.


of Taxol, was obtained in high yield by deprotection of 36 a


with TBAF, followed by oxidation with the TPAP and NMO
combined system.[30] Next, synthesis of bicyclic compound 38
from the precursor 37 a, which contains all the required
functionalities for constructing Taxol, was attempted under
several sets of reaction conditions. However, no intramolec-
ular aldol reaction occured in any case, and ketoaldehyde 37 a


was recovered almost quantitatively (Scheme 10).


Scheme 10. Attempted synthesis of the BC ring system 38. Reagents and
conditions: a) tBuLi, CuCN, THF,ÿ78 8C toÿ23 8C; then MeI, HMPA, RT
(77 % of 36a, 8 % of diastereomer); b) TBAF, THF, 0 8C (81 %); TPAP,
NMO, MS 4 �, CH2Cl2, 0 8C (67 % based on 78% conversion).


At this stage, it was assumed that generation of the enolate
anion from the 8-membered ring ketone 37 a by deprotona-
tion did not take place under the above conditions. In order to
confirm this consideration, a precursor 40 (Scheme 11),
having no methyl group at C-8 of the B ring of Taxol, was


Scheme 11. Synthesis of the BC ring system 41. Reagents and conditions.
a) tBuLi, lithium 2-thienylcyanocuprate, Et2O, ÿ78 8C to 0 8C (92 % based
on 99 % conversion); b) TPAP, NMO, MS 4 �, CH2Cl2, 0 8C (89 %);
c) NaOMe, MeOH, RT (100 %, 41b/41a� 82/18); d) NaH, THF, 0 8C
(79 % based on 61% conversion).


employed for BC ring construction. Formation of the enolate
anion from 40 was expected to proceed smoothly because
there are two hydrogens at the a-position of the carbonyl
group, and the enolate anion thus generated will lead to the
desired bicyclic compound 41.[16, 17]


Conjugate addition to enone 1 using a higher order cuprate
reagent,[31] generated in situ from 3 equiv of 4-bromo-4-
pentene-1-ol with 9 equiv of tBuLi and 3.3 equiv of lithium
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2-thienylcyanocuprate, gave the b-substituted 8-membered
ring ketone 39 in high yield with perfect diastereoselectivity,
though the 8-membered ring enone 1 was a mixture of two
conformational isomers. Ketoaldehyde 40, a precursor of the
BC ring system of demethyltaxoids, was prepared directly by
oxidation of 39 with a combination of TPAP and NMO. When
intramolecular aldol reaction of the precursor 40 was tried in
the presence of NaOMe at room temperature the desired
reaction proceeded smoothly to afford a mixture of bicyclic
compounds 41 in quantitative yield with good diastereoselec-
tivity (82/18/0/0), as expected (Scheme 11).


The above experimental result and a conformational search
with MMFF force field of the precursors 37 a and 40 indicated
that the generation of enolate anion by deprotonation from
the ketoaldehyde 37 a having a C-3,8 trans configuration is
hardly possible under the standard conditions because the
dihedral angle between the HÿC8ÿC9�O bonds is nearly
antiperiplanar (Scheme 12). This suggests that a ketoaldehyde


Scheme 12. Synthesis of the BC ring systems 38 and 41 from ketoalde-
hydes by intramolecular aldol cyclization. Some atoms of molecular
structure of 37a and 40 have been omitted for clarity.


37 b having the C-3,8 cis configuration should be able to
generate the key enolate anion. The enolate anion thus
formed should easily react with the aldehyde to form the BC
ring system of Taxol by intramolecular aldol cycliza-
tion.[18, 32, 33, 7b] It was assumed that the desired ketoaldehyde
37 b having the C-3,8 cis configuration would be produced on
a-face-selective hydrolysis of the intermediate Michael ad-
duct, formed from 8-membered ring enone 2 and cuprate
reagent (Scheme 13).


Michael addition of the cuprate reagent generated in situ
from 7 equiv of 2-bromo-5-(triethylsiloxy)pentene, 14 equiv
of tBuLi, and 3.7 equiv of copper cyanide to the enone 2 gave
the 8-membered ring ketone 36 b having the C-3,8 cis
configuration in high yield with perfect diastereoselectivity


Scheme 13. Synthesis of the BC ring system 38. Reagents and conditions:
a) tBuLi, CuCN, Et2O, ÿ23 8C (99 % based on 93% conversion); b) 0.5n
HCl, THF, 0 8C (97 %); TPAP, NMO, MS 4 �, CH2Cl2, 0 8C (92 %);
c) NaOMe, MeOH, THF, 0 8C (98 %, 38b/38 a� 92/8); d) NaOMe, THF,
RT (88 % based on 85% conversion); e) DDQ, H2O, CH2Cl2, RT (66 %).
Some atoms of the molecular structure of 42 have been omitted for clarity.


by a-face selective-hydrolysis of the enolate anion. Ketoalde-
hyde 37 b, a precursor of the BC ring system of Taxol, was
obtained in good yield by deprotection of the Michael adduct
36 b with 0.5n HCl, followed by oxidation with a combination
of TPAP and NMO. On treatment with a base, a precursor
37 b having the C-3,8 cis configuration was expected to
generate the enolate anion, which in turn would form the
desired bicyclic compound 38. The reaction did indeed
proceed smoothly to afford a mixture of bicyclic compounds
38 in nearly quantitative yield with good diastereoselectivity
(92/8/0/0) when intramolecular aldol reaction of the precursor
37 b was carried out in the presence of NaOMe at 0 8C. The
diastereomer 38 a, which has an a-hydroxyl group at the C-7
position, could be epimerized to the desired b-alcohol 38 b in
good yield on treatment with NaOMe.


Finally, the structure was confirmed as illustrated in
Scheme 13 by NOE relationships and conformational analysis
by MM2 calculation of a transannulated compound 42 derived
from the BC ring compound 38 b. Both C-8 methyl and C-7
hydroxyl groups have the same b-configuration as Taxol.


Attempted synthesis of the ABC ring system : According to
our synthetic strategy, the BC ring system 48 (Scheme 14) was
regarded as the key precursor for construction of the desired
ABC ring system of Taxol by intramolecular aldol cycliza-
tion.[12±14, 34] Since the BC ring system 38 b is a mixture of
slowly interconverting conformational isomers, related com-
pounds were also anticipated to exist as similar mixtures. In
order to confirm the structure of these derivatives conven-
iently by NMR measurement at room temperature, 38 b was
transformed to conformationally rigid tricyclic compounds,
7-O-,9-O-acetonides.
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A mixture of two stereoisomers of the corresponding diols
was formed when the aldol 38 b was reduced with DIBAL in
hexane at room temperature. In contrast, diastereoselective
reduction of the aldol 38 b was achieved by using AlH3 in
toluene at ÿ78 8C affording the corresponding cis-diol
preferentially, after which protection of this cis-diol with
isopropylidene acetal provided tricyclic compound 43. This
was converted to conformationally rigid C-1 ketone 44 by
deprotection of the PMB group and successive oxidation with
PDC. Though allylation of 44 by means of allylmagnesium
bromide in diethyl ether afforded the homoallylic b-alcohol at
the C-1 position with moderate diastereoselectivity, the
desired homoallylic b-alcohol was obtained preferentially in
nearly quantitative yield when the reaction was carried out in
THF. Removal of the TBS group gave cis-diol 45, and
subsequent treatment of this diol with dichlorocyclohexylme-
thylsilane and imidazole yielded a silylene compound 46,
which was then converted to the trialkylsilylether at the C-1
position by way of alkylation of the bridged silicon atom with
alkyllithium reagent.[12, 14, 17, 19] Oxidation of the secondary
alcohol formed with PDC gave 8-membered ring ketone 47 in
good yield. By the above sequential manipulations, the first
target molecule 47 was efficiently synthesized from optically
active 8-membered ring enone 2. In order to prepare C-13
oxygenated compound 48, a precursor of the ABC ring system
of Taxol in our aldol strategy, we examined several oxygen-
ation reactions of the C-13 position after model synthe-
ses.[12, 13] However, in no case did the desired reaction take
place; the C-12 position was regioselectively oxygenated to
form ketoaldehyde 49 under forced Wacker oxidation con-
ditions (Scheme 14).[35] The 1H NMR spectrum of 47 and
MMFF calculation of its conformation indicate that 47 has a
rigid tricyclic structure. Comparison of the environments of
the C-12 and C-13 positions in the model suggested that the
C-12 position was relatively easily attacked by water because
the C-13 position is considerably shielded by both the
trialkylsilyl group and the exo olefin on the C ring of 47
(Figure 5).


These results led to a new synthetic strategy, one of forming
the ABC ring system of Taxol from intermediate 54
(Scheme 15) by A ring closure.[17, 19] In this plan, the target
molecule 54 was to be prepared by the preferential oxygen-
ation of the C-12 position of 50 by Wacker oxidation, as shown
in Figure 5. Further, direct construction of the ABC ring
system from diketone 54 was to be achieved by way of
intramolecular pinacol coupling reaction using a low-valent
titanium reagent.[36]


Total synthesis of baccatin III : Alkylation of the C-1 position
of 44 with the homoallyllithium reagent in benzene produced
the desired bishomoallylic b-alcohol in high yield with perfect
diastereoselectivity, whereas the a-alcohol was obtained
preferentially when the reaction was carried out in THF or
ether. Deprotection of the TBS group resulted in formation of
cis-diol 51, and successive treatment with several dialkylsilyl
compounds yielded silylene compounds 52 a ± c in almost
quantitative yields. Alkylation of these silylene compounds
with methyllithium furnished compounds 53 a ± c with the
desired C-1-protected hydroxyl group. Oxidation of the


Scheme 14. Attempted synthesis of the ABC ring system. Reagents and
conditions: a) AlH3, toluene, ÿ78 8C (94 %); Me2C(OMe)2, CSA, CH2Cl2,
RT (100 %); b) DDQ, H2O, CH2Cl2, RT (97 %); PDC, CH2Cl2, RT (94 %
based on 96 % conversion); c) allyl ± MgBr, THF, ÿ45 8C (91 % plus 7% of
diastereomer); TBAF, THF, RT (95 %); d) cHexMeSiCl2, imidazole, DMF,
0 8C (97 %); e) MeLi, HMPA, THF, ÿ78 8C (92 %); PDC, CH2Cl2, RT
(74 % based on 86% conversion); f) PdCl2, H2O, DMF, RT (48 % based on
84% conversion).


secondary alcohols with a combination of TPAP and NMO
gave the C-11 ketones 50 a ± c in good yields. Oxygenation of
the C-12 positions of 50 a ± c proceeded smoothly to produce
the desired diketones 54 a ± c under forced Wacker oxidation
conditions, as expected.


By the above sequence of manipulations, precursors of the
ABC ring system were efficiently synthesized from the BC
ring system. The ABC ring systems 55 a ± c were obtained
from the corresponding diketones 54 a ± c by an intramolec-
ular pinacol coupling reaction that used the low-valent
titanium reagent prepared from TiCl2 and LiAlH4 (Sche-
me 15).[37] In this reaction, the desired pinacols 55 a ± c were
formed as the main products, along with small amounts of by-
products such as partially reduced alcohols or rearranged
pinacolone-type derivatives. Though the desired pinacol 55 a
was obtained in up to 71 % yield when the cyclization reaction
was carried out with diketone 54 a, the chemical yield was not
always reproducible. This was probably because the proper-
ties of the low-valent titanium reagent depended on the
conditions of its preparation. The intramolecular pinacol
coupling reaction with diketones 54 a, 54 b, and 54 c gave the
corresponding pinacols 55 a, 55 b, and 55 c in 43 ± 71 %, 51 ±
63 %, and 42 ± 52 % yields, respectively. A conformation
search with the MM2 force field and NOE relationships
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Figure 5. Stable conformations of ketones 47 and 50a generated by
calculation. Some atoms have been omitted for clarity.


showed the complete stereochemistry of pinacol 55 c as
depicted in Figure 6.


Deprotection of the benzyl group of 55 a ± c with Na/NH3


followed by deprotection of the trialkylsilyl group with TBAF
gave the desired pentaol 56 in high yields. X-ray crystallog-
raphy of the pentaol 56 confirmed that it possessed the exact
stereochemistry of the ABC ring system of baccatin III and
Taxol as depicted in Figure 7.[23] A conformational search by
MMFF suggested that there are two local minimized stable
structures of pentaol 56. The more stable conformer is almost
identical to that determined by X-ray crystallography. Thus,
an asymmetric synthesis of the ABC ring system of Taxol was
accomplished by successive intramolecular aldol and pinacol
coupling reactions from an optically active 8-membered ring
compound 2.


Successive regioselective protection of the pentaol 56 with
bis(trichloromethyl) carbonate[38] and then treatment with
acetic anhydride afforded the corresponding C-10 acetoxy,
C-1, C-2 carbonate 57 in good yield (Scheme 16). Deprotec-
tion of the acetonide function and regioselective protection of
the tetraol thus formed, followed by oxidation of this triol
with a combination of TPAP and NMO, yielded C-9 ketone 58
(Scheme 16). A novel taxoid 59 was formed from the above
ketone by desulfurization of the intermediate thionocarbon-
ate with trimethylphosphite.[39] Regioselective oxygenation at
the C-13 position of 59 with PCC and NaOAc gave an
enone,[5a, b, e, 6, 40] which in turn was reduced to the desired a-


Scheme 15. Synthesis of the ABC ring system 56. Reagents and con-
ditions: a) homoallyl ± I, sBuLi, c-hexane, benzene, ÿ23 8C to 0 8C (96 %);
TBAF, THF, 50 8C (100 %); b) cHexMeSiCl2, imidazole, DMF, RT (99 % of
52a); cHex2Si(OTf)2, pyridine, 0 8C (100 % of 52 b); tBuMeSi(OTf)2,
pyridine, 0 8C (100 % of 52 c); c) MeLi, HMPA, THF,ÿ78 8C (96 % of 53a);
ÿ45 8C (96 % of 53b); ÿ45 8C (96 % of 53c); d) TPAP, NMO, MS 4 �,
CH2Cl2, CH3CN, RT (80 % for 53a, 91 % for 53 b, 85 % for 53 c); e) PdCl2,
H2O, DMF, RT (98 % of 54 a, 98% of 54 b, 91% of 54 c); f) TiCl2, LiAlH4,
THF, 40 8C (43 ± 71 % of 55 a); 45 8C (51 ± 63% of 55b); 35 8C (42 ± 52% of
55c); g) Na, liq. NH3,ÿ78 8C toÿ45 8C; TBAF, THF, RT (100 % from 55a,
83% from 55b, 93% from 55 c).
-


Figure 6. Stable conformation of pinacol 55 c generated by calculation.
Some atoms have been omitted for clarity.


alcohol stereoselectively on treatment with K-Selectride�. On
the other hand, reduction of the enone with other reducing
reagents such as NaBH4 and AlH3 gave undesired b-alcohol as
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Figure 7. ORTEP drawing of pentaol 56.


a major product. Protection of the above a-alcohol afforded
tetracyclic compound 60 possessing all the functionalities
necessary for the synthesis of baccatin III and Taxol. An
effective method for the synthesis of baccatin III from the
taxoid 60 has already been reported from our laboratory, and
construction of the oxetane ring onto the ABC ring system
was carried out by this procedure (Scheme 16).[15]


Allylic bromination at the C-5 position of 60 with excess
amounts of CuBr and PhCO3tBu (1:1 molar ratio) gave the
separable allylic bromides 61 and 62 in 62 % and 15 % yields,
respectively.[15, 41] Furthermore, on treating the allylic bromide
61 with CuBr in CH3CN at 50 8C, 25 % of 61 and 69 % of 62
were obtained, since 61 and 62 were in equilibrium under
thermodynamic conditions. A conformational search using
MMFF followed by minimization with PM3 and 1H NMR
experiments suggested that the most stable conformer of 62
was that shown in Figure 8. It is interesting to note that allylic
bromide 62, having an axial bromine at C-5, is more stable
than its epimer with an equatorial bromine at C-5 because of
allylic strain of the epimer.


Since the C ring of 62 is in the chair form, as illustrated in
Figure 8, a-face-selective dihydroxylation of 62 with OsO4


proceeded smoothly to give a dihydroxy bromide 63 in high
yield as a single stereoisomer.[15, 7b] The desired oxetanol was
obtained in good yield when this dihydroxy bromide 63 was
treated with DBU at 50 8C in toluene. The corresponding
acetate 64 was prepared by acetylation of the tertiary alcohol
using acetic anhydride and DMAP in pyridine. Finally,
benzoylation at the C-2 position of C-1, C-2 carbonate
64,[4b, 5a, b, e, 6, 7b, 15, 40d] followed by desilylation of the benzoate
with HF ´ pyridine afforded baccatin III in high yield.


Asymmetric synthesis of the side chains and total synthesis of
Taxol : Total synthesis of Taxol was finally completed by the
following two new synthetic procedures: 1) asymmetric syn-
thesis of a side chain, a protected N-benzoylphenylisoserine,
and 2) synthesis of Taxol by dehydration condensation
between the side chain and 7-TES baccatin III
(Scheme 17).[20]


Scheme 16. Synthesis of baccatin III. Reagents and conditions:
a) (CCl3O)2CO, pyridine, CH2Cl2,ÿ45 8C (100 %); Ac2O, DMAP, benzene,
35 8C (84 %); b) 3n HCl, THF, 60 8C; TESCl, pyridine, RT (83 % from 57);
TPAP, NMO, MS 4 �, CH2Cl2, RT (76 %); c) TCDI, DMAP, toluene,
100 8C; P(OMe)3, 110 8C (53 % from 58); d) PCC, NaOAc, Celite, benzene,
95 8C (78 %); K-Selectride�, THF, ÿ23 8C (87 %); TESOTf, pyridine,
ÿ23 8C (98 %); e) CuBr, PhCO3tBu, CH3CN, ÿ23 8C (62 % of 61, 15% of
62); f) CuBr, CH3CN, 50 8C (25 % of 61, 69% of 62); g) OsO4, pyridine,
THF, RT (96 % based on 96% conversion); h) DBU, pyridine, toluene,
50 8C (81 % based on 52% conversion); Ac2O, DMAP, pyridine, RT
(91 %); i) PhLi, THF, ÿ78 8C (94 %); HF ´ pyridine, THF, RT (96 %).


Figure 8. Stable conformation of allylic bromide 62. Some atoms have
been omitted for clarity.
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Scheme 17. Synthesis of 7-TES baccatin III from baccatin III. Reagents
and conditions: a) TESCl, pyridine, RT (92 % based on 95 % conversion).


Although several methods for the synthesis of side chains of
Taxol have been developed in the two past decades, only a few
examples were reported on enantioselective synthesis.[3c] In
the first place, the preparation of S-ethyl (2R,3R)-2-benzyl-
oxy-3-hydroxy-3-phenylpropanethioate (67-anti, Scheme 18)
was attempted by the enantioselective aldol reaction previ-
ously reported from our laboratory, that is, the reaction of
benzaldehyde with an enol silyl ether 65 prepared from S-
ethyl benzyloxyethanethioate by means of a chiral promoter
consisting of chiral diamine 66, Sn(OTf)2, and nBu2Sn(OAc)2;
67 was obtained in high yield with almost perfect stereo-
selectivity (anti/syn� 99/1, anti aldol; 96 % ee).[21] The aldol
product 67-anti was converted to the C-3 inverted azide by a
Mitsunobu reaction that employed hydrogen azide, Ph3P, and
DEAD.[42] The azide was subsequently reduced to amine 68
with Ph3P according to a method reported by Hanaoka
et al.[42] Benzoylation of the resulting amine 68 with benzoyl
chloride and DMAP gave the desired amide 69 in good yield.
(2R,3S)-3-Benzoylamino-2-benzyloxy-3-phenylpropionic acid
(70), a protected Taxol side chain, was obtained by hydro-
lysis of the thiol ester with aqueous silver nitrate. The
corresponding N,O-acetonide 72 was prepared by the se-
quence: 1) debenzylation of 69 with a stoichiometric amount
of SnCl4, 2) transesterification with MeOH and AgOCOCF3,
and 3) protection of the resulting alcohol 71 with 2-methoxy-
propene and PPTS (Scheme 18). Similarly, N,O-p-methoxy-
benzylidene acetal 74 was formed by treating 71 with p-
methoxybenzaldehyde dimethyl acetal and CSA, and N,O-p-
methoxybenzylidene acetal 76, the epimer of 74 at the N,O-
acetal carbon, was obtained by treating 71 with p-methoxy-
benzyl methyl ether and DDQ according to a method
reported by Greene et al.[43] These esters afforded the
corresponding carboxylic acids 73, 75, and 77 in good yields
on hydrolysis with aqueous LiOH (Scheme 18).


Though Greene et al. suggested the configuration of N,O-
acetal carbon of 77 is R,[43] we could not determine the
configuration of either 74 or 75 by NOE experiments, because
these compounds have broadened NMR spectra owing to the
existence of amide rotamers.[44] Therefore, N,O-p-methoxy-
benzylidene acetal 80, which has N-Bn group was synthesized
from known aminoester 79-syn by deprotection and acetali-
zation. NOE experiment of 80 showed that the configurations
of the N,O-acetal carbon atoms of 80, 78, 74, and 75 are all S,
as depicted in Scheme 19.


The so-called b-lactam method has been the most popular
method for the introduction of side chains to 7-O-protected
baccatin III to synthesize Taxol, and was utilized in all the
reported total syntheses of Taxol.[4b, 5a, b, e, 6, 40d, 45] In addi-


Scheme 18. Synthesis of the side chains of Taxol. Reagents and conditions:
a) Sn(OTf)2, chiral diamine 66, nBu2Sn(OAc)2, CH2Cl2, ÿ78 8C (95 %);
b) HN3, Ph3P, DEAD, benzene, RT (82 %); Ph3P, H2O, THF, 55 8C (90 %
based on 82% conversion); c) BzCl, DMAP, CH2Cl2, 0 8C (90 %);
d) AgNO3, H2O, 1,4-dioxane, reflux (78 %); e) SnCl4, CH2Cl2, reflux
(96 %); AgOCOCF3, MeOH, RT (84 %); f) CH2C(OMe)Me, PPTS,
toluene, 80 8C (89 %); g) LiOH, H2O, MeOH, RT (86 %);
h) PMPCH(OMe)2, CSA, toluene, azeotrope (79 %); i) PMBOMe,
DDQ, CH3CN, 70 8C (75 %); j) LiOH, H2O, MeOH, 0 8C (83 %);
k) LiOH, H2O, MeOH, RT (86 %).


tion, methods for dehydration condensation between carbox-
ylic acids and baccatin III derivatives were developed by
Greene et al. and by Commerçon et al. using DPC (di(2-
pyridyl) carbonate) and DMAP or using DCC and
DMAP.[43a, 46, 47] Recently, Gennari et al. reported a trans-
esterification method for the semisynthesis of Taxol using
thiol esters of the side chain.[48] Since both the b-lactam
method and the transesterification method were carried out
under strongly basic conditions, a new method for the direct
condensation reaction between 7-TES baccatin III and the
side chain as its free carboxylic acid form under rather mild
conditions was studied.


Esterification of 3-phenylpropionic acid with cyclohexanol
was attempted as a model experiment according to a method
using DPC and DMAP reported by Kim et al.,[49] which was
later applied to the preparation of protected Taxol by
condensation between a side chain and a baccatin III deriv-
ative by Greene et al.[46] The corresponding ester was
obtained in 95 % yield by the use of DPC as a dehydration
reagent while the desired ester was formed in 99 % yield when
DPTC (O,O'-di(2-pyridyl) thiocarbonate),[50] a sulfur analog
of DPC, was used as a novel coupling reagent.[51] Secondly, a
dehydration condensation between the side chains and cyclo-
hexanol was tried and, in the presence of DPTC and DMAP,
side chains 70, 73, and 75 reacted smoothly with cyclohexanol
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Scheme 19. Relative stereochemistry of ester 80 and carboxylic acid 75.
Reagents and conditions: a) LiAlH4, THF, 0 8C (72 %) or Red-Al�,
benzene, reflux (21 %); b) TBAF, THF, 0 8C (90 %); PMPCH(OMe)2,
CSA, toluene, azeotrope (97 %); c) LiAlH4, THF, 0 8C (73 %). Some
hydrogen atoms of molecular structure of 80 have been omitted for clarity.


to afford the corresponding esters in quantitative yields. On
the other hand, the esterification of side chain 77 with
cyclohexanol gave the coupling product in moderate yield
(72 %).


The dehydration condensation between the side chains and
7-TES baccatin III was examined using a combination of
DPTC and DMAP. 7-TES baccatin III was synthesized in
good yield by monosilylation of baccatin III (see Scheme 17).
When 70 was used in the above condensation reaction, the
corresponding ester 81 was obtained in quantitative yield
based on 34 % conversion after 2 h at 73 8C in toluene. There
was no further reaction even when extra amounts of the side
chain 70, DPTC, and DMAP were added to the resulting
reaction mixture. However, the desired ester 81 was formed
when 70, DPTC, and DMAP were added to the recovered
reaction mixture after filtration through a short pad of silica
gel, because the remaining 7-TES baccatin III could be
completely recovered, and the overall yield was increased
by repetition of the above procedure. Finally, the condensa-
tion product 81 was formed in quantitative yield based on
66 % conversion after repeating the above procedure four
times. The condensation product 81 was successfully trans-
formed to Taxol after debenzylation using palladium hydrox-
ide on carbon under a hydrogen atmosphere and desilylation
with HF ´ pyridine or 5 % aqueous HCl in ethanol
(Scheme 20).


In order to increase the reactivity of the side chain, we next
examined the effect of protecting groups. Side chains pro-
tected as N,O-cyclic acetals seemed to be more reactive
because of their less hindered structure. In fact, the ester-
ification reaction of side chain 73 with 7-TES baccatin III gave
the corresponding ester 82 in 99 % yield at 64 % conversion by


Scheme 20. Synthesis of Taxol by dehydration condensation. Reagents and
conditions: a) DPTC, DMAP, toluene, 73 8C (100 % based on 66%
conversion after four repetitions); b) Pd(OH)2/C, H2, EtOH, RT (76 %);
HF ´ pyridine, THF, RT (100 %) or 5% HCl, EtOH, RT (100 %).


one operation, although the isopropylidene group of the
product is deprotection-resistant. The condensation reaction
between side chain 75 and 7-TES baccatin III also proceeded
smoothly to produce the desired coupling product 83 in 95 %
yield at 93 % conversion. Finally, on hydrolysis under acidic
conditions, the p-methoxybenzylidene protecting group was
cleaved off smoothly to afford Taxol. It is interesting to note
that side chain 75 gave the condensation product 83 in quite
high yield, while the reaction did not take place when the
epimer 77 was used (Scheme 21).


The completely functionalized skeleton of Taxol was
revealed by X-ray crystallographic analysis of the condensa-


Scheme 21. The total synthesis of Taxol by improved method of dehy-
dration condensation. Reagents and conditions: a) 7-TES baccatin III,
DPTC, DMAP, toluene, 73 8C (99 % based on 64 % conversion); b) 7-TES
baccatin III, DPTC, DMAP, toluene, 73 8C (95 % based on 93% con-
version); c) TFA, H2O, 0 8C (93 % of Taxol, 7 % of 84); d) TFA, H2O, RT
(94 %).
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tion product 82 (Figure 9).[23] Three carbon rings are folded up
in a cup shape, and the side chain containing N,O-cyclic acetal
is located outside the molecule and hangs down over the
baccatin III structure.


Figure 9. ORTEP drawing of protected Taxol 82.


Conclusion


A new method for the asymmetric total synthesis of Taxol by
way of B to BC to ABC to ABCD ring construction has been
established. The optically active linear compound, precursor
of the 8-membered ring compound, was synthesized by a
combination of asymmetric aldol reactions. The synthesis of
the 8-membered ring compound corresponding to the B ring
was achieved by intramolecular aldol cyclization utilizing
SmI2. The ABC ring system of Taxol was constructed onto this
B ring by successive stereoselective Michael addition, intra-
molecular aldol cyclization, stereoselective homoallylation,
and pinacol coupling cyclization. Furthermore, a new method
for the synthesis of baccatin III, the ABCD ring system of
Taxol, from the ABC ring system by the introduction of a C-13
hydroxyl group and an oxetane-forming reaction has been
established. Finally, a new method for the synthesis of side
chains of Taxol by asymmetric aldol reaction was developed
and the total synthesis of Taxol was completed by the
dehydration condensation reaction using DPTC between the
above side chain and 7-TES baccatin III derived from
baccatin III. This synthetic method would be widely appli-
cable to the syntheses of various derivatives of Taxol and
related taxoids.


Experimental Section


General techniques : All melting points were measured on a Yanaco MP-S3
micro melting point apparatus. Optical rotations were recorded on a Jasco
DIP-360 or a Jasco P-1020 digital polarimeter. IR spectra were recorded on


a Horiba FT-300 infrared spectrometer. 1H and 13C NMR spectra were
recorded on a Hitachi R-1200, a JEOL JNM-EX270L, a JEOL ALPHA-
500, a JEOL RAMBDA-500 or a Bruker AVANCE DPX-300 spectrometer
with tetramethylsilane (TMS), chloroform (in [D]chloroform), dichloro-
methane (in [D2]dichloromethane), benzene (in [D6]benzene) or toluene
(in [D8]toluene) as internal standard. HPLC was carried out using a Hitachi
LC-Organizer, L-4000 UV Detector, L-6200 Intelligent Pump, and D-2500
Chromato-Integrator. High-resolution mass spectra were recorded on a
JEOL JMS-SX102A instrument with 4-nitrobenzyl alcohol as a matrix.
Column chromatography was performed on silica gel 60 (Merck) or
Wakogel B5F; thin-layer chromatography was performed on Wakogel B5F.
All reactions were carried out under argon atmosphere in dried glassware,
unless otherwise noted. Dichloromethane was distilled from diphosphorus
pentoxide, then calcium hydride, and dried over MS 4 �, benzene and
toluene were distilled from diphosphorus pentoxide and dried over MS
4 �, and THF and diethyl ether were distilled from sodium/benzophenone
immediately prior to use. All reagents were purchased from Tokyo Kasei
Kogyo, Kanto Chemical, or Aldrich Chemical, and used without further
purification unless otherwise noted.
Carbon atoms in parentheses of 1H and 13C NMR spectra data of 1, 2, 29 ±
31, 33 ± 47, and 49 ± 84 are numbered according to IUPAC taxane skeleton
nomenclature.


Methyl 2,2-dimethyl-3-oxopropionate : To a solution of oxalyl chloride
(10.5 g, 82.7 mmol) in dichloromethane (40 mL) at ÿ78 8C was added a
solution of DMSO (13.2 g, 169 mmol) in dichloromethane (40 mL). The
reaction mixture was stirred for 10 min at ÿ78 8C, and then a solution of
methyl 3-hydroxy-2,2-dimethylpropionate (5) (10.0 g, 75.6 mmol) in di-
chloromethane (40 mL) was added. After the reaction mixture had been
stirred for 1 h, triethylamine (38.3 g, 378 mmol) was added. The reaction
mixture was allowed to warm to room temperature and then water was
added. The mixture was extracted with dichloromethane, and the organic
layer was washed with water and brine, and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by distillation to afford methyl 2,2-dimethyl-3-
oxopropionate (8.77 g, 89%) as a colorless oil: b.p. 60 8C/22 mmHg; IR
(neat): nÄ � 1720, 1640 cmÿ1; 1H NMR (CDCl3): d� 9.56 (s, 1 H, 3-CHO),
3.66 (s, 3H, MeO), 1.26 (s, 6H, Me, Me); 13C NMR (CDCl3): d� 199.0 (3),
173.2 (1), 53.5 (2), 52.5 (MeO), 19.7 (Me), 19.7 (Me); HR MS: calcd for
C6H11O3 [M�H]� 131.0708, found 131.0718.


Methyl 3,3-dimethoxy-2,2-dimethylpropionate (6): To a solution of ester 5
(18.2 g, 140 mmol) and trimethyl orthoformate (29.7 g, 280 mmol) in
methanol (170 mL) at room temperature was added p-toluenesulfonic
acid (3.55 g, 14.0 mmol). The reaction mixture was stirred for 1 h at room
temperature and then saturated aqueous sodium hydrogencarbonate was
added. The mixture was extracted with diethyl ether, and the organic layer
was washed with water and brine, and dried over sodium sulfate. The crude
product was filtered though a short pad of silica gel with diethyl ether and
the filtrate was concentrated by evaporation of the solvent to afford acetal
6 (23.0 g, 93%) as a colorless oil: b.p. 98 8C/41 mmHg; IR (neat): nÄ �
1740 cmÿ1; 1H NMR (CDCl3): d� 4.43 (s, 1 H, 3-H), 3.69 (s, 3 H, MeO),
3.52 (s, 6H, MeO, MeO), 1.18 (s, 6H, Me, Me); 13C NMR (CDCl3): d�
176.1 (1), 110.4 (3), 58.6 (MeO), 58.6 (MeO), 51.7 (MeO), 48.4 (2), 19.5
(Me), 19.5 (Me); EI MS: calcd for C8H6O4 [M�] 176, found 176; CI MS:
calcd for C8H17O4 [M�H]� 177, found 177.


3-Hydroxy-2,2-dimethylpropanal dimethyl acetal :[52] To a suspension of
lithium aluminum hydride (2.16 g, 56.9 mmol) in THF (50 mL) at 0 8C was
added a solution of acetal 6 (5.01 g, 28.4 mmol) in THF (50 mL). After the
reaction mixture had been stirred for 2 h at room temperature, saturated
aqueous sodium sulfate was added. The crude product was filtered though a
short pad of Celite with diethyl ether and the filtrate was concentrated by
evaporation of the solvent to afford 3-hydroxy-2,2-dimethylpropanal
dimethyl acetal (4.08 g, 90%) as a colorless oil: b.p. 120 ± 126 8C/3.9 mmHg;
IR (neat): nÄ � 3460 cmÿ1; 1H NMR (CDCl3): d� 3.99 (s, 1 H, 1-H), 3.51 (s,
6H, MeO, MeO), 3.41 (d, J� 5.6 Hz, 2H, 3-H, 3-H), 2.70 (t, J� 5.6 Hz, 1H,
OH), 0.90 (s, 6 H, Me, Me); 13C NMR (CDCl3): d� 113.9 (1), 69.2 (3), 58.5
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(MeO), 58.5 (MeO), 40.6 (2), 20.0 (Me), 20.0 (Me); HR MS: calcd for
C7H15O3 [MÿH]� 147.1021, found 147.0997.


3,3-Dimethoxy-2,2-dimethylpropanal (7):[52] To a solution of oxalyl chloride
(25.0 g, 197 mmol) in dichloromethane (95 mL) at ÿ78 8C was added a
solution of DMSO (27.9 g, 357 mmol) in dichloromethane (95 mL). The
reaction mixture was stirred for 10 min at ÿ78 8C and then a solution of
3-hydroxy-2,2-dimethylpropanal dimethyl acetal (26.5 g, 179 mmol) in
dichloromethane (95 mL) was added. After the reaction mixture had been
stirred for 30 min, triethylamine (72.4 g, 715 mmol) was added. The
reaction mixture was allowed to warm to room temperature and then
water was added. The mixture was extracted with dichloromethane,
and the organic layer was washed with water and brine, and dried over
sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by distillation to afford
aldehyde 7 (22.2 g, 85 %) as a colorless oil: b.p. 71 ± 72 8C/26.0 mmHg; IR
(neat): nÄ � 1730 cmÿ1; 1H NMR (CDCl3): d� 9.60 (s, 1H, 1-CHO), 4.21 (s,
1H, 3-H), 3.50 (s, 6H, MeO, MeO), 1.08 (s, 6 H, Me, Me); 13C NMR
(CDCl3): d� 205.3 (1), 110.9 (3), 58.7 (MeO), 58.7 (MeO), 52.1 (2), 18.0
(Me), 18.0 (Me).


Benzyloxyacetic acid :[53] Sodium (25.9 g, 1.13 mol) was gradually added to
benzyl alcohol (400 mL). The reaction mixture was refluxed for 2 h, and
then a solution of chloroacetic acid (53.3 g, 564 mmol) in benzyl alcohol
(100 mL) was added. After the reaction mixture had been refluxed for 6 h,
it was concentrated by evaporation of the solvent. Water was added to the
residue, and the mixture was washed with diethyl ether. Hydrochloric acid
(12m) was added to the aqueous layer and then the mixture (pH� 1) was
extracted with diethyl ether. The organic layer was washed with water and
brine and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by distillation to
afford benzyloxyacetic acid (87.7 g, 94 %) as a colorless oil: b.p. 130 8C/
0.4 mmHg; IR (neat): nÄ � 3590, 1740 cmÿ1; 1H NMR (CDCl3): d� 10.88 ±
10.59 (br m, 1 H, COOH), 7.48-7.28 (m, 5 H, Ph), 4.67 (s, 2H, Bn), 4.18 (s,
2H, 2-H, 2-H).


Methyl benzyloxyacetate : To methanol (278 mL) at 0 8C was slowly added
thionyl chloride (34.7 mL, 476 mmol). The reaction mixture was stirred for
15 min at 0 8C, and then a solution of benzyloxyacetic acid (65.9 g,
397 mmol) in methanol (110 mL) was added. After the reaction mixture
had been stirred for 1 h at room temperature, it was concentrated by
evaporation of the solvent. Dichloromethane (300 mL) and saturated
aqueous sodium hydrogencarbonate (100 mL) were added to the residue,
and the mixture was extracted with dichloromethane. The organic layer was
washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
distillation to afford methyl benzyloxyacetate (69.9 g, 98%) as a colorless
oil: b.p. 91 ± 92 8C/0.8 mmHg; IR (neat): nÄ � 1750 cmÿ1; 1H NMR (CDCl3):
d� 7.51 ± 7.22 (m, 5H, Ph), 4.68 (s, 2H, Bn), 4.13 (s, 2 H, 2-H, 2-H), 3.80 (s,
3H, MeO); HR MS: calcd for C10H13O3 [M�H]� 181.0864, found 181.0877.


(Z)-2-Benzyloxy-1-methoxy-1-(tert-butyldimethylsiloxy)ethene (8): To a
solution of diisopropylamine (3.88 mL, 19.8 mmol) in THF (8 mL) at 0 8C
was added a solution of n-butyllithium in hexane (1.65m, 14.4 mL,
27.7 mmol). After the reaction mixture had been stirred for 30 min at
0 8C, a solution of methyl benzyloxyacetate (3.28 g, 19.8 mmol) in THF
(7 mL) and a solution of tert-butyldimethylsilyl trifluoromethanesulfonate
(4.98 mL, 21.8 mmol) in THF (7 mL) were added at ÿ78 8C. The reaction
mixture was stirred for 30 min at room temperature and then triethylamine
(9.07 mL, 65.1 mmol) and saturated aqueous sodium hydrogencarbonate
was added at 0 8C. The mixture was extracted with diethyl ether, and the
organic layer was washed with cold water and brine, and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by distillation to afford ketene silyl acetal 8
(3.61 g, 70 %) as a colorless oil: b.p. 85 ± 95 8C/1.0 mmHg; IR (neat): nÄ �
1230, 1130, 830 cmÿ1; 1H NMR (CDCl3): d� 7.38 ± 7.16 (m, 5H, Ph), 5.21 (s,
1H, 2-H), 4.47 (s, 2H, Bn), 3.28 (s, 3H, MeO), 0.78 (s, 9H, TBS), 0.00 (s,
6H, TBS); 13C NMR (CDCl3): d� 150.8 (1), 137.9 (Ph), 128.2 (Ph), 127.7
(Ph), 127.5 (Ph), 110.5 (2), 74.6 (Bn), 55.8 (MeO), 25.8 (TBS), 20.6 (TBS),
ÿ4.7 (TBS),ÿ4.7 (TBS); HR MS: calcd for C16H27O3Si [M�H]� 295.1730,
found 295.1770.


Methyl (2S,3R)-2-benzyloxy-3-hydroxy-5,5-dimethoxy-4,4-dimethylpen-
tanoate (10-anti) and methyl (2S,3S)-2-benzyloxy-3-hydroxy-5,5-dime-
thoxy-4,4-dimethylpentanoate (10-syn): (S)-1-[(1-Methyl-2-pyrrolidinyl)-


methyl]piperidine (9) was prepared by a literature method:[54] the
compound is also commercially available. To a suspension of tin(ii)
trifluoromethanesulfonate (1.56 g, 3.74 mmol) in dichloromethane
(10 mL) were added a solution of chiral diamine 9 (850 mg, 4.66 mmol)
in dichloromethane (5 mL) and a solution of dibutyltin diacetate (1.47 g,
4.19 mmol) in dichloromethane (5 mL) at room temperature. After the
reaction mixture had been stirred for 30 min at room temperature, a
solution of ketene silyl acetal 8 (1.11 g, 3.76 mmol) in dichloromethane
(10 mL) and a solution of aldehyde 7 (365 mg, 2.50 mmol) in dichloro-
methane (10 mL) were added at ÿ23 8C. The reaction mixture was stirred
for 6 h at ÿ23 8C, and then saturated aqueous sodium hydrogencarbonate
was added. The mixture was extracted with dichloromethane, and the
organic layer was washed with water and brine, and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford a
mixture of aldols 10 (anti/syn� 80/20, 556 mg, 68%) as a colorless oil: IR
(neat): nÄ � 3490, 1750 cmÿ1; HR MS: calcd for C17H26O6Na [M�Na]�


349.1627, found 349.1622. Aldol 10-anti : 1H NMR (CDCl3): d� 7.41 ± 7.27
(m, 5 H, Ph), 4.62 (d, J� 11.3 Hz, 1H, Bn), 4.38 (d, J� 11.3 Hz, 1H, Bn),
4.10 (d, J� 6.5 Hz, 1H, 2-H), 4.04 (s, 1H, 5-H), 3.86 (dd, J� 6.5, 5.9 Hz, 1H,
3-H), 3.76 (s, 3H, MeO), 3.66 (d, J� 5.9 Hz, 1H, OH), 3.47 (s, 3 H, MeO),
3.40 (s, 3H, MeO), 0.97 (s, 3H, Me), 0.95 (s, 3H, Me); 13C NMR (CDCl3):
d� 172.5 (1), 137.4 (Ph), 128.9 (Ph), 128.7 (Ph), 128.4 (Ph), 113.6 (5), 81.1
(2), 77.0 (3), 72.9 (Bn), 59.5 (MeO), 58.5 (MeO), 52.2 (MeO), 43.4 (4), 20.8
(Me), 19.3 (Me). Aldol 10-syn : 1H NMR (CDCl3): d� 7.41 ± 7.27 (m, 5H,
Ph), 4.85 (d, J� 11.0 Hz, 1 H, Bn), 4.34 (d, J� 11.0 Hz, 1 H, Bn), 4.17 (d, J�
1.9 Hz, 1 H, 2-H), 4.16 (s, 1H, 5-H), 3.81 (dd, J� 7.9, 1.9 Hz, 1H, 3-H), 3.81
(s, 3 H, MeO), 3.57 (d, J� 7.9 Hz, 1 H, OH), 3.42 (s, 3H, MeO), 3.35 (s, 3H,
MeO), 0.96 (s, 3H, Me), 0.92 (s, 3H, Me).


Optical purity of aldol 10-anti was determined after conversion into the
corresponding acetyl derivative.


Methyl (2R,3R)-3-acetoxy-2-benzyloxy-5,5-dimethoxy-4,4-dimethylpen-
tanoate : To a solution of mixture of aldols 10 (anti/syn� 80/20, 8.9 mg,
27.3 mmol) in dichloromethane (2.0 mL) at 0 8C were added pyridine
(98.0 mg, 1.24 mmol) and acetyl chloride (330 mg, 4.20 mmol). The reaction
mixture was stirred for 12 h at room temperature and then saturated
aqueous sodium hydrogencarbonate was added. The mixture was extracted
with dichloromethane, and the organic layer was washed with saturated
aqueous copper(ii) sulfate, water, and brine, and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford methyl
(2R,3R)-3-acetoxy-2-benzyloxy-5,5-dimethoxy-4,4-dimethylpentanoate
(7.0 mg, 88% from aldol 10-anti) as a colorless oil: [a]28


D ��38.0 (c 0.47,
benzene); IR (neat): nÄ � 1760, 1740 cmÿ1; 1H NMR (CDCl3): d� 7.35 ± 7.28
(m, 5H, Ph), 5.29 (d, J� 5.7 Hz, 1 H, 3-H), 4.66 (d, J� 11.6 Hz, 1H, Bn),
4.36 (d, J� 11.6 Hz, 1 H, Bn), 4.17 (d, J� 5.7 Hz, 1H, 2-H), 4.07 (s, 1H,
5-H), 3.73 (s, 3H, MeO), 3.43 (s, 3H, MeO), 3.40 (s, 3 H, MeO), 2.00 (s, 3H,
Ac), 0.94 (s, 3 H, Me), 0.94 (s, 3 H, Me); 13C NMR (CDCl3): d� 170.9 (1),
169.5 (Ac), 136.8 (Ph), 128.4 (Ph), 128.4 (Ph), 128.0 (Ph), 110.2 (5),
79.1 (3), 75.6 (2), 72.5 (Bn), 58.9 (MeO), 57.9 (MeO), 52.0 (MeO), 43.8 (4),
20.8 (Ac), 18.2 (Me), 18.0 (Me); HPLC (CHIRALCEL OD, iPrOH/
hexane� 1/40, flow rate� 1.0 mL minÿ1): tR� 16.6 min (93.3 %), tR�
38.7 min (6.7 %); HR MS: calcd for C19H28O7Na [M�Na]� 391.1733, found
391.1727.


Methyl (2R,3R)-2-benzyloxy-5,5-dimethoxy-3-(p-methoxybenzyloxy)-4,4-
dimethylpentanoate (11-anti) and methyl (2R,3S)-2-benzyloxy-5,5-dime-
thoxy-3-(p-methoxybenzyloxy)-4,4-dimethylpentanoate (11-syn): To a sol-
ution of a mixture of aldols 10 (anti/syn� 80/20, 100 mg, 0.306 mmol) and
p-methoxybenzyl trichloroacetimidate (130 mg, 0.459 mmol) in diethyl
ether (4.8 mL) at 0 8C was added a solution of trifluoromethanesulfonic
acid (0.23 mg, 1.5 mmol) in diethyl ether (0.05 mL). The reaction mixture
was stirred for 15 min at 0 8C and then triethylamine (1.6 mg, 15.3 mmol)
and saturated aqueous sodium hydrogencarbonate were added. The
mixture was extracted with diethyl ether, and the organic layer was washed
with brine and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford a mixture of esters 11 (anti/syn� 80/20, 104 mg,
95%) as a colorless oil: IR (neat): nÄ � 1750 cmÿ1; HR MS: calcd for
C25H34O7Na [M�Na]� 469.2202, found 469.2175. Ester 11-anti : 1H NMR
(CDCl3): d� 7.40 ± 7.18 (m, 5 H, Ph), 6.95 ± 6.81 (m, 4H, Ph), 4.64 (d, J�
11.4 Hz, 1 H, Bn), 4.61 (d, J� 10.5 Hz, 1H, Bn), 4.41 (d, J� 10.5 Hz, 1H,
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Bn), 4.39 (d, J� 11.4 Hz, 1 H, Bn), 4.26 (d, J� 4.9 Hz, 1H, 2-H), 4.17 (s, 1H,
5-H), 3.82 (s, 3H, MeO), 3.79 (d, J� 4.9 Hz, 1H, 3-H), 3.68 (s, 3 H, MeO),
3.48 (s, 3 H, MeO), 3.43 (s, 3 H, MeO), 1.00 (s, 3H, Me), 0.91 (s, 3H, Me);
13C NMR (CDCl3): d� 172.1 (1), 159.4 (PMP), 137.5 (Ph), 131.2 (Ph), 129.7
(Ph), 129.5 (Ph), 128.8 (Ph), 128.3 (Ph), 114.0 (PMP), 110.9 (5), 84.7 (2),
80.8 (3), 74.6 (PMB), 72.7 (Bn), 59.5 (MeO), 58.1 (MeO), 55.7 (MeO), 52.1
(MeO), 45.1 (4), 18.3 (Me), 18.1 (Me).


(3R,4S)-4-Benzyloxy-5-hydroxy-3-(p-methoxybenzyloxy)-2,2-dimethyl-
pentanal dimethyl acetal (12): To a suspension of lithium aluminum
hydride (850 mg, 22.4 mmol) in THF (200 mL) at 0 8C was added a solution
of mixture of esters 11 (anti/syn� 80/20, 7.80 g, 17.2 mmol) in THF (30 mL).
After the reaction mixture had been stirred for 2 h at 0 8C, water was added.
The reaction mixture was allowed to warm to room temperature and then
aqueous sodium hydroxide (15 %) and water were added. After filtration of
the mixture and evaporation of the solvent, the crude product was purified
by column chromatography to afford alcohol 12 (5.01 g, 86% from ester 11-
anti) as a colorless oil: [a]26


D �ÿ17.8 (c 1.00, benzene); IR (neat): nÄ �
3450 cmÿ1; 1H NMR (CDCl3): d� 7.40 ± 7.27 (m, 7H, Ph), 6.88 (d, J�
8.7 Hz, 2 H, Ph), 4.81 (d, J� 10.8 Hz, 1 H, Bn), 4.68 (d, J� 11.5 Hz, 1H,
Bn), 4.54 (d, J� 11.5 Hz, 1H, Bn), 4.47 (d, J� 10.8 Hz, 1 H, Bn), 4.16 (s, 1H,
1-H), 3.87 (dd, J� 6.3, 5.0 Hz, 2H, 5-H, 5-H), 3.82 (d, J� 2.7 Hz, 1 H, 3-H),
3.81 (s, 3 H, MeO), 3.73 (dt, J� 5.0, 2.7 Hz, 1H, 4-H), 3.49 (s, 3H, MeO),
3.45 (s, 3 H, MeO), 2.33 (t, J� 6.3 Hz, 1H, OH), 0.98 (s, 3H, Me), 0.95 (s,
3H, Me); 13C NMR (CDCl3): d� 159.1 (PMP), 138.2 (Ph), 130.8 (Ph), 129.2
(Ph), 128.4 (Ph), 127.8 (Ph), 127.7 (Ph), 113.7 (PMP), 111.0 (1), 83.6 (3), 81.2
(4), 74.6 (PMB), 71.4 (Bn), 62.6 (5), 59.1 (MeO), 57.7 (MeO), 55.2 (MeO),
43.9 (2), 18.8 (Me), 18.2 (Me); HR MS: calcd for C24H34O6Na [M�Na]�


441.2253, found 441.2266.


(3R,4S)-4-Benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzy-
loxy)-2,2-dimethylpentanal dimethyl acetal (13): To a solution of imidazole
(79.1 mg, 1.16 mmol) and tert-butylchlorodimethylsilane (84.0 mg,
0.557 mmol) in dichloromethane (3.5 mL) at 0 8C was added alcohol 12
(200 mg, 0.478 mmol) in dichloromethane (2 mL). After the reaction
mixture had been stirred for 1 h at 0 8C, it was allowed to warm to room
temperature; it was stirred for 4 h at room temperature and then water was
added. The mixture was extracted with dichloromethane, and the organic
layer was washed with brine and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by column chromatography to afford acetal 13 (238 mg, 93 %) as a
colorless oil: [a]24


D �ÿ17.4 (c 1.07, benzene); IR (neat): nÄ � 2920, 1610,
1510, 1470, 1250, 1100, 1070, 910, 840, 780, 730 cmÿ1; 1H NMR (CDCl3): d�
7.43 ± 7.27 (m, 7H, Ph), 6.90 (d, J� 8.7 Hz, 2 H, Ph), 4.77 (d, J� 11.8 Hz, 1H,
Bn), 4.75 (d, J� 11.0 Hz, 1H, Bn), 4.64 (d, J� 11.8 Hz, 1 H, Bn), 4.45 (d, J�
11.0 Hz, 1 H, Bn), 4.23 (s, 1 H, 1-H), 4.03 (dd, J� 11.6, 2.1 Hz, 1 H, 5-H),
3.89 (dd, J� 11.6, 6.7 Hz, 1H, 5-H), 3.83 (s, 3 H, MeO), 3.75 (d, J� 2.6 Hz,
1H, 3-H), 3.70 (ddd, J� 6.7, 2.6, 2.1 Hz, 1H, 4-H), 3.48 (s, 3H, MeO), 3.42
(s, 3H, MeO), 0.97 (s, 3H, Me), 0.94 (s, 9H, TBS), 0.91 (s, 3 H, Me), 0.09 (s,
6H, TBS); 13C NMR (CDCl3): d� 159.4 (PMP), 139.5 (Ph), 131.7 (Ph),
129.5 (Ph), 128.6 (Ph), 128.1 (Ph), 127.7 (Ph), 114.1 (PMP), 111.3 (1), 84.2
(4), 83.0 (3), 74.3 (PMB), 72.5 (Bn), 65.2 (5), 59.5 (MeO), 58.2 (MeO), 55.6
(MeO), 44.2 (2), 26.4 (TBS), 18.8 (Me), 18.7 (TBS), 18.5 (Me),ÿ4.8 (TBS),
ÿ4.9 (TBS); HR MS: calcd for C30H48O6SiNa [M�Na]� 555.3118, found
555.3101.


(3R,4S)-4-Benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzy-
loxy)-2,2-dimethylpentanal (4): To acetal 13 (652 mg, 1.22 mmol) was
added a mixture of acetic acid (17.1 mL), water (4.3 mL), and THF
(8.6 mL). The reaction mixture was stirred for 1 h at room temperature and
then it was neutralized with solid sodium carbonate at 0 8C. The mixture
was extracted with ethyl acetate, and the organic layer was washed with
water and brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
column chromatography to afford aldehyde 4 (519 mg, 87%) as a colorless
oil: [a]26


D ��4.1 (c 0.44, benzene); IR (neat): nÄ � 1720 cmÿ1; 1H NMR
(CDCl3): d� 9.33 (s, 1H, 1-CHO) 7.30 ± 7.20 (m, 7 H, Ph), 6.86 (d, J�
14.3 Hz, 2 H, Ph), 4.64 (d, J� 10.6 Hz, 1 H, Bn), 4.55 (d, J� 11.2 Hz, 1H,
Bn), 4.49 (d, J� 10.6 Hz, 1 H, Bn), 4.35 (d, J� 11.2 Hz, 1H, Bn), 3.97 ± 3.74
(m, 3H, 3-H, 5-H, 5-H), 3.76 (s, 3H, MeO), 3.37 ± 3.32 (m, 1H, 4-H), 1.08 (s,
3H, Me), 0.99 (s, 3H, Me), 0.87 (s, 9H, TBS), 0.01 (s, 3 H, TBS), 0.00 (s, 3H,
TBS); 13C NMR (CDCl3): d� 201.9 (1), 159.2 (PMP), 137.6 (Ph), 130.4 (Ph),
129.3 (Ph), 128.2 (Ph), 128.2 (Ph), 127.6 (Ph), 113.8 (PMP), 81.1 (3 or 4),
79.8 (4 or 3), 74.9 (PMB), 71.6 (Bn), 61.8 (5), 55.3 (MeO), 49.9 (2), 25.7


(TBS), 20.7 (Me), 18.3 (Me), 16.0 (TBS),ÿ5.3 (TBS),ÿ5.4 (TBS); HR MS:
calcd for C28H42O5SiNa [M�Na]� 509.2699, found 509.2708.


Methyl (2RS,3RS)-2-benzyloxy-5,5-ethylenedithio-3-hydroxy-4,4-dime-
thylpentanoate and methyl (2RS,3SR)-2-benzyloxy-5,5-ethylenedithio-3-
hydroxy-4,4-dimethylpentanoate : To a solution of mixture of aldols 10
(anti/syn� 74/26, 223 mg, 0.683 mmol) and 1,2-ethanedithiol (294 mg,
3.12 mmol) in dichloromethane (10 mL) at room temperature was added
boron trifluoride diethyl etherate (90.4 mg, 0.637 mmol). The reaction
mixture was stirred for 45 min at room temperature and then saturated
aqueous sodium hydrogencarbonate was added. The mixture was extracted
with dichloromethane, and the organic layer was washed with water and
brine, and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford a mixture of methyl (2RS,3RS)-2-benzyloxy-5,5-
ethylenedithio-3-hydroxy-4,4-dimethylpentanoate and methyl (2RS,3SR)-
2-benzyloxy-5,5-ethylenedithio-3-hydroxy-4,4-dimethylpentanoate (anti/
syn� 75/25, 225 mg, 92 %) as a colorless oil: IR (neat): nÄ � 3500,
1740 cmÿ1; HR MS: calcd for C17H25O4S2 [M�H]� 357.1194, found
357.1183. (2RS,3RS)-Ester : 1H NMR (CDCl3): d� 7.37 ± 7.27 (m, 5H, Ph),
4.86 (s, 1 H, 5-H), 4.61 (d, J� 11.2 Hz, 1H, Bn), 4.42 (d, J� 11.2 Hz, 1H,
Bn), 4.10 (d, J� 5.6 Hz, 1 H, 2-H), 4.02 (d, J� 5.6 Hz, 1 H, 3-H), 3.76 (s, 3H,
MeO), 3.20 ± 3.09 (m, 4 H, SCH2CH2S), 1.07 (s, 3H, Me), 1.02 (s, 3 H, Me);
13C NMR (CDCl3): d� 171.5 (1), 136.5 (Ph), 128.1 (Ph), 127.9 (Ph), 127.7
(Ph), 80.1 (2), 77.0 (3), 72.1 (Bn), 62.4 (5), 51.7 (MeO), 43.1 (4), 38.5 (SCH2),
38.5 (SCH2), 20.7 (Me), 19.6 (Me). (2RS,3SR)-Ester : 1H NMR (CDCl3):
d� 7.37 ± 7.27 (m, 5H, Ph), 4.77 (s, 1 H, 5-H), 4.77 (d, J� 10.9 Hz, 1H, Bn),
4.42 (d, J� 10.9 Hz, 1H, Bn), 4.17 (d, J� 2.0 Hz, 1H, 2-H), 3.92 (d, J�
2.0 Hz, 1H, 3-H), 3.80 (s, 3H, MeO), 3.20 ± 3.09 (m, 4 H, SCH2CH2S), 1.08
(s, 3 H, Me), 0.99 (s, 3H, Me); 13C NMR (CDCl3): d� 171.5 (1), 136.2 (Ph),
128.4 (Ph), 128.2 (Ph), 127.9 (Ph), 77.3 (2), 77.2 (3), 72.3 (Bn), 62.5 (5), 52.0
(MeO), 43.5 (4), 38.6 (SCH2), 38.3 (SCH2), 21.6 (Me), 19.8 (Me).


(2RS,3SR)-2-Benzyloxy-5,5-ethylenedithio-4,4-dimethyl-1,3-pentanediol
and (2RS,3RS)-2-benzyloxy-5,5-ethylenedithio-4,4-dimethyl-1,3-pentane-
diol : To a suspension of lithium aluminum hydride (62.3 mg, 1.64 mmol)
in THF (5 mL) at 0 8C was added a solution of a mixture of methyl
(2RS,3RS)-2-benzyloxy-5,5-ethylenedithio-3-hydroxy-4,4-dimethylpentan-
oate and methyl (2RS,3SR)-2-benzyloxy-5,5-ethylenedithio-3-hydroxy-
4,4-dimethylpentanoate (anti/syn� 75/25, 293 mg, 0.821 mmol) in THF
(3 mL). After the reaction mixture had been stirred for 1 h at 0 8C, water
was added. The reaction mixture was allowed to warm to room temper-
ature, and then aqueous sodium hydroxide (15 %) and water were added.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford a mixture of
(2RS,3SR)-2-benzyloxy-5,5-ethylenedithio-4,4-dimethyl-1,3-pentanediol
and (2RS,3RS)-2-benzyloxy-5,5-ethylenedithio-4,4-dimethyl-1,3-pentane-
diol (anti/syn� 75/25, 242 mg, 90 %) as a colorless oil: IR (neat): nÄ �
3450 cmÿ1; HR MS: calcd for C16H24O3S2Na [M�Na]� 351.1065, found
351.1071. (2RS,3SR)-Diol : 1H NMR (CDCl3): d� 7.36 ± 7.31 (m, 5 H, Ph),
4.89 (s, 1 H, 5-H), 4.60 (d, J� 11.6 Hz, 1H, Bn), 4.55 (d, J� 11.6 Hz, 1H,
Bn), 3.97 (d, J� 5.3 Hz, 1H, 3-H), 3.89 ± 3.85 (m, 2 H, 1-H, 1-H), 3.57 (dt,
J� 5.3, 4.0 Hz, 1H, 2-H), 3.23 ± 3.15 (m, 4H, SCH2CH2S), 1.10 (s, 3H, Me),
1.05 (s, 3 H, Me); 13C NMR (CDCl3): d� 138.9 (Ph), 129.7 (Ph), 129.2 (Ph),
129.1 (Ph), 80.7 (2), 78.9 (3), 72.3 (Bn), 64.4 (5), 62.7 (1), 44.0 (4), 40.0
(SCH2), 39.9 (SCH2), 22.5 (Me), 21.8 (Me). (2RS,3RS)-Diol : 1H NMR
(CDCl3): d� 7.36 ± 7.31 (m, 5H, Ph), 4.87 (s, 1H, 5-H), 4.75 (d, J� 11.2 Hz,
1H, Bn), 4.58 (d, J� 11.2 Hz, 1H, Bn), 3.93 ± 3.73 (m, 2H, 1-H, 1-H), 3.69 ±
3.64 (m, 2 H, 2-H, 3-H), 3.23 ± 3.15 (m, 4 H, SCH2CH2S), 1.10 (s, 3H, Me),
1.02 (s, 3 H, Me); 13C NMR (CDCl3): d� 138.7 (Ph), 129.5 (Ph), 129.2 (Ph),
129.1 (Ph), 78.5 (2), 77.7 (3), 73.0 (Bn), 64.7 (1), 64.0 (5), 44.5 (4), 40.0
(SCH2), 39.8 (SCH2), 22.9 (Me), 21.2 (Me).


(3RS,4SR)-4-Benzyloxy-1,1-ethylenedithio-3,5-isopropylidenedioxy-2,2-
dimethylpentane (14-trans) and (3RS,4RS)-4-benzyloxy-1,1-ethylenedi-
thio-3,5-isopropylidenedioxy-2,2-dimethylpentane (14-cis): To a solution
of a mixture of (2RS,3SR)-2-benzyloxy-5,5-ethylenedithio-4,4-dimethyl-
1,3-pentanediol and (2RS,3RS)-2-benzyloxy-5,5-ethylenedithio-4,4-di-
methyl-1,3-pentanediol (anti/syn� 61/39, 34.3 mg, 0.104 mmol) in toluene
(2 mL) and 2,2-dimethoxyethane (2 mL) at room temperature was added
p-toluenesulfonic acid (2.0 mg, 11.6 mmol). The reaction mixture was
stirred for 1 h at room temperature, and then saturated aqueous sodium
hydrogencarbonate was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with water and brine, and dried
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over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford acetonide 14-trans (19.5 mg, 51%) and acetonide 14-cis (10.3 mg,
27%) as colorless oils. Acetonide 14-trans : IR (neat): nÄ � 1640, 1370,
1090 cmÿ1; 1H NMR (CDCl3): d� 7.36 ± 7.25 (m, 5H, Ph), 4.91 (s, 1 H, 1-H),
4.58 (d, J� 11.4 Hz, 1H, Bn), 4.44 (d, J� 11.4 Hz, 1 H, Bn), 3.80 (dd, J�
12.2, 4.0 Hz, 1 H, 5-H), 3.75 (d, J� 7.7 Hz, 1 H, 3-H), 3.74 (dd, J� 12.2,
3.9 Hz, 1H, 5-H), 3.60 (ddd, J� 7.7, 4.0, 3.9 Hz, 1H, 4-H), 3.18 ± 3.10 (m,
4H, SCH2CH2S), 1.44 (s, 3 H, Me), 1.32 (s, 3H, Me), 1.03 (s, 3 H, Me), 1.02
(s, 3 H, Me); 13C NMR (CDCl3): d� 137.8 (Ph), 128.3 (Ph), 128.0 (Ph), 127.7
(Ph), 99.8 (acetonide), 76.6 (3), 75.2 (4), 70.7 (Bn), 61.7 (1), 61.6 (5), 42.8
(2), 38.9 (SCH2), 38.7 (SCH2), 26.3 (Me), 21.8 (Me), 21.1 (Me), 18.6 (Me);
HR MS: calcd for C19H29O3S2 [M�H]� 369.1558, found 369.1566; HR MS:
calcd for C19H28O3S2Na [M�Na]� 391.1378, found 391.1378. Acetonide 14-
cis : IR (neat): nÄ � 1640, 1370, 1100 cmÿ1; 1H NMR (CDCl3): d� 7.39 ± 7.28
(m, 5H, Ph), 4.81 (s, 1H, 1-H), 4.73 (d, J� 11.9 Hz, 1H, Bn), 4.43 (d, J�
11.9 Hz, 1 H, Bn), 4.07 (dd, J� 12.9, 2.2 Hz, 1H, 5-H), 3.86 (dd, J� 12.9,
2.1 Hz, 1 H, 5-H), 3.76 (d, J� 1.9 Hz, 1H, 3-H), 3.40 (ddd, J� 2.2, 2.1,
1.9 Hz, 1 H, 4-H), 3.17 ± 3.07 (m, 4 H, SCH2CH2S), 1.44 (s, 3 H, Me), 1.44 (s,
3H, Me), 1.20 (s, 3H, Me), 0.97 (s, 3H, Me); 13C NMR (CDCl3): d� 138.3
(Ph), 128.8 (Ph), 128.6 (Ph), 128.1 (Ph), 99.5 (acetonide), 76.4 (3), 71.8 (4),
70.8 (Bn), 63.0 (1), 62.2 (5), 43.4 (2), 39.3 (SCH2), 38.9 (SCH2), 29.4 (Me),
22.1 (Me), 19.4 (Me), 18.7 (Me); HR MS: calcd for C19H29O3S2 [M�H]�


369.1558, found 369.1551; HR MS: calcd for C19H28O3S2Na [M�Na]�


391.1378, found 391.1384.


Methyl (S)-2,3-dihydroxypropionate (15):[22] To a solution of l-serine
(100 g, 951 mmol) in water (225 mL) at 0 8C were added aqueous sulfuric
acid (3m, 507 mL) and aqueous sodium nitrite (6m, 166 mL). After the
reaction mixture had been stirred for 5 h at room temperature, aqueous
sodium nitrite (6m, 166 mL) was added at 0 8C. The reaction mixture was
stirred for 3 days at room temperature and then aqueous sulfuric acid (3m,
254 mL) and aqueous sodium nitrite (6m, 166 mL) were added at 0 8C.
After the reaction mixture had been stirred for 2 days at room temperature,
water (1 L) was distilled under reduced pressure and a solution of sodium
hydroxide (41.9 g) in water (100 mL) was added to the resulting residue at
0 8C. A mixture of methanol (300 mL) and acetone (100 mL) was added to
the reaction mixture and then it was filtered through a short pad of Celite.
After evaporation of the solvent, a mixture of methanol (300 mL) and
acetone (100 mL) was added and then the above operation was repeated
7 times. After partial evaporation of the solvent, benzene (200 mL) was
added to the residue and the solvent was removed by distillation under
reduced pressure. Benzene (200 mL) was once more added to the residue
and then the above operation was repeated twice. The residue was
dissolved in methanol (500 mL) and acidified by concentrated sulfuric acid,
and then trimethyl orthoformate (100 mL) was added to the mixture. The
reaction mixture was stirred for 30 min at 60 8C and then neutralized with
sodium methoxide at 0 8C. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by column chromatography
to afford diol 15 (101 g, 88%) as a colorless oil: [a]25


D ��6.4 (c 0.20,
benzene); IR (neat): nÄ � 3470, 1740 cmÿ1; 1H NMR (CDCl3): d� 4.18 (br s,
1H, 2-H), 3.83 ± 3.69 (m, 2 H, 3-H, 3-H), 3.72 (s, 3H, MeO), 3.41 (br s, 1H,
2-OH), 2.59 (br s, 1H, 3-OH); 13C NMR (CDCl3): d� 173.7 (1), 71.9 (2),
64.2 (3), 53.1 (MeO); CI MS: calcd for C4H9O4 [M�H]� 121, found 121.


Methyl (S)-3-(tert-butyldimethylsiloxy)-2-hydroxypropionate : To a solu-
tion of diol 15 (17.1 g, 142 mmol) and imidazole (22.3 g, 327 mmol) in DMF
(100 mL) at 0 8C was added a solution of tert-butylchlorodimethylsilane
(21.4 g, 142 mmol) in DMF (70 mL). The reaction mixture was stirred for
6 h at 0 8C and then phosphate buffer (pH� 7) was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with water
and brine, and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by column
chromatography to afford methyl (S)-3-(tert-butyldimethylsiloxy)-2-hy-
droxypropionate (27.5 g, 82 %) as a colorless oil: [a]25


D ��3.9 (c 0.89,
benzene); IR (neat): nÄ � 3440, 1740 cmÿ1; 1H NMR (CCl4): d� 4.20 ± 3.79
(m, 3H, 2-H, 3-H, 3-H), 3.78 (s, 3 H, MeO), 2.74 (d, J� 7.2 Hz, 1H, OH),
0.85 (s, 9H, TBS), 0.00 (s, 6 H, TBS); 13C NMR (CDCl3): d� 173.1 (1), 71.9
(2), 65.0 (3), 52.2 (MeO), 25.6 (TBS), 18.2 (TBS),ÿ5.5 (TBS),ÿ5.7 (TBS);
HR MS: calcd for C10H22O4Si [M�H]� 235.1366, found 235.1378.


Methyl (S)-2-benzyloxy-3-(tert-butyldimethylsiloxy)propionate : To a sol-
ution of methyl (S)-3-(tert-butyldimethylsiloxy)-2-hydroxypropionate
(1.01 g, 4.27 mmol) in dichloromethane (2 mL) at 0 8C were added a


solution of benzyl trichloroacetimidate (2.16 g, 8.53 mmol) in dichloro-
methane (2.5 mL) and a solution of trifluoromethanesulfonic acid (32.0 mg,
0.213 mmol) in dichloromethane (0.5 mL). The reaction mixture was
stirred for 10 h at room temperature and then phosphate buffer (pH� 7)
was added at 0 8C. The mixture was extracted with dichloromethane, and
the organic layer was washed with brine and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by column chromatography to afford methyl (S)-2-
benzyloxy-3-(tert-butyldimethylsiloxy)propionate (1.39 g, 100 %) as a col-
orless oil : [a]29


D �ÿ36.0 (c 1.98, benzene); IR (neat): nÄ � 1720 cmÿ1;
1H NMR (CDCl3): d� 7.34 ± 7.24 (m, 5 H, Ph), 4.71 (d, J� 12.2 Hz, 1H,
Bn), 4.48 (d, J� 12.2 Hz, 1H, Bn), 4.03 (t, J� 5.3 Hz, 1H, 2-H),
3.85 (d, J� 5.3 Hz, 2H, 3-H, 3-H), 3.70 (s, 3H, MeO), 0.83 (s, 9 H, TBS),
0.00 (s, 6H, TBS); 13C NMR (CDCl3): d� 171.4 (1), 137.4 (Ph),
128.3 (Ph), 127.9 (Ph), 125.8 (Ph), 79.4 (2), 72.5 (Bn), 64.2 (3), 51.8
(MeO), 25.7 (TBS), 18.2 (TBS), ÿ5.5 (TBS), ÿ5.5 (TBS); HPLC
(CHIRALCEL OD, iPrOH/hexane� 1/50, flow rate� 1.0 mL minÿ1):
tR� 5.0 min (97.5%), tR� 7.4 min (2.5 %); HR MS: calcd for C17H29O4Si
[M�H]� 325.1835, found 325.1837.


(S)-2-Benzyloxy-3-(tert-butyldimethylsiloxy)propanal (16):[55] To a solution
of methyl (S)-2-benzyloxy-3-(tert-butyldimethylsiloxy)propionate (10.6 g,
32.7 mmol) in hexane (215 mL) at ÿ78 8C was added DIBAL in hexanes
(1.0m, 42.6 mL, 42.6 mmol). The reaction mixture was stirred for 1 h at
ÿ78 8C, and then methanol (240 mL) and diethyl ether (250 mL) were
added. After filtration of the mixture through a short pad of Celite and
evaporation of the solvent, the crude product was purified by column
chromatography to afford aldehyde 16 (9.11 g, 95%) as a colorless oil:
[a]22


D �ÿ15.7 (c 1.24, benzene); IR (neat): nÄ � 1740 cmÿ1; 1H NMR (CCl4):
d� 9.60 (s, 1H, 1-CHO), 7.30 ± 7.20 (m, 5 H, Ph), 5.10 ± 4.58 (m, 1 H, 2-H),
4.57 (s, 2 H, Bn), 4.00 ± 3.25 (m, 2H, 3-H, 3-H), 0.85 (s, 9 H, TBS), 0.00 (s,
6H, TBS); 13C NMR (CDCl3): d� 202.8 (1), 135.1 (Ph), 128.9 (Ph), 128.5
(Ph), 127.9 (Ph), 83.9 (2), 72.5 (Bn), 62.9 (3), 25.8 (TBS), 18.2 (TBS), ÿ5.5
(TBS), ÿ6.5 (TBS).


Methyl (3R,4S)-4-benzyloxy-5-(tert-butyldimethylsiloxy)-3-hydroxy-2,2-
dimethylpentanoate (17-anti) and methyl (3S,4S)-4-benzyloxy-5-(tert-bu-
tyldimethylsiloxy)-3-hydroxy-2,2-dimethylpentanoate (17-syn): To a solu-
tion of diisopropylamine (3.89 g, 38.4 mmol) in diethyl ether (347 mL) at
0 8C was added n-butyllithium in hexane (1.66m, 23.2 mL, 38.5 mmol). The
reaction mixture was stirred for 15 min at 0 8C, and then a solution of
methyl isobutylate (3.52 g, 34.5 mmol) in diethyl ether (20 mL) was added
at ÿ78 8C. After the reaction mixture had been stirred for 30 min, a
solution of aldehyde 16 (9.11 g, 30.9 mmol) in diethyl ether (20 mL) was
added at ÿ78 8C. The reaction mixture was stirred for 1 h, and then
saturated aqueous ammonium chloride was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with brine
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by column
chromatography to afford aldol 17-anti (8.01 g, 65 %) and aldol 17-syn
(2.38 g, 20%) as colorless oils. Aldol 17-anti : [a]27


D ��14.5 (c 1.80,
benzene); IR (neat): nÄ � 3480, 1730 cmÿ1; 1H NMR (CDCl3): d� 7.25 ±
7.20 (m, 5H, Ph), 4.47 (d, J� 10.9 Hz, 1 H, Bn), 4.38 (d, J� 10.9 Hz, 1H,
Bn), 3.95 (dd, J� 8.8, 3.6 Hz, 1H, 3-H), 3.81 (dd, J� 10.6, 4.6 Hz, 1H, 5-H),
3.73 (dd, J� 10.6, 6.3 Hz, 1 H, 5-H), 3.37 (d, J� 3.6 Hz, 1 H, OH), 3.33 (ddd,
J� 8.8, 6.3, 4.6 Hz, 1 H, 4-H), 3.30 (s, 3H, MeO), 1.17 (s, 3H, Me), 1.13 (s,
3H, Me), 0.82 (s, 9H, TBS), 0.01 (s, 3 H, TBS), 0.00 (s, 3H, TBS); 13C NMR
(CDCl3): d� 177.2 (1), 137.9 (Ph), 128.2 (Ph), 128.1 (Ph), 127.7 (Ph), 79.0 (3
or 4), 77.9 (4 or 3), 72.6 (Bn), 64.5 (5), 51.4 (MeO), 45.3 (2), 25.8 (TBS), 23.6
(Me), 18.5 (Me), 18.1 (TBS), ÿ5.9 (TBS), ÿ5.9 (TBS); HPLC (CHIR-
ALCEL AD, iPrOH/hexane� 1/150, flow rate� 1.0 mL minÿ1): tR�
11.1 min (96.0 %), tR� 15.4 min (4.0 %); HR MS: calcd for C21H37O5Si
[M�H]� 397.2410, found 397.2399. Aldol 17-syn : IR (neat): nÄ � 3460,
1730 cmÿ1; 1H NMR (CDCl3): d� 7.30 ± 7.13 (m, 5H, Ph), 4.70 (d, J�
10.8 Hz, 1 H, Bn), 4.41 (d, J� 10.8 Hz, 1H, Bn), 3.79 (dd, J� 12.3, 6.1 Hz,
1H, 5-H), 3.75 (dd, J� 12.3, 6.0 Hz, 1 H, 5-H), 3.57 (ddd, J� 6.1, 6.0, 1.1 Hz,
1H, 4-H), 3.56 (dd, J� 10.5, 1.1 Hz, 1H, 3-H), 3.32 (s, 3 H, MeO), 3.19 (d,
J� 10.5 Hz, 1H, OH), 1.28 (s, 3H, Me), 1.19 (s, 3 H, Me), 0.89 (s, 9 H, TBS),
0.06 (s, 3H, TBS), 0.05 (s, 3H, TBS); 13C NMR (CDCl3): d� 177.3 (1), 135.8
(Ph), 128.8 (Ph), 128.4 (Ph), 128.2 (Ph), 78.1 (3 or 4), 77.2 (4 or 3), 72.7 (Bn),
63.0 (5), 51.6 (MeO), 45.0 (2), 25.9 (TBS), 23.6 (Me), 22.1 (Me), 18.1 (TBS),
ÿ5.4 (TBS), ÿ5.4 (TBS); HR MS: calcd for C21H37O5Si [M�H]� 397.2410,
found 397.2403.
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Methyl (3R,4S)-4-benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxy-
benzyloxy)-2,2-dimethylpentanoate (18): To a solution of aldol 17-anti
(6.20 g, 15.6 mmol) in dichloromethane (170 mL) at 0 8C were added a
solution of p-methoxybenzyl trichloroacetimidate (13.3 g, 46.9 mmol) in
dichloromethane (20 mL) and a solution of trifluoromethanesulfonic acid
(7.0 mg, 46.6 mmol) in dichloromethane (0.47 mL). The reaction mixture
was stirred for 3 h at 0 8C, and then phosphate buffer (pH� 7) was added.
The mixture was extracted with diethyl ether, and the organic layer was
washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
column chromatography to afford ester 18 (6.03 g, 75 %) and recovered
aldol 17-anti (1.49 g, 24 %) as colorless oils. Ester 18 : [a]28


D �ÿ6.5 (c 1.08,
benzene); IR (neat): nÄ � 1730 cmÿ1; 1H NMR (CDCl3): d� 7.28 ± 7.18 (m,
7H, Ph), 6.86 ± 6.80 (m, 2H, Ph), 4.63 (d, J� 11.2 Hz, 1H, Bn), 4.60 (d, J�
10.7 Hz, 1H, Bn), 4.52 (d, J� 10.7 Hz, 1 H, Bn), 4.38 (d, J� 11.2 Hz, 1H,
Bn), 3.96 (d, J� 7.6 Hz, 1H, 3-H), 3.92 (dd, J� 11.6, 2.0 Hz, 1H, 5-H), 3.76
(dd, J� 11.6, 5.0 Hz, 1 H, 5-H), 3.75 (s, 3H, MeO), 3.37 (ddd, J� 7.6, 5.0,
2.0 Hz, 1H, 4-H), 3.28 (s, 3H, MeO), 1.22 (s, 3H, Me), 1.10 (s, 3H, Me), 0.87
(s, 9 H, TBS), 0.06 (s, 3H, TBS), 0.00 (s, 3 H, TBS); 13C NMR (CDCl3): d�
176.7 (1), 159.1 (PMP), 138.3 (Ph), 130.7 (Ph), 129.2 (Ph), 128.2 (Ph), 128.0
(Ph), 127.3 (Ph), 113.7 (PMP), 82.0 (3 or 4), 80.8 (4 or 3), 74.9 (PMB), 72.3
(Bn), 62.6 (5), 55.2 (MeO), 51.3 (MeO), 45.9 (2), 25.9 (TBS), 24.2 (Me), 18.6
(Me), 18.2 (TBS), ÿ5.1 (TBS), ÿ5.1 (TBS); HR MS: calcd for C29H45O6Si
[M�H]� 517.2985, found 517.2994.


(3R,4S)-4-Benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzyl-
oxy)-2,2-dimethylpentanol : To a solution of ester 18 (7.35 g, 14.2 mmol) in
hexane (170 mL) at ÿ78 8C was added DIBAL in hexanes (1.0m, 35.6 mL,
35.6 mmol). The reaction mixture was stirred for 1 h at ÿ78 8C and then
methanol and diethyl ether were added. After filtration of the mixture
through a short pad of Celite and evaporation of the solvent, the crude
product was purified by column chromatography to afford (3R,4S)-4-
benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzyloxy)-2,2-dime-
thylpentanol (6.37 g, 92%) as a colorless oil: [a]29


D �ÿ1.9 (c 4.59, benzene);
IR (neat): nÄ � 3430 cmÿ1; 1H NMR (CDCl3): 7.31 ± 7.16 (m, 7H, Ph), 6.81 ±
6.78 (m, 2 H, Ph), 4.71 (d, J� 11.9 Hz, 1H, Bn), 4.64 (d, J� 10.9 Hz, 1H,
Bn), 4.52 (d, J� 11.9 Hz, 1H, Bn), 4.41 (d, J� 10.9 Hz, 1 H, Bn), 3.93 (dd,
J� 11.3, 2.6 Hz, 1 H, 5-H), 3.81 (dd, J� 11.3, 6.4 Hz, 1 H, 5-H), 3.72 (s, 3H,
MeO), 3.63 (ddd, J� 6.4, 3.0, 2.6 Hz, 1 H, 4-H), 3.46 (d, J� 3.0 Hz, 1H,
3-H), 3.29 (dd, J� 11.1, 5.3 Hz, 1 H, 1-H), 3.24 (dd, J� 11.1, 6.9 Hz, 1H,
1-H), 2.62 (br dd, J� 6.9, 5.3 Hz, 1 H, OH), 0.86 (s, 3H, Me), 0.84 (s, 9H,
TBS), 0.79 (s, 3H, Me), 0.00 (s, 6H, TBS); 13C NMR (CDCl3): d� 159.2
(PMP), 138.5 (Ph), 130.3 (Ph), 129.7 (Ph), 128.3 (Ph), 127.8 (Ph), 127.5 (Ph),
113.8 (PMP), 85.8 (3 or 4), 81.7 (4 or 3), 74.1 (PMB), 72.4 (Bn), 71.0 (1), 64.3
(5), 55.2 (MeO), 39.2 (2), 26.0 (TBS), 22.7 (Me), 21.3 (Me), 18.3 (TBS),
ÿ5.1 (TBS), ÿ5.1 (TBS); HR MS: calcd for C28H44O5SiNa [M�Na]�


511.2856, found 511.2884.


(3R,4S)-4-Benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzyl-
oxy)-2,2-dimethylpentanal (4): To a solution of oxalyl chloride (4.31 g,
33.9 mmol) in dichloromethane (164 mL) atÿ78 8C was added a solution of
DMSO (3.32 g, 42.4 mmol) in dichloromethane (20 mL). The reaction
mixture was stirred for 15 min at ÿ78 8C and then a solution of (3R,4S)-4-
benzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzyloxy)-2,2-dime-
thylpentanol (13.8 g, 28.3 mmol) in dichloromethane (30 mL) was added.
After the reaction mixture had been stirred for 1 h, triethylamine (8.57 g,
84.6 mmol) was added. The reaction mixture was allowed to warm to room
temperature and then saturated aqueous ammonium chloride was added.
The mixture was extracted with dichloromethane, and the organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by column chromatography to afford aldehyde 4 (13.3 g, 97 %) as a
colorless oil: [a]29


D ��6.6 (c 2.51, benzene). Physical data of this aldehyde 4
were identical to those of the compound derived from acetal 13, except for
its optical rotation.


Methyl (2R,3R,5R,6S)-2,6-dibenzyloxy-7-(tert-butyldimethylsiloxy)-3-hy-
droxy-5-(p-methoxybenzyloxy)-4,4-dimethylheptanoate (19-anti,anti,an-
ti) and methyl (2S,3R,5R,6S)-2,6-dibenzyloxy-7-(tert-butyldimethylsi-
loxy)-3-hydroxy-5-(p-methoxybenzyloxy)-4,4-dimethylheptanoate (19-
syn,anti,anti): To a suspension of magnesium bromide diethyl etherate
(13.9 g, 53.5 mmol) in toluene (89 mL) at ÿ15 8C was added a solution of
(Z)-2-benzyloxy-1-(tert-butyldimethylsiloxy)-1-methoxyethene (8) (6.30 g,
21.4 mmol) in toluene (107 mL). The reaction mixture was stirred for


15 min at ÿ15 8C and then a solution of aldehyde 4 (8.00 g, 16.4 mmol) in
toluene (107 mL) was added. After the reaction mixture had been stirred
for 1 h at ÿ15 8C, the mixture was poured into saturated aqueous sodium
hydrogencarbonate at 0 8C. The mixture was extracted with ethyl acetate,
the organic layer was washed with saturated aqueous sodium hydro-
gencarbonate and brine, and dried over sodium sulfate. After filtration of
the mixture and evaporation of the solvent, the crude product was purified
by column chromatography to afford aldol 19-anti,anti,anti (7.32 g, 62%),
aldol 19-syn,anti,anti (1.73 g, 14%), and recovered aldehyde 4 (1.08 g,
12%) as colorless oils. Aldol 19-anti,anti,anti : [a]28


D ��0.8 (c 1.85,
benzene); IR (neat): nÄ � 3490, 1750 cmÿ1; 1H NMR (CDCl3): d� 7.41 ±
7.07 (m, 12H, Ph), 6.85 (d, J� 10.8 Hz, 2H, Ph), 4.72 (d, J� 11.9 Hz, 1H,
Bn), 4.65 (d, J� 10.8 Hz, 1H, Bn), 4.60 (d, J� 11.9 Hz, 1H, Bn), 4.57 (d,
J� 11.5 Hz, 1H, Bn), 4.30 (d, J� 11.5 Hz, 1H, Bn), 4.29 (d, J� 10.8 Hz, 1H,
Bn), 4.01 (br s, 1 H, 2-H), 4.00 (dd, J� 11.6, 1.9 Hz, 1H, 7-H), 3.85 (dd, J�
11.6, 6.3 Hz, 1H, 7-H), 3.80 (s, 3H, MeO), 3.80 ± 3.69 (m, 3 H, 3-H, 6-H,
OH), 3.74 (s, 3 H, MeO), 3.62 (d, J� 1.7 Hz, 1 H, 5-H), 0.97 (s, 6 H, Me, Me),
0.91 (s, 9H, TBS), 0.07 (s, 6 H, TBS); 13C NMR (CDCl3): d� 172.0 (1), 159.4
(PMP), 138.7 (Ph), 136.6 (Ph), 129.9 (Ph), 129.6 (Ph), 128.5 (Ph), 128.4
(Ph), 128.2 (Ph), 128.1 (Ph), 127.7 (Ph), 127.4 (Ph), 113.8 (PMP), 88.0 (2),
81.9 (5), 80.7 (6), 78.1 (3), 74.1 (PMB), 72.5 (Bn), 72.2 (Bn), 64.9 (7), 55.2
(MeO), 51.8 (MeO), 40.7 (4), 25.9 (TBS), 22.4 (Me), 22.1 (Me), 18.3 (TBS),
ÿ6.5 (TBS), ÿ6.5 (TBS); HR MS: calcd for C38H54O8SiNa [M�Na]�


689.3486, found 689.3487. Aldol 19-syn,anti,anti : [a]25
D �ÿ23.0 (c 0.48,


benzene); IR (neat): nÄ � 3470, 1760 cmÿ1; 1H NMR (CDCl3): d� 7.41 ± 7.18
(m, 12 H, Ph), 6.83 (d, J� 11.3 Hz, 2H, Ph), 4.82 (d, J� 10.9 Hz, 1 H, Bn),
4.72 (d, J� 12.2 Hz, 1H, Bn), 4.60 (d, J� 12.2 Hz, 1H, Bn), 4.57 (d, J�
10.6 Hz, 1 H, Bn), 4.36 (d, J� 10.9 Hz, 1 H, Bn), 4.36 (d, J� 10.6 Hz, 1H,
Bn), 4.17 (d, J� 2.0 Hz, 1H, 5-H), 3.97 (dd, J� 11.4, 2.2 Hz, 1 H, 7-H), 3.85
(dd, J� 11.4, 3.8 Hz, 1 H, 7-H), 3.85 (d, J� 6.6 Hz, 1 H, 3-H), 3.84 (br s, 1H,
OH), 3.83 (d, J� 6.6 Hz, 1H, 2-H), 3.78 (s, 3H, MeO), 3.78 (s, 3 H, MeO),
3.63 (ddd, J� 3.8, 2.2, 2.0 Hz, 1 H, 6-H), 0.95 (s, 3 H, Me), 0.93 (s, 3 H, Me),
0.80 (s, 9H, TBS), 0.05 (s, 6 H, TBS); 13C NMR (CDCl3): d� 172.0 (1), 159.1
(PMP), 138.9 (Ph), 136.7 (Ph), 130.3 (Ph), 129.6 (Ph), 129.1 (Ph), 128.4
(Ph), 128.4 (Ph), 128.2 (Ph), 127.5 (Ph), 127.3 (Ph), 113.7 (PMP), 87.4 (2),
82.2 (5), 78.5 (6), 78.4 (3) 73.9 (PMB), 72.9 (Bn), 72.3 (Bn), 65.1 (7), 55.2
(MeO), 52.0 (MeO), 41.0 (4), 25.9 (TBS), 22.1 (Me), 21.2 (Me), 18.2 (TBS),
ÿ5.5 (TBS), ÿ5.5 (TBS); HR MS: calcd for C38H54O8SiNa [M�Na]�


689.3486, found 689.3503.


Methyl (2R,3R,5R,6S)-2,6-dibenzyloxy-3,7-bis(tert-butyldimethylsiloxy)-
5-(p-methoxybenzyloxy)-4,4-dimethylheptanoate (20): To a solution of
aldol 19-anti,anti,anti (4.68 g, 7.02 mmol) in dichloromethane (60 mL)
were added a solution of 2,6-lutidine (2.52 g, 21.0 mmol) in dichloro-
methane (15 mL) and tert-butyldimethylsilyl trifluoromethanesulfonate
(3.81 g, 14.0 mmol) in dichloromethane (30 mL) at 0 8C. The reaction
mixture was stirred for 1 h at 0 8C and then saturated aqueous sodium
hydrogencarbonate was added. The mixture was extracted with dichloro-
methane, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by column chromatography to
afford ester 20 (5.47 g, 100 %) as a colorless oil: [a]28


D �ÿ10.2 (c 1.03,
benzene); IR (neat): nÄ � 1750 cmÿ1; 1H NMR (CDCl3): d� 7.36 ± 7.23 (m,
12H, Ph), 6.87 (d, J� 8.6 Hz, 2 H, Ph), 4.73 (d, J� 11.6 Hz, 1 H, Bn), 4.71 (d,
J� 10.9 Hz, 1 H, Bn), 4.53 (d, J� 11.2 Hz, 1H, Bn), 4.51 (d, J� 11.6 Hz, 1H,
Bn), 4.51 (d, J� 10.9 Hz, 1H, Bn), 4.34 (d, J� 2.3 Hz, 1 H, 2-H or 3-H), 4.28
(d, J� 2.3 Hz, 1H, 3-H or 2-H), 4.24 (d, J� 11.2 Hz, 1H, Bn), 4.01 (dd, J�
11.6, 2.0 Hz, 1H, 7-H), 3.88 (dd, J� 11.6, 5.7 Hz, 1 H, 7-H), 3.82 (d, J�
4.3 Hz, 1H, 5-H), 3.79 (s, 3 H, MeO), 3.68 (s, 3H, MeO), 3.64 (ddd, J� 5.7,
4.3, 2.0 Hz, 1H, 6-H), 1.01 (s, 3 H, Me), 1.00 (s, 3 H, Me), 0.92 (s, 9 H, TBS),
0.90 (s, 9H, TBS), 0.06 (s, 3H, TBS), 0.06 (s, 3 H, TBS), 0.04 (s, 3 H, TBS),
ÿ0.01 (s, 3H, TBS); 13C NMR (CDCl3): d� 171.4 (1), 158.9 (PMP), 138.7
(Ph), 137.7 (Ph), 131.2 (Ph), 128.9 (Ph), 128.2 (Ph), 128.1 (Ph), 127.9 (Ph),
127.7 (Ph), 127.4 (Ph), 127.3 (Ph), 113.6 (PMP), 82.7 (2), 82.1 (5), 81.8 (6),
78.0 (3), 73.8 (PMB), 72.5 (Bn), 72.1 (Bn), 63.6 (7), 55.2 (MeO), 51.3
(MeO), 43.9 (4), 26.2 (TBS), 25.9 (TBS), 21.3 (Me), 18.6 (Me), 18.5 (TBS),
18.2 (TBS), ÿ3.5 (TBS) ,ÿ 4.7 (TBS), ÿ5.3 (TBS), ÿ5.3 (TBS); HR MS:
calcd for C44H68O8Si2Na [M�Na]� 803.4351, found 803.4374.


(2S,3R,5R,6S)-2,6-Dibenzyloxy-3,7-bis(tert-butyldimethylsiloxy)-5-(p-me-
thoxybenzyloxy)-4,4-dimethylheptanol : To a solution of ester 20 (7.60 g,
9.73 mmol) in toluene (120 mL) at ÿ78 8C was added DIBAL in toluene
(1.0m, 20.0 mL, 20.0 mmol). After reaction mixture was stirred for 1 h at
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ÿ78 8C, methanol was added. The mixture was allowed to warm to room
temperature and then saturated aqueous potassium sodium tartrate was
added. The mixture was extracted with ethyl acetate, and the organic layer
was washed with saturated aqueous potassium sodium tartrate, water and
brine, and dried over sodium sulfate. After evaporation of the solvent, the
crude product was purified by column chromatography to afford
(2S,3R,5R,6S)-2,6-dibenzyloxy-3,7-bis(tert-butyldimethylsiloxy)-5-(p-meth-
oxybenzyloxy)-4,4-dimethylheptanol (5.95 g, 81%) and aldehyde 22
(1.00 g, 14%) as colorless oils. (2S,3R,5R,6S)-2,6-Dibenzyloxy-3,7-bis-
(tert-butyldimethylsiloxy)-5-(p-methoxybenzyloxy)-4,4-dimethylheptanol :
[a]28


D �ÿ21.8 (c 1.64, benzene); IR (neat): nÄ � 3460 cmÿ1; 1H NMR
(CDCl3): d� 7.36 ± 7.17 (m, 12H, Ph), 6.87 (d, J� 8.6 Hz, 2H, Ph), 4.77
(d, J� 11.4 Hz, 1H, Bn), 4.67 (d, J� 10.7 Hz, 1H, Bn), 4.49 (d, J� 10.7 Hz,
1H, Bn), 4.48 (d, J� 11.4 Hz, 1H, Bn), 4.45 (d, J� 11.6 Hz, 1H, Bn), 4.30
(d, J� 11.6 Hz, 1 H, Bn), 4.25 (s, 1 H, 5-H), 4.07 (d, J� 11.1 Hz, 1H, 7-H),
3.87 (dd, J� 11.1, 4.2 Hz, 1H, 7-H), 3.84 ± 3.77 (m, 2H, 1-H, 2-H), 3.79 (s,
3H, MeO), 3.73 ± 3.68 (m, 3H, 1-H, 3-H, 6-H), 2.25 (br s, 1H, OH), 1.05 (s,
3H, Me), 0.99 (s, 3H, Me), 0.92 (s, 9H, TBS), 0.89 (s, 9 H, TBS), 0.09 (s, 3H,
TBS), 0.08 (s, 3H, TBS), 0.03 (s, 3 H, TBS), ÿ0.01 (s, 3H, TBS); 13C NMR
(CDCl3): d� 159.5 (PMP), 138.9 (Ph), 138.8 (Ph), 131.3 (Ph), 129.5 (Ph),
128.8 (Ph), 128.7 (Ph), 128.5 (Ph), 128.1 (Ph), 127.9 (Ph), 126.3 (Ph), 114.2
(PMP), 82.8 (5), 82.7 (2), 81.8 (6), 78.1 (3), 74.5 (PMB), 72.7 (Bn), 72.3 (Bn),
63.4 (7), 62.7 (1), 55.7 (MeO), 43.7 (4), 26.7 (TBS), 26.4 (TBS), 22.3 (Me),
20.3 (Me), 19.1 (TBS), 18.7 (TBS), ÿ2.8 (TBS), ÿ4.5 (TBS), ÿ5.3 (TBS),
ÿ5.3 (TBS); HR MS: calcd for C43H68O7Si2Na [M�Na]� 775.4401, found
775.4390.


(2R,3R,5R,6S)-2,6-Dibenzyloxy-3,7-bis(tert-butyldimethylsiloxy)-5-(p-me-
thoxybenzyloxy)-4,4-dimethylheptanal (22): To a solution of oxalyl chlor-
ide (1.41 g, 11.1 mmol) in dichloromethane (40 mL) at ÿ78 8C was added a
solution of DMSO (1.45 g, 18.5 mmol) in dichloromethane (40 mL). The
mixture was stirred for 15 min at ÿ78 8C and then a solution of
(2S,3R,5R,6S)-2,6-dibenzyloxy-3,7-bis(tert-butyldimethylsiloxy)-5-(p-meth-
oxybenzyloxy)-4,4-dimethylheptanol (6.40 g, 8.49 mmol) in dichlorome-
thane (80 mL) was added. After the reaction mixture had been stirred for
1 h, triethylamine (4.67 g, 46.1 mmol) was added. The reaction mixture was
allowed to warm to room temperature and then saturated aqueous
ammonium chloride was added. The mixture was extracted with dichloro-
methane, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by column chromatography to
afford aldehyde 22 (6.29 g, 99%) as a colorless oil: [a]27


D �ÿ9.9 (c 1.65,
benzene); IR (neat): nÄ � 1730 cmÿ1; 1H NMR (CDCl3): d� 9.70 (d, J�
3.3 Hz, 1 H, 1-CHO), 7.32 ± 7.20 (m, 12H, Ph), 6.86 (d, J� 8.6 Hz, 2H, Ph),
4.74 (d, J� 11.6 Hz, 1 H, Bn), 4.68 (d, J� 10.9 Hz, 1H, Bn), 4.49 (d, J�
10.9 Hz, 1 H, Bn), 4.47 (d, J� 11.6 Hz, 1H, Bn), 4.45 (d, J� 11.2 Hz, 1H,
Bn), 4.29 (d, J� 11.2 Hz, 1 H, Bn), 4.27 (d, J� 1.7 Hz, 1 H, 3-H), 4.02 (dd,
J� 11.6, 2.0 Hz, 1 H, 7-H), 4.00 (dd, J� 3.3, 1.7 Hz, 1H, 2-H), 3.84
(dd, J� 11.6, 5.0 Hz, 1H, 7-H), 3.79 (s, 3H, MeO), 3.74 (d, J� 5.3 Hz,
1H, 5-H), 3.65 (ddd, J� 5.3, 5.0, 2.0 Hz, 1 H, 6-H), 1.02 (s, 3H, Me),
0.95 (s, 3 H, Me), 0.93 (s, 9H, TBS), 0.88 (s, 9H, TBS), 0.07 (s, 3H, TBS),
0.07 (s, 3 H, TBS), 0.04 (s, 3 H, TBS), ÿ0.03 (s, 3 H, TBS); 13C NMR
(CDCl3): d� 202.8 (1), 159.0 (PMP), 138.4 (Ph), 137.6 (Ph), 130.9 (Ph),
129.0 (Ph), 128.2 (Ph), 128.1 (Ph), 127.9 (Ph), 127.7 (Ph), 127.6 (Ph), 127.4
(Ph), 113.7 (PMP), 85.1 (2), 82.3 (5), 81.9 (6), 80.0 (3), 74.0 (PMB), 72.3
(Bn), 72.0 (Bn), 62.9 (7), 55.2 (MeO), 43.6 (4), 26.2 (TBS), 25.9 (TBS), 21.5
(Me), 19.8 (Me), 18.5 (TBS), 18.2 (TBS), ÿ3.5 (TBS), ÿ4.9 (TBS), ÿ5.3
(TBS), ÿ5.3 (TBS): HR MS: calcd for C43H66O7Si2Na [M�Na]� 773.4245,
found 773.4255.


(2R,3S,4R,6R,7S)-3,7-Dibenzyloxy-4,8-bis(tert-butyldimethylsiloxy)-6-(p-
methoxybenzyloxy)-5,5-dimethyl-2-octanol and (2S,3S,4R,6R,7S)-3,7-di-
benzyloxy-4,8-bis(tert-butyldimethylsiloxy)-6-(p-methoxybenzyloxy)-5,5-
dimethyl-2-octanol : To a solution of methylmagnesium bromide in diethyl
ether (3.0m, 3.52 mL, 10.6 mmol) diluted with diethyl ether (38 mL) at
ÿ78 8C was added a solution of aldehyde 22 (3.97 g, 5.28 mmol) in diethyl
ether (66 mL). The reaction mixture was stirred for 100 min at ÿ78 8C, and
then saturated aqueous ammonium chloride was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with water
and brine, and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by column
chromatography to afford a mixture of (2R,3S,4R,6R,7S)-3,7-dibenzyloxy-
4,8-bis(tert-butyldimethylsiloxy)-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-


octanol and (2S,3S,4R,6R,7S)-3,7-dibenzyloxy-4,8-bis(tert-butyldimethyl-
siloxy)-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanol (diastereomeric ra-
tio 75/25, 4.01 g, 99%) as a colorless oil: IR (neat): nÄ � 3490 cmÿ1; HR MS:
calcd for C44H71O7Si2 [M�H]� 767.4738, found 767.4739; HR MS: calcd for
C44H70O7Si2Na [M�Na]� 789.4558, found 789.4538. (2R*,3S,4R,6R,7S)-3,7-
Dibenzyloxy-4,8-bis(tert-butyldimethylsiloxy)-6-(p-methoxybenzyloxy)-5,-
5-dimethyl-2-octanol : 1H NMR (CDCl3): d� 7.25 ± 6.97 (m, 12 H, Ph), 6.76
(d, J� 8.2 Hz, 2H, Ph), 4.62 (d, J� 11.6 Hz, 1H, Bn), 4.51 (d, J� 10.9 Hz,
1H, Bn), 4.41 (d, J� 11.6 Hz, 1H, Bn), 4.19 (d, J� 11.6 Hz, 1H, Bn), 4.19
(d, J� 11.6 Hz, 1 H, Bn), 4.05 (d, J� 10.9 Hz, 1H, Bn), 4.05 ± 3.96 (m, 1H,
3-H), 3.94 (br s, 1 H, 6-H), 3.83 (dd, J� 14.1, 6.6 Hz, 1H, 8-H), 3.77 (dd, J�
14.1, 6.1 Hz, 1H, 8-H), 3.69 (s, 3 H, MeO), 3.58 (d, J� 3.3 Hz, 1 H, 4-H),
3.58 ± 3.45 (m, 2 H, 2-H, 7-H), 3.27 (br s, 1H, OH), 1.09 (s, 3H, Me), 1.06 (d,
J� 5.0 Hz, 3 H, 1-Me), 0.98 (s, 3H, Me), 0.84 (s, 9 H, TBS), 0.78 (s, 9H,
TBS), 0.00 (s, 6H, TBS),ÿ0.02 (s, 3 H, TBS),ÿ0.08 (s, 3 H, TBS); 13C NMR
(CDCl3): d� 159.1 (PMP), 138.4 (Ph), 138.0 (Ph), 129.0 (Ph), 128.5 (Ph),
128.4 (Ph), 128.2 (Ph), 128.1 (Ph), 128.1 (Ph), 127.9 (Ph), 127.7 (Ph), 113.7
(PMP), 82.2 (7), 81.1 (2), 80.9 (4), 79.7 (3), 73.9 (PMB), 73.1 (Bn), 72.2 (Bn),
68.8 (6), 61.8 (8), 55.2 (MeO), 43.6 (5), 26.2 (TBS), 25.9 (TBS), 22.2 (Me),
19.9 (1), 19.2 (Me), 18.7 (TBS), 18.2 (TBS), ÿ3.5 (TBS), ÿ3.9 (TBS), ÿ4.6
(TBS), ÿ4.8 (TBS).


(3R,4R,6R,7S)-3,7-Dibenzyloxy-4,8-bis(tert-butyldimethylsiloxy)-6-(p-me-
thoxybenzyloxy)-5,5-dimethyl-2-octanone (3): To a solution of oxalyl
chloride (934 mg, 7.35 mmol) in dichloromethane (17 mL) at ÿ78 8C was
added a solution of DMSO (970 mg, 12.4 mmol) in dichloromethane
(18 mL). The mixture was stirred for 15 min at ÿ78 8C and then a solution
of mixture of (2R,3S,4R,6R,7S)-3,7-dibenzyloxy-4,8-bis(tert-butyldimethyl-
siloxy)-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanol and (2S,3S,
4R,6R,7S)-3,7-dibenzyloxy-4,8-bis(tert-butyldimethylsiloxy)-6-(p-methoxy-
benzyloxy)-5,5-dimethyl-2-octanol (diastereomeric ratio 75/25, 2.60 g,
3.39 mmol) in dichloromethane (6 mL) was added. After the reaction
mixture had been stirred for 30 min at ÿ45 8C, triethylamine (3.16 g,
31.2 mmol) was added. The reaction mixture was allowed to warm to room
temperature, and then saturated aqueous ammonium chloride was added.
The mixture was extracted with dichloromethane, the organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by column chromatography to afford ketone 3 (2.53 g, 97%) as a
white solid. First recrystallization of the ketone 3 thus obtained from
hexane gave optically pure ketone 3 : m.p. 114 8C; [a]30


D ��12.3 (c 1.00,
benzene); IR (KBr): 1710 cmÿ1; 1H NMR (CDCl3): d� 7.37 ± 6.89 (m, 12H,
Ph), 6.87 (d, J� 8.9 Hz, 2H, Ph), 4.74 (d, J� 10.9 Hz, 1H, Bn), 4.63 (d, J�
10.9 Hz, 1 H, Bn), 4.55 (d, J� 10.9 Hz, 1 H, Bn), 4.42 (d, J� 10.9 Hz, 1H,
Bn), 4.33 (d, J� 2.3 Hz, 1H, 3-H), 4.23 (d, J� 11.6 Hz, 1H, Bn), 4.18 (d, J�
11.6 Hz, 1H, Bn), 4.10 (d, J� 2.3 Hz, 1 H, 4-H), 4.09 (d, J� 6.6 Hz, 1H,
6-H), 4.05 (dd, J� 11.5, 2.0 Hz, 1H, 8-H), 3.84 (dd, J� 11.5, 4.0 Hz, 1H,
8-H), 3.79 (s, 3H, MeO), 3.55 (ddd, J� 6.6, 4.0, 2.0 Hz, 1H, 7-H), 2.24 (s,
3H, 1-Me), 1.00 (s, 3 H, Me), 0.98 (s, 3 H, Me), 0.95 (s, 9 H, TBS), 0.90 (s,
9H, TBS), 0.10 (s, 3 H, TBS), 0.09 (s, 3 H, TBS), ÿ0.05 (s, 6H, TBS);
13C NMR (CDCl3): d� 212.5 (2), 158.9 (PMP), 138.4 (Ph), 137.6 (Ph), 131.2
(Ph), 129.0 (Ph), 128.3 (Ph), 128.2 (Ph), 128.1 (Ph), 128.0 (Ph), 127.6 (Ph),
127.5 (Ph), 113.7 (PMP), 87.1 (3), 82.1 (6), 80.4 (7), 78.5 (4), 74.0 (PMB),
72.7 (Bn), 72.0 (Bn), 62.0 (8), 55.2 (MeO), 44.1 (5), 28.9 (1), 26.4 (TBS), 25.9
(TBS), 21.8 (Me), 18.7 (Me), 18.3 (TBS), 18.2 (TBS), ÿ2.8 (TBS), ÿ5.2
(TBS), ÿ5.3 (TBS), ÿ5.3 (TBS); HPLC (CHIRALCEL OD, iPrOH/
hexane� 1/500, flow rate� 0.5 mL minÿ1): tR� 15.6 min (>99.5 %), tR�
19.2 min (<0.5%); HR MS: calcd for C44H68O7Si2Na [M�Na]� 787.4401,
found 787.4390.


(2S,3R,5R,6S)-2,6-Dibenzyloxy-5-(p-methoxybenzyloxy)-4,4-dimethyl-
1,3,7-heptanetriol : To a solution of (2S,3R,5R,6S)-2,6-dibenzyloxy-3,7-
bis(tert-butyldimethylsiloxy)-5-(p-methoxybenzyloxy)-4,4-dimethylhepta-
nol (500 mg, 0.664 mmol) in THF (9.8 mL) at room temperature was added
TBAF (1.0m, 3.32 mL, 3.32 mmol). The reaction mixture was stirred for 1 h
at room temperature, and then hexane and phosphate buffer (pH� 7) were
added. The mixture was extracted with ethyl acetate, and the organic layer
was washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford (2S,3R,5R,6S)-2,6-dibenzyloxy-5-(p-
methoxybenzyloxy)-4,4-dimethyl-1,3,7-heptanetriol (318 mg, 91%) as a
colorless oil: [a]24


D ��0.1 (c 1.90, benzene); IR (neat): nÄ � 3400 cmÿ1;
1H NMR (CDCl3): d� 7.33 ± 7.12 (m, 12H, Ph), 6.77 (d, J� 8.9 Hz, 2H, Ph),
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4.70 (d, J� 10.8 Hz, 1H, Bn), 4.53 (d, J� 11.4 Hz, 1H, Bn), 4.50 (d, J�
11.5 Hz, 1H, Bn), 4.42 (d, J� 11.4 Hz, 1 H, Bn), 4.39 (d, J� 10.8 Hz, 1H,
Bn), 4.34 (d, J� 11.5 Hz, 1H, Bn), 3.80 ± 3.72 (m, 5H, 1-H, 1-H, 6-H, 7-H,
7-H), 3.70 (s, 3H, MeO), 3.58 (d, 1H, J� 2.3 Hz, 5-H), 3.38 (d, 1H, J�
7.3 Hz, 3-H), 3.35 (ddd, J� 7.3, 5.8, 2.2 Hz, 1 H, 2-H), 2.67 (br s, 1 H, OH),
2.00 (br s, 1 H, OH), 1.08 (s, 3 H, Me), 0.97 (s, 3 H, Me); 13C NMR (CDCl3):
d� 159.4 (PMP), 137.8 (Ph), 137.8 (Ph), 129.8 (Ph), 129.3 (Ph), 128.4 (Ph),
128.3 (Ph), 127.8 (Ph), 127.7 (Ph), 127.7 (Ph), 127.7 (Ph), 113.8 (PMP), 87.8
(5), 80.8 (2), 79.1 (6), 77.8 (3), 74.9 (PMB), 71.7 (Bn), 70.9 (Bn), 62.3 (7),
61.8 (1), 55.2 (MeO), 40.7 (4), 22.3 (Me), 21.3 (Me); HR MS: calcd for
C31H41O7 [M�H]� 525.2852, found 525.2855; HR MS: calcd for C31H40O7Na
[M�Na]� 547.2672, found 547.2648.


(2S,3R,5R,6S)-1,2,6,7-Tetrabenzyloxy-5-(p-methoxybenzyloxy)-4,4-di-
methyl-3-heptanol : To a suspension of sodium hydride (14.3 mg,
0.339 mmol) in THF (2.5 mL) at 0 8C was added a solution of
(2S,3R,5R,6S)-2,6-dibenzyloxy-5-(p-methoxybenzyloxy)-4,4-dimethyl-1,3,-
7-heptanetriol (150 mg, 0.274 mmol) in THF (3 mL). After the reaction
mixture had been stirred for 15 min at 0 8C, a benzyl bromide solution
(0.042 mL, 0.356 mmol) and DMF (0.55 mL) were added. The reaction
mixture was stirred for 14 h at room temperature, and then saturated
aqueous sodium hydrogencarbonate was added. The mixture was extracted
with ethyl acetate, and the organic layer was washed with water and brine,
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford (2S,3R,5R,6S)-1,2,6,7-tetrabenzyloxy-5-(p-me-
thoxybenzyloxy)-4,4-dimethyl-3-heptanol (174 mg, 87%) as a colorless oil:
[a]23


D �ÿ5.7 (c 1.26, benzene); IR (neat): nÄ � 3490 cmÿ1; 1H NMR (CDCl3):
d� 7.28 ± 7.17 (m, 20H, Ph), 7.09 (d, J� 8.6 Hz, 2 H, Ph), 6.74 (d, J� 8.6 Hz,
2H, Ph), 4.81 (d, J� 11.6 Hz, 1H, Bn), 4.80 (d, J� 11.9 Hz, 1 H, Bn), 4.79
(d, J� 10.4 Hz, 1 H, Bn), 4.70 (d, J� 11.9 Hz, 1 H, Bn), 4.64 (s, 2 H, Bn), 4.64
(s, 2H, Bn), 4.50 (d, J� 11.6 Hz, 1H, Bn), 4.43 (d, J� 10.4 Hz, 1 H, Bn), 4.03
(dd, J� 11.2, 1.3 Hz, 1H, 7-H), 3.96 (ddd, J� 5.3, 1.3, 1.0 Hz, 1H, 6-H), 3.95
(dd, J� 10.6, 2.3 Hz, 1 H, 1-H), 3.88 (d, J� 11.2, 5.3 Hz, 1 H, 7-H), 3.86 (s,
3H, MeO), 3.85 (d, J� 1.0 Hz, 1H, 5-H), 3.79 (dd, J� 10.6, 5.3 Hz, 1H,
1-H), 3.76 (br d, J� 7.3 Hz, 1H, 3-H), 3.67 (ddd, J� 7.3, 5.3, 2.3 Hz, 1H,
2-H), 3.52 (br s 1H, OH), 1.07 (s, 3 H, Me), 1.04 (s, 3 H, Me); 13C NMR
(CDCl3): d� 159.3 (PMP), 138.7 (Ph), 138.4 (Ph), 129.9 (Ph), 129.8 (Ph),
129.8 (Ph), 128.3 (Ph), 128.3 (Ph), 128.3 (Ph), 128.3 (Ph), 128.2 (Ph), 128.2
(Ph), 128.2 (Ph), 127.9 (Ph), 127.7 (Ph), 127.7 (Ph), 127.6 (Ph), 127.5 (Ph),
127.4 (Ph), 113.8 (PMP), 87.7 (5), 80.2 (6), 79.7 (2), 77.1 (3), 74.0 (PMB), 73.4
(Bn), 73.4 (Bn), 72.3 (7), 72.1 (Bn), 71.5 (Bn), 71.4 (1), 55.2 (MeO), 40.8 (4),
22.1 (Me), 22.0 (Me); HR MS: calcd for C45H53O7 [M�H]� 705.3791, found
705.3799; HR MS: calcd for C45H52O7Na [M�Na]� 727.3611, found
727.3578.


(2S,3R,5R,6S)-1,2,6,7-Tetrabenzyloxy-3,5-(p-methoxybenzylidenedioxy)-
4,4-dimethylheptane : To a suspension of (2S,3R,5R,6S)-1,2,6,7-tetra-
benzyloxy-5-(p-methoxybenzyloxy)-4,4-dimethyl-3-heptanol (130 mg,
0.184 mmol) and MS 4 � (30 mg) in dichloromethane (4.2 mL) at 0 8C
was added DDQ (83.5 mg, 0.368 mmol). The reaction mixture was stirred
for 1 h at 0 8C and then it was allowed to warm to room temperature. After
filtration of the mixture through a short pad of Celite with ethyl acetate,
saturated aqueous sodium hydrogencarbonate was added to the filtrate.
The mixture was extracted with dichloromethane, and the organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford (2S,3R,5R,6S)-1,2,6,7-
tetrabenzyloxy-3,5-(p-methoxybenzylidenedioxy)-4,4-dimethylheptane
(102.3 mg, 79 %) as a colorless oil: [a]23


D ��4.2 (c 1.37, benzene); IR (neat):
nÄ � 1100, 740 cmÿ1; 1H NMR (CDCl3): d� 7.31 ± 7.13 (m, 22 H, Ph), 6.74 (d,
J� 8.6 Hz, 2 H, Ph) 5.55 (s, 1 H, CHPMP), 4.72 (d, J� 11.5 Hz, 1 H, Bn),
4.71 (d, J� 11.2 Hz, 1 H, Bn), 4.50 (d, J� 12.2 Hz, 1H, Bn), 4.48 (d, J�
11.5 Hz, 1 H, Bn), 4.43 (d, J� 12.2 Hz, 1H, Bn), 4.41 (d, J� 12.2 Hz, 1H,
Bn), 4.39 (d, J� 11.2 Hz, 1H, Bn), 4.31 (d, J� 12.2 Hz, 1H, Bn), 3.96 (ddd,
J� 8.3, 5.5, 3.0 Hz, 1H, 2-H or 6-H), 3.89 (d, J� 6.6 Hz, 1 H, 5-H or 3-H),
3.79 (dd, J� 10.2, 2.0 Hz, 1H, 7-H or 1-H), 3.74 (dd, J� 10.6, 3.0 Hz, 1H,
1-H or 7-H), 3.72 (ddd, J� 6.6, 5.0, 2.0 Hz, 1H, 6-H or 2-H), 3.69 (s, 3H,
MeO), 3.65 (dd, J� 10.2, 5.0 Hz, 1H, 7-H or 1-H), 3.52 (d, J� 8.3 Hz, 1H,
3-H or 5-H), 3.49 (dd, J� 10.6, 5.5 Hz, 1 H, 1-H or 7-H), 1.11 (s, 3H, Me),
1.03 (s, 3H, Me); 13C NMR (CDCl3): d� 159.7 (PMP), 138.4 (Ph), 138.3
(Ph), 131.2 (Ph), 128.3 (Ph), 128.3 (Ph), 128.3 (Ph), 128.0 (Ph), 128.0 (Ph),
127.8 (Ph), 127.8 (Ph), 127.6 (Ph), 127.6 (Ph), 127.5 (Ph), 127.5 (Ph), 127.4


(Ph), 127.4 (Ph), 127.3 (Ph), 127.3 (Ph), 113.4 (PMP), 97.6 (CHPMP), 79.6 (5
or 3), 79.0 (3 or 5), 78.2 (6 or 2), 77.4 (2 or 6), 73.4 (Bn), 73.3 (Bn), 71.8 (Bn),
71.8 (Bn), 71.1 (1 or 7), 70.4 (7 or 1), 55.2 (MeO), 37.2 (4), 21.8 (Me), 21.1
(Me); HR MS: calcd for C45H50O7Na [M�Na]� 725.3454, found 725.3483.


(2S,3R,5R,6S)-1,2,6,7-Tetrabenzyloxy-4,4-dimethyl-3,5-heptanediol (21):
To a solution of (2S,3R,5R,6S)-1,2,6,7-tetrabenzyloxy-3,5-(p-methoxyben-
zylidenedioxy)-4,4-dimethylheptane (102 mg, 0.146 mmol) in THF
(1.5 mL) at 0 8C was added hydrochloric acid (1m, 1.5 mL). The reaction
mixture was stirred for 6 h at room temperature, and then hexane and
saturated aqueous sodium hydrogencarbonate were added at 0 8C. The
mixture was extracted with diethyl ether, and the organic layer was washed
with water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford diol 21 (57.6 mg, 53 %) as a colorless
oil: [a]23


D �ÿ1.3 (c 1.02, benzene); IR (neat): nÄ � 3680 cmÿ1; 1H NMR
(CDCl3): d� 7.28 ± 7.15 (m, 20H, Ph), 4.58 (d, J� 11.4 Hz, 1H, Bn), 4.58 (d,
J� 11.4 Hz, 1H, Bn), 4.48 (s, 2 H, Bn), 4.48 (s, 2 H, Bn), 4.41 (d, J� 11.4 Hz,
1H, Bn), 4.41 (d, J� 11.4 Hz, 1 H, Bn), 3.80 (dd, J� 12.5, 4.6 Hz, 1H, 1-H),
3.80 (dd, J� 12.5, 4.6 Hz, 1H, 7-H), 3.74 (d, J� 1.8 Hz, 1 H, 3-H), 3.74 (d,
J� 1.8 Hz, 1H, 5-H), 3.67 (dd, J� 12.5, 4.6 Hz, 2 H, 1-H), 3.67 (dd, J� 12.5,
4.6 Hz, 2H, 7-H), 3.65 (td, J� 4.6, 1.8 Hz, 1H, 2-H), 3.65 (td, J� 4.6, 1.8 Hz,
1H, 6-H), 0.95 (s, 3 H, Me), 0.95 (s, 3H, Me); 13C NMR (CDCl3): d� 138.2
(Ph), 138.2 (Ph), 137.9 (Ph), 137.9 (Ph), 128.4 (Ph), 128.4 (Ph), 128.3 (Ph),
128.3 (Ph), 127.8 (Ph), 127.8 (Ph), 127.7 (Ph), 127.7 (Ph), 127.7 (Ph), 127.7
(Ph), 127.5 (Ph), 127.5 (Ph), 79.8 (3), 79.8 (5), 79.1 (2), 79.1 (6), 73.5 (Bn),
73.5 (Bn), 71.5 (Bn), 71.5 (Bn), 70.8 (1), 70.8 (7), 40.1 (4), 21.9 (Me), 21.9
(Me); HR MS: calcd for C37H45O6 [M�H]� 585.3216, found 585.3201.


(3R,4R,6R,7S)-3,7-Dibenzyloxy-4-(tert-butyldimethylsiloxy)-8-hydroxy-6-
(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone : To a solution of ketone 3
(377 mg, 0.493 mmol) in THF (47 mL) at ÿ10 8C was added hydrochloric
acid (0.8m, 31 mL). The reaction mixture was stirred for 6 h at room
temperature and then hexane and saturated aqueous sodium hydrogencar-
bonate were added at 0 8C. The mixture was extracted with diethyl ether,
and the organic layer was washed with water and brine, and dried over
sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford (3R,4R,6R,7S)-3,7-dibenzyloxy-4-(tert-butyldimethylsiloxy)-8-hy-
droxy-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone (320 mg, 100 %)
as a colorless oil: [a]25


D ��10.0 (c 1.08, benzene); IR (neat): nÄ � 1710 cmÿ1;
1H NMR (CDCl3): d� 7.33 ± 7.19 (m, 12H, Ph), 6.87 (d, J� 8.9 Hz, 2H, Ph),
4.72 (d, J� 10.6 Hz, 1H, Bn), 4.57 (d, J� 10.6 Hz, 1H, Bn), 4.54 (d, J�
11.6 Hz, 1 H, Bn), 4.48 (d, J� 11.6 Hz, 1 H, Bn), 4.37 (d, J� 11.2 Hz, 1H,
Bn), 4.30 (d, J� 2.6 Hz, 1H, 4-H), 4.26 (d, J� 11.2 Hz, 1H, Bn), 4.03 (d, J�
2.6 Hz, 1 H, 3-H), 3.95 (d, J� 5.9 Hz, 1H, 6-H), 3.89 (dd, J� 11.9, 2.1 Hz,
1H, 8-H), 3.78 (dd, J� 11.9, 2.1 Hz, 1H, 8-H), 3.78 (s, 3 H, MeO), 3.59 (dt,
J� 5.9, 2.1 Hz, 1H, 7-H), 2.25 (s, 3 H, 1-Me), 1.02 (s, 3 H, Me), 1.00 (s, 3H,
Me), 0.93 (s, 9H, TBS), 0.06 (s, 6 H, TBS); 13C NMR (CDCl3): d� 211.8 (2),
159.1 (PMP), 137.8 (Ph), 137.2 (Ph), 130.6 (Ph), 129.1 (Ph), 128.5 (Ph), 128.2
(Ph), 128.2 (Ph), 128.2 (Ph), 127.9 (Ph), 127.9 (Ph), 113.7 (PMP), 87.0 (3),
81.9 (6), 80.6 (7), 78.0 (4), 74.3 (PMB), 72.6 (Bn), 71.5 (Bn), 61.2 (8), 55.2
(MeO), 44.2 (5), 28.7 (1), 26.4 (TBS), 21.7 (Me), 18.7 (Me), 18.6 (TBS),
ÿ2.7 (TBS), ÿ4.9 (TBS); HR MS: calcd for C38H54O7SiNa [M�Na]�


673.3537, found 673.3537.


(2R,3R,5R,6R)-2,6-Dibenzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-me-
thoxybenzyloxy)-4,4-dimethyl-7-oxooctanal (23): To a solution of oxalyl
chloride (77.8 mg, 0.613 mmol) in dichloromethane (1 mL) at ÿ78 8C was
added a solution of DMSO (95.8 mg, 1.23 mmol) in dichloromethane
(1 mL). The mixture was stirred for 15 min atÿ78 8C and then a solution of
(3R,4R,6R,7S)-3,7-dibenzyloxy-4-(tert-butyldimethylsiloxy)-8-hydroxy-6-
(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone (114 mg, 0.175 mmol) in
dichloromethane (2 mL) was added. After the reaction mixture had been
stirred for 30 min at ÿ78 8C, triethylamine (248 mg, 2.45 mmol) was added.
The reaction mixture was allowed to warm to room temperature, and then
saturated aqueous ammonium chloride was added. The mixture was
extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford ketoaldehyde 23 (102 mg, 90%) as a
colorless oil: [a]25


D ��3.5 (c 1.22, benzene); IR (neat): nÄ � 1730, 1710 cmÿ1;
1H NMR (CDCl3): d� 9.72 (d, J� 1.7 Hz, 1H, 1-CHO), 7.33 ± 7.19
(m, 12 H, Ph), 6.87 (d, J� 8.9 Hz, 2 H, Ph), 4.67 (d, J� 10.6 Hz, 1 H, Bn),
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4.64 (d, J� 11.6 Hz, 1 H, Bn), 4.52 (d, J� 10.6 Hz, 1H, Bn), 4.48 (d, J�
11.5 Hz, 1 H, Bn), 4.41 (d, J� 11.5 Hz, 1 H, Bn), 4.39 (d, J� 11.6 Hz, 1H,
Bn), 4.30 (d, J� 2.3 Hz, 1H, 5-H), 4.06 (dd, J� 3.6, 1.7 Hz, 1 H, 2-H), 4.02
(d, J� 2.3 Hz, 1H, 6-H), 3.99 (d, J� 3.6 Hz, 1 H, 3-H), 3.84 (s, 3H, MeO),
2.27 (s, 3 H, 8-Me), 1.05 (s, 3 H, Me), 1.01 (s, 3 H, Me), 0.98 (s, 9H, TBS),
0.13 (s, 6 H, TBS); 13C NMR (CDCl3): d� 211.0 (7), 201.3 (1), 159.1 (PMP),
137.2 (Ph), 137.1 (Ph), 130.2 (Ph), 129.2 (Ph), 128.4 (Ph), 128.3 (Ph), 128.3
(Ph), 128.1 (Ph), 128.1 (Ph), 127.9 (Ph), 113.7 (PMP), 87.4 (6), 84.1 (2), 84.1
(3), 77.6 (5), 73.6 (PMB), 73.0 (Bn), 72.4 (Bn), 55.2 (MeO), 44.1 (4), 28.7 (8),
26.3 (TBS), 21.2 (Me), 18.6 (Me), 18.6 (TBS), ÿ2.8 (TBS), ÿ4.9 (TBS);
HR MS: calcd for C38H52O7SiNa [M�Na]� 671.3380, found 671.3392.


(3R,4R,6R,7R)-3,7-Dibenzyloxy-4-(tert-butyldimethylsiloxy)-8,8-diethyl-
thio-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone (24): To a suspen-
sion of silver perchlorate (3.2 mg, 15.4 mmol) in toluene (1.5 mL) at 0 8C
was added chlorotrimethylsilane (1.7 mg, 15.4 mmol) in toluene (0.5 mL).
The reaction mixture was stirred for 1 h at room temperature and then a
solution of ketoaldehyde 23 (50.0 mg, 77.1 mmol) and ethylthiotrimethylsi-
lane (41.4 mg, 0.308 mmol) in toluene (2 mL) was added at ÿ78 8C. After
the reaction mixture had been stirred for 17 h atÿ78 8C, saturated aqueous
sodium hydrogencarbonate was added. The mixture was extracted with
ethyl acetate, and the organic layer was washed with water and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford dithioacetal 24 (40.7 mg, 70 %) as a colorless oil: [a]27


D �
�4.2 (c 1.37, benzene); IR (neat): nÄ � 1700 cmÿ1; 1H NMR (CDCl3): d�
7.45 ± 7.41 (m, 2H, Ph), 7.27 ± 7.23 (m, 8 H, Ph), 7.12 ± 7.08 (m, 2H, Ph), 6.88 ±
6.85 (m, 2 H, Ph), 5.30 (d, J� 10.6 Hz, 1 H, Bn), 4.69 (d, J� 11.4 Hz, 1H,
Bn), 4.54 (d, J� 11.4 Hz, 1 H, Bn), 4.53 (d, J� 10.6 Hz, 1H, Bn), 4.27 (d,
J� 2.6 Hz, 1H, 3-H), 4.22 (d, J� 8.9 Hz, 1H, 6-H), 4.21 (d, J� 2.6 Hz, 1H,
4-H), 4.16 (d, J� 11.7 Hz, 1 H, Bn), 4.14 (s, 1 H, 8-H), 4.13 (d, J� 11.7 Hz,
1H, Bn), 3.98 (d, J� 8.9 Hz, 1 H, 7-H), 3.81 (s, 3 H, MeO), 2.76 (q, J�
7.4 Hz, 2H, SEt), 2.55 (q, J� 7.4 Hz, 2 H, SEt), 2.20 (s, 3H, 1-Me), 1.33 (t,
J� 7.4 Hz, 3 H, SEt), 1.17 (t, J� 7.4 Hz, 3H, SEt), 1.03 (s, 3 H, Me), 0.97 (s,
3H, Me), 0.87 (s, 9 H, TBS), ÿ0.10 (s, 3H, TBS), ÿ0.17 (s, 3H, TBS);
13C NMR (CDCl3): d� 213.7 (2), 159.0 (PMP), 137.8 (Ph), 137.6 (Ph), 128.8
(Ph), 128.4 (Ph), 128.4 (Ph), 128.3 (Ph), 128.3 (Ph), 128.0 (Ph), 127.7 (Ph),
127.5 (Ph), 113.7 (PMP), 86.4 (3), 85.3 (7), 82.1 (6), 78.5 (4), 74.8 (PMB),
74.7 (Bn), 72.7 (Bn), 55.7 (8), 55.2 (MeO), 45.0 (5), 29.0 (1), 27.6 (SEt), 26.4
(TBS), 25.6 (SEt), 22.1 (Me), 18.7 (TBS), 18.4 (Me), 14.7 (SEt), 14.5 (SEt),
ÿ2.9 (TBS), ÿ5.6 (TBS); HR MS: calcd for C42H62O6SiNa [M�Na]�


777.3655, found 777.3652.


(3R,4R,6R,7R)-3,7-dibenzyloxy-4-(tert-butyldimethylsiloxy)-8,8-diethyl-
thio-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-(triethylsiloxy)octene (25):
To a solution of hexamethyldisilazane (61.1 mg, 0.379 mmol) in THF
(1.6 mL) at 0 8C was added n-butyllithium in hexane (1.54m, 0.23 mL,
0.355 mmol). The reaction mixture was stirred for 30 min at 0 8C and then a
solution of dithioacetal 24 (52.0 mg, 68.9 mmol) in THF (1.6 mL) was added
at ÿ78 8C. After the mixture had been stirred for 1 h at ÿ78 8C,
chlorotrimethylsilane (0.13 mL, 1.02 mmol) was added. The reaction
mixture was stirred for 1 h at room temperature and then triethylamine
was added. After evaporation of the solvent, the crude product was filtered
through a short pad of deactivated silica gel to afford enol silyl ether 25
(51.0 mg, 89 %) as a colorless oil: [a]26


D ��6.0 (c 0.613, benzene); IR (neat):
nÄ � 2960, 1610, 1510, 1460, 1250, 1090, 1030, 840 cmÿ1; 1H NMR (C6D6): d�
7.56 (d, 2 H, J� 6.9 Hz, Ph), 7.32 (d, J� 8.6 Hz, 2H, Ph), 7.26 ± 7.08 (m, 8H,
Ph), 6.80 (d, J� 8.6 Hz, 2H, Ph), 5.40 (d, J� 10.9 Hz, 1H, Bn), 4.88 (d, J�
10.9 Hz, 1 H, Bn), 4.78 (d, J� 10.9 Hz, 1 H, Bn), 4.76 (s, 1H, 1-H), 4.69 (d,
J� 10.9 Hz, 1 H, Bn), 4.61 (d, J� 10.6 Hz, 1H, Bn), 4.49 (d, J� 5.6 Hz, 1H,
6-H), 4.47 (s, 1 H, 8-H), 4.46 (d, J� 3.3 Hz, 1H, 4-H), 4.45 (s, 1 H, 1-H), 4.25
(d, J� 10.6 Hz, 1H, Bn), 4.24 (d, J� 5.6 Hz, 1H, 7-H), 4.17 (d, J� 3.3 Hz,
1H, 3-H), 3.31 (s, 3H, MeO), 2.80 (q, J� 7.6 Hz, 2H, SEt), 2.48 (q, J�
7.3 Hz, 2 H, SEt), 1.48 (s, 3 H, Me), 1.33 (s, 3 H, Me), 1.19 (t, J� 7.6 Hz, 3H,
SEt), 1.07 (s, 9H, TBS), 1.06 (t, J� 7.3 Hz, 3H, SEt), 0.28 (s, 9 H, TMS),
ÿ0.67 (s, 3H, TBS), ÿ0.74 (s, 3 H, TBS); 13C NMR (C6D6): d� 159.6 (2),
156.2 (PMP), 138.9 (Ph), 138.7 (Ph), 128.9 (Ph), 128.9 (Ph), 128.8 (Ph),
128.8 (Ph), 128.5 (Ph), 128.5 (Ph), 128.3 (Ph), 128.3 (Ph), 114.1 (PMP), 94.8
(1), 85.7 (7), 83.3 (3), 83.0 (6), 77.7 (4), 75.2 (PMB), 74.8 (Bn), 71.3 (Bn),
55.8 (8), 54.8 (MeO), 45.5 (5), 27.3 (SEt), 26.9 (TBS), 25.6 (SEt), 22.5 (Me),
19.4 (Me), 19.2 (TBS), 14.8 (SEt), 14.5 (SEt), 0.5 (TMS), ÿ2.5 (TBS), ÿ4.3
(TBS); HR MS: calcd for C45H70O6S2Si2Na [M�Na]� 849.4050, found
849.4030.


(3R,4R,6R,1''R)-3-benzyloxy-6-1''-benzyloxy-2''-ethylthioethyl-4-(tert-bu-
tyldimethylsiloxy)-2,5,5-trimethyl-2-oxanol (26): To a solution of triphe-
nylmethyl perchlorate (21.0 mg, 61.3 mmol) in dichloromethane (1 mL) at
ÿ55 8C was added a solution of enol silyl ether 25 (50.6 mg, 61.2 mmol) in
dichloromethane (0.5 mL). The reaction mixture was stirred for 3 h at
ÿ45 8C, and then saturated aqueous sodium hydrogencarbonate was added.
The mixture was extracted with dichloromethane, and the organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford hemiketal 26 (17.0 mg,
48%) as a colorless oil: [a]26


D �ÿ12.0 (c 0.59, benzene); IR (neat): nÄ �
3410 cmÿ1; 1H NMR (CDCl3): d� 7.38 ± 7.27 (m, 10 H, Ph), 4.97 (d, J�
11.2 Hz, 1 H, Bn), 4.64 (d, J� 11.2 Hz, 1 H, Bn), 4.52 (d, J� 11.2 Hz, 1H,
Bn), 4.48 (d, J� 11.2 Hz, 1 H, Bn), 3.95 (d, J� 5.3 Hz, 1 H, 6-H), 3.88 (d, J�
3.3 Hz, 1H, 4-H), 3.81 (dt, J� 5.3, 4.3 Hz, 1H, 1'-H), 3.38 (d, J� 3.3 Hz,
1H, 3-H), 2.91 (d, J� 4.3 Hz, 2 H, 2'-H), 2.58 (q, J� 7.3 Hz, 2H, SEt), 1.44
(s, 3H, Me), 1.23 (t, J� 7.3 Hz, 3 H, SEt), 1.07 (s, 3H, Me), 0.97 (s, 3H, Me),
0.95 (s, 9H, TBS), 0.17 (s, 3H, TBS), 0.12 (s, 3 H, TBS); 13C NMR (CDCl3):
d� 139.3 (Ph), 138.0 (Ph), 128.3 (Ph), 128.1 (Ph), 128.1 (Ph), 127.6 (Ph),
127.3 (Ph), 127.2 (Ph), 98.5 (2), 81.3 (3), 78.4 (1'), 75.9 (6), 75.5 (Bn), 75.1 (4),
71.5 (Bn), 38.8 (5), 33.3 (2'), 26.9 (SEt), 26.9 (Me), 26.1 (TBS), 24.7 (Me),
18.2 (TBS), 16.0 (Me), 15.0 (SEt), ÿ3.0 (TBS), ÿ5.1 (TBS); HR MS: calcd
for C32H50O5SSiNa [M�Na]� 597.3046, found 597.3059.


(3R,4R,6R,7S)-3,7-Dibenzyloxy-1-bromo-4,8-bis(tert-butyldimethyl-
siloxy)-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone (27):


1) To a solution of hexamethyldisilazane (15.2 mL, 72.0 mmol) in THF
(24 mL) at ÿ78 8C was added n-butyllithium in hexane (1.6m, 41.0 mL,
65.6 mmol). The reaction mixture was stirred for 40 min at 0 8C, and then a
solution of ketone 3 (4.99 g, 6.52 mmol) in THF (54 mL) was added at
ÿ78 8C. After the mixture had been stirred for 1 h at ÿ78 8C, chlorotri-
methylsilane (12.4 mL, 97.7 mmol) in THF (24 mL) was added. The
reaction mixture was stirred for 30 min at ÿ78 8C and then saturated
aqueous sodium hydrogencarbonate was added. The mixture was extracted
with diethyl ether, and the organic layer was washed with water, saturated
aqueous sodium hydrogencarbonate and brine, and dried over sodium
sulfate. Filtration of the mixture and evaporation of the solvent afforded
crude (3R,4R,6R,7S)-3,7-dibenzyloxy-4,8-bis(tert-butyldimethylsiloxy)-6-
(p-methoxybenzyloxy)-5,5-dimethyl-2-trimethylsiloxyoctene.


2) To a solution of the above crude (3R,4R,6R,7S)-3,7-dibenzyloxy-4,8-
bis(tert-butyldimethylsiloxy)-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-tri-
methylsiloxyoctene in THF (94 mL) at 0 8C was added NBS (1.41 g,
7.92 mmol). The reaction mixture was stirred for 30 min at 0 8C and then
phosphate buffer (pH� 7) was added. The mixture was extracted with
diethyl ether, and the organic layer was washed with water and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by column chromatography
to afford ketone 27 (5.48 g, 100 % from ketone 3) as a colorless solid: m.p.
127 8C; [a]30


D ��5.0 (c 1.07, benzene); IR (KBr): 1720 cmÿ1; 1H NMR
(CDCl3): d� 7.68 ± 7.04 (m, 12 H, Ph), 6.86 (d, J� 8.6 Hz, 2 H, Ph), 4.73 (d,
J� 11.0 Hz, 1 H, Bn), 4.61 (d, J� 11.0 Hz, 1H, Bn), 4.55 (d, J� 11.0 Hz, 1H,
Bn), 4.40 (d, J� 2.3 Hz, 1H, 3-H), 4.36 (d, J� 11.0 Hz, 1H, Bn), 4.37 (d, J�
11.6 Hz, 1 H, 1-H), 4.33 (d, J� 11.6 Hz, 1H, 1-H), 4.33 (d, J� 2.3 Hz, 1H,
4-H), 4.18 (d, J� 11.5 Hz, 1H, Bn), 4.14 (d, J� 11.5 Hz, 1H, Bn), 4.09 (d,
J� 7.9 Hz, 1H, 6-H), 4.07 (dd, J� 11.2, 2.0 Hz, 1H, 8-H), 3.84 (dd, J� 11.2,
3.0 Hz, 1H, 8-H), 3.79 (s, 3H, MeO), 3.53 (ddd, J� 7.9, 3.0, 2.0 Hz, 1H,
7-H), 1.01 (s, 3 H, Me), 0.97 (s, 9H, TBS), 0.93 (s, 3H, Me), 0.89 (s, 9H,
TBS), 0.12 (s, 3H, TBS), 0.11 (s, 3 H, TBS), ÿ0.05 (s, 3H, TBS), ÿ0.09 (s,
3H, TBS); 13C NMR (CDCl3): d� 203.8 (2), 159.0 (PMP), 138.0 (Ph), 136.9
(Ph), 131.0 (Ph), 129.0 (Ph), 128.4 (Ph), 128.3 (Ph), 128.3 (Ph), 128.2 (Ph),
127.9 (Ph), 127.7 (Ph), 113.7 (PMP), 86.2 (3), 81.9 (6), 79.5 (7), 78.6 (4), 74.1
(PMB), 73.2 (Bn), 71.9 (Bn), 61.0 (8), 55.2 (MeO), 44.1 (5), 36.3 (1), 26.4
(TBS), 25.9 (TBS), 21.9 (Me), 18.7 (Me), 18.2 (TBS), 18.2 (TBS), ÿ2.8
(TBS), ÿ5.2 (TBS), ÿ5.3 (TBS), ÿ5.3 (TBS); HR MS: calcd for
C44H67BrO7SiNa [M�Na]� 865.3506, found 865.3500.


(3R,4R,6R,7S)-3,7-Dibenzyloxy-1-bromo-4-(tert-butyldimethylsiloxy)-8-
hydroxy-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone : To a solution
of ketone 27 (3.26 g, 3.86 mmol) in THF (110 mL) at ÿ10 8C was added a
mixture of hydrochloric acid (1m, 228 mL) and THF (220 mL). The
reaction mixture was stirred for 8 h at room temperature, and then hexane
and saturated aqueous sodium hydrogencarbonate were added at 0 8C. The
mixture was extracted with diethyl ether, and the organic layer was washed
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with water and brine, and dried over sodium sulfate. After filtration of
the mixture and evaporation of the solvent, the crude product was purified
by column chromatography to afford (3R,4R,6R,7S)-3,7-dibenzyloxy-1-
bromo-4-(tert-butyldimethylsiloxy)-8-hydroxy-6-(p-methoxybenzyloxy)-
5,5-dimethyl-2-octanone (2.79 g, 99%) as a colorless oil: [a]28


D ��0.1 (c
1.87, benzene); IR (neat): nÄ � 3470, 1730 cmÿ1; 1H NMR (CDCl3): d� 7.30 ±
7.12 (m, 12H, Ph), 6.84 (d, J� 8.6 Hz, 2 H, Ph), 4.63 (d, J� 10.9 Hz, 1H,
Bn), 4.53 (d, J� 10.9 Hz, 1H, Bn), 4.52 (d, J� 11.2 Hz, 1H, Bn), 4.41 (d,
J� 11.2 Hz, 1H, Bn), 4.29 (d, J� 2.6 Hz, 1H, 3-H), 4.28 (d, J� 10.6 Hz, 1H,
Bn), 4.27 (d, J� 7.9 Hz, 1 H, 1-H), 4.26 (d, J� 7.9 Hz, 1 H, 1-H), 4.25 (d, J�
2.6 Hz, 1H, 4-H), 4.24 (d, J� 10.6 Hz, 1 H, Bn), 4.19 (d, J� 6.9 Hz, 1H,
6-H), 3.87 ± 3.84 (m, 2H, 8-H, 8-H), 3.76 (s, 3 H, MeO), 3.54 (ddd, J� 6.9,
3.6, 3.3 Hz, 1H, 7-H), 1.95 (br s, 1 H, OH), 0.96 (s, 3H, Me), 0.93 (s, 3H,
Me), 0.89 (s, 9H, TBS), 0.01 (s, 3 H, TBS), 0.00 (s, 3H, TBS); 13C NMR
(CDCl3): d� 203.9 (2), 159.6 (PMP), 138.0 (Ph), 137.1 (Ph), 130.9 (Ph),
129.7 (Ph), 129.0 (Ph), 128.9 (Ph), 128.9 (Ph), 128.8 (Ph), 128.6 (Ph),
128.5 (Ph), 114.3 (PMP), 86.0 (3), 81.6 (6), 81.1 (7), 78.8 (4), 75.3
(PMB), 73.4 (Bn), 72.0 (Bn), 61.2 (8), 55.7 (MeO), 44.7 (5), 35.9 (1), 26.8
(TBS), 22.3 (Me), 19.1 (Me), 19.0 (TBS),ÿ2.3 (TBS),ÿ4.4 (TBS); HR MS:
calcd for C38H53BrO7SiNa [M�Na]� 751.2642/753.2630, found 751.2660/
753.2643.


(2R,3R,5R,6R)-2,6-Dibenzyloxy-8-bromo-5-(tert-butyldimethylsiloxy)-3-
(p-methoxybenzyloxy)-4,4-dimethyl-7-oxooctanal (28): To a solution of
oxalyl chloride (2.84 g, 22.4 mmol) in dichloromethane (45 mL) at ÿ78 8C
was added a solution of DMSO (2.90 g, 37.1 mmol) in dichloromethane
(45 mL). The mixture was stirred for 15 min at ÿ78 8C and then a solution
of (3R,4R,6R,7S)-3,7-dibenzyloxy-1-bromo-4-(tert-butyldimethylsiloxy)-
8-hydroxy-6-(p-methoxybenzyloxy)-5,5-dimethyl-2-octanone (7.89 g,
10.8 mmol) in dichloromethane (90 mL) was added. After the reaction
mixture had been stirred for 30 min at ÿ78 8C, triethylamine (9.41 g,
93.0 mmol) was added. The reaction mixture was allowed to warm to 0 8C,
and then saturated aqueous ammonium chloride was added. The mixture
was extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
column chromatography to afford ketoaldehyde 28 (7.39 g, 94%) as a
colorless oil: [a]27


D ��0.3 (c 1.01, benzene); IR (neat): nÄ � 1730, 1610 cmÿ1;
1H NMR (CDCl3): d� 9.67 (d, J� 2.0 Hz, 1 H, 1-CHO), 7.78 ± 7.36 (m, 12H,
Ph), 6.86 (d, J� 8.9 Hz, 2H, Ph), 4.58 (d, J� 11.6 Hz, 1 H, Bn), 4.58 (d, J�
10.9 Hz, 1H, Bn), 4.47 (d, J� 10.9 Hz, 1 H, Bn), 4.39 (d, J� 11.5 Hz, 1H,
Bn), 4.35 (d, J� 11.5 Hz, 1H, Bn), 4.33 (d, J� 11.6 Hz, 1 H, Bn), 4.30 (d, J�
2.6 Hz, 1H, 6-H), 4.28 (d, J� 14.9 Hz, 1H, 8-H), 4.23 (d, J� 2.6 Hz, 1H,
5-H), 4.18 (d, J� 14.9 Hz, 1H, 8-H), 4.01 (dd, J� 4.3, 2.0 Hz, 1H, 2-H), 3.88
(d, J� 4.3 Hz, 1H, 3-H), 3.80 (s, 3H, MeO), 0.97 (s, 3 H, Me), 0.94 (s, 3H,
Me), 0.93 (s, 9H, TBS), 0.09 (s, 3 H, TBS), 0.06 (s, 3H, TBS); 13C NMR
(CDCl3): d� 202.8 (7), 201.3 (1), 159.2 (PMP), 136.7 (Ph), 136.7 (Ph), 129.9
(Ph), 129.3 (Ph), 128.5 (Ph), 128.5 (Ph), 128.3 (Ph), 128.2 (Ph), 128.2 (Ph),
126.9 (Ph), 113.8 (PMP), 85.6 (2), 83.9 (6), 83.4 (3), 78.0 (5), 73.8 (PMB),
73.3 (Bn), 72.5 (Bn), 55.3 (MeO), 44.1 (4), 34.9 (8), 26.4 (TBS), 21.4 (Me),
18.6 (Me), 18.6 (TBS), ÿ2.8 (TBS), ÿ4.9 (TBS); HR MS: calcd for
C38H51BrO7SiNa [M�Na]� 749.2485/751.2465, found 749.2518/751.2471.


(2R,3R,5R,6S,7S)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-hy-
droxy-5-(p-methoxybenzyloxy)-4,4-dimethylcyclooctanone (29 a) and
(2R,3R,5R,6S,7R)-2,6-dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-hy-
droxy-5-(p-methoxybenzyloxy)-4,4-dimethylcyclooctanone (29b): To a
solution of ketoaldehyde 28 (126.1 mg, 0.173 mmol) in THF (5 mL) at
0 8C was added samarium(ii) iodide in THF (0.1m, 9.0 mL, 0.90 mmol). The
reaction mixture was stirred for 30 min at 0 8C and then aqueous phosphate
buffer (pH� 7) was added. The mixture was extracted with diethyl ether,
and the organic layer was washed with water and brine, and dried over
sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford aldol 29a (62.8 mg, 56 %) and aldol 29b (34.3 mg, 31%) as colorless
oils. Aldol 29a : [a]25


D ��25.5 (c 2.68, benzene); IR (neat): nÄ � 3450,
1700 cmÿ1; 1H NMR (CDCl3): d� 7.29 ± 6.81 (m, 14 H), 4.92 ± 2.39 (m,
15H), 1.23 ± 1.10 (m, 17H), 0.97 ± (ÿ0.05) (m, 6 H); 13C NMR (CDCl3): very
broadened spectra; HR MS: calcd for C38H52O7SiNa [M�Na]� 671.3380,
found 671.3401. Aldol 29b : [a]27


D ��7.4 (c 1.00, benzene); IR (neat): nÄ �
3550, 1700 cmÿ1; 1H NMR (CDCl3): d� 7.40 ± 6.82 (14 H, m), 4.85 ± 2.68
(15 H, m), 1.26 ± 0.95 (17 H, m), 0.97 ± (ÿ0.05) (6H, m); 13C NMR (CDCl3):


very broadened spectra; HR MS: calcd for C38H52O7SiNa [M�Na]�


671.3380, found 671.3383.


(4S,5R,7R,8R)-4,8-Dibenzyloxy-7-(tert-butyldimethylsiloxy)-5-(p-meth-
oxybenzyloxy)-6,6-dimethyl-2-cycloocten-1-one (1): To a solution of the
mixture of aldols 29 (a/b� 65/35, 575 mg, 0.888 mmol) in dichloromethane
(30 mL) at 0 8C were added solutions of diisopropylethylamine (574 mg,
4.44 mmol) in dichloromethane (2 mL) and of methanesulfonyl chloride
(348 mg, 3.04 mmol) in dichloromethane (2 mL). The reaction mixture was
stirred for 10 min at room temperature, and then a solution of DBU (1.35 g,
8.87 mmol) in dichloromethane (2 mL) was added at 0 8C. After the
reaction mixture had been stirred for 10 min at 0 8C, phosphate buffer
(pH� 7) was added. The mixture was extracted with diethyl ether, and the
organic layer was washed with water and brine, and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by column chromatography to afford enone 1
(464 mg, 83 %) as a colorless oil: [a]27


D ��87.8 (c 1.38, benzene); IR (neat):
nÄ � 1670 cmÿ1; 1H NMR (CDCl3): conformer A d� 7.30 ± 7.24 (m, 10 H, Ph),
7.16 (d, J� 8.3 Hz, 2H, Ph), 6.83 (d, J� 8.9 Hz, 2 H, Ph), 6.46 (d, J�
11.9 Hz, 1 H, 3-H), 5.88 (d, J� 11.9 Hz, 1H, 8-H), 5.42 (s, 1 H), 4.74 ± 3.97
(m, 7 H), 3.79 (s, 3H, MeO), 3.86 ± 3.40 (m, 2 H), 1.20 ± 0.73 (m, 15 H, Me,
Me, TBS), 0.06 (s, 6H, TBS); conformer B d� 7.30 ± 7.24 (m, 10 H, Ph), 7.16
(d, J� 8.3 Hz, 2 H, Ph), 6.83 (d, J� 8.9 Hz, 2 H, Ph), 6.25 (d, J� 13.9 Hz,
1H, 3-H), 6.01 (d, J� 13.9 Hz, 1 H, 8-H), 5.06 (d, J� 11.2 Hz, 1H), 4.74 ±
3.97 (m, 7H), 3.79 (s, 3H, MeO), 3.86 ± 3.40 (m, 2H), 1.20 ± 0.73 (m, 15H,
Me, Me, TBS), 0.06 (s, 6H, TBS); 13C NMR (CDCl3): very broadened
spectra; HR MS: calcd for C38H50O6SiNa [M�Na]� 653.3274, found
653.3284.


(1R,3R,4S,5R,7R,8R)-4,8-Dibenzyloxy-7-(tert-butyldimethylsiloxy)-6,6-
dimethyl-9-oxabicyclo[3.3.1]nonane-1,3-diol (30a): To a solution of aldol
29a (24.3 mg, 37.5 mmol) in dichloromethane (5 mL) at 0 8C were added
water (1 mL) and DDQ (12.6 mg, 55.5 mmol). The reaction mixture was
stirred for 1 h at room temperature and then water was added. The mixture
was extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford hemiacetal 30 a (14.3 mg, 72 %) as a
colorless oil: [a]25


D ��5.6 (c 1.35, benzene); IR (neat): nÄ � 3450 cmÿ1;
1H NMR (CDCl3): d� 7.45 ± 7.36 (m, 10H, Ph), 4.97 (d, J� 11.2 Hz, 1H,
Bn), 4.74 (d, J� 11.2 Hz, 1H, Bn), 4.71 (d, J� 11.5 Hz, 1 H, Bn), 4.60 (ddd,
J� 5.0, 4.6, 4.3 Hz, 1 H, 3-H), 4.58 (d, 1 H, J� 11.5 Hz, Bn), 4.12 (dd, J� 4.3,
2.6 Hz, 1H, 2-H), 3.76 (dd, J� 4.3, 1.0 Hz, 1H, 11-H), 3.70 (dd, J� 2.6,
1.0 Hz, 1H, 1-H), 3.57 (d, J� 4.3 Hz, 1H, 10-H), 2.81 (dd, J� 14.9, 4.6 Hz,
1H, 8-H), 1.87 (dd, J� 14.9, 5.0 Hz, 1H, 8-H), 1.21 (s, 3H, 17-Me), 1.02 (s,
3H, 16-Me), 0.86 (s, 9H, TBS), 0.02 (s, 3H, TBS), 0.00 (s, 3 H, TBS);
13C NMR (CDCl3): d� 138.2 (Ph), 137.9 (Ph), 128.7 (Ph), 128.4 (Ph), 128.1
(Ph), 128.0 (Ph), 127.9 (Ph), 127.6 (Ph), 97.2 (9), 82.4 (1), 77.6 (10), 77.5 (11),
74.2 (2), 74.1 (Bn), 71.0 (Bn), 64.6 (3), 38.8 (15), 37.2 (8), 27.5 (17), 26.2
(TBS), 22.6 (16), 18.6 (TBS), ÿ4.1 (TBS), ÿ4.8 (TBS); HR MS: calcd for
C30H44O6Si2Na [M�Na]� 551.2805, found 551.2829.


(1R,3S,4S,5R,7R,8R)-4,8-Dibenzyloxy-7-(tert-butyldimethylsiloxy)-6,6-di-
methyl-9-oxabicyclo[3.3.1]nonane-1,3-diol (30 b): To a solution of aldol
29b (8.9 mg, 13.7 mmol) in dichloromethane (1 mL) at 0 8C were added
water (0.4 mL) and DDQ (4.6 mg, 20.3 mmol). The reaction mixture was
stirred for 1 h at room temperature and then water was added. The mixture
was extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford hemiacetal 30 b (4.0 mg, 55%) as a
colorless oil: [a]27


D �ÿ8.3 (c 0.78, benzene); IR (neat): nÄ � 3430 cmÿ1;
1H NMR (CDCl3): d� 7.37 ± 7.27 (m, 10H, Ph), 4.88 (d, J� 11.2 Hz, 1H,
Bn), 4.71 (d, J� 11.2 Hz, 1H, Bn), 4.71 (d, J� 11.9 Hz, 1 H, Bn), 4.62 (d, J�
11.9 Hz, 1 H, Bn), 4.19 (dd, J� 7.7, 3.2 Hz, 1 H, 2-H), 4.15 (ddd, J� 11.6, 7.7,
6.9 Hz, 1H, 3-H), 3.73 (dd, J� 4.0, 1.1 Hz, 1H, 11-H), 3.62 (dd, J� 3.2,
1.1 Hz, 1 H, 1-H), 3.43 (d, J� 4.0 Hz, 1H, 10-H), 2.74 (dd, J� 14.2, 11.6 Hz,
1H, 8-H), 1.99 (dd, J� 14.2, 6.9 Hz, 1H, 8-H), 1.15 (s, 3H, 17-Me), 1.10 (s,
3H, 16-Me), 0.89 (s, 9H, TBS), 0.02 (s, 3H, TBS), 0.00 (s, 3 H, TBS);
13C NMR (CDCl3): d� 138.7 (Ph), 138.1 (Ph), 128.6 (Ph), 128.5 (Ph), 128.2
(Ph), 127.7 (Ph), 127.6 (Ph), 127.5 (Ph), 98.0 (9), 84.4 (1), 80.2 (2), 78.2 (11),
78.0 (10), 73.8 (Bn), 72.1 (Bn), 70.2 (3), 39.1 (15), 36.7 (8), 26.9 (17), 26.3
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(TBS), 23.3 (16), 18.7 (TBS), ÿ3.8 (TBS), ÿ4.8 (TBS); HR MS: calcd for
C30H44O6Si2Na [M�Na]� 551.2805, found 551.2798.


(1R,4S,5R,7R,8R)-4,8-Dibenzyloxy-7-(tert-butyldimethylsiloxy)-6,6-di-
methyl-9-oxabicyclo[3.3.1]non-2-enol (31): To a solution of enone 1
(24.1 mg, 38.3 mmol) in dichloromethane (1 mL) at 0 8C were added water
(0.1 mL) and DDQ (12.3 mg, 54.2 mmol). The reaction mixture was stirred
for 1 h at room temperature and then water was added. The mixture was
extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford hemiacetal 31 (17.6 mg, 90 %) as a
colorless oil: [a]29


D ��146.7 (c 0.61, benzene); IR (neat): nÄ � 3380 cmÿ1;
1H NMR (C6D6): d� 7.32 ± 7.14 (m, 10H, Ph), 6.17 (dd, J� 10.2, 1.6 Hz, 1H,
8-H), 5.94 (dd, J� 10.2, 3.3 Hz, 1H, 3-H), 4.99 (d, J� 10.9 Hz, 1H, Bn), 4.61
(d, J� 10.9 Hz, 1 H, Bn), 4.61 (d, J� 12.2 Hz, 1H, Bn), 4.51 (d, J� 12.2 Hz,
1H, Bn), 4.10 (br dd, J� 3.3, 1.6 Hz, 1H, 2-H), 3.96 (br d, J� 1.0 Hz, 1H,
1-H), 3.69 (d, J� 4.0 Hz, 1 H, 10-H), 3.62 (dd, J� 4.0, 1.0 Hz, 1H, 11-H),
2.78 (br s, 1H, OH), 1.14 (s, 3H, 17-Me), 0.91 (s, 3H, 16-Me), 0.89 (s, 9H,
TBS), 0.05 (s, 3H, TBS), 0.00 (s, 3H, TBS); 13C NMR (CDCl3): d� 138.3
(Ph), 138.2 (Ph), 134.1 (2), 128.7 (Ph), 128.4 (Ph), 128.1 (Ph), 127.9 (Ph),
127.7 (Ph), 127.6 (Ph), 127.6 (3), 94.2 (1), 83.1 (5), 78.3 (7), 77.3 (8), 74.0
(Bn), 70.1 (Bn), 67.9 (4), 39.8 (6), 26.9 (17), 26.0 (TBS), 22.9 (16), 18.6
(TBS), ÿ3.8 (TBS), ÿ5.2 (TBS); EI MS: calcd for C26H33O5Si [M�ÿ tBu]
453, found 453; HR MS: calcd for C30H42O5SiNa [M�Na]� 533.2699, found
533.2678.


(2R,4R,5R,7R,8S)-4,8-Dibenzyloxy-2-bromo-5,9-bis(tert-butyldimethylsi-
loxy)-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nonanone and (2S,4R,5R,
7R,8S)-4,8-dibenzyloxy-2-bromo-5,9-bis(tert-butyldimethylsiloxy)-7-(p-
methoxybenzyloxy)-6,6-dimethyl-3-nonanone : To a solution of hexame-
thyldisilazane (1.45 mL, 6.93 mmol) in THF (44 mL) at ÿ78 8C was added
n-butyllithium in hexane (1.6m, 4.0 mL, 6.62 mmol). The reaction mixture
was stirred for 40 min at 0 8C and then a solution of ketone 27 (5.28 g,
6.30 mmol) in THF (45 mL) was added at ÿ78 8C. After the reaction
mixture had been stirred for 1 h at ÿ78 8C, iodomethane (11.7 mL,
189 mmol) and HMPA (10.9 mL, 62.7 mmol) were added. The reaction
mixture was stirred for 1.5 h at ÿ78 8C, and then saturated aqueous
ammonium chloride was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by column chromatography to
afford a mixture of (2R,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5,9-bis-
(tert-butyldimethylsiloxy)-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nona-
none and (2S,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5,9-bis(tert-butyldi-
methylsiloxy)-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nonanone (diaster-
eomeric ratio 80/20, 5.35 g, 100 %) as a colorless solid: IR (KBr):
1710 cmÿ1; HR MS: calcd for C45H69BrO7Si2Na [M�Na]� 879.3663/
881.3654, found 879.3665/881.3622. (2R*,4R,5R,7R,8S)-4,8-Dibenzyloxy-
2-bromo-5,9-bis(tert-butyldimethylsiloxy)-7-(p-methoxybenzyloxy)-6,6-di-
methyl-3-nonanone : 1H NMR (CDCl3): d� 7.27 ± 7.11 (m, 12 H, Ph), 6.81
(d, J� 8.9 Hz, 2 H, Ph), 4.71 (q, J� 6.6 Hz, 1H, 2-H), 4.63 (d, J� 11.2 Hz,
1H, Bn), 4.62 (d, J� 11.2 Hz, 1 H, Bn), 4.60 (d, J� 2.3 Hz, 1 H, 4-H), 4.48
(d, J� 11.2 Hz, 1H, Bn), 4.41 (d, J� 11.2 Hz, 1 H, Bn), 4.33 (d, J� 11.2 Hz,
Bn), 4.28 (d, J� 2.3 Hz, 1 H, 5-H), 4.15 (d, J� 11.2 Hz, 1H, Bn), 3.96 (dd,
J� 11.2, 2.0 Hz, 1 H, 9-H), 3.81 (d, J� 5.0 Hz, 1 H, 7-H), 3.76 (dd, J� 11.2,
4.9 Hz, 1H, 9-H), 3.57 (ddd, J� 5.0, 4.9, 2.0 Hz, 1H, 8-H), 1.57 (d, J�
6.6 Hz, 3H, 1-Me), 0.99 (s, 3H, Me), 0.92 (s, 3 H, Me), 0.86 (s, 9 H, TBS),
0.84 (s, 9H, TBS), 0.01 (s, 6H, TBS), 0.00 (s, 6 H, TBS); 13C NMR (CDCl3):
d� 204.3 (3), 159.0 (PMP), 138.5 (Ph), 137.7 (Ph), 131.0 (Ph), 129.1 (Ph),
128.4 (Ph), 128.3 (Ph), 128.1 (Ph), 128.1 (Ph), 127.8 (Ph), 127.5 (Ph), 113.7
(PMP), 85.8 (4), 82.4 (8), 81.9 (7), 77.5 (5), 73.9 (PMB), 72.8 (Bn), 72.3 (Bn),
63.5 (9), 55.3 (MeO), 46.1 (2), 44.5 (6), 26.3 (TBS), 25.9 (TBS), 21.6 (Me),
20.8 (1), 19.1 (Me), 18.6 (TBS), 18.2 (TBS), ÿ3.1 (TBS), ÿ4.7 (TBS), ÿ5.2
(TBS), ÿ5.2 (TBS).


(2R,4R,5R,7R,8S)-4,8-Dibenzyloxy-2-bromo-5-(tert-butyldimethylsiloxy)-
9-hydroxy-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nonanone and (2S,4R,
5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5-(tert-butyldimethylsiloxy)-9-hy-
droxy-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nonanone : To a solution of
a mixture of (2R,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5,9-bis(tert-butyl-
dimethylsiloxy)-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nonanone and
(2S,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5,9-bis(tert-butyldimethylsil-
oxy)-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nonanone (diastereomeric


ratio 80/20, 4.33 g, 5.01 mmol) in THF (438 mL) at 0 8C was added
hydrochloric acid (1m, 303 mL, 303 mmol). The reaction mixture was
stirred for 1 h at 0 8C and then it was allowed to warm to room temperature.
After the reaction mixture had been stirred for 13 h, it was diluted with
hexane at room temperature and neutralized with aqueous sodium
hydrogencarbonate (1m, 303 mL, 303 mmol) at 0 8C. The mixture was
extracted with diethyl ether, and the organic layer was washed with
saturated aqueous sodium hydrogencarbonate and brine, and dried over
sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by column chromatography to
afford a mixture of (2R,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5-(tert-
butyldimethylsiloxy)-9-hydroxy-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-
nonanone and (2S,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5-(tert-butyldi-
methylsiloxy)-9-hydroxy-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nona-
none (diastereomeric ratio 80/20, 3.19 g, 83 %) as a colorless oil: IR (neat):
nÄ � 3430, 1720 cmÿ1; HR MS: calcd for C39H55BrO7SiNa [M�Na]�


765.2798/767.2787, found 765.2817/767.2769. (2R*,4R,5R,7R,8S)-4,8-Di-
benzyloxy-2-bromo-5-(tert-butyldimethylsiloxy)-9-hydroxy-7-(p-methoxy-
benzyloxy)-6,6-dimethyl-3-nonanone : 1H NMR (CDCl3): d� 7.37 ± 7.24 (m,
12H, Ph), 6.87 (d, J� 8.6 Hz, 2H, Ph), 4.82 (d, J� 2.7 Hz, 1 H, 4-H), 4.77 (d,
J� 11.2 Hz, 1H, Bn), 4.65 (q, J� 6.6 Hz, 1H, 2-H), 4.55 (d, J� 10.3 Hz, 1H,
Bn), 4.53 (d, J� 10.3 Hz, 1H, Bn), 4.50 (s, 2H, Bn), 4.38 (d, J� 2.7 Hz, 1H,
5-H), 4.32 (d, J� 11.2 Hz, 1H, Bn), 3.90 ± 3.72 (m, 6H, 7-H, 9-H, 9-H,
MeO), 3.64 ± 3.60 (m, 1H, 8-H), 1.62 (d, J� 6.6 Hz, 3 H, 1-Me), 1.11 ± 0.82
(m, 15H, Me, Me, TBS), 0.04 (s, 6 H, TBS); 13C NMR (CDCl3): d� 202.5
(3), 159.2 (PMP), 137.8 (Ph), 137.7 (Ph), 129.3 (Ph), 129.1 (Ph), 128.4 (Ph),
128.2 (Ph), 127.7 (Ph), 127.7 (Ph), 127.6 (Ph), 127.5 (Ph), 113.8 (PMP), 85.0
(4), 81.8 (7), 80.9 (8), 77.5 (5), 74.5 (PMB), 72.4 (Bn), 71.3 (Bn), 61.3 (9),
55.1 (MeO), 45.4 (2), 44.8 (6), 26.2 (TBS), 20.9 (Me), 19.7 (1), 19.2 (Me),
18.4 (TBS), ÿ3.3 (TBS), ÿ4.5 (TBS).


(2R,3R,5R,6R,8R)-2,6-Dibenzyloxy-8-bromo-5-(tert-butyldimethyl-
siloxy)-3-(p-methoxybenzyloxy)-4,4-dimethyl-7-oxononanal (32a) and
(2R,3R,5R,6R,8S)-2,6-dibenzyloxy-8-bromo-5-(tert-butyldimethylsiloxy)-
3-(p-methoxybenzyloxy)-4,4-dimethyl-7-oxononanal (32 b): To a solution
of oxalyl chloride (0.85 mL, 9.74 mmol) in dichloromethane (40 mL) at
ÿ78 8C was added a solution of DMSO (1.74 mL, 24.5 mmol) in dichloro-
methane (20 mL). The reaction mixture was stirred for 15 min at ÿ78 8C
and then a solution of (2R,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5-(tert-
butyldimethylsiloxy)-9-hydroxy-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-
nonanone and (2S,4R,5R,7R,8S)-4,8-dibenzyloxy-2-bromo-5-(tert-butyldi-
methylsiloxy)-9-hydroxy-7-(p-methoxybenzyloxy)-6,6-dimethyl-3-nona-
none (diastereomeric ratio 80/20, 3.60 g, 4.85 mmol) in dichloromethane
(40 mL) was added. After the reaction mixture had been stirred for 1 h,
triethylamine (5.5 mL, 39.5 mmol) was added. The reaction mixture was
allowed to warm to room temperature and saturated aqueous ammonium
chloride was added. The mixture was extracted with dichloromethane, and
the organic layer was washed with water and brine, and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by column chromatography to afford a mixture
of ketoaldehydes 32 (diastereomeric ratio 80/20, 3.43 g, 95 %) as a colorless
oil: IR (neat): nÄ � 1730 cmÿ1; HR MS: calcd for C39H53BrO7SiNa [M�Na]�


763.2642/765.2630, found 763.2668/765.2645. (2R,3R,5R,6R,8R*)-2,6-Di-
benzyloxy-8-bromo-5-(tert-butyldimethylsiloxy)-3-(p-methoxybenzyloxy)-
4,4-dimethyl-7-oxononanal : 1H NMR (CDCl3): d� 9.65 (d, J� 2.3 Hz, 1H,
1-CHO), 7.33 ± 7.11 (m, 12H, Ph), 6.84 (d, J� 8.6 Hz, 2 H, Ph), 4.74 (d, J�
2.7 Hz, 1H, 6-H), 4.67 (d, J� 10.9 Hz, 1 H, Bn), 4.58 (q, J� 6.6 Hz, 1H,
8-H), 4.53 (d, J� 11.9 Hz, 1H, Bn), 4.53 (d, J� 11.2 Hz, 1H, Bn), 4.42 (d,
J� 10.9 Hz, 1 H, Bn), 4.31 (d, J� 11.9 Hz, 1H, Bn), 4.30 (d, J� 11.2 Hz, 1H,
Bn), 4.20 (d, J� 2.7 Hz, 1 H, 5-H), 4.02 (dd, J� 2.6, 2.3 Hz, 1 H, 2-H), 3.77
(s, 3H, MeO), 3.72 (d, J� 2.6 Hz, 1 H, 3-H), 1.60 (d, J� 6.6 Hz, 2H, 9-Me),
0.99 ± 0.84 (m, 15 H, Me, Me, TBS), 0.04 (s, 6 H, TBS); 13C NMR (CDCl3):
d� 202.1 (7), 201.4 (1), 159.3 (PMP), 137.7 (Ph), 137.2 (Ph), 129.5 (Ph),
129.3 (Ph), 128.4 (Ph), 128.2 (Ph), 128.1 (Ph), 127.8 (Ph), 127.8 (Ph), 127.7
(Ph), 113.8 (PMP), 84.7 (3), 84.5 (6), 84.1 (2), 77.0 (5), 74.0 (PMB), 73.5
(Bn), 72.6 (Bn), 55.2 (MeO), 45.3 (8), 44.8 (4), 26.2 (TBS), 21.0 (Me), 19.5
(9), 19.2 (Me), 18.4 (TBS), ÿ3.1 (TBS), ÿ4.4 (TBS).


(2R,3R,5R,6S,7R,8R)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-hy-
droxy-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooctanone and (2R,3R,
5R,6S,7S,8R)-2,6-dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-hydroxy-5-
(p-methoxybenzyloxy)-4,4,8-trimethylcyclooctanone : To a solution of
ketoaldehydes 32 (diastereomeric ratio 80/20, 1.40 g, 1.89 mmol) in THF
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(25 mL) at ÿ78 8C was added samarium(ii) iodide in THF (0.1m, 53.0 mL,
5.30 mmol). The reaction mixture was stirred for 20 min atÿ78 8C and then
saturated aqueous ammonium chloride was added. The mixture was
filtered through a short pad of silica gel and then the filtrate was extracted
with diethyl ether. The organic layer was washed with water and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by column chromatography
to afford a mixture of (2R,3S,4S,5R,7S)-4-benzyloxy-7-(tert-butyldimethyl-
siloxy)-3-hydroxy-5-(p-methoxybenzyloxy)-2,6,6-trimethylcyclooctanone
and (2R,3R,4S,5R,7S)-4-benzyloxy-7-(tert-butyldimethylsiloxy)-3-hydroxy-
5-(p-methoxybenzyloxy)-2,6,6-trimethylcyclooctanone (77 mg, 7 %) as a
colorless oil and a mixture of (2R,3R,5R,6S,7S,8R)-2,6-dibenzyloxy-3-(tert-
butyldimethylsiloxy)-7-hydroxy-5-(p-methoxybenzyloxy)-4,4,8-trimethyl-
cyclooctanone and (2R,3R,5R,6S,7R,8R)-2,6-dibenzyloxy-3-(tert-butyldi-
methylsiloxy)-7-hydroxy-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooc-
tanone (875 mg, 70%) as a colorless oil: IR (neat): nÄ � 3530, 1700 cmÿ1.
(2R,3R,5R,6S,7S,8R)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-hy-
droxy-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooctanone : 1H NMR
(CDCl3): d� 7.38 ± 7.28 (m, 10H, Ph), 7.22 (d, J� 8.6 Hz, 2H, Ph),
6.90 (d, J� 8.6 Hz, 2H, Ph), 4.97 ± 3.60 (m, 15 H), 1.30 ± 0.74 (m, 18H),
0.09 ± 0.00 (m, 6 H); 13C NMR (CDCl3): very broadened spectra.


(2R,3R,5R,6R,7S,8R)-7-Acetoxy-2,6-dibenzyloxy-3-(tert-butyldimethylsi-
loxy)-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooctanone (33a) and
(2R,3R,5R,6R,7R,8R)-7-acetoxy-2,6-dibenzyloxy-3-(tert-butyldimethylsi-
loxy)-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooctanone (33b): To a
solution of a mixture of (2R,3R,5R,6S,7S,8R)-2,6-dibenzyloxy-3-(tert-bu-
tyldimethylsiloxy)-7-hydroxy-5-(p-methoxybenzyloxy)-4,4,8-trimethylcy-
clooctanone and (2R,3R,5R,6S,7R,8R)-2,6-dibenzyloxy-3-(tert-butyldime-
thylsiloxy)-7-hydroxy-5-(p-methoxybenzyloxy)-4,4,8-trimethylcycloocta-
none (1.36 g, 2.05 mmol) in pyridine (29 mL) at 0 8C were added acetic
anhydride (5.80 mL, 61.5 mmol) and DMAP (27.1 mg, 0.222 mmol). After
the reaction mixture had been stirred for 1.5 h at room temperature,
phosphate buffer (pH� 7) was added at 0 8C. The mixture was extracted
with ethyl acetate, and the organic layer was washed with saturated
aqueous copper(ii) sulfate, saturated aqueous sodium hydrogencarbonate,
water, and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
column chromatography to afford a mixture of ketones 33 (a/b� 83/17,
1.26 g, 87%) as a colorless oil. Ketone 33a : IR (neat): nÄ � 1740, 1710 cmÿ1;
1H NMR (CDCl3): d� 7.34 ± 7.26 (m, 10 H, Ph), 7.19 (d, J� 8.6 Hz, 2 H, Ph),
6.87 (d, J� 8.6 Hz, 2H, Ph), 5.68 (dd, J� 2.8, 0.9 Hz, 1H, 3-H), 4.83 (d, J�
11.6 Hz, 1 H, Bn), 4.66 (d, J� 10.9 Hz, 1H, Bn), 4.63 (d, J� 3.3 Hz, 1H, 10-
H), 4.61 (d, J� 10.9 Hz, 1 H, Bn), 4.45 (d, J� 10.9 Hz, 1H, Bn) 4.41 (d, J�
10.9 Hz, 1 H, Bn), 4.39 (d, J� 3.3 Hz, 1H, 11-H), 4.18 (d, J� 11.6 Hz, 1H,
Bn), 4.08 (dq, J� 6.6, 2.8 Hz, 1H, 8-H), 3.81 (s, 3 H, MeO), 3.76 (dd, J� 1.2,
0.9 Hz, 1H, 2-H), 3.53 (d, J� 1.2 Hz, 1H, 1-H), 2.05 (s, 3H, Ac), 1.14 (d, J�
6.6 Hz, 3H, Me), 0.98 ± 0.64 (br m, 15 H, Me, Me, TBS),ÿ0.04 (s, 3H, TBS),
ÿ0.06 (s, 3 H, TBS); 13C NMR (CDCl3): very broadened spectra; HR MS:
calcd for C41H56O8SiNa [M�Na]� 727.3642, found 727.3611. Ketone 33b : IR
(neat): nÄ � 1740, 1720 cmÿ1; 1H NMR (CDCl3): d� 7.42 ± 7.08 (br m, 12H,
Ph), 6.86 (d, J� 8.6 Hz, 2 H, Ph), 4.84 ± 4.09 (br m, 10H), 3.83 (s, 3H, MeO),
3.76 ± 3.56 (br m, 2 H), 2.04 (s, 3 H, Ac), 1.15 (d, J� 6.6 Hz, 3H, Me), 1.05 ±
0.77 (br m, 15 H, Me, Me, TBS), 0.06 (s, 6 H, TBS); 13C NMR (CDCl3): very
broadened spectra; HR MS: calcd for C41H56O8SiNa [M�Na]� 727.3642,
found 727.3715.


(4S,5R,7R,8R)-4,8-Dibenzyloxy-7-(tert-butyldimethylsiloxy)-5-(p-meth-
oxybenzyloxy)-2,6,6-trimethyl-2-cycloocten-1-one (2): To a solution of
mixture of ketones 33 (a/b� 83/17, 1.29 g, 1.83 mmol) in benzene (18 mL)
at room temperature was added a solution of DBU (8.2 mL, 54.9 mmol) in
benzene (8 mL). The reaction mixture was stirred for 1.5 h at 60 8C and then
phosphate buffer (pH� 7) was added at room temperature. The mixture
was extracted with ethyl acetate, and the organic layer was washed with
brine and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by column
chromatography to afford enone 2 (1.07 g, 91%) as a colorless oil: [a]29


D �
�34.0 (c 1.61, benzene); IR (neat): nÄ � 1670 cmÿ1; 1H NMR (CDCl3): d�
7.39 ± 7.16 (m, 12H, Ph), 6.85 (d, J� 8.7 Hz, 2 H, Ph), 6.26 (br s, 1H, 3-H),
5.40 (br s, 1H, 10-H), 4.67 ± 4.29 (m, 3 H), 4.57 (d, J� 11.9 Hz, 1 H, Bn), 4.43
(d, J� 11.9 Hz, 1 H, Bn), 4.10 (br s, 1 H), 4.02 (br d, J� 11.4 Hz, 1H), 3.90
(br s, 1 H), 3.82 (s, 3 H, MeO), 3.40 (br s, 1H), 1.91 (s, 3H, Me), 1.07 (s, 3H,
Me), 1.02 (s, 3 H, Me), 0.92 (s, 9 H, TBS), 0.10 (s, 6H, TBS); 13C NMR


(CDCl3): very broadened spectra; HR MS: calcd for C39H52O6Si [M�]
644.3533, found 644.3535.


(1R,2R,3R,5R,6R,7S,8R)-7-Acetoxy-2,6-dibenzyloxy-3-(tert-butyldime-
thylsiloxy)-4,4,8-trimethyl-9-oxabicyclo[3.3.1]nonanol (34 a): To a solution
of ketone 33a (38.4 mg, 54.5 mmol) in dichloromethane (8 mL) at 0 8C were
added water (1.6 mL) and DDQ (16.0 mg, 70.5 mmol). The reaction mixture
was stirred for 1 h at room temperature and then water was added. The
mixture was extracted with dichloromethane, and the organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford hemiacetal 34a (20.5 mg,
62%) as a colorless oil: [a]26


D ��28.2 (c 1.72, benzene); IR (neat): nÄ � 3450,
1730 cmÿ1; 1H NMR (CDCl3): d� 7.35 ± 7.26 (m, 10H, Ph), 5.67 (dd, J� 3.6,
3.2 Hz, 1H, 3-H), 4.99 (d, J� 11.2 Hz, 1H, Bn), 4.77 (d, J� 11.2 Hz, 1H,
Bn), 4.75 (d, J� 11.2 Hz, 1H, Bn), 4.45 (dd, J� 3.6, 3.3 Hz, 1H, 2-H), 4.39
(d, J� 11.2 Hz, 1H, Bn), 3.81 (dd, J� 4.3, 1.3 Hz, 1H, 11-H), 3.61 (dd, J�
3.3, 1.3 Hz, 1H, 1-H), 3.57 (d, J� 4.3 Hz, 1H, 10-H), 3.15 (dq, J� 7.3,
3.2 Hz, 1 H, 8-H), 2.23 (s, 3H, Ac), 1.22 (s, 3H, 17-Me), 1.20 (d, J� 7.3 Hz,
3H, 19-Me), 1.04 (s, 3H, 16-Me), 0.89 (s, 9H, TBS), 0.04 (s, 3H, TBS), 0.00
(s, 3 H, TBS); 13C NMR (CDCl3): d� 171.8 (Ac), 138.0 (Ph), 138.0 (Ph),
128.8 (Ph), 128.3 (Ph), 128.2 (Ph), 128.1 (Ph), 127.7 (Ph), 127.7 (Ph), 97.6 (9),
82.4 (1), 78.8 (10), 78.3 (11), 74.8 (2), 74.3 (Bn), 71.0 (Bn), 70.7 (3), 38.8 (15),
34.4 (8), 26.8 (17), 26.1 (TBS), 22.4 (16), 21.2 (Ac), 18.5 (TBS), 12.6 (19),
ÿ4.3 (TBS), ÿ4.6 (TBS); HR MS: calcd for C33H48O7SiNa [M�Na]�


607.3067, found 607.3090.


(1R,2R,3R,5R,6R,7R,8R)-7-Acetoxy-2,6-dibenzyloxy-3-(tert-butyldime-
thylsiloxy)-4,4,8-trimethyl-9-oxabicyclo[3.3.1]nonanol (34 b): To a solution
of ketone 33 b (12.0 mg, 17.0 mmol) in dichloromethane (2.5 mL) at 0 8C
were added water (0.5 mL) and DDQ (5.0 mg, 22.1 mmol). The reaction
mixture was stirred for 1 h at room temperature, and then water was added.
The mixture was extracted with dichloromethane, and the organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford hemiacetal 34b (5.3 mg,
51%) as a colorless oil: [a]26


D �ÿ27.2 (c 0.74, benzene); IR (neat): nÄ � 3430,
1740 cmÿ1; 1H NMR (CDCl3): d� 7.39 ± 7.27 (m, 10H, Ph), 5.27 (dd, J� 9.2,
8.3 Hz, 1H, 3-H), 4.84 (d, J� 11.2 Hz, 1H, Bn), 4.75 (d, J� 11.6 Hz, 1H,
Bn), 4.73 (dd, J� 9.2, 3.0 Hz, 1 H, 2-H), 4.72 (d, J� 11.2 Hz, 1H, Bn), 4.61
(d, J� 11.6 Hz, 1H, Bn), 3.72 (dd, J� 4.3, 1.3 Hz, 1 H, 11-H), 3.68 (d, J�
4.3 Hz, 1H, 10-H), 3.56 (dd, J� 3.0, 1.3 Hz, 1H, 1-H), 2.83 (dq, J� 8.3,
7.9 Hz, 1H, 8-H), 2.03 (s, 3H, Ac), 1.22 (d, J� 7.9 Hz, 3 H, 19-Me), 1.13 (s,
3H, 17-Me), 1.11 (s, 3H, 16-Me), 0.97 (s, 9H, TBS), 0.08 (s, 3H, TBS), 0.00
(s, 3H, TBS); 13C NMR (CDCl3): d� 170.5 (Ac), 138.9 (Ph), 138.0 (Ph),
128.8 (Ph), 128.3 (Ph), 128.2 (Ph), 127.8 (Ph), 127.5 (Ph), 127.2 (Ph), 100.4
(9), 83.2 (1), 81.2 (10), 77.9 (11), 77.2 (3), 74.4 (2), 74.4 (Bn), 73.2 (Bn), 43.7
(8), 38.5 (15), 27.1 (17), 26.6 (TBS), 22.2 (16), 20.9 (Ac), 18.8 (TBS), 9.4
(19), ÿ2.9 (TBS), ÿ5.0 (TBS); HR MS: calcd for C33H48O7SiNa [M�Na]�


607.3067, found 607.3075.


(1R,4S,5R,7R,8R)-4,8-Dibenzyloxy-7-(tert-butyldimethylsiloxy)-2,6,6-tri-
methyl-9-oxabicyclo[3.3.1]non-2-enol (35): To a solution of enone 2
(28.5 mg, 44.2 mmol) in dichloromethane (6.5 mL) at 0 8C were added
water (1.3 mL) and DDQ (13.0 mg, 57.3 mmol). The reaction mixture was
stirred for 1 h at room temperature and then water was added. The mixture
was extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford hemiacetal 35 (15.8 mg, 65%) as a
colorless oil: [a]26


D ��96.1 (c 1.04, benzene); IR (neat): nÄ � 3350 cmÿ1;
1H NMR (CDCl3): d� 7.57 ± 7.39 (m, 10 H, Ph), 5.74 (d, J� 3.0 Hz, 1H,
3-H), 5.05 (d, J� 11.2 Hz, 1H, Bn), 4.84 (d, J� 11.2 Hz, 1H, Bn), 4.76 (d,
J� 11.9 Hz, 1 H, Bn), 4.66 (d, J� 11.9 Hz, 1H, Bn), 4.11 (dd, J� 3.0, 1.7 Hz,
1H, 2-H), 3.93 (dd, J� 1.7, 0.9 Hz, 1H, 1-H), 4.80 (d, J� 3.6 Hz, 1H, 10-H),
4.78 (dd, J� 3.6, 0.9 Hz, 1 H, 11-H), 2.13 (s, 3H, 19-Me), 1.35 (s, 3 H, 17-
Me), 1.10 (s, 3H, 16-Me), 0.88 (s, 9H, TBS), 0.06 (s, 3 H, TBS, 0.00 (s, 3H,
TBS); 13C NMR (CDCl3): d� 140.9 (8), 138.5 (Ph), 138.1 (Ph), 128.9 (Ph),
128.3 (Ph), 128.2 (Ph), 127.9 (Ph), 127.7 (Ph), 127.6 (Ph), 123.2 (3), 95.9 (9),
83.2 (1), 79.6 (10), 77.4 (11), 74.1 (Bn), 69.9 (Bn), 69.2 (2), 39.7 (15), 39.7
(TBS), 27.1 (17), 26.0 (TBS), 22.9 (16), 19.6 (19), ÿ3.6 (TBS), ÿ5.2 (TBS);
HR MS: calcd for C31H44O5SiNa [M�Na]� 547.2856, found 547.2852.
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Ethyl 4-bromo-4-pentenoate :[29] To a solution of diisopropylamine
(21.0 mL, 150 mmol) in THF (50 mL) at 0 8C was added a solution of n-
butyllithium in n-hexane (1.47m, 102 mL, 150 mmol). The reaction mixture
was stirred for 30 min at 0 8C and then it was added to a suspension of ethyl
acetate (14.7 mL, 150 mmol) and copper(i) iodide (57.2 g, 300 mmol) in
THF (150 mL) atÿ110 8C. After the reaction mixture was allowed to warm
to ÿ30 8C, a solution of 1,2-dibromopropene (7.76 mL, 75.0 mmol) in THF
(35 mL) was added. The reaction mixture was stirred for 1 h at ÿ30 8C and
then saturated aqueous ammonium chloride was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with brine
and dried over sodium sulfate. The mixture was filtered and concentrated
by evaporation of the solvent to afford crude ethyl 4-bromo-4-pentenoate
as a colorless oil: b.p. 110 8C/33 mmHg; IR (neat): nÄ � 1740 cmÿ1; 1H NMR
(CDCl3): d� 5.59 (s, 1H, 5-H), 5.38 (s, 1H, 5-H), 4.09 (q, J� 7.1 Hz, 2H,
OEt), 2.71 (t, J� 7.6 Hz, 2H, 3-H, 3-H), 2.52 (t, J� 7.6 Hz, 2 H, 2-H, 2-H),
1.21 (t, J� 7.1 Hz, 3H, OEt); 13C NMR (CDCl3): d� 171.8 (1), 132.1 (4),
117.5 (5), 60.5 (OEt), 36.5 (3), 32.9 (2), 14.1 (OEt).


4-Bromo-4-pentenol :[29] To a solution of the above crude ethyl 4-bromo-4-
pentenoate in THF (300 mL) at 0 8C was added a solution of lithium
aluminum hydride in THF (1.0m, 100 mmol). The reaction mixture was
stirred for 40 min at 0 8C and then saturated aqueous sodium sulfate was
added. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by column chromatography to afford 4-bromo-
4-pentenol (9.10 g, 74 % from 1,2-dibromopropene) as a colorless oil: IR
(neat): nÄ � 3360 cmÿ1; 1H NMR (CDCl3): d� 5.57 (s, 1H, 5-H), 5.38 (s, 1H,
5-H), 3.61 (t, J� 6.4 Hz, 2H, 1-H, 1-H), 2.66 (s, 1 H, OH), 2.49 (t, J� 7.4 Hz,
2H, 3-H, 3-H), 1.77 (tt, J� 7.4, 6.4 Hz, 2H, 2-H, 2-H); 13C NMR (CDCl3):
d� 133.8 (4), 116.8 (5), 61.0 (1), 37.6 (3), 30.7 (2).


2-Bromo-5-(triethylsiloxy)pentene : To a solution of 4-bromo-4-pentenol
(9.10 g, 55.1 mmol) and imidazole (4.50 g, 66.1 mmol) in DMF (180 mL) at
0 8C was added chlorotriethylsilane (9.3 mL, 55.1 mmol). The reaction
mixture was stirred for 1.5 h at 0 8C and then saturated aqueous sodium
hydrogencarbonate was added. The mixture was extracted with ethyl
acetate, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by column chromatography to
afford methyl 2-bromo-5-(triethylsiloxy)pentene (14.4 g, 94%) as a color-
less oil: IR (neat): nÄ � 1630, 750 cmÿ1; 1H NMR (CDCl3): d� 5.58 (s, 1H,
1-H), 5.40 (s, 1 H, 1-H), 3.63 (t, J� 6.1 Hz, 2 H, 5-H, 5-H), 2.51 (t, J� 6.9 Hz,
2H, 3-H, 3-H), 1.88 (tt, J� 6.9, 6.1 Hz, 2 H, 4-H, 4-H), 0.96 (t, J� 7.9 Hz,
9H, TES), 0.59 (q, J� 7.9 Hz, 6 H, TES); 13C NMR (CDCl3): d� 134.3 (2),
116.6 (1), 61.2 (5), 37.9 (3), 31.0 (4), 6.8 (TES), 4.4 (TES); HR MS: calcd for
C11H23OBrSi [M�] 278.0701/280.0681, found 278.0660/280.0742.


(2R,3R,5R,6S,7R,8R)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-5-(p-
methoxybenzyloxy)-4,4,8-trimethyl-7-{1-[3-(triethylsiloxy)propyl]vinyl}cy-
clooctanone (36a): To a solution of 2-bromo-5-(triethylsiloxy)pentene
(112 mg, 0.400 mmol) in diethyl ether (3.5 mL) at ÿ78 8C was added tert-
butyllithium in pentane (1.64m, 0.5 mL, 0.820 mmol). The reaction mixture
was stirred for 15 min at ÿ78 8C and then it was added to copper(i) cyanide
(17.9 mg, 0.200 mmol) with diethyl ether (2 mL) at ÿ78 8C. After the
reaction mixture had been stirred for 15 min at 0 8C, a solution of enone 1
(63.1 mg, 0.100 mmol) in diethyl ether (2 mL) was added at ÿ78 8C. The
reaction mixture was stirred for 2 h at ÿ23 8C and then methyl iodide
(2 mL, 32.1 mmol) and HMPA (1 mL, 5.75 mmol) were added at ÿ23 8C.
After the reaction mixture had been stirred for 2 h at ÿ23 8C and it was
allowed to warm to room temperature, saturated aqueous ammonium
chloride was added. The mixture was extracted with diethyl ether, and
organic layer was washed with brine and dried over sodium sulfate. After
filtration of the mixture through a short pad of silica gel and evaporation of
the solvent, the crude product was purified by thin-layer chromatography
to afford ketone 36 a (65.7 mg, 77%) and (2R,3R,5R,6S,7S,8S)-2,6-diben-
zyloxy-3-(tert-butyldimethylsiloxy)-5-(p-methoxybenzyloxy)-4,4,8-trimeth-
yl-7-{1-[3-(triethylsiloxy)propyl]vinyl}cyclooctanone (6.5 mg, 8%) as col-
orless oils. [a]24


D �ÿ1.1 (c 1.43, benzene); IR (neat): nÄ � 1710 cmÿ1;
1H NMR (CDCl3): d� 7.72 ± 7.16 (m, 12H, Ph), 6.90 ± 6.83 (m, 2 H, Ph),
5.01 ± 3.23 (m, 17H), 2.84 ± 0.45 (m, 39 H), 0.12 ± 0.00 (m, 6 H, TBS);
13C NMR (CDCl3): very broadened spectra; HR MS: calcd for C50H76O7-
Si2Na [M�Na]� 867.5027, found 867.5027.


(2R,3R,5R,6S,7R,8R)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-[1-
(3-hydroxypropyl)vinyl]-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooc-


tanone : To a solution of ketone 36a (22.2 mg, 26.3 mmol) in THF (2 mL) at
0 8C was added TBAF (1.0m, 0.035 mL, 35.0 mmol). The reaction mixture
was stirred for 1 h at 0 8C and then phosphate buffer (pH� 7) was added.
The mixture was extracted with diethyl ether, and the organic layer was
washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford (2R,3R,5R,6S,7R,8R)-2,6-dibenzy-
loxy-3-(tert-butyldimethylsiloxy)-7-[1-(3-hydroxypropyl)vinyl]-5-(p-meth-
oxybenzyloxy)-4,4,8-trimethylcyclooctanone (15.5 mg, 81 %) as a colorless
oil: [a]25


D �ÿ3.3 (c 1.39, benzene); IR (neat): nÄ � 3460, 1710 cmÿ1; 1H NMR
(CDCl3): d� 7.24 ± 7.12 (m, 12H, Ph), 6.80 ± 6.76 (m, 2 H, Ph), 4.86 ± 1.53 (m,
23H), 1.18 ± 0.72 (m, 18H), 0.02 ± 0.00 (m, 6H, TBS); 13C NMR (CDCl3):
very broadened spectra; HR MS: calcd for C44H62O7SiNa [M�Na]�


763.4163, found 763.4138.


4-[(1S,2S,3R,5R,6R,8R)-2,6-Dibenzyloxy-5-(tert-butyldimethylsiloxy)-3-
(p-methoxybenzyloxy)-4,4,8-trimethyl-7-oxocyclooctyl]-4-pentenal (37a):
To a suspension of (2R,3R,5R,6S,7R,8R)-2,6-dibenzyloxy-3-(tert-butyldi-
methylsiloxy)-7-[1-(3-hydroxypropyl)vinyl]-5-(p-methoxybenzyloxy)-
4,4,8-trimethylcyclooctanone (10.3 mg, 14.1 mmol) and MS 4 � (20 mg) in
dichloromethane (0.5 mL) at 0 8C were added solutions of NMO (20.5 mg,
0.175 mmol) in dichloromethane (0.25 mL) and of TPAP (6.1 mg,
17.4 mmol) in dichloromethane (2 mL). The reaction mixture was stirred
for 30 min at 0 8C and then diluted with ethyl acetate. After filtration of the
mixture through a short pad of silica gel and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford
ketoaldehyde 37a (5.4 mg, 52%) and recovered (2R,3R,5R,6S,7R,8R)-
2,6-dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-[1-(3-hydroxypropyl)vinyl]-
5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooctanone (2.3 mg, 22 %) as
colorless oils. [a]24


D �ÿ14.2 (c 0.54, benzene); IR (neat): nÄ � 1710 cmÿ1;
1H NMR (CDCl3): d� 9.55 ± 9.39 (m, 1 H, 7-CHO), 7.36 ± 7.30 (m, 12 H, Ph),
7.03 ± 6.89 (m, 2 H, Ph), 5.01 ± 3.29 (m, 15H), 2.47 ± 2.32 (m, 6 H), 1.30 ± 0.90
(m, 18H), 0.21 ± 0.00 (m, 6H, TBS); 13C NMR (CDCl3): very broadened
spectra; HR MS: calcd for C44H60O7SiNa [M�Na]� 751.4006, found
751.3990.


(2R,3R,5R,6S,7R)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-[1-(3-
hydroxypropyl)vinyl]-5-(p-methoxybenzyloxy)-4,4-dimethylcyclooctanone
(39): To a solution of thiophene (1.0 mL, 13.0 mmol) in THF (5 mL) at
ÿ45 8C was added n-butyllithium in hexane (1.65m, 7.5 mL, 12.4 mmol).
The reaction mixture was stirred for 2.5 h at ÿ23 8C and then added to a
suspension of copper(i) cyanide (1.21 g, 13.5 mmol) in THF (20.1 mL) at
ÿ78 8C. After the reaction mixture had been stirred for 60 min (20 min at
ÿ45 8C, 20 min at ÿ20 8C and 20 min at 0 8C), it was diluted with THF
(16 mL) at 0 8C. The solution of lithium 2-thienylcyanocuprate in THF
(0.25m) thus prepared was instantly used in the following reaction.


To a solution of 4-bromo-4-pentenol (490 mg, 2.97 mmol) in diethyl ether
(30 mL) at ÿ78 8C was added tert-butyllithium in pentane (2.0m, 4.5 mL,
9.0 mmol). The reaction mixture was stirred for 30 min at ÿ78 8C and then
the solution of lithium 2-thienylcyanocuprate in THF (0.25m, 13.0 mL,
3.25 mmol) was added. After the reaction mixture had been stirred for
35 min at ÿ78 8C, a solution of enone 1 (617 mg, 0.979 mmol) in diethyl
ether (20 mL) was added. The reaction mixture was stirred for 50 min
(10 min atÿ45 8C, 20 min atÿ23 8C and 20 min at 0 8C) and then a mixture
of saturated aqueous ammonium chloride and 28% aqueous ammonia (9/
1) was added at room temperature. The mixture was extracted with diethyl
ether, and the organic layer was washed with brine and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by column chromatography to afford hydroxy-
ketone 39 (642 mg, 91 %) and recovered enone 1 (5.3 mg, 1 %) as colorless
oils. Hydroxyketone 39 : [a]25


D ��14.2 (c 1.42, benzene); IR (neat): nÄ �
3480, 1700 cmÿ1; 1H NMR (CDCl3): d� 7.33 ± 7.30 (m, 10H, Ph), 7.16 (d, J�
8.6 Hz, 2 H, Ph), 6.83 (d, J� 8.6 Hz, 2H, Ph), 4.94 (br s, 1H, 20-H), 4.86
(br s, 1 H, 20-H), 4.70 (d, J� 11.6 Hz, 1H, Bn), 4.65 (d, J� 10.6 Hz, 1H, 10-
H), 4.49 (d, J� 11.2 Hz, 1H, Bn), 4.49 (d, J� 11.9 Hz, 1H, Bn), 4.36 (d, J�
11.9 Hz, 1 H, Bn), 4.26 (d, J� 11.2 Hz, 1 H, Bn), 4.26 (d, J� 11.6 Hz, 1H,
Bn), 3.81 (s, 3H, MeO), 3.75 (d, J� 10.6 Hz, 1H, 11-H), 3.70 ± 3.50 (m, 4H,
1-H, 2-H, 7-H, 7-H), 3.35 (br s, 1 H, OH), 2.85 ± 2.70 (m, 1H, 3-H), 2.25 ±
2.00 (m, 3H, 5-H, 5-H, 8-H), 1.80 ± 1.60 (m, 2H, 6-H, 6-H), 1.30 ± 1.15 (m,
1H, 8-H), 1.13 (s, 3H, Me), 0.91 (s, 9H, TBS), 0.77 (s, 3 H, Me), 0.06 (s, 3H,
TBS), 0.03 (s, 3H, TBS); 13C NMR (CDCl3): very broadened spectra;
HR MS: calcd for C43H60O7SiNa [M�Na]� 739.4006, found 739.4014.
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4-[(1S,2S,3R,5R,6R)-2,6-Dibenzyloxy-5-(tert-butyldimethylsiloxy)-3-(p-
methoxybenzyloxy)-4,4-dimethyl-7-oxocyclooctyl]-4-pentenal (40): To a
suspension of hydroxyketone 39 (494 mg, 0.689 mmol), NMO (162 mg,
1.38 mmol), and MS 4 � (379 mg) in dichloromethane (58 mL) at 0 8C was
added a solution of TPAP (36.3 mg, 0.103 mmol) in dichloromethane
(8 mL). The reaction mixture was stirred for 30 min at 0 8C and then cold
ethyl acetate (60 mL) was added. After filtration of the mixture through a
short pad of silica gel and evaporation of the solvent, the crude product was
purified by column chromatography to afford ketoaldehyde 40 (437 mg,
89%) as a colorless oil: [a]27


D ��7.7 (c 0.75, benzene); IR (neat): nÄ � 1720,
1700 cmÿ1; 1H NMR (CDCl3): d� 9.61 (br s, 1H, 7-CHO), 7.25 ± 7.19 (m,
10H, Ph), 7.10 (d, J� 8.6 Hz, 2H, Ph), 6.77 (d, J� 8.6 Hz, 2 H, Ph), 4.90 (s,
1H, 20-H), 4.74 (s, 1 H, 20-H), 4.60 ± 4.55 (m, 1H, 10-H), 4.43 (d, J�
11.2 Hz, 1 H, Bn), 4.43 (d, J� 11.2 Hz, 1 H, Bn), 4.31 (d, J� 11.2 Hz, 1H,
Bn), 4.18 (d, J� 10.2 Hz, 1H, Bn), 4.18 (d, J� 10.2 Hz, 1 H, Bn), 4.16 (d,
J� 11.2 Hz, 1H, Bn), 3.84 ± 3.50 (m, 6H, 1-H, 2-H, 11-H, MeO), 2.80 ± 2.60
(m, 1H, 3-H), 2.50 ± 2.30 (m, 3H, 5-H, 5-H, 8-H), 2.10 ± 2.04 (m, 2 H, 6-H,
6-H), 1.85 ± 1.00 (br s, 4H, 8-H, Me), 0.85 (s, 9 H, TBS), 0.71 (s, 3H, Me),
0.13 (s, 3H, TBS), 0.00 (s, 3H, TBS); 13C NMR (CDCl3): very broadened
spectra; HR MS: calcd for C43H58O7SiNa [M�Na]� 737.3850, found
737.3861.


(3R,4R,6R,7S,8R,12S)-3,7-Dibenzyloxy-4-(tert-butyldimethylsiloxy)-12-
hydroxy-6-(p-methoxybenzyloxy)-5,5-dimethyl-9-methylenebicyclo[6.4.0]-
dodecan-2-one (41b) and (3R,4R,6R,7S,8R,12R)-3,7-dibenzyloxy-4-(tert-
butyldimethylsiloxy)-12-hydroxy-6-(p-methoxybenzyloxy)-5,5-dimethyl-9-
methylenebicyclo[6.4.0]dodecan-2-one (41 a):


1) To a solution of ketoaldehyde 40 (561 mg, 0.785 mmol) in methanol
(68 mL) at room temperature was added sodium methoxide in methanol
(25 %, d 0.97, 5.2 mL, 23.4 mmol). The reaction mixture was stirred for 6 h
at room temperature and then saturated aqueous ammonium chloride was
added. The mixture was extracted with ethyl acetate, and the organic layer
was washed with water and brine, and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by thin-layer chromatography to afford aldol 41b (462 mg,
82%) and aldol 41 a (102 mg, 18%) as colorless oils.


2) To a suspension of sodium hydride (7.4 mg, 0.308 mmol) in THF (2 mL)
at ÿ78 8C was added a solution of aldol 41 a (201 mg, 0.281 mmol) in THF
(18 mL). The reaction mixture was stirred for 10 min at ÿ78 8C and then
allowed to warm to 0 8C. After the reaction mixture had been stirred for
1.5 h at 0 8C, saturated aqueous ammonium chloride was added. The
mixture was extracted with ethyl acetate, and the organic layer was washed
with water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford aldol 41 b (302 mg, 48%) and
recovered aldol 41 a (78.5 mg, 39 %) as colorless oils. Aldol 41 b : [a]26


D �
�49.3 (c 0.80, benzene); IR (neat): nÄ � 3480, 1700 cmÿ1; 1H NMR (CDCl3):
d� 7.31 ± 7.24 (m, 10H, Ph), 7.11 (d, J� 8.6 Hz, 2 H, Ph), 6.78 (d, J� 8.6 Hz,
2H, Ph), 4.98 (s, 1 H, 20-H), 4.73 (s, 1 H, 20-H), 4.65 (d, J� 10.9 Hz, 1H,
Bn), 4.62 (d, J� 11.9 Hz, 1H, Bn), 4.61 ± 4.56 (m, 1 H, 7-H), 4.45 (d, J�
10.6 Hz, 1H, Bn), 4.37 (d, J� 10.9 Hz, 1 H, Bn), 4.35 (d, J� 11.9 Hz, 1H,
Bn), 4.29 (d, J� 10.6 Hz, 1 H, Bn), 3.97 ± 3.42 (m, 5H, 1-H, 2-H, 10-H, 11-H,
OH), 3.78 (s, 3H, MeO), 2.59 (t, J� 8.9 Hz, 1 H, 8-H), 2.37 ± 2.31 (m, 1H,
3-H), 2.31 ± 2.08 (m, 4H, 5-H, 5-H, 6-H, 6-H), 0.96 (s, 3 H, Me), 0.86 (s, 9H,
TBS), 0.79 (s, 3 H, Me), 0.15 (s, 3 H, TBS), 0.00 (s, 3H, TBS); 13C NMR
(CDCl3): very broadened spectra; HR MS: calcd for C43H58O7SiNa
[M�Na]� 737.3850, found 737.3878. Aldol 41 a : [a]24


D ��27.3 (c 0.82,
benzene); IR (neat): nÄ � 3490, 1670 cmÿ1; 1H NMR (CDCl3): d� 7.35 ± 7.27
(m, 10H, Ph), 7.13 (d, J� 8.8 Hz, 2 H, Ph), 6.77 (d, J� 8.8 Hz, 2 H, Ph), 4.98
(s, 1 H, 20-H), 4.93 (d, J� 10.8 Hz, 1H, Bn), 4.72 (s, 1H, 20-H), 4.65 (d, J�
11.2 Hz, 1H, Bn), 4.62 (d, J� 3.3 Hz, 1 H, 10-H), 4.46 (d, J� 10.9 Hz, 1H,
Bn), 4.40 (d, J� 10.8 Hz, 1H, Bn), 4.40 (d, J� 11.2 Hz, 1H, Bn), 4.32 (d,
J� 10.9 Hz, 1 H, Bn), 4.12 ± 3.92 (m, 1 H, 7-H), 3.81 (d, J� 3.3 Hz, 1H, 11-
H), 3.80 (s, 3H, MeO), 3.65 ± 3.43 (m, 3 H, 1-H, 2-H, OH), 3.32 ± 3.24 (m,
1H, 8-H), 2.72 ± 2.60 (m, 1H, 3-H), 2.21 ± 2.17 (m, 1H, 5-H), 2.04 ± 1.98 (m,
1H, 5-H), 1.55 ± 1.40 (m, 1 H, 6-H), 1.30 ± 1.20 (m, 1H, 6-H), 1.16 (s, 3H,
Me), 0.85 (s, 9H, TBS), 0.79 (s, 3H, Me), 0.04 (s, 3H, TBS), ÿ0.06 (s, 6H,
TBS); 13C NMR (CDCl3): very broadened spectra; HR MS: calcd for
C43H58O7SiNa [M�Na]� 737.3850, found 737.3854.


(2R,3R,5R,6S,7S,8S)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-5-(p-
methoxybenzyloxy)-4,4,8-trimethyl-7-{1-[3-(triethylsiloxy)propyl]vinyl}cy-


clooctanone (36b): To a solution of 2-bromo-5-(triethylsiloxy)pentene
(455 mg, 1.63 mmol) in diethyl ether (22 mL) at ÿ78 8C was added tert-
butyllithium in pentane (1.64m, 2.0 mL, 3.26 mmol). The reaction mixture
was stirred for 20 min at ÿ78 8C and then added to copper(i) cyanide
(76.2 mg, 0.851 mmol) with diethyl ether (8 mL) at ÿ78 8C. After the
reaction mixture had been stirred for 30 min at 0 8C, a solution of enone 2
(150 mg, 0.232 mmol) in diethyl ether (22 mL) was added at ÿ23 8C. The
reaction mixture was stirred for 80 min at ÿ23 8C and then saturated
aqueous ammonium chloride (50 mL) was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with brine
and dried over sodium sulfate. After filtration of the mixture through a
short pad of silica gel and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford ketone 36b (181 mg, 92%)
and recovered enone 2 (11 mg, 7%) as colorless oils. Ketone 36b : [a]29


D �
�12.0 (c 0.67, benzene); IR (neat): nÄ � 1720 cmÿ1; 1H NMR (CDCl3): d�
7.36 ± 7.23 (m, 12 H, Ph), 6.88 (d, J� 8.6 Hz, 2 H, Ph), 5.05 (s, 1 H, 20-H), 5.02
(s, 1H, 20-H), 4.86 (d, J� 11.2 Hz, 1H, Bn), 4.70 (br d, J� 12.2 Hz, 1 H, Bn),
4.53 (d, J� 11.2 Hz, 1 H, Bn), 4.45 ± 3.98 (m, 5 H, 1-H, 2-H, 10-H, 11-H, Bn),
4.49 (d, J� 11.2 Hz, 1 H, Bn), 4.27 (d, J� 11.2 Hz, 1H, Bn), 3.84 (s, 3H,
MeO), 3.60 ± 3.45 (m, 2H, 7-H, 7-H), 2.75 ± 2.65 (m, 1H, 8-H), 2.30 ± 2.10
(m, 1 H, 5-H), 2.10 ± 1.95 (m, 2H, 3-H, 5-H), 1.85 ± 1.60 (m, 2 H, 6-H, 6-H),
1.14 (s, 3H, Me), 1.10 (s, 3 H, Me), 1.00 ± 0.80 (m, 12H, 19-Me, TES), 0.93 (s,
9H, TBS), 0.59 (q, J� 7.9 Hz, 6H, TES), 0.14 (s, 3 H, TBS), 0.10 (s, 3H,
TBS); 13C NMR (CDCl3): very broadened spectra; HR MS: calcd for
C50H76O7Si2Na [M�Na]� 867.5027, found 867.5028.


(2R,3R,5R,6S,7S,8S)-2,6-Dibenzyloxy-3-(tert-butyldimethylsiloxy)-7-[1-
(3-hydroxypropyl)vinyl]-5-(p-methoxybenzyloxy)-4,4,8-trimethylcyclooc-
tanone : To a solution of ketone 36b (117 mg, 0.138 mmol) in THF (58 mL)
at 0 8C was added hydrochloric acid (0.5m, 0.470 mL, 0.235 mmol). After
the reaction mixture had been stirred for 50 min at 0 8C, it was diluted with
hexane, and then saturated aqueous sodium hydrogencarbonate was added.
The mixture was extracted with diethyl ether, and the organic layer was
washed with saturated aqueous sodium hydrogencarbonate and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford (2R,3R,5R,6S,7S,8S)-2,6-dibenzyloxy-3-(tert-butyldimethyl-
siloxy)-7-[1-(3-hydroxypropyl)vinyl]-5-(p-methoxybenzyloxy)-4,4,8-trime-
thylcyclooctanone (97.7 mg, 97 %) as a colorless oil: [a]29


D ��17.6 (c 1.82,
benzene); IR (neat): nÄ � 3450, 1720 cmÿ1; 1H NMR (CDCl3): d� 7.33 ± 7.21
(m, 12H, Ph), 6.86 (d, J� 8.6 Hz, 2H, Ph), 5.02 (s, 1 H, 20-H), 5.00 (s, 1H,
20-H), 4.83 (d, J� 11.0 Hz, 1 H, Bn), 4.68 (br d, J� 10.9 Hz, 1 H, Bn), 4.55
(d, J� 11.0 Hz, 1 H, Bn), 4.53 (d, J� 11.2 Hz, 1H, Bn), 4.49 ± 4.11 (m, 5H,
1-H, 2-H, 10-H, 11-H, Bn), 4.24 (d, J� 11.2 Hz, 1 H, Bn), 3.82 (s, 3 H, MeO),
3.62 ± 3.47 (m, 2 H, 7-H, 7-H), 2.77 ± 2.62 (m, 1 H, 8-H), 2.27 ± 2.07 (m, 1H,
5-H), 2.07 ± 1.87 (m, 2 H, 3-H, 5-H), 1.77 ± 1.57 (m, 2 H, 6-H, 6-H), 1.15 (s,
3H, Me), 1.09 (s, 3H, Me), 0.96 (d, J� 8.0 Hz, 3H, 19-Me), 0.90 (s, 9H,
TBS), 0.13 (s, 3 H, TBS), 0.08 (s, 3 H, TBS); 13C NMR (CDCl3): very
broadened spectra; HR MS: calcd for C44H63O7Si [M�H]� 731.4343, found
731.4344; HR MS: calcd for C44H62O7SiNa [M�Na]� 753.4163, found
753.4161.


4-[(1S,2S,3R,5R,6R,8S)-2,6-Dibenzyloxy-5-(tert-butyldimethylsiloxy)-3-
(p-methoxybenzyloxy)-4,4,8-trimethyl-7-oxocyclooctyl]-4-pentenal (37b):
To a suspension of (2R,3R,5R,6S,7S,8S)-2,6-dibenzyloxy-3-(tert-butyldime-
thylsiloxy)-7-[1-(3-hydroxypropyl)vinyl]-5-(p-methoxybenzyloxy)-4,4,8-tri-
methylcyclooctanone (61.5 mg, 84.1 mmol) and MS 4 � (124 mg) in
dichloromethane (11 mL) at 0 8C were added solutions of NMO (20.5 mg,
0.175 mmol) in dichloromethane (2 mL) and of TPAP (6.1 mg, 17.4 mmol)
in dichloromethane (2 mL). The reaction mixture was stirred for 30 min at
0 8C and then diluted with ethyl acetate. After filtration of the mixture
through a short pad of silica gel and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford ketoaldehyde
37b (56.3 mg, 92%) as a colorless oil: [a]29


D ��12.0 (c 2.60, benzene); IR
(neat): nÄ � 1720 cmÿ1; 1H NMR (CDCl3): d� 9.63 (s, 1 H, 7-CHO), 7.34 ±
7.22 (m, 12H, Ph), 6.87 (d, J� 8.6 Hz, 2H, Ph), 5.04 (s, 1 H, 20-H), 4.95 (s,
1H, 20-H), 4.83 (d, J� 10.9 Hz, 1H, Bn), 4.68 (d, J� 11.6 Hz, 1 H, Bn),
4.65 ± 3.90 (m, 5 H, 1-H, 2-H, 10-H, 11-H, Bn), 4.55 (d, J� 10.9 Hz, 1H, Bn),
4.51 (d, J� 11.8 Hz, 1 H, Bn), 4.21 (d, J� 11.8 Hz, 1H, Bn), 3.82 (s, 3H,
MeO), 2.70 ± 2.60 (m, 1 H, 8-H), 2.60 ± 2.10 (m, 5 H, 3-H, 5-H, 5-H, 6-H,
6-H), 1.15 (s, 3H, Me), 1.10 (s, 3H, Me), 0.96 (d, J� 6.9 Hz, 3H, 19-Me),
0.91 (s, 9H, TBS), 0.13 (s, 3H, TBS), 0.09 (s, 3 H, TBS); 13C NMR (CDCl3):
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very broadened spectra; HR MS: calcd for C44H60O7SiNa [M�Na]�


751.4006, found 751.4014.


(1S,3R,4R,6R,7S,8R,12S)-3,7-Dibenzyloxy-4-(tert-butyldimethylsiloxy)-1-
2-hydroxy-6-(p-methoxybenzyloxy)-1,5,5-trimethyl-9-methylenebicy-
clo[6.4.0]dodecan-2-one (38b) and (1S,3R,4R,6R,7S,8R,12R)-3,7-dibenz-
yloxy-4-(tert-butyldimethylsiloxy)-12-hydroxy-6-(p-methoxybenzyloxy)-
1,5,5-trimethyl-9-methylenebicyclo[6.4.0]dodecan-2-one (38 a):


1) To a solution of ketoaldehyde 37b (86.0 mg, 0.118 mmol) in methanol
(12 mL) and THF (14 mL) at 0 8C was added sodium methoxide in
methanol (28 %, d 0.93, 0.698 mL, 3.36 mmol). The reaction mixture
was stirred for 1 h at 0 8C, and then hexane (15 mL) and saturated
aqueous ammonium chloride were added. The mixture was extracted with
diethyl ether, and the organic layer was washed with brine and dried over
sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography
to afford aldol 38 b (77.1 mg, 90 %) and aldol 38a (6.9 mg, 8%) as
colorless oils.


(2) To a solution of aldol 38a (11.4 mg, 15.6 mmol) in THF (2 mL) at 0 8C
was added sodium methoxide in methanol (28 %, d 0.93, 0.15 mL,
0.723 mmol). The reaction mixture was stirred for 5 min at 0 8C and then
it was allowed to warm to room temperature. After the reaction mixture
had been stirred for 1 h at room temperature, saturated aqueous
ammonium chloride was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with brine and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford aldol
38b (8.6 mg, 75 %) and recovered aldol 38 a (1.7 mg, 15 %) as colorless oils.
Aldol 38b : [a]30


D ��32.4 (c 1.15, benzene); IR (neat): nÄ � 3410, 1700 cmÿ1;
1H NMR (CDCl3): d� 7.50 (d, J� 8.6 Hz, 2 H, Ph) 7.39 ± 7.32 (m, 10 H, Ph),
6.96 (d, J� 8.6 Hz, 2H, Ph), 5.27 (d, J� 11.2 Hz, 1H, Bn), 5.13 (s, 1H, 20-
H), 4.84 (d, J� 10.1 Hz, 1H, Bn), 4.81 (s, 1H, 20-H), 4.69 (d, J� 11.2 Hz,
1H, Bn), 4.65 (d, J� 10.1 Hz, 1H, Bn), 4.63 (d, J� 3.7 Hz, 1 H, 10-H), 4.48
(d, J� 11.2 Hz, 1 H, Bn), 4.47 (d, J� 10.1 Hz, 1H, 1-H), 4.36 (d, J� 11.2 Hz,
1H, Bn), 4.20 (dd, J� 7.3, 6.9 Hz, 1 H, 7-H), 3.96 ± 3.83 (m, 1H, 2-H), 3.88 (s,
3H, MeO), 3.86 (d, J� 3.7 Hz, 1 H, 11-H), 3.25 (s, 1H, OH), 2.96 (br d, J�
9.0 Hz, 1 H, 3-H), 2.58 ± 2.48 (m, 1 H, 5-H), 2.30 ± 2.16 (m, 1H, 6-H), 2.10 ±
1.98 (m, 1H, 5-H), 1.68 ± 1.53 (m, 1H, 6-H), 1.30 (s, 3H, Me), 1.16 (s, 3H,
Me), 1.09 (s, 3H, 19-Me), 0.95 (s, 9 H, TBS), 0.12 (s, 3H, TBS), 0.08 (s, 3H,
TBS); 13C NMR (CDCl3): very broadened spectra; HR MS: calcd for
C44H60O7SiNa [M�Na]� 751.4006, found 751.4003. Aldol 38 a : [a]31


D �
�23.3 (c 0.83, benzene); IR (neat): nÄ � 3510, 1680 cmÿ1; 1H NMR (CDCl3):
d� 7.58 ± 7.18 (m, 12 H, Ph), 6.96 (d, J� 8.6 Hz, 2H, Ph), 5.32 (d, J�
11.6 Hz, 1 H, Bn), 5.10 (s, 1 H, 20-H), 5.06 (d, J� 5.3 Hz, 1H, 10-H), 4.90
(d, J� 5.3 Hz, 1H, 11-H), 4.78 (s, 1 H, 20-H), 4.75 (d, J� 10.9 Hz, 1 H, Bn),
4.75 (d, J� 9.6 Hz, 1 H, Bn), 4.71 (d, J� 11.6 Hz, 1H, Bn), 4.50 (d, J�
3.3 Hz, 1H, 2-H), 4.44 (d, J� 3.3 Hz, 1H, 1-H), 4.43 (d, J� 10.9 Hz, 1H,
Bn), 4.26 (d, J� 9.6 Hz, 1H, Bn), 3.88 (s, 3H, MeO), 3.64 (br s, 1H, OH),
3.56 (dd, J� 7.3, 1.3 Hz, 1 H, 7-H), 3.10 (s, 1H, 3-H), 2.76 ± 2.58 (m, 1H,
5-H), 2.36 ± 2.22 (m, 1H, 5-H), 2.10 ± 1.92 (m, 1H, 6-H), 1.80 ± 1.60 (m, 1H,
6-H), 1.29 (s, 3H, Me), 1.17 (s, 3H, Me), 0.99 (s, 3 H, 19-Me), 0.95 (s, 9H,
TBS), 0.16 (s, 3 H, TBS), 0.10 (s, 3 H, TBS); 13C NMR (CDCl3): very
broadened spectra; HR MS: calcd for C44H60O7SiNa [M�Na]� 751.4006,
found 751.3995.


(1R,2S,3S,7R,8S,9R,11R,12R)-8,12-dibenzyloxy-11-(tert-butyldimethylsi-
loxy)-2,10,10-trimethyl-6-methylene-13-oxatricyclo[7.3.1.02,7]tridecan-1,3-
diol (42): To a solution of aldol 38 b (12.9 mg, 17.7 mmol) in dichloro-
methane (2.6 mL) at 0 8C were added water (0.5 mL) and DDQ (5.2 mg,
23.0 mmol). The reaction mixture was stirred for 1 h at room temperature
and then water was added. The mixture was extracted with dichloro-
methane, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford hemiacetal 42 (7.4 mg, 66%) as a colorless oil: [a]26


D �ÿ17.8 (c 0.74,
benzene); IR (neat): nÄ � 3490 cmÿ1; 1H NMR (CDCl3): d� 7.41 ± 7.24 (m,
10H, Ph), 5.07 (s, 1H, 20-H), 5.01 (s, 1 H, 20-H), 4.86 (dd, J� 11.9, 4.9 Hz,
1H, 2-H), 4.75 (s, 2H, Bn), 4.45 (d, J� 10.9 Hz, 1H, Bn), 4.35 (d, J�
10.9 Hz, 1H, Bn), 4.21 (dd, J� 11.2, 4.9 Hz, 1H, 7-H), 3.84 (dd, J� 4.6,
1.6 Hz, 1 H, 11-H), 3.70 (d, J� 4.6 Hz, 1 H, 10-H), 3.59 (dd, J� 4.9, 1.6 Hz,
1H, 1-H), 2.62 (d, J� 11.9 Hz, 1H, 3-H), 2.37 ± 2.04 (m, 2 H, 5-H, 5-H),
2.02 ± 1.94 (m, 1 H, 6-H), 1.75 ± 1.59 (m, 1H, 6-H), 1.34 (s, 3 H, 17-Me), 1.25


(s, 3 H, 16-Me), 1.19 (s, 3H, 19-Me), 0.95 (s, 9 H, TBS), 0.10 (s, 3 H, TBS),
0.00 (s, 3H, TBS); 13C NMR (CDCl3): d� 142.8 (4), 139.1 (Ph), 138.1 (Ph),
128.5 (Ph), 128.3 (Ph), 128.2 (Ph), 127.8 (Ph), 127.3 (Ph), 127.2 (Ph), 110.3
(20), 102.1 (9), 85.4 (10), 81.6 (1), 77.2 (11), 75.1 (Bn), 74.3 (7), 71.1 (2), 65.0
(Bn), 48.2 (8), 47.1 (3), 38.4 (15), 34.5 (5), 30.9 (6), 28.0 (17), 26.5 (TBS),
23.1 (16), 18.7 (TBS), 10.5 (19),ÿ3.2 (TBS),ÿ4.8 (TBS); HR MS: calcd for
C36H52O6SiNa [M�Na]� 631.3431, found 631.3442.


(1S,2S,3S,4R,6R,7S,8R,12S)-3,7-Dibenzyloxy-4-(tert-butyldimethylsiloxy)-
6-(p-methoxybenzyloxy)-1,5,5-trimethyl-9-methylenebicyclo[6.4.0]dode-
cane-2,12-diol : To a solution of lithium aluminum hydride in THF (1.0m,
3.0 mL, 3.0 mmol) at 0 8C was added sulfuric acid (98 %, 0.080 mL,
1.5 mmol). The reaction mixture was stirred for 1 h at room temperature
and then it was allowed to stand. The clear solution of aluminum hydride in
THF (1.0m) was instantly used in the following reaction without further
purification.


To a solution of aldol 38b (41.4 mg, 56.8 mmol) in toluene (2.2 mL) at
ÿ78 8C was added aluminum hydride in THF (1.0m, 0.568 mL,
0.568 mmol). The reaction mixture was stirred for 2 h at ÿ78 8C and then
saturated aqueous potassium sodium tartrate was added. The mixture was
extracted with ethyl acetate, and the organic layer was washed with brine
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford (1S,2S,3S,4R,6R,7S,8R,12S)-3,7-dibenzyloxy-4-
(tert-butyldimethylsiloxy)-6-(p-methoxybenzyloxy)-1,5,5-trimethyl-9-met-
hylenebicyclo[6.4.0]dodecane-2,12-diol (39.0 mg, 94 %) as a colorless oil:
[a]28


D ��63.4 (c 1.44, benzene); IR (neat): nÄ � 3390 cmÿ1; 1H NMR
(CDCl3): d� 7.40 ± 7.20 (m, 12H, Ph), 6.87 (d, J� 8.5 Hz, 2H, Ph), 5.04
(d, J� 11.7 Hz, 1 H, Bn), 4.89 ± 4.79 (br s, 1 H, 7-OH), 4.83 (s, 1H, 20-H),
4.69 (s, 1 H, 20-H), 4.68 (d, J� 9.8 Hz, 1 H, Bn), 4.58 (d, J� 11.4 Hz, 1H,
1-H), 4.56 (d, J� 9.8 Hz, 1H, Bn), 4.56 (d, J� 11.4 Hz, 1H, Bn), 4.52 (d, J�
11.4 Hz, 1H, Bn), 4.29 (d, J� 11.7 Hz, 1 H, Bn), 4.20 (br s, 1 H, 9-OH), 4.02
(d, J� 4.0 Hz, 1H, 10-H), 3.92 ± 3.77 (m, 2H, 7-H, 11-H), 3.82 (s, 3H,
MeO), 3.76 ± 3.60 (m, 2 H, 2-H, 9-H), 2.39 ± 2.28 (m, 1H, 5-H), 2.24 (d, J�
11.3 Hz, 1 H, 3-H), 2.20 ± 2.09 (m, 1 H, 5-H), 2.05 ± 1.90 (m, 1 H, 6-H), 1.69 ±
1.51 (m, 1H, 6-H), 1.28 (s, 3H, Me), 1.23 (s, 3H, Me), 1.08 (s, 3 H, 19-Me),
1.00 (s, 9 H, TBS), 0.15 (s, 3 H, TBS), 0.10 (s, 3H, TBS); 13C NMR (CDCl3):
very broadened spectra; HR MS: calcd for C44H62O7SiNa [M�Na]�


753.4163, found 753.4165.


(1S,2S,3S,4R,6R,7S,8R,12S)-3,7-Dibenzyloxy-4-(tert-butyldimethylsiloxy)-
2,12-(isopropylidenedioxy)-6-(p-methoxybenzyloxy)-1,5,5-trimethyl-9-me-
thylenebicyclo[6.4.0]dodecane (43): To a solution of (1S,2S,3S,4R,6R,
7S,8R,12S)-3,7-dibenzyloxy-4-(tert-butyldimethylsiloxy)-6-(p-methoxyben-
zyloxy)-1,5,5-trimethyl-9-methylenebicyclo[6.4.0]dodecane-2,12-diol
(47.9 mg, 65.5 mmol) in dichloromethane (3.1 mL) and 2,2-dimethoxypro-
pane (3.1 mL) at 0 8C was added CSA (3.0 mg, 12.9 mmol). After the
reaction mixture had been stirred for 1 h at room temperature, triethyl-
amine (5 drops) was added. After evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford acetonide 43
(50.3 mg, 100 %) as a colorless oil: [a]27


D ��117.6 (c 2.29, benzene); IR
(neat): nÄ � 2940, 2870 cmÿ1; 1H NMR (CDCl3): d� 7.40 ± 7.14 (m, 10H, Ph),
7.12 (d, J� 8.5 Hz, 2H, Ph), 6.75 (d, J� 8.5 Hz, 2 H, Ph), 4.77 (d, J�
10.2 Hz, 1 H, Bn), 4.76 (d, J� 11.0 Hz, 1H, Bn), 4.75 (s, 1 H, 20-H), 4.70
(s, 1H, 20-H), 4.63 (d, J� 11.0 Hz, 1H, Bn), 4.48 (d, J� 11.2 Hz, 1 H, Bn),
4.43 (d, J� 2.6 Hz, 1 H, 1-H), 4.39 (d, J� 11.2 Hz, 1 H, Bn), 4.18 (d, J�
10.2 Hz, 1 H, Bn), 3.89 (d, J� 2.7 Hz, 1 H, 10-H), 3.87 (s, 1 H, 11-H), 3.75 (s,
3H, MeO), 3.62 ± 3.56 (m, 2 H, 2-H, 7-H), 3.50 (d, J� 2.7 Hz, 1H, 9-H),
2.34 ± 2.27 (m, 1 H, 5-H), 2.16 (d, J� 9.4 Hz, 1H, 3-H), 2.18 ± 2.05 (m, 1H,
6-H), 1.84 ± 1.78 (m, 1H, 5-H), 1.60 ± 1.49 (m, 1 H, 6-H), 1.42 (s, 3H, Me),
1.36 (s, 3 H, Me), 1.29 (s, 3 H, Me), 1.20 (s, 3H, Me), 1.14 (s, 3H, Me), 0.91 (s,
9H, TBS), 0.03 (s, 3H, TBS), 0.00 (s, 3H, TBS); 13C NMR (CDCl3): d�
159.3 (PMP), 144.4 (4), 139.7 (Ph), 139.7 (Ph), 131.9 (Ph), 129.8 (Ph), 128.5
(Ph), 128.3 (Ph), 128.2 (Ph), 127.8 (Ph), 127.2 (Ph), 127.2 (Ph), 115.4 (20),
114.0 (PMP), 99.1 (acetonide), 93.3 (1), 82.5 (10), 82.4 (9), 79.8 (11), 77.8
(PMB), 77.1 (Bn), 76.5 (Bn), 73.8 (2), 73.1 (7), 55.7 (MeO), 50.0 (8), 46.4 (3),
39.0 (15), 30.4 (6), 26.9 (Me), 26.7 (Me), 26.4 (TBS), 25.8 (5), 21.3 (Me), 19.6
(Me), 18.5 (TBS), 9.8 (19), ÿ3.7 (TBS), ÿ4.3 (TBS); HR MS: calcd for
C47H66O7SiNa [M�Na]� 793.4476, found 793.4479.


(1R,2S,3R,5R,6S,7S,8S,9S)-2,6-Dibenzyloxy-5-(tert-butyldimethylsiloxy)-
7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-methylenebicyclo[6.4.0]dode-
can-3-ol : To a solution of acetonide 43 (34.3 mg, 44.5 mmol) in dichloro-
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methane (4.0 mL) and water (0.45 mL) at 0 8C was added DDQ (13.1 mg,
57.9 mmol). The reaction mixture was stirred for 1 h at room temperature
and then phosphate buffer (pH� 7) was added. The reaction mixture was
extracted with dichloromethane, and the organic layer was washed with
brine and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford (1R,2S,3R,5R,6S,7S,8S,9S)-2,6-dibenzyloxy-5-
(tert-butyldimethylsiloxy)-7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-
methylenebicyclo[6.4.0]dodecan-3-ol (28.2 mg, 97%) as a colorless oil:
[a]28


D ��99.6 (c 2.45, benzene); IR (neat): nÄ � 3380 cmÿ1; 1H NMR
(CDCl3): d� 7.39 ± 7.23 (m, 10 H, Ph), 4.88 (s, 1 H, 20-H), 4.87 (s, 1 H, 20-
H), 4.76 (d, J� 11.2 Hz, 1 H, Bn), 4.71 (d, J� 11.2 Hz, 1H, Bn), 4.68 (dd,
J� 11.0, 3.4 Hz, 1H, 1-H), 4.59 (d, J� 11.4 Hz, 1H, Bn), 4.34 (d, J�
11.4 Hz, 1 H, Bn), 3.98 (s, 1 H, 11-H), 3.95 (d, J� 2.6 Hz, 1H, 10-H), 3.75
(dd, J� 11.7, 3.4 Hz, 1H, 2-H), 3.69 (dd, J� 10.2, 7.2 Hz, 1 H, 7-H), 3.60 (d,
J� 2.6 Hz, 1H, 9-H), 2.56 ± 2.43 (m, 1H, 5-H), 2.39 (d, J� 11.7 Hz, 1H,
3-H), 2.32 ± 2.19 (m, 1 H, 5-H), 2.21 (d, J� 11.0 Hz, 1 H, OH), 1.99 ± 1.84 (m,
1H, 6-H), 1.77 ± 1.64 (m, 1H, 6-H), 1.47 (s, 3H, Me), 1.43 (s, 3 H, Me), 1.43
(s, 3 H, Me), 1.21 (s, 3H, Me), 1.04 (s, 3H, Me), 0.95 (s, 9H, TBS), 0.10 (s,
3H, TBS), 0.05 (s, 3H, TBS); 13C NMR (CDCl3): d� 144.4 (4), 139.0 (Ph),
139.0 (Ph), 128.3 (Ph), 128.1 (Ph), 128.0 (Ph), 127.3 (Ph), 127.2 (Ph), 127.0
(Ph), 115.0 (20), 98.8 (acetonide), 92.2 (1), 83.3 (10), 81.9 (9), 77.4 (11), 76.4
(Bn), 76.3 (Bn), 73.8 (2), 73.1 (7), 49.2 (8), 45.3 (3), 38.9 (15), 29.9 (6), 26.2
(Me), 25.9 (Me), 25.9 (TBS), 23.9 (5), 21.8 (Me), 19.1 (Me), 18.0 (TBS), 9.2
(19), ÿ4.1 (TBS), ÿ4.8 (TBS); HR MS: calcd for C39H58O6SiNa [M�Na]�


673.3900, found 673.3902.


(1R,2S,5R,6S,7S,8S)-2,6-Dibenzyloxy-5-(tert-butyldimethylsiloxy)-7,9-(iso-
propylidenedioxy)-4,4,8-trimethyl-12-methylenebicyclo[6.4.0]dodecan-3-
one (44): To a solution of (1R,2S,3R,5R,6S,7S,8S,9S)-2,6-dibenzyloxy-5-
(tert-butyldimethylsiloxy)-7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-
methylenebicyclo[6.4.0]dodecan-3-ol (64.7 mg, 99.4 mmol) in dichlorome-
thane (35 mL) was added PDC (748 mg, 1.99 mmol). The reaction mixture
was stirred for 16 h at room temperature and then diluted with diethyl
ether. After filtration of the mixture through a short pad of Celite and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford ketone 44 (57.8 mg, 90%) and recovered starting
material (2.7 mg, 4 %) as colorless oils. Ketone 44 : [a]26


D ��0.5 (c 1.18,
benzene); IR (neat): nÄ � 1690 cmÿ1; 1H NMR (CDCl3): d� 7.37 ± 7.19 (m,
10H, Ph), 4.96 (s, 1H, 20-H), 4.91 (s, 1H, 20-H), 4.79 (d, J� 10.8 Hz, 1H,
2-H), 4.76 (d, J� 10.9 Hz, 1H, Bn), 4.70 (d, J� 10.9 Hz, 1 H, Bn), 4.32 (d,
J� 11.1 Hz, 1H, Bn), 4.19 (d, J� 11.1 Hz, 1H, Bn), 3.87 (s, 1 H, 10-H), 3.78
(s, 1 H, 9-H), 3.69 (dd, J� 10.7, 5.9 Hz, 1 H, 7-H), 3.44 (s, 1H, 11-H), 2.75 (d,
J� 10.8 Hz, 1H, 3-H), 2.35 ± 2.10 (m, 2H, 5-H, 5-H), 1.85 ± 1.10 (m, 2H,
6-H, 6-H), 1.48 (s, 3 H, Me), 1.40 (s, 3 H, Me), 1.38 (s, 3H, Me), 1.22 (s, 3H,
Me), 1.12 (s, 3 H, Me), 0.95 (s, 9 H, TBS), 0.11 (s, 3H, TBS), 0.09 (s, 3H,
TBS); 13C NMR (C6D6): d� 209.9 (1), 143.3 (4), 139.0 (Ph), 138.8 (Ph),
128.8 (Ph), 128.5 (Ph), 128.4 (Ph), 128.2 (Ph), 127.9 (Ph), 127.8 (Ph), 113.1
(20), 98.9 (acetonide), 93.6 (2), 80.5 (10), 80.4 (11), 77.6 (7), 77. 6 (Bn), 75.8
(Bn), 69.2 (9), 53.8 (15), 48.1 (3), 42.0 (8), 31.8 (5), 30.5 (6), 28.1 (Me), 27.6
(Me), 26.3 (TBS), 19.5 (TBS), 19.3 (Me), 18.5 (Me), 11.3 (19), ÿ3.6 (TBS),
ÿ4.6 (TBS); HR MS: calcd for C39H56O6SiNa [M�Na]� 671.3744, found
671.3772.


(1R,2S,3S,5R,6S,7S,8S,9S)-3-Allyl-2,6-dibenzyloxy-5-(tert-butyldimethyl-
siloxy)-7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-methylenebicyclo-
[6.4.0]dodecan-3-ol : To a solution of ketone 44 (36.2 mg, 55.8 mmol) in
THF (7.0 mL) at ÿ78 8C was added allylmagnesium bromide in diethyl
ether (1.0m, 3.5 mL, 3.5 mmol). After the reaction mixture had been stirred
for 15 min at ÿ78 8C, it was allowed to warm to ÿ45 8C. The reaction
mixture was stirred for 1 h at ÿ45 8C and then saturated aqueous
ammonium chloride was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with brine and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford
(1R,2S,3S,5R,6S,7S,8S,9S)-3-allyl-2,6-dibenzyloxy-5-(tert-butyldimethylsi-
loxy)-7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-methylenebicyclo-
[6.4.0]dodecan-3-ol (35.2 mg, 91 %) and (1R,2S,3R,5R,6S,7S,8S,9S)-3-allyl-
2,6-dibenzyloxy-5-(tert-butyldimethylsiloxy)-7,9-(isopropylidenedioxy)-4,-
4,8-trimethyl-12-methylenebicyclo[6.4.0]dodecan-3-ol (2.7 mg, 7 %) as col-
orless oils. (1R,2S,3S,5R,6S,7S,8S,9S)-Alcohol : [a]26


D ��33.8 (c 0.83,
benzene); IR (neat): nÄ � 3370 cmÿ1; 1H NMR (C6D6): d� 7.42 ± 6.99 (m,
10H, Ph), 6.64 ± 6.28 (br m, 1 H, 13-H), 5.97 ± 5.25 (br m, 2 H), 5.25 ± 5.02


(br m, 2 H), 5.02 ± 4.82 (br m, 3 H), 4.82 ± 4.23 (br m, 4H), 4.01 ± 3.63 (br m,
1H), 3.55 (dd, J� 10.2, 5.7 Hz, 1 H, 7-H), 2.99 ± 2.68 (br m, 1H), 2.68 ± 2.51
(m, 1H), 2.45 (s, 1H, 3-H), 2.17 ± 2.11 (m, 1 H, 5-H), 2.10 ± 1.90 (m, 1H,
5-H), 1.75 ± 1.62 (m, 2H, 6-H, 6-H), 1.60 (s, 3 H, Me), 1.48 (br s, 6 H, Me,
Me), 1.33 (br s, 6 H, Me, Me), 0.97 (s, 9H, TBS), 0.09 (s, 3 H, TBS), 0.06 (s,
3H, TBS); 13C NMR (C6D6): very broadened spectra; HR MS: calcd for
C42H62O6SiNa [M�Na]� 713.4213, found 713.4196.


(1R,2S,3S,5R,6R,7S,8S,9S)-3-Allyl-2,6-dibenzyloxy-7,9-(isopropylidene-
dioxy)-4,4,8-trimethyl-12-methylenebicyclo[6.4.0]dodecan-3,5-diol (45):
To a solution of (1R,2S,3S,5R,6S,7S,8S,9S)-3-allyl-2,6-dibenzyloxy-5-(tert-
butyldimethylsiloxy)-7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-methyl-
enebicyclo[6.4.0]dodecan-3-ol (42.3 mg, 61.2 mmol) in THF (7 mL) at 0 8C
was added TBAF in THF (1.0m, 0.42 mL, 0.42 mmol). The reaction mixture
was stirred for 3 h at room temperature and then phosphate buffer (pH� 7)
was added at 0 8C. The mixture was extracted with diethyl ether, and the
organic layer was washed with brine and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by thin-layer chromatography to afford diol 45 (33.4 mg, 95%)
as a colorless oil: [a]26


D ��74.0 (c 2.02, benzene); IR (neat): nÄ � 3520,
3440 cmÿ1; 1H NMR (C6D6): d� 7.45 ± 7.36 (m, 2 H, Ph), 7.22 ± 6.98 (m, 8H,
Ph), 6.42 ± 6.16 (br m, 1 H, 13-H), 5.84 ± 5.49 (br m, 1 H, 20-H), 5.03 (br m,
1H, 9-H or 11-H), 5.01 (br m, 1 H, 20-H), 4.98 (br m, 1 H, 10-H), 4.96 (d, J�
11.2 Hz, 1 H, Bn), 4.95 ± 4.78 (br m, 1 H, 12-H), 4.93 (d, J� 10.6 Hz, 1H,
Bn), 4.92 (br s, 1H, 2-H), 4.78 (d, J� 10.6 Hz, 1H, Bn), 4.77 ± 4.61 (br m,
1H, 12-H), 4.47 (d, J� 11.2 Hz, 1H, Bn), 4.23 (br m, 1H, 11-H or 9-H),
3.88 ± 3.72 (br s, 1 H, OH), 3.69 ± 3.49 (br m, 1H, OH), 3.52 (dd, J� 10.4,
5.4 Hz, 1H, 7-H), 2.58 ± 2.37 (br m, 2H, 14-H, 14-H), 2.45 (br s, 1H, 3-H),
2.18 ± 2.05 (m, 1 H, 5-H), 1.97 ± 1.82 (m, 1H, 5-H), 1.79 ± 1.55 (m, 2H, 6-H,
6-H), 1.60 (s, 3H, Me), 1.53 (s, 3 H, Me), 1.46 (s, 3H, Me), 1.29 (s, 3H, Me),
1.14 (s, 3H, Me); 13C NMR (C6D6): very broadened spectra; HR MS: calcd
for C36H48O6Na [M�Na]� 599.3349, found 599.3356.


(1S,2S,3S,4R,6S,7S,8R,12S)-6-Allyl-3,7-dibenzyloxy-4,6-(cyclohexylme-
thylsilylenedioxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methyl-
enebicyclo[6.4.0]dodecane (46): To a solution of diol 45 (18.7 mg,
32.4 mmol) and imidazole (153 mg, 2.24 mmol) in DMF (3 mL) at 0 8C
was added dichlorocyclohexylmethylsilane (126 mg, 0.640 mmol). The
reaction mixture was stirred for 1 h at 0 8C, and then saturated aqueous
sodium hydrogencarbonate was added. The mixture was extracted with
diethyl ether, and the organic layer was washed with water and brine and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford silylene 46 (21.8 mg, 97 %) as a colorless oil: [a]26


D ��40.6
(c 1.57, benzene); IR (neat): nÄ � 2920, 2850 cmÿ1; 1H NMR (C6D6): d�
7.62 ± 7.42 (m, 4 H, Ph), 7.29 ± 6.28 (m, 6H, Ph), 6.50 (dddd, J� 16.8, 9.1, 7.8,
6.2 Hz, 1H, 13-H), 6.02 (s, 1 H, 20-H), 5.03 (d, J� 16.8 Hz, 1H, 12-H), 5.02
(s, 1H, 10-H), 5.01 (s, 1H, 20-H), 4.98 (s, 1H, 9-H or 11-H), 4.97 (d, J�
11.9 Hz, 1H, Bn), 4.91 (s, 1 H, 2-H), 4.89 (d, J� 9.1 Hz, 1H, 12-H), 4.70 (d,
J� 11.9 Hz, 1H, Bn), 4.21 (d, J� 9.1 Hz, 1H, Bn), 4.17 (s, 1H, 11-H or
9-H), 3.81 (d, J� 9.1 Hz, 1H, Bn), 3.51 (dd, J� 10.7, 4.2 Hz, 1H, 7-H), 2.97
(dd, J� 14.9, 6.2 Hz, 1 H, 14-H), 2.69 (s, 1H, 3-H), 2.55 (dd, J� 14.9, 7.8 Hz,
1H, 14-H), 2.19 ± 1.96 (m, 3 H, 5-H, 5-H, 6-H), 1.95 ± 1.42 (m, 12H, 6-H,
cHex), 1.76 (s, 3H, Me), 1.52 (s, 3H, Me), 1.48 (s, 3 H, Me), 1.22 (s, 3H, Me),
1.17 (s, 3 H, Me), 0.32 (s, 3 H, Me); 13C NMR (C6D6): d� 143.7 (4), 140.3
(13), 139.2 (Ph), 138.3 (Ph), 129.8 (Ph), 128.2 (Ph), 128.2 (Ph), 127.5 (Ph),
127.5 (Ph), 127.4 (Ph), 116.1 (12), 114.7 (20), 99.5 (acetonide), 86.9 (1), 86.8
(2), 84.7 (10), 84.3 (11), 79.0 (Bn), 78.2 (7), 76.0 (Bn), 74.5 (9), 47.7 (15), 46.7
(8), 45.4 (14), 38.2 (3), 37.6 (5), 32.5 (6), 30.2, 29.1, 29.1, 28.4, 28.4, 28.1, 27.6,
27.6, 27.5 15.8 (16, 17, acetonide, cHex), 12.8 (19),ÿ1.0 (Me); HR MS: calcd
for C43H60O6SiNa [M�Na]� 723.4057, found 723.4048.


(1S,2S,3R,4R,6S,7S,8R,12S)-6-Allyl-3,7-dibenzyloxy-6-(cyclohexyldime-
thylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebicy-
clo[6.4.0]dodecan-4-ol : To a solution of silylene 46 (21.8 mg, 31.1 mmol) in
THF (4.0 mL) and HMPA (0.4 mL) at ÿ78 8C was added methyllithium in
diethyl ether (1.01m, 0.3 mL, 0.3 mmol). The reaction mixture was stirred
for 2.5 h at ÿ78 8C and then saturated aqueous ammonium chloride was
added. The mixture was extracted with diethyl ether, and the organic layer
was washed with water and brine, and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by thin-layer chromatography to afford (1S,2S,3R,4R,6S,
7S,8R,12S)-6-allyl-3,7-dibenzyloxy-6-(cyclohexyldimethylsiloxy)-2,12-(iso-
propylidenedioxy)-1,5,5-trimethyl-9-methylenebicyclo[6.4.0]dodecan-4-ol
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(20.5 mg, 92%) as a colorless oil: [a]26
D ��32.7 (c 1.43, benzene); IR (neat):


nÄ � 3550 cmÿ1; 1H NMR (C6D6): d� 7.53 ± 6.98 (m, 10H, Ph), 6.52 ± 6.31
(br m, 1 H, 13-H), 6.14 ± 4.14 (br m, 12H, 2-H, 9-H, 10-H, 11-H, 12-H, 12-H,
20-H, 20-H, Bn, Bn, Bn, Bn), 3.53 (dd, J� 8.6, 7.3 Hz, 1 H, 14-H), 3.45 (dd,
J� 8.8, 4.7 Hz, 1 H, 7-H), 3.08 ± 2.04 (br m, 5H, 3-H, 5-H, 5-H, 6-H, 14-H),
2.01 ± 0.95 (br m, 12H, 6-H, cHex), 1.63 (s, 3H, Me), 1.53 (s, 3 H, Me), 1.50
(s, 3H, Me), 1.29 (s, 3H, Me), 1.20 (s, 3 H, Me), 0 19 (s, 3 H, Me), 0.02 (s, 3H,
Me); 13C NMR (C6D6): very broadened spectra; HR MS: calcd for
C44H64O6SiNa [M�Na]� 739.4370, found 739.4382.


(1S,2S,3S,6S,7S,8R,12S)-6-Allyl-3,7-dibenzyloxy-6-(cyclohexyldimethylsi-
loxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebicyclo-
[6.4.0]dodecan-4-one (47): To a solution of (1S,2S,3R,4R,6S,7S,8R,12S)-6-
allyl-3,7-dibenzyloxy-6-(cyclohexyldimethylsiloxy)-2,12-(isopropylidene-
dioxy)-1,5,5-trimethyl-9-methylenebicyclo[6.4.0]dodecan-4-ol (21.8 mg,
30.4 mmol) in dichloromethane (10 mL) at 0 8C was added PDC (105 mg,
0.280 mmol). The reaction mixture was stirred for 5 h at room temperature
and then diethyl ether (15 mL) was added. After filtration of the mixture
through a short pad of Celite and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford ketone 47
(12.8 mg, 64%) and recovered starting material (3.1 mg, 14%) as colorless
oils. Ketone 47: [a]25


D ��63.2 (c 0.84, benzene); IR (neat): nÄ � 1670 cmÿ1;
1H NMR (C6D6): d� 7.42 ± 6.98 (m, 10 H, Ph), 6.76 (dddd, J� 16.9, 10.5, 8.8,
2.6 Hz, 1H, 13-H), 5.07 (d, J� 12.6 Hz, 1 H, Bn), 5.04 (d, J� 10.5 Hz, 1H,
12-H), 4.97 (d, J� 16.9 Hz, 1H, 12-H), 4.94 (s, 1H, 20-H), 4.73 (s, 1 H, 20-
H), 4.67 (d, J� 12.6 Hz, 1 H, Bn), 4.63 (d, J� 11.0 Hz, 1H, Bn), 4.59 (s, 1H,
2-H), 4.42 (d, J� 11.0 Hz, 1H, Bn), 4.42 (d, J� 3.0 Hz, 1H, 10-H), 4.12 (d,
J� 3.0 Hz, 1H, 9-H), 3.72 (dd, J� 10.2, 7.0 Hz, 1H, 7-H), 3.13 (dd, J� 17.4,
2.6 Hz, 1 H, 14-H), 2.83 (dd, J� 17.4, 8.8 Hz, 1H, 14-H), 2.31 (s, 1H, 3-H),
2.28 ± 2.12 (m, 1 H, 5-H), 2.01 ± 1.84 (m, 2 H, 5-H, 6-H), 1.82 ± 0.67 (m, 12H,
6-H, cHex), 1.78 (s, 3 H, Me), 1.72 (s, 3H, Me), 1.47 (s, 3H, Me), 1.35 (s, 3H,
Me), 1.22 (s, 3 H, Me), 0.21 (s, 3H, Me), ÿ0.01 (s, 3H, Me); 13C NMR
(C6D6): d� 215.4 (11), 145.5 (4), 140.3 (13), 138.7 (Ph), 138.5 (Ph), 128.9
(Ph), 128.8 (Ph), 128.6 (Ph), 128.3 (Ph), 128.1 (Ph), 126.1 (Ph), 116.8 (12),
115.1 (20), 100.0 (acetonide), 93.7 (10), 88.7 (1), 84.1 (2), 81.0 (Bn), 76.4 (7),
74.6 (Bn), 73.5 (9), 58.0 (15), 48.7 (14), 41.0 (8), 36.4 (3), 30.6, 29.6, 29.5,
28.6, 28.6, 28.0, 27.9, 27.5, 26.5, 25.6, 23.1, 19.6 (5, 6, 16, 17, acetonide, cHex),
12.7 (19), 1.1 (Me), ÿ0.4 (Me); HR MS: calcd for C44H62O6SiNa [M�Na]�


737.4213, found 737.4224.


3-[(1R,2S,3S,6S,7S,8S,9S)-2,6-Dibenzyloxy-3-(cyclohexyldimethylsiloxy)-
7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-methylene-5-oxobicyclo-
[6.4.0]dodecan-3-yl]propanal (49): To a solution of ketone 47 (12.8 mg,
17.9 mmol) in DMF (3.5 mL) and water (0.5 mL) at 0 8C was added
palladium(ii) chloride (8.4 mg, 47.4 mmol). The reaction mixture was stirred
for 1.5 h at room temperature and then phosphate buffer (pH� 7) was
added at 0 8C. The mixture was extracted with diethyl ether, and the organic
layer was washed with water and brine, and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford ketoaldehyde
49 (5.3 mg, 40 %) and recovered ketone 47 (2.0 mg, 16 %) as colorless oils.
Ketoaldehyde 49 : [a]27


D ��44.9 (c 0.53, benzene); IR (neat): nÄ � 1720,
1670 cmÿ1; 1H NMR (C6D6): d� 9.50 (s, 1H, 12-CHO), 7.46 ± 7.00 (m, 10H,
Ph), 4.93 (d, J� 12.8 Hz, 1H, Bn), 4.73 (s, 1 H, 20-H), 4.60 (d, J� 11.0 Hz,
1H, Bn), 4.59 (d, J� 12.8 Hz, 1H, Bn), 4.45 (s, 1H, 20-H), 4.45 (d, J�
2.0 Hz, 1 H, 2-H), 4.39 (d, J� 3.2 Hz, 1H, 10-H), 4.35 (d, J� 11.0 Hz, 1H,
Bn), 4.10 (d, J� 3.2 Hz, 1H, 9-H), 3.68 (dd, J� 10.2, 7.0 Hz, 1 H, 7-H),
3.65 ± 3.48 (m, 1 H, 13-H), 2.78 ± 2.63 (m, 1H, 13-H), 2.59 ± 2.44 (m, 1H,
5-H), 2.36 ± 2.22 (m, 1H, 5-H), 2.20 (d, J� 2.0 Hz, 1H, 3-H), 2.15 ± 2.01 (m,
1H, 6-H or 14-H), 1.98 ± 1.77 (m, 2H, 6-H, 14-H), 1.76 ± 0.63 (m, 12H, 14-H
or 6-H, cHex), 1.72 (s, 3 H, Me), 1.69 (s, 3H, Me), 1.47 (s, 3H, Me), 1.28 (s,
3H, Me), 1.24 (s, 3H, Me), 0.07 (s, 3 H, Me), ÿ0.06 (s, 3H, Me); 13C NMR
(C6D6): d� 214.7 (11), 201.3 (12), 147.6 (4), 140.0 (Ph), 138.3 (Ph), 128.6
(Ph), 128.6 (Ph), 128.5 (Ph), 128.4 (Ph), 128.1 (Ph), 127.9 (Ph), 113.8 (20),
99.8 (acetonide), 93.4 (10), 89.3 (1), 83.5 (2), 80.8 (Bn), 76.3 (7), 74.4 (Bn),
72.7 (9), 57.4 (15), 48.8 (13), 42.1 (8), 40.6 (3), 30.1, 28.9, 28.8, 28.2, 28.1, 27.6,
27.5, 27.2, 26.2, 25.5, 23.9, 22.7, 19.4 (5, 6, 14, 16, 17, acetonide, cHex), 12.7
(19), 0.4 (Me), ÿ1.1 (Me); HR MS: calcd for C44H62O7SiNa [M�Na]�


753.4163, found 753.4166.


(1R,2S,3S,5R,6S,7S,8S,9S)-2,6-Dibenzyloxy-3-(3-butenyl)-5-(tert-butyldi-
methylsiloxy)-7,9-(isopropylidenedioxy)-4,4,8-trimethyl-12-methylenebicy-
clo[6.4.0]dodecan-3-ol : To a solution of s-butyllithium in cyclohexane
(1.03m, 0.3 mL, 0.309 mmol) at 0 8C was added 4-iodobutene (56.4 mg,


0.310 mmol). After the reaction mixture had been stirred for 25 min at
ÿ23 8C, a solution of ketone 44 (8.9 mg, 13.7 mmol) in benzene (0.8 mL)
was added. The reaction mixture was stirred for 1 h at 0 8C and then
saturated aqueous ammonium chloride was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with 10%
aqueous sodium thiosulfate and brine, and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by thin-layer chromatography to afford (1R,2S,3S,5R,6S,7S,
8S,9S)-2,6-dibenzyloxy-3-(3-butenyl)-5-(tert-butyldimethylsiloxy)-7,9-(iso-
propylidenedioxy)-4,4,8-trimethyl-12-methylenebicyclo[6.4.0]dodecan-3-
ol (9.3 mg, 96%) as a colorless oil: [a]28


D ��65.2 (c 1.34, benzene); IR
(neat): nÄ � 3460 cmÿ1; 1H NMR (CDCl3): d� 7.43 ± 7.17 (m, 10H, Ph),
5.95 ± 5.70 (br m, 1 H, 12-H), 5.65 ± 5.28 (br m, 1 H), 5.10 ± 4.75 (br m, 5H),
4.75 ± 4.55 (br m, 2 H), 4.50 ± 4.00 (br m, 3H), 3.75 ± 3.45 (br m, 3 H), 2.40 ±
1.90 (br m, 6H), 1.77 ± 1.34 (br m, 2H), 1.56 (s, 3H, Me), 1.48 (s, 3 H, Me),
1.45 (s, 3 H, Me), 1.35 (s, 3 H, Me), 1.19 (s, 3H, Me), 0.95 (s, 9 H, TBS), 0.08
(s, 6 H, TBS); 13C NMR (CDCl3): very broadened spectra; HR MS: calcd
for C43H64O6SiNa [M�Na]� 727.4370, found 727.4387.


(1R,2S,3S,5R,6R,7S,8S,9S)-2,6-Dibenzyloxy-3-(3-butenyl)-7,9-(isopropyli-
denedioxy)-4,4,8-trimethyl-12-methylenebicyclo[6.4.0]dodecan-3,5-diol
(51): To a solution of (1R,2S,3S,5R,6S,7S,8S,9S)-2,6-dibenzyloxy-3-(3-bu-
tenyl)-5-(tert-butyldimethylsiloxy)-7,9-(isopropylidenedioxy)-4,4,8-tri-
methyl-12-methylenebicyclo[6.4.0]dodecan-3-ol (88.6 mg, 0.126 mmol) in
THF (17 mL) at room temperature was added TBAF in THF (1.0m,
3.77 mL, 3.77 mmol). The reaction mixture was stirred for 1 h at 50 8C and
then phosphate buffer (pH� 7) was added at 0 8C. The mixture was extract
with diethyl ether, and the organic layer was washed with brine and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford diol 51 (75.9 mg, 100 %) as a colorless oil: [a]30


D ��58.1 (c 0.92,
benzene); IR (neat): nÄ � 3480, 3430 cmÿ1; 1H NMR (C6D6): d� 7.43 ± 7.41
(m, 2H, Ph), 7.15 ± 7.03 (m, 8 H, Ph), 5.96 (m, 1 H, 12-H), 5.78 (s, 1H, 2-H),
5.08 (s, 1H, 20-H), 5.07 (d, J� 17.2 Hz, 1 H, 18-H), 4.99 (s, 1 H, 20-H), 4.96
(d, J� 10.6 Hz, 1 H, 18-H), 4.95 (d, J� 10.8 Hz, 1H, Bn), 4.94 (m, 1H, 10-
H), 4.79 (d, J� 10.8 Hz, 1H, Bn), 4.75 (d, J� 10.9 Hz, 1 H, Bn), 4.53 (d, J�
10.9 Hz, 1 H, Bn), 4.25 (br m, 1H, 9-H or 11-H), 3.78 (br m, 1 H, 11-H or
9-H), 3.57 (m, 1 H, 7-H), 3.50 (br m, 1 H, 13-H), 2.49 (br m, 1 H, 13-H), 2.46
(br m, 1H, 3-H), 2.22 ± 1.54 (m, 6 H, 5-H, 5-H, 6-H, 6-H, 14-H, 14-H), 1.63 (s,
3H, Me), 1.56 (s, 3 H, Me), 1.44 (s, 3 H, Me), 1.30 (s, 3 H, Me), 1.17 (s, 3H,
Me); 13C NMR (C6D6): d� 144.6 (4), 140.1 (12), 138.8 (Ph), 138.3 (Ph),
129.2 (Ph), 129.1 (Ph), 129.0 (Ph), 129.0 (Ph), 128.2 (Ph), 128.2 (Ph), 114.8
(20), 113.8 (18), 99.1 (acetonide), 79.1, 79.0, 79.0, 78.9, 77.5 (1, 2, 9, 10, 11),
77.5 (7), 77.1 (Bn), 74.3 (Bn), 46.3 (3), 45.5 (8), 45.5 (15), 36.3 (14), 32.7 (5),
30.0 (Me), 30.0 (Me), 29.0 (6), 27.6 (13), 25.8 (Me), 19.3 (Me), 11.2 (19);
HR MS: calcd for C37H51O6 [M�H]� 591.3686, found 591.3698.


(1S,2S,3S,4R,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-4,6-(cyclohex-
ylmethylsilylenedioxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-meth-
ylenebicyclo[6.4.0]dodecane (52a): To a solution of diol 51 (27.7 mg,
46.9 mmol) and imidazole (319 mg, 4.69 mmol) in DMF (5.2 mL) at 0 8C was
added dichlorocyclohexylmethylsilane (0.15 mL, 0.829 mmol). The reac-
tion mixture was stirred for 15 min at room temperature and then saturated
aqueous sodium hydrogencarbonate was added. The mixture was extracted
with diethyl ether, and organic layer was washed with water and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford silylene 52a (33.1 mg, 99 %) as a colorless oil: [a]28


D ��23.8
(c 1.04, benzene); IR (neat): nÄ � 2920, 2850 cmÿ1; 1H NMR (C6D6): d�
7.65 ± 7.52 (m, 4H, Ph), 7.30 ± 7.06 (m, 6 H, Ph), 6.14 (s, 1H, 20-H), 6.02
(dddd, J� 17.2, 10.2, 9.6, 6.9 Hz, 1H, 12-H), 5.17 (dd, J� 17.2, 0.4 Hz, 1H,
18-H), 5.07 (d, J� 11.9 Hz, 1H, Bn), 5.06 (dd, J� 9.6, 0.4 Hz, 1 H, 18-H),
5.02 (d, J� 11.6 Hz, 1H, Bn), 4.99 (s, 1H, 20-H), 4.99 (s, 1 H, 2-H), 4.92 (d,
J� 11.6 Hz, 1H, Bn), 4.76 (d, J� 11.9 Hz, 1H, Bn), 4.28 (d, J� 9.1 Hz, 1H,
10-H), 4.23 (s, 1H, 9-H), 3.95 (d, J� 9.1 Hz, 1 H, 11-H), 3.56 (dd, J� 10.7,
4.1 Hz, 1 H, 7-H), 3.12 ± 2.93 (m, 1 H, 13-H), 2.88 ± 2.70 (m, 1H, 13-H), 2.70
(s, 1 H, 3-H), 2.18 ± 1.51 (m, 17 H, 5-H, 5-H, 6-H, 6-H, 14-H, 14-H, cHex),
1.83 (s, 3H, Me), 1.55 (s, 3 H, Me), 1.52 (s, 3 H, Me), 1.28 (s, 3 H, Me), 1.16 (s,
3H, Me), 0.41 (s, 3H, Me); 13C NMR (C6D6): d� 141.5 (4), 142.2 (12), 141.3
(Ph), 140.2 (Ph), 130.8 (Ph), 130.0 (Ph), 129.9 (Ph), 129.8 (Ph), 128.5 (Ph),
128.5 (Ph), 116.6 (18), 115.1 (20), 100.5 (acetonide), 89.1 (1), 88.0 (2), 85.1
(10), 84.2 (11), 80.1 (7), 79.3 (Bn), 77.0 (Bn), 75.6 (9), 48.7 (15), 47.5 (8), 46.3
(3), 39.1 (14), 33.1, 32.7, 32.0, 31.2, 30.1, 29.5, 29.2, 29.0, 28.7, 28.5, 29.5, 28.4,
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21.1 (5, 6, 13, 16, 17, acetonide, cHex), 13.9 (19), 0.0 (Me); HR MS: calcd for
C44H62O6SiNa [M�Na]� 737.4213, found 737.4226.


(1S,2S,3S,4R,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-4,6-(dicyclo-
hexylsilylenedioxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methyle-
nebicyclo[6.4.0]dodecane (52b): To a suspension of silver trifluorometha-
nesulfonate (1.08 g, 4.19 mmol) in toluene (10.4 mL) at 0 8C was added
dichlorodicyclohexylsilane (0.5 mL, 2.08 mmol). The reaction mixture was
stirred for 15 min at room temperature and then it was allowed to stand.
The clear solution of dicyclohexylsilyl bis(trifluoromethanesulfonate) in
toluene (0.2m) was instantly used in the following reaction without further
purification.


To a solution of diol 51 (74.1 mg, 0.125 mmol) in pyridine (12 mL) at 0 8C
was added a solution of dicyclohexylsilyl bis(trifluoromethanesulfonate) in
toluene (0.2m, 9.0 mL, 1.8 mmol). The reaction mixture was stirred for
15 min at 0 8C, and then saturated aqueous sodium hydrogencarbonate was
added. The mixture was extracted with diethyl ether, and organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford silylene 52 b (98.2 mg,
100 %) as a colorless oil: [a]29


D ��0.3 (c 1.30, benzene); IR (neat): nÄ � 2920,
2850 cmÿ1; 1H NMR (C6D6): d� 7.65 ± 7.52 (m, 4H, Ph), 7.30 ± 7.06 (m, 6H,
Ph), 6.14 (dddd, J� 17.2, 10.2, 9.6, 6.9 Hz, 1H, 12-H), 6.07 (s, 1H, 20-H),
5.33 (dd, J� 17.2, 0.4 Hz, 1 H, 18-H), 5.29 (d, J� 11.6 Hz, 1 H, Bn), 5.23 (d,
J� 11.9 Hz, 1H, Bn), 5.12 (dd, J� 9.6, 0.4 Hz, 1H, 18-H), 5.10 (s, 1H, 20-
H), 5.02 (d, J� 11.6 Hz, 1H, Bn), 4.92 (s, 1H, 20-H), 4.88 (d, J� 11.9 Hz,
1H, Bn), 4.25 (d, J� 9.1 Hz, 1H, 10-H), 4.22 (s, 1H, 9-H), 3.99 (d, J�
9.1 Hz, 1 H, 11-H), 3.56 (dd, J� 10.7, 4.1 Hz, 1 H, 7-H), 3.29 ± 3.09 (m, 1H,
13-H), 2.92 ± 2.74 (m, 1 H, 13-H), 2.79 (s, 1 H, 3-H), 2.18 ± 1.51 (m, 28H, 5-H,
5-H, 6-H, 6-H, 14-H, 14-H, cHex, cHex), 1.88 (s, 3 H, Me), 1.50 (s, 3 H, Me),
1.42 (s, 3H, Me), 1.22 (s, 3 H, Me), 1.21 (s, 3 H, Me); 13C NMR (C6D6): d�
143.9 (4), 141.1 (12), 139.9 (Ph), 139.5 (Ph), 128.7 (Ph), 128.7 (Ph), 127.7
(Ph), 126.9 (Ph), 126.0 (Ph), 126.0 (Ph), 115.0 (18), 114.2 (20), 99.3
(acetonide), 87.2 (1), 85.6 (2), 83.9 (10), 82.9 (11), 78.8 (7), 77.6 (Bn), 75.7
(Bn), 72.9 (9), 47.3 (15), 46.2 (8), 45.3 (3), 38.0 (14), 32.0, 31.9, 31.0, 30.3,
30.1, 29.2, 29.0, 28.8, 28.4, 28.1, 27.7, 27.7, 27.7, 27.6, 27.6, 27.5, 26.5, 26.3, 20.0
(5, 6, 13, 16, 17, acetonide, cHex, cHex), 13.3 (19); HR MS: calcd for
C49H70O6SiNa [M�Na]� 805.4839, found 805.4823.


(1S,2S,3S,4R,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-4,6-(tert-butyl-
methylsilylenedioxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methyl-
enebicyclo[6.4.0]dodecane (52c): To a suspension of silver trifluorometha-
nesulfonate (257 mg, 1.00 mmol) in toluene (3.5 mL) at 0 8C was added tert-
butyldichloromethylsilane (85.6 mg, 0.500 mmol) in toluene (1.5 mL). The
reaction mixture was stirred for 15 min at room temperature and then it
was allowed to stand. The clear solution of tert-butylmethylsilyl bis(tri-
fluoromethanesulfonate) in toluene (0.2m) was instantly used in the
following reaction without further purification.


To a solution of diol 51 (17.4 mg, 29.5 mmol) in pyridine (4.5 mL) at 0 8C was
added a solution of tert-butylmethylsilyl bis(trifluoromethanesulfonate) in
toluene (0.2m, 3.5 mL, 0.7 mmol). The reaction mixture was stirred for
40 min at 0 8C and then saturated aqueous sodium hydrogencarbonate was
added. The mixture was extracted with diethyl ether, and organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford silylene 52 c (20.0 mg,
100 %) as a colorless oil: [a]26


D ��29.2 (c 1.47, benzene); IR (neat): nÄ �
2940, 2870 cmÿ1; 1H NMR (C6D6): d� 7.58 ± 7.42 (m, 4 H, Ph), 7.22 ± 6.99 (m,
6H, Ph), 6.03 (d, J� 2.2 Hz, 1 H, 20-H), 5.98 (dddd, J� 17.1, 10.3, 10.1,
6.8 Hz, 1H, 12-H), 5.11 (ddd, J� 17.1, 2.2, 1.5 Hz, 1 H, 18-H), 5.00 (d, J�
11.7 Hz, 1 H, Bn), 4.96 (dd, J� 10.3, 2.2 Hz, 1 H, 18-H), 4.94 (s, 1 H, 2-H),
4.92 (d, J� 11.9 Hz, 1 H, Bn), 4.90 (d, J� 2.2 Hz, 1H, 20-H), 4.81 (d, J�
11.7 Hz, 1H, Bn), 4.64 (d, J� 11.9 Hz, 1H, Bn), 4.19 (d, J� 9.1 Hz, 1 H, 10-
H), 4.17 (s, 1H, 9-H), 3.90 (d, J� 9.1 Hz, 1H, 11-H), 3.49 (dd, J� 10.7,
4.1 Hz, 1 H, 7-H), 3.04 ± 2.87 (m, 1 H, 5-H), 2.80 ± 2.66 (m, 1H, 13-H), 2.66
(s, 1H, 3-H), 2.17 ± 1.65 (m, 4 H, 5-H, 6-H, 13-H, 14-H), 1.76 (s, 3H, Me),
1.59 ± 1.24 (m, 2 H, 6-H, 14-H), 1.49 (s, 3 H, Me), 1.45 (s, 3H, Me), 1.20 (s,
3H, Me), 1.18 (s, 9 H, tBu), 1.09 (s, 3 H, Me), 0.43 (s, 3H, Me); 13C NMR
(C6D6): d� 144.0 (4), 141.2 (12), 140.2 (Ph), 139.3 (Ph), 129.7 (Ph), 128.5
(Ph), 128.5 (Ph), 128.1 (Ph), 127.4 (Ph), 127.2 (Ph), 115.4 (18), 114.0 (20),
99.4 (acetonide), 87.5 (1), 87.2 (2), 84.4 (10), 83.1 (11), 79.0 (7), 78.3 (Bn),
76.0 (Bn), 73.7 (9), 46.7 (15), 46.3 (8), 45.0 (3), 37.6 (14), 32.0, 31.9, 31.9, 30.2,


28.6, 27.8, 27.6, 21.0, 20.1 (5, 6, 13, 16, 17, acetonide, tBu), 13.1 (19), 0.0 (Me);
HR MS: calcd for C42H60O6SiNa [M�Na]� 711.4057, found 711.4043.


(1S,2S,3R,4R,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-6-(cyclohexyl-
dimethylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebi-
cyclo[6.4.0]dodecan-4-ol (53 a): To a solution of silylene 52a (76.5 mg,
0.107 mmol) in THF (12 mL) and HMPA (1.6 mL) at ÿ78 8C was added
methyllithium in diethyl ether (1.01m, 2.1 mL, 2.08 mmol). The reaction
mixture was stirred for 30 min at ÿ78 8C and then saturated aqueous
ammonium chloride was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford alcohol 53a (75.0 mg, 96 %) as a colorless oil: [a]27


D ��14.8 (c 3.75,
benzene); IR (neat): nÄ � 3540 cmÿ1; 1H NMR (C6D6): d� 7.61 ± 7.15 (m,
10H, Ph), 5.99 (dddd, J� 17.2, 13.0, 10.3, 6.3 Hz, 1 H, 12-H), 5.27 (dd, J�
17.2, 1.6 Hz, 1H, 18-H), 5.21 ± 5.01 (br m, 5H, 18-H, 20-H, 20-H, Bn, Bn),
5.01 ± 4.49 (br m, 4H, 2-H, 11-H, Bn, Bn), 4.46 ± 4.22 (br m, 1 H, 10-H),
3.81 ± 3.49 (br m, 2 H, 7-H, 9-H), 3.04 ± 2.79 (br m, 1H, 5-H), 2.77 ± 2.35
(br m, 2 H, 3-H, 5-H), 2.35 ± 0.65 (br m, 17H, 6-H, 6-H, 13-H, 13-H, 14-H,
14-H, cHex), 1.74 (s, 3H, Me), 1.66 (s, 3H, Me), 1.56 (s, 3H, Me), 1.43 (s,
3H, Me), 1.25 (s, 3 H, Me), 0.33 (s, 3 H, Me), 0.13 (s, 3 H, Me); 13C NMR
(C6D6): very broadened spectra; HR MS: calcd for C45H66O6SiNa [M�Na]�


753.4526, found 753.4534.


(1S,2S,3R,4R,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-6-(dicyclohex-
ylmethylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebi-
cyclo[6.4.0]dodecan-4-ol (53b): To a solution of silylene 52 b (62.0 mg,
79.2 mmol) in THF (14 mL) and HMPA (1.54 mL) at ÿ78 8C was added
methyllithium in diethyl ether (1.01m, 4.31 mL, 4.36 mmol). The reaction
mixture was stirred for 3 h at ÿ45 8C and then saturated aqueous
ammonium chloride was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford alcohol 53b (60.7 mg, 96%) as a colorless oil: [a]27


D ��21.4 (c 1.32,
benzene); IR (neat): nÄ � 3550 cmÿ1; 1H NMR (C6D6): d� 7.51 ± 6.87 (m,
10H, Ph), 5.96 ± 5.73 (m, 1H, 12-H), 5.24 ± 4.61 (br m, 12H, 2-H, 9-H, 10-H,
11-H, 18-H, 18-H, 20-H, 20-H, Bn, Bn, Bn, Bn), 4.35 ± 4.15 (br m, 1 H, 7-H),
3.65 ± 3.46 (br m, 1H, 5-H), 2.69 ± 0.75 (br m, 30 H, 3-H, 5-H, 6-H, 6-H, 13-
H, 13-H, 14-H, 14-H, cHex, cHex), 1.63 (s, 3H, Me), 1.63 (s, 3H, Me), 1.51
(s, 3 H, Me), 1.50 (s, 3 H, Me), 1.28 (s, 3 H, Me), 0.19 (s, 3 H, Me); 13C NMR
(C6D6): d� 145.0 (4), 140.0 (12), 139.2 (Ph), 139.0 (Ph), 129.0 (Ph), 128.9
(Ph), 128.6 (Ph) 127.2 (Ph), 126.9 (Ph), 126.7 (Ph), 115.5 (18), 114.5 (20),
99.1 (acetonide), 87.2 (1), 87.2 (2), 77.4 (10), 77.2 (Bn), 77.1 (Bn), 76.9 (11),
74.1 (9), 60.0 (7), 47.0 (15), 44.9 (14), 34.7 (8), 34.7 (3), 30.1, 30.1, 29.4, 29.0,
29.0, 29.0, 28.9, 28.8, 28.6, 28.6; 28.4, 28.4, 28.1, 27.9, 27.7, 27.5, 27.5, 20.5, 19.5
(5, 6, 13, 16, 17, acetonide, cHex, cHex), 14.2 (19), ÿ2.5 (Me); HR MS:
calcd for C50H74O6SiNa [M�Na]� 821.5152, found 821.5158.


(1S,2S,3R,4R,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-6-(tert-butyl-
dimethylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebi-
cyclo[6.4.0]dodecan-4-ol (53 c): To a solution of silylene 52c (22.7 mg,
32.9 mmol) in THF (6.0 mL) and HMPA (0.6 mL) at ÿ78 8C was added
methyllithium in diethyl ether (1.01m, 1.5 mL, 1.49 mmol). The reaction
mixture was stirred for 40 min at ÿ45 8C and then saturated aqueous
ammonium chloride was added. The mixture was extracted with diethyl
ether, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford alcohol 53 c (22.2 mg, 96%) as a colorless oil: [a]27


D ��0.1 (c 1.53,
benzene); IR (neat): nÄ � 3530 cmÿ1; 1H NMR (C6D6): d� 7.61 ± 7.16 (m,
10H, Ph), 6.18 ± 5.98 (br m, 1 H, 20-H), 5.99 (dddd, J� 17.2, 13.0, 10.8,
6.2 Hz, 1H, 12-H), 5.82 ± 5.56 (br m, 1 H, 20-H), 5.28 (dd, J� 17.2, 1.5 Hz,
1H, 18-H), 5.23 ± 4.52 (br m, 6 H, 2-H, 18-H, Bn, Bn, Bn, Bn), 4.51 ± 4.07
(br m, 2H, 10-H, 11-H), 3.87 ± 3.49 (br m, 2H, 7-H, 9-H), 3.06 ± 2.55 (br m,
3H, 3-H, 5-H, 13-H), 2.43 ± 1.99 (br m, 4 H, 5-H, 6-H, 13-H, 14-H), 1.87 ±
1.56 (br m, 2H, 6-H, 14-H), 1.76 (s, 3H, Me), 1.67 (s, 3H, Me), 1.62 (s, 3H,
Me), 1.43 (s, 3 H, Me), 1.29 (s, 3 H, Me), 1.11 (s, 9 H, TBS), 0.57 (s, 3H, TBS),
0.08 (s, 3H, TBS); 13C NMR (C6D6): d� 146.7 (4), 139.9 (12), 139.6 (Ph),
139.4 (Ph), 128.8 (Ph), 128.8 (Ph), 128.8 (Ph); 128.1 (Ph), 128.1 (Ph), 127.3
(Ph), 115.6 (18), 114.5 (20), 99.3 (acetonide), 87.9 (1), 87.9 (2), 84.8, 83.7,
79.1, 78.3, 77.4, 73.9 (7, 9, 10, 11, Bn, Bn), 52.4, 48.4, 46.6, 43.3 (3, 8, 14, 15),
38.2, 37.8, 34.1, 33.4, 30.4, 26.1, 20.7, 19.8 (5, 6, 13, 16, 17, acetonide, TBS),
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27.4 (TBS), 12.3 (19), ÿ0.7 (TBS), ÿ0.9 (TBS); HR MS: calcd for
C43H64O6SiNa [M�Na]� 727.4370, found 727.4360.


(1S,2S,3S,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-6-(cyclohexyldi-
methylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebi-
cyclo[6.4.0]dodecan-4-one (50 a): To a suspension of alcohol 53 a (19.7 mg,
26.9 mmol), NMO (10.8 mg, 92.2 mmol) and MS 4 � (45 mg) in dichloro-
methane (4 mL) at 0 8C was added TPAP (3.0 mg, 8.54 mmol). Acetonitrile
(0.8 mL) was added to the reaction mixture at 0 8C, and then the mixture
was stirred for 1 h at room temperature. After filtration of the mixture
through a short pad of silica gel and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford ketone 50a
(15.7 mg, 80%) as a colorless oil: [a]26


D ��45.9 (c 1.86, benzene); IR (neat):
nÄ � 1670 cmÿ1; 1H NMR (C6D6): d� 7.60 ± 7.00 (m, 10H, Ph), 6.01 (dddd,
J� 17.2, 10.5, 8.7, 5.8 Hz, 1H, 12-H), 5.34 (dd, J� 17.2, 1.6 Hz, 1H, 18-H),
5.16 (dd, J� 8.7, 1.6 Hz, 1H, 18-H), 5.14 (d, J� 12.7 Hz, 1H, Bn), 5.01 (d,
J� 1.5 Hz, 1H, 20-H), 4.86 (d, J� 1.5 Hz, 1 H, 20-H), 4.76 (d, J� 12.7 Hz,
1H, Bn), 4.75 (d, J� 11.0 Hz, 1 H, Bn), 4.63 (s, 1H, 2-H), 4.56 (d, J� 3.2 Hz,
1H, 10-H), 4.52 (d, J� 11.0 Hz, 1 H, Bn), 4.28 (d, J� 3.2 Hz, 1H, 9-H), 3.90
(dd, J� 10.4, 7.1 Hz, 1H, 7-H), 3.42 ± 3.25 (m, 1 H, 13-H), 2.70 ± 2.45 (m,
1H, 13-H), 2.44 (s, 1H, 3-H), 2.35 ± 0.80 (m, 17 H, 5-H, 5-H, 6-H, 6-H, 14-H,
14-H, cHex), 1.92 (s, 3H, Me), 1.87 (s, 3H, Me), 1.61 (s, 3H, Me), 1.48 (s,
3H, Me), 1.36 (s, 3 H, Me), 0.32 (s, 3 H, Me), 0.16 (s, 3 H, Me); 13C NMR
(C6D6): d� 215.1 (11), 147.3 (4), 140.2 (12), 139.4 (Ph), 138.4 (Ph), 128.6
(Ph), 128.6 (Ph), 128.5 (Ph), 128.5 (Ph), 126.7 (Ph), 125.7 (Ph), 114.2 (18),
113.8 (20), 99.7 (acetonide), 93.6 (10), 89.8 (1), 83.5 (2), 80.9 (7), 76.3 (Bn),
74.4 (Bn), 72.9 (9), 57.6 (15), 48.9 (8), 40.6 (3), 30.1 (14), 30.1 (cHex), 29.8
(cHex), 29.0 (5), 28.8 (Me), 28.2 (Me), 27.6 (cHex), 27.6 (13), 27.2 (cHex),
26.2 (cHex), 25.7 (cHex), 22.8 (16), 19.4 (17), 12.8 (19), 0.2 (Me), ÿ1.3
(Me); HR MS: calcd for C45H64O6SiNa [M�Na]� 751.4370, found 751.4348.


(1S,2S,3S,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-6-(dicyclohexyl-
methylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebi-
cyclo[6.4.0]dodecan-4-one (50b): To a suspension of alcohol 53 b (93.4 mg,
0.117 mmol), NMO (20.6 mg, 0.176 mmol) and MS 4 � (200 mg) in
dichloromethane (12 mL) at 0 8C was added TPAP (12.3 mg, 35.1 mmol).
Acetonitrile (2.6 mL) was added to the reaction mixture at 0 8C and then
the mixture was stirred for 1 h at room temperature. After filtration of the
mixture through a short pad of silica gel and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford ketone
50b (85.2 mg, 91%) as a colorless oil: [a]27


D ��41.7 (c 1.25, benzene); IR
(neat): nÄ � 1670 cmÿ1; 1H NMR (C6D6): d� 7.56 ± 6.72 (m, 10H, Ph), 5.89
(dddd, J� 17.1, 9.8, 5.9, 4.9 Hz, 1H, 12-H), 5.21 (d, J� 17.1 Hz, 1H, 18-H),
5.07 (d, J� 13.1 Hz, 1H, Bn), 5.04 (d, J� 9.8 Hz, 1H, 18-H), 4.91 (s, 1 H, 20-
H), 4.78 (s, 1 H, 20-H), 4.70 (d, J� 13.1 Hz, 1H, Bn), 4.62 (d, J� 11.2 Hz,
1H, Bn), 4.54 (s, 1 H, 2-H), 4.41 (d, J� 2.9 Hz, 1H, 10-H), 4.40 (d, J�
11.2 Hz, 1H, Bn), 4.15 (d, J� 2.9 Hz, 1H, 9-H), 3.74 (dd, J� 10.0, 7.1 Hz,
1H, 7-H), 3.25 ± 3.06 (m, 1 H, 5-H), 2.35 (s, 1 H, 3-H), 2.58 ± 0.77 (m, 29H,
5-H, 6-H, 6-H, 13-H, 13-H, 14-H, 14-H, cHex, cHex), 1.82 (s, 3H, Me), 1.72
(s, 3H, Me), 1.46 (s, 3H, Me), 1.42 (s, 3H, Me), 1.22 (s, 3 H, Me), 0.16 (s, 3H,
Me); 13C NMR (C6D6): d� 215.0 (11), 147.2 (4), 140.1 (12), 139.4 (Ph), 138.3
(Ph), 128.6 (Ph), 128.4 (Ph), 128.0 (Ph), 127.8 (Ph), 126.7 (Ph), 125.6 (Ph),
114.2 (18), 114.0 (20), 99.8 (acetonide), 93.4 (10), 90.0 (1), 83.6 (2), 81.4 (7),
76.2 (Bn), 74.3 (Bn), 73.1 (9), 60.0 (15), 57.9 (8), 49.0 (3), 40.7 (14), 30.7, 30.1,
29.8, 29.5, 29.2, 29.1, 28.7, 28.4, 28.2, 28.1, 27.9, 27.4, 27.3, 26.3, 25.8, 23.0, 20.5,
19.4, 14.2 (5, 6, 13, 16, 17, acetonide, cHex, cHex), 12.7 (19), ÿ3.0 (Me);
HR MS: calcd for C50H72O6SiNa [M�Na]� 819.4996, found 819.5009.


(1S,2S,3S,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(3-butenyl)-6-(tert-butyldime-
thylsiloxy)-2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylenebicy-
clo[6.4.0]dodecan-4-one (50c): To a suspension of alcohol 53c (22.2 mg,
31.5 mmol), NMO (10.4 mg, 88.8 mmol) and MS 4 � (60 mg) in dichloro-
methane (5 mL) at 0 8C was added TPAP (5.0 mg, 14.2 mmol). Acetonitrile
(1.0 mL) was added to the reaction mixture at 0 8C and then the mixture
was stirred for 45 min at room temperature. After filtration of the mixture
through a short pad of silica gel and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford ketone 50 c
(18.7 mg, 85 %) as a colorless oil: [a]27


D ��25.2 (c 1.47, benzene); IR (neat):
nÄ � 1660 cmÿ1; 1H NMR (C6D6): d� 7.51 ± 7.11 (m, 10H, Ph), 5.95 (dddd,
J� 17.3, 10.4, 7.5, 5.7 Hz, 1H, 12-H), 5.28 (dd, J� 17.3, 1.6 Hz, 1H, 18-H),
5.12 (dd, J� 10.4, 1.6 Hz, 1H, 18-H), 5.03 (d, J� 13.0 Hz, 1 H, Bn), 4.98 (d,
J� 1.5 Hz, 1H, 20-H), 4.82 (d, J� 1.5 Hz, 1 H, 20-H), 4.70 (d, J� 13.0 Hz,
1H, Bn), 4.67 (d, J� 11.1 Hz, 1 H, Bn), 4.54 (d, J� 2.7 Hz, 1 H, 2-H), 4.51
(d, J� 3.5 Hz, 1H, 10-H), 4.46 (d, J� 11.1 Hz, 1H, Bn), 4.19 (d, J� 3.5 Hz,


1H, 9-H), 3.86 (dd, J� 10.4, 7.0 Hz, 1 H, 7-H), 3.34 ± 3.19 (br m, 1H, 13-H),
2.68 ± 2.31 (m, 2 H, 13-H, 14-H), 2.38 (d, J� 2.7 Hz, 1 H, 3-H), 2.23 ± 1.91
(m, 3 H, 5-H, 5-H, 14-H), 1.98 (s, 3 H, Me), 1.88 ± 1.51 (m, 2H, 6-H, 6-H),
1.81 (s, 3H, Me), 1.56 (s, 3 H, Me), 1.46 (s, 3 H, Me), 1.31 (s, 3 H, Me), 1.04 (s,
9H, TBS), 0.29 (s, 3 H, TBS), 0.09 (s, 3H, TBS); 13C NMR (C6D6): d� 215.3
(11), 147.6 (4), 140.3 (12), 139.5 (Ph), 138.6 (Ph), 128.8 (Ph), 128.8 (Ph),
128.6 (Ph), 127.6 (Ph), 126.9 (Ph), 125.7 (Ph), 114.4 (18), 114.1 (20), 99.8
(acetonide), 94.1 (10), 89.9 (1), 83.5 (2), 81.3 (7), 76.5 (Bn), 74.7 (Bn), 72.8
(9), 57.9 (15), 49.6 (8), 40.7 (3), 30.3 (14), 29.8 (5), 28.9 (6), 27.1 (TBS), 26.2,
25.5, 22.5, 20.5, 19.6 (13, 16, 17, acetonide), 15.7 (TBS), 13.2 (19), ÿ0.7
(TBS), ÿ1.5 (TBS); HR MS: calcd for C43H62O6SiNa [M�Na]� 725.4213,
found 725.4197.


(1S,2S,3S,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(cyclohexyldimethylsiloxy)-
2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylene-6-(3-oxobutyl)bi-
cyclo[6.4.0]dodecan-4-one (54a): To a solution of ketone 50 a (11.6 mg,
15.5 mmol) in DMF (4.2 mL) and water (0.6 mL) at 0 8C was added
palladium(ii) chloride (10.8 mg, 60.9 mmol). The reaction mixture was
stirred for 3.5 h at room temperature and then phosphate buffer (pH� 7)
was added at 0 8C. The mixture was extracted with ethyl acetate, and the
organic layer was washed with water and brine, and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford
diketone 54a (11.3 mg, 98 %) as a colorless oil: [a]29


D ��59.3 (c 1.32,
benzene); IR (neat): nÄ � 1720, 1680 cmÿ1; 1H NMR (C6D6): d� 7.52 ± 7.42
(m, 2 H, Ph), 7.34 ± 7.08 (m, 8 H, Ph), 5.02 (d, J� 12.8 Hz, 1H, Bn), 4.82 (d,
J� 1.8 Hz, 1H, 20-H), 4.68 (d, J� 12.8 Hz, 1 H, Bn), 4.66 (d, J� 11.4 Hz,
1H, Bn), 4.59 (d, J� 1.8 Hz, 1H, 20-H), 4.53 (d, J� 2.5 Hz, 1H, 2-H), 4.46
(d, J� 3.2 Hz, 1H, 10-H), 4.43 (d, J� 11.4 Hz, 1H, Bn), 4.18 (d, J� 3.2 Hz,
1H, 9-H), 3.75 (m, 1H, 7-H), 3.63 (m, 1 H, 13-H), 2.83 (m, 1 H, 13-H), 2.32
(d, J� 2.5 Hz, 1 H, 3-H), 2.69 ± 0.72 (m, 17 H, 5-H, 5-H, 6-H, 6-H, 14-H, 14-
H, cHex), 1.96 (s, 3H, 18-Me), 1.79 (s, 3H, Me), 1.78 (s, 3H, Me), 1.54 (s,
3H, Me), 1.29 (s, 3 H, Me), 1.15 (s, 3H, Me), 0.09 (s, 3H, Me), 0.03 (s, 3H,
Me); 13C NMR (C6D6): d� 214.8 (11), 207.0 (12), 148.1 (4), 140.4 (Ph), 138.5
(Ph), 128.8 (Ph), 127.9 (Ph), 127.1 (Ph), 125.9 (Ph), 125.9 (Ph), 125.9 (Ph),
113.6 (20), 100.0 (acetonide), 93.6 (1), 89.7 (10), 83.7 (2), 81.1 (7), 76.5 (Bn),
74.5 (Bn), 73.0 (9), 57.7 (15), 48.9 (13), 41.1 (8), 40.8 (3), 30.3, 30.2, 29.1, 29.1,
28.4, 28.4, 27.8, 27.8, 27.4, 26.4, 25.8, 25.8, 23.0, 19.7 (5, 6, 14, 16, 17, 18,
acetonide, cHex), 12.9 (19), 0.6 (Me), ÿ0.9 (Me); HR MS: calcd for
C45H64O7SiNa [M�Na]� 767.4319, found 767.4345.


(1S,2S,3S,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(dicyclohexylmethylsiloxy)-
2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylene-6-(3-oxobutyl)bi-
cyclo[6.4.0]dodecan-4-one (54b): To a solution of ketone 50 b (4.3 mg,
5.4 mmol) in DMF (1.8 mL) and water (0.25 mL) at 0 8C was added
palladium(ii) chloride (6.3 mg, 35.5 mmol). The reaction mixture was stirred
for 2.5 h at room temperature and then phosphate buffer (pH� 7) was
added at 0 8C. The mixture was extracted with ethyl acetate, and the organic
layer was washed with water and brine, and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford diketone 54b
(4.3 mg, 98 %) as a colorless oil: [a]28


D ��43.0 (c 0.85, benzene); IR (neat):
nÄ � 1720, 1680 cmÿ1; 1H NMR (C6D6): d� 7.40 ± 7.02 (m, 10H, Ph), 5.03 (d,
J� 13.1 Hz, 1H, Bn), 4.80 (s, 1H, 20-H), 4.69 (d, J� 13.1 Hz, 1 H, Bn), 4.63
(s, 1 H, 20-H), 4.61 (d, J� 11.1 Hz, 1H, Bn), 4.52 (s, 1 H, 2-H), 4.39 (d, J�
3.0 Hz, 1 H, 10-H), 4.37 (d, J� 11.1 Hz, 1H, Bn), 4.13 (d, J� 3.0 Hz, 1H,
9-H), 3.68 (dd, J� 9.6, 6.8 Hz, 1H, 7-H), 3.64 ± 3.48 (m, 1H, 13-H), 2.91 ±
2.74 (m, 1H, 13-H), 2.69 ± 2.55 (m, 1 H, 5-H), 2.50 ± 2.33 (m, 1H, 5-H), 2.30
(s, 1 H, 3-H), 2.17 ± 0.73 (m, 26 H, 6-H, 6-H, 14-H, 14-H, cHex, cHex), 1.91
(s, 3 H, 18-Me), 1.77 (s, 3H, Me), 1.69 (s, 3 H, Me), 1.46 (s, 3H, Me), 1.39 (s,
3H, Me), 1.24 (s, 3H, Me), 0.10 (s, 3H, Me); 13C NMR (CDCl3): very
broadened spectra; HR MS: calcd for C50H72O7SiNa [M�Na]� 835.4945,
found 835.4917.


(1S,2S,3S,6S,7S,8R,12S)-3,7-Dibenzyloxy-6-(tert-butyldimethylsiloxy)-
2,12-(isopropylidenedioxy)-1,5,5-trimethyl-9-methylene-6-(3-oxobutyl)bi-
cyclo[6.4.0]dodecan-4-one (54 c): To a solution of ketone 50 c (4.4 mg,
6.3 mmol) in DMF (1.4 mL) and water (0.2 mL) at 0 8C was added
palladium(ii) chloride (5.0 mg, 28.2 mmol). The reaction mixture was stirred
for 4 h at room temperature and then phosphate buffer (pH� 7) was added
at 0 8C. The mixture was extracted with diethyl ether, and the organic layer
was washed with water and brine, and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by thin-layer chromatography to afford diketone 54c (4.1 mg,
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91%) as a colorless oil: [a]26
D ��29.5 (c 1.36, benzene); IR (neat): nÄ � 1710,


1670 cmÿ1; 1H NMR (C6D6): conformer A d� 7.40 ± 7.02 (m, 10H, Ph), 4.90
(d, J� 12.8 Hz, 1 H, Bn), 4.76 (s, 1 H, 20-H), 4.59 (d, J� 12.8 Hz, 1 H, Bn),
4.56 (d, J� 10.9 Hz, 1H, Bn), 4.52 (d, J� 1.8 Hz, 1 H, 2-H), 4.42 (s, 1H, 20-
H), 4.40 (d, J� 3.4 Hz, 1 H, 10-H), 4.34 (d, J� 10.9 Hz, 1H, Bn), 4.08 (d,
J� 3.4 Hz, 1H, 9-H), 3.70 (dd, J� 10.4, 7.0 Hz, 1H, 7-H), 3.68 ± 3.52 (m,
1H, 13-H), 2.90 ± 2.32 (m, 2H, 5-H, 13-H), 2.30 (d, J� 1.8 Hz, 1 H, 3-H),
2.17 ± 1.80 (m, 3 H, 5-H, 6-H, 14-H), 1.86 (s, 3 H, 18-Me), 1.76 ± 1.25 (m, 2H,
6-H, 14-H), 1.69 (s, 3H, Me), 1.47 (s, 3 H, Me), 1.35 (s, 3H, Me), 1.29 (s, 3H,
Me), 1.23 (s, 3H, Me), 0.91 (s, 9 H, TBS), 0.11 (s, 3 H, TBS), ÿ0.03 (s, 3H,
TBS); conformer B d� 7.40 ± 7.02 (m, 10 H, Ph), 5.03 (d, J� 12.3 Hz, 1H,
Bn), 4.92 (s, 1 H, 20-H), 4.88 (d, J� 12.3 Hz, 1 H, Bn), 4.70 (d, J� 10.9 Hz,
1H, Bn), 4.45 (d, J� 10.9 Hz, 1H, Bn), 4.41 (d, J� 2.7 Hz, 1H, 2-H), 4.40 (s,
1H, 20-H), 4.38 (d, J� 2.1 Hz, 1H, 10-H), 4.14 (d, J� 2.1 Hz, 1 H, 9-H),
3.87 (dd, J� 13.9, 7.3 Hz, 1H, 7-H), 3.65 ± 3.59 (m, 1H, 13-H), 2.90 ± 2.32
(m, 2 H, 5-H, 13-H), 2.25 (d, J� 2.7 Hz, 1H, 3-H), 2.17 ± 1.80 (m, 3 H, 5-H,
6-H, 14-H), 1.84 (s, 3 H, 18-Me), 1.76 ± 1.25 (m, 2 H, 6-H, 14-H), 1.68 (s, 3H,
Me), 1.58 (s, 3 H, Me), 1.44 (s, 3 H, Me), 1.29 (s, 3H, Me), 1.28 (s, 3H, Me),
0.96 (s, 9H, TBS), 0.33 (s, 3H, TBS), 0.15 (s, 3 H, TBS); 13C NMR (C6D6):
conformer A d� 214.8 (11), 207.0 (12), 148.3 (4), 140.3 (Ph), 138.6 (Ph),
128.8 (Ph), 128.8 (Ph), 128.8 (Ph), 128.6 (Ph), 128.6 (Ph), 125.7 (Ph), 113.6
(20), 99.9 (acetonide), 94.0 (1), 89.7 (10), 83.4 (2), 81.3 (7), 76.6 (Bn), 74.6
(Bn), 72.7 (9), 57.8 (15), 49.4 (13), 41.1 (8), 40.7 (3), 30.3 (5), 30.2 (6), 29.0
(14), 27.1 (TBS), 26.3, 25.4, 22.5, 20.4, 19.7 (16, 17, 18, acetonide), 15.8
(TBS), 13.2 (19), ÿ0.6 (TBS), ÿ1.1 (TBS); conformer B d� 215.4 (11),
205.6 (12), 148.3 (4), 138.1 (Ph), 134.2 (Ph), 129.1 (Ph), 128.6 (Ph), 128.4
(Ph), 127.3 (Ph), 127.1 (Ph), 126.9 (Ph), 113.6 (20), 100.0 (acetonide), 93.5
(1), 87.6 (10), 84.3 (2), 81.7 (7), 76.2 (Bn), 75.8 (Bn), 66.1 (9), 59.4 (15), 46.5
(13), 42.3 (8), 41.0 (3), 32.0 (5), 29.8 (6), 27.6 (TBS), 27.4, 25.3, 24.9, 24.0,
20.5, 19.8 (14, 16, 17, 18, acetonide), 15.8 (TBS), 9.8 (19), 0.3 (TBS), ÿ1.0
(TBS); HR MS: calcd for C43H62O7SiNa [M�Na]� 741.4163, found
741.4135.


(4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-6,12-Dibenzyloxy-11-(cyclohexyldi-
methylsiloxy)-4,5-(isopropylidenedioxy)-4a,8,13,13-tetramethyl-1-methyl-
enetetradecahydro-7,11-methanobenzocyclodecene-7,8-diol (55a): Titani-
um(ii) chloride was prepared from titanium(iv) chloride and hexamethyl-
disilane by the procedure of Paul et al.[34] To the suspension of titanium(ii)
chloride thus obtained (70.0 mg, 0.589 mmol) in THF (1.47 mL) at 0 8C was
added lithium aluminum hydride in THF (1.0m, 0.13 mL, 0.13 mmol). The
reaction mixture was refluxed for 20 min and then THF (0.5 mL) was
added at room temperature. The suspension of low-valent titanium in THF
(0.2m) thus prepared was immediately used in the following reaction.


To a solution of diketone 54 a (2.8 mg, 3.8 mmol) in THF (1.5 mL) at 40 8C
was added the suspension of low-valent titanium in THF (0.2m, 0.4 mL,
0.080 mmol). The reaction mixture was stirred for 20 min at 40 8C and then
saturated aqueous sodium hydrogencarbonate was added at 0 8C. The
mixture was stirred for 10 min at room temperature and then it was
extracted with diethyl ether, and the organic layer was washed with water
and brine, and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford diol 55 a (2.0 mg, 71 %) as a colorless oil: [a]25


D �
�24.3 (c 0.66, benzene); IR (neat): nÄ � 3570 cmÿ1; 1H NMR (C6D6): d�
7.48 ± 7.14 (m, 10 H, Ph), 5.33 (d, J� 12.9 Hz, 1H, 10-Bn), 5.09 (s, 1H, 20-H-
endo), 4.96 (s, 1H, 20-H-exo), 4.92 (d, J� 13.6 Hz, 1 H, 2-Bn), 4.52 (d, J�
13.6 Hz, 1 H, 2-Bn), 4.51 (d, J� 12.9 Hz, 1 H, 10-Bn), 4.30 (d, J� 4.5 Hz,
1H, 2-H), 4.02 (d, J� 1.5 Hz, 1 H, 9-H), 3.83 (d, J� 1.5 Hz, 1H, 10-H), 3.69
(dd, J� 9.0, 7.5 Hz, 1H, 7-H), 3.14 (s, 1H, 11-OH), 3.12 (d, J� 4.5 Hz, 1H,
3-H), 2.89 (s, 1 H, 12-OH), 2.64 ± 0.79 (m, 19H, 5-H, 5-H, 6-H, 6-H, 13-H,
13-H, 14-H, 14-H, cHex), 1.66 (s, 3H, Me), 1.51 (s, 3 H, Me), 1.40 (s, 3H,
Me), 1.34 (s, 3H, Me), 1.22 (s, 3 H, Me), 0.93 (s, 3H, Me), 0.26 (s, 6H, Me,
Me); 13C NMR (C6D6): d� 146.5 (4), 140.8 (Ph), 139.4 (Ph), 129.1 (Ph),
128.7 (Ph), 128.4 (Ph), 128.1 (Ph), 127.1 (Ph), 126.7 (Ph), 112.3 (20), 99.0
(acetonide), 93.9 (11), 83.2 (9), 82.5 (1), 81.1 (10), 79.8 (10-Bn), 77.2 (2), 74.4
(2-Bn), 73.0 (12), 73.0 (7), 51.3, 46.4, 40.8, 37.6, 30.4, 29.6, 29.3, 29.0, 28.8,
28.5, 28.0, 27.9, 27.7, 27.7, 27.6, 26.4, 23.5, 22.1 (3, 5, 6, 8, 13, 14, 15, 16, 17, 18,
acetonide, cHex), 19.2 (19), 0.4 (Me), ÿ0.2 (Me); HR MS: calcd for
C45H66O7SiNa [M�Na]� 769.4476, found 769.4496.


(4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-6,12-Dibenzyloxy-11-(dicyclohexyl-
methylsiloxy)-4,5-(isopropylidenedioxy)-4a,8,13,13-tetramethyl-1-methyl-
enetetradecahydro-7,11-methanobenzocyclodecene-7,8-diol (55 b): To a
solution of diketone 54 b (6.5 mg, 8.0 mmol) in THF (2.96 mL) at 45 8C


was added the suspension of low-valent titanium in THF (0.2m, 0.96 mL,
0.192 mmol). The reaction mixture was stirred for 5 min at 45 8C and then
saturated aqueous sodium hydrogencarbonate was added at 0 8C. The
mixture was stirred for 10 min at room temperature and then it was
extracted with diethyl ether, and the organic layer was washed with water
and brine, and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford diol 55b (4.1 mg, 63 %) as a colorless oil: [a]26


D �
�49.7 (c 1.57, benzene); IR (neat): nÄ � 3560 cmÿ1; 1H NMR (C6D6): d�
7.46 ± 7.13 (m, 10H, Ph), 5.32 (d, J� 11.6 Hz, 1H, 10-Bn), 5.15 (s, 1 H, 20-H-
endo), 5.02 (s, 1H, 20-H-exo), 4.92 (d, J� 12.5 Hz, 1 H, 2-Bn), 4.53 (d, J�
12.5 Hz, 1H, 2-Bn), 4.51 (d, J� 11.6 Hz, 1 H, 10-Bn), 4.36 (d, J� 3.6 Hz,
1H, 2-H), 4.03 (d, J� 1.4 Hz, 1 H, 9-H), 3.86 (d, J� 1.4 Hz, 1H, 10-H), 3.71
(dd, J� 9.9, 7.3 Hz, 1H, 7-H), 3.16 (s, 1H, 11-OH), 3.15 (d, J� 3.6 Hz, 1H,
3-H), 2.88 (s, 1 H, 12-OH), 2.65 ± 0.80 (m, 30H, 5-H, 5-H, 6-H, 6-H, 13-H,
13-H, 14-H, 14-H, cHex, cHex), 1.68 (s, 3 H, 17-Me), 1.66 (s, 3H, 19-Me),
1.54 (s, 3 H, 16-Me), 1.51 (s, 3 H, acetonide-b), 1.33 (s, 3H, 18-Me), 1.24 (s,
3H, acetonide-a), 0.32 (s, 3 H, Me); 13C NMR (C6D6): d� 146.2 (4), 140.5
(Ph), 139.2 (Ph), 129.1 (Ph), 128.9 (Ph), 128.8 (Ph), 128.5 (Ph), 126.9 (Ph),
126.6 (Ph), 112.4 (20), 98.8 (acetonide), 94.8 (10), 83.2 (11), 82.4 (1), 80.8
(9), 79.6 (10-Bn), 77.4 (2), 74.2 (2-Bn), 72.8 (12), 72.7 (7), 51.5 (8), 46.3 (3),
40.8 (15), 37.4 (13), 30.2 (acetonide-b), 30.2 (5), 29.3 (14), 29.2 (cHex), 29.0
(17), 29.0 (cHex), 29.0 (cHex), 28.8 (cHex), 28.8 (cHex), 28.7 (cHex), 28.6
(cHex), 28.3 (cHex), 28.0 (cHex), 27.6 (18), 27.6 (cHex), 27.6 (cHex), 27.5
(cHex), 26.3 (6), 23.4 (16), 19.0 (acetonide-a), 11.0 (19), ÿ2.9 (Me);
HR MS: calcd for C50H74O7SiNa [M�Na]� 837.5102, found 837.5084.


(4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-6,12-Dibenzyloxy-11-(tert-butyldime-
thylsiloxy)-4,5-(isopropylidenedioxy)-4a,8,13,13-tetramethyl-1-methylene-
tetradecahydro-7,11-methanobenzocyclodecene-7,8-diol (55c): To a solu-
tion of diketone 54c (6.3 mg, 8.8 mmol) in THF (2.9 mL) at 35 8C was added
the suspension of low-valent titanium in THF (0.2m, 0.90 mL, 0.180 mmol).
The reaction mixture was stirred for 5 min at 35 8C, and then saturated
aqueous sodium hydrogencarbonate was added at 0 8C. The mixture was
stirred for 10 min at room temperature and then extracted with diethyl
ether, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford diol 55 c (3.3 mg, 52 %) as a colorless oil: [a]26


D ��20.2 (c 0.82,
benzene); IR (neat): nÄ � 3590 cmÿ1; 1H NMR (C6D6): d� 7.39 ± 7.07 (m,
10H, Ph), 5.21 (d, J� 11.4 Hz, 1H, 10-Bn), 5.06 (s, 1 H, 20-H-endo), 4.98 (s,
1H, 20-H-exo), 4.92 (d, J� 12.7 Hz, 1H, 2-Bn), 4.54 (d, J� 12.7 Hz, 1H,
2-Bn), 4.47 (d, J� 11.4 Hz, 1H, 10-Bn), 4.33 (d, J� 3.6 Hz, 1H, 2-H), 3.95
(d, J� 1.2 Hz, 1 H, 9-H), 3.79 (d, J� 1.2 Hz, 1H, 10-H), 3.59 (dd, J� 10.0,
7.1 Hz, 1H, 7-H), 3.08 (d, J� 3.6 Hz, 1H, 3-H), 2.99 (s, 1 H, 11-OH), 2.74 (s,
1H, 12-OH), 2.74 ± 2.61 (m, 1H, 5-H), 2.25 ± 1.83 (m, 4H, 5-H, 6-H, 13-H,
14-H), 1.62 (s, 3 H, Me), 1.58 (s, 3H, Me), 1.51 ± 0.96 (m, 3H, 6-H, 13-H, 14-
H), 1.47 (s, 3H, Me), 1.43 (s, 3 H, acetonide-b), 1.25 (s, 3 H, Me), 1.14 (s, 3H,
acetonide-a), 0.91 (s, 9H, TBS), 0.31 (s, 3H, TBS), 0.12 (s, 3H, TBS);
13C NMR (C6D6): d� 146.2 (4), 140.6 (Ph), 139.3 (Ph), 129.1 (Ph), 128.4
(Ph), 128.4 (Ph), 128.1 (Ph), 128.1 (Ph), 126.8 (Ph), 113.1 (20), 99.0
(acetonide), 94.0 (10), 83.6 (11), 82.5 (1), 81.0 (9), 79.5 (10-Bn), 78.1 (2),
74.3 (2-Bn), 73.4 (12), 73.1 (7), 52.0 (8), 46.4 (3), 41.3 (15), 37.5 (13), 30.4
(acetonide-b), 29.9 (5), 29.8 (14), 28.8 (17), 27.6 (TBS), 26.4 (18), 23.3 (6),
20.0 (16), 19.3 (acetonide-a), 14.6 (TBS), 11.2 (19), 0.5 (TBS), ÿ1.0 (TBS);
HR MS: calcd for C43H64O7SiNa [M�Na]� 743.4319, found 743.4288.


(1S,4aR,5S,6S,9R,10R,11S,12S,12aS)-1,12-(Isopropylidenedioxy)-
9,12a,13,13-tetramethyl-4-methylenetetradecahydro-6,10-methanobenzo-
cyclodecene-5,6,9,10,11-pentaol (56, from diol 55 a):


1) To a solution of diol 55 a (5.0 mg, 6.7 mmol) in THF (0.5 mL) at ÿ788C
were added liquid ammonia (1.2 mL) and sodium (4.0 mg, 0.174 mmol).
After the reaction mixture had been stirred for 1.5 h at ÿ78 8C, it was
allowed to warm to ÿ45 8C. The reaction mixture was stirred for 30 min at
ÿ45 8C, and then solid ammonium chloride was added. After evaporation
of liquid ammonia at room temperature, the residue was diluted with
diethyl ether and dried over sodium sulfate. Filtration of the mixture and
evaporation of the solvent afforded a crude tetraol.


2) To a solution of the above crude tetraol in THF (1.0 mL) at room
temperature was added TBAF in THF (1.0m, 0.04 mL, 40.0 mmol). The
reaction mixture was stirred for 5 min at room temperature, and then the
solvent was evaporated. The crude product was purified by thin-layer
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chromatography to afford pentaol 56 (2.9 mg, 100 % from diol 55a) as a
clear plate.


Pentaol 56 (from diol 55b):


1) To a solution of diol 55b (15.3 mg, 18.8 mmol) in THF (1.2 mL) atÿ788C
were added liquid ammonia (4.5 mL) and sodium (18.0 mg, 0.783 mmol).
After the reaction mixture had been stirred for 1 h atÿ 78 8C, it was allowed
to warm to ÿ45 8C. The reaction mixture was stirred for 30 min at ÿ45 8C
and then solid ammonium chloride was added. After evaporation of liquid
ammonia at room temperature, the residue was diluted with diethyl ether
and dried over sodium sulfate. Filtration of the mixture and evaporation of
the solvent afforded a crude tetraol.


2) To a solution of the above crude tetraol in THF (2.0 mL) at room
temperature was added TBAF in THF (1.0m, 0.075 mL, 75.0 mmol). The
reaction mixture was stirred for 20 min at room temperature and then a
small amount of methanol was added. After the solvent was evaporated,
the crude product was purified by thin-layer chromatography to afford
pentaol 56 (6.6 mg, 83 % from diol 55 b) as a clear plate.


Pentaol 56 (from diol 55c):


1) To a solution of diol 55 c (6.0 mg, 8.3 mmol) in THF (0.8 mL) at ÿ788C
were added liquid ammonia (4 mL) and sodium (18.0 mg, 0.783 mmol).
After the reaction mixture had been stirred for 15 min at ÿ78 8C, it was
allowed to warm to ÿ45 8C. The reaction mixture was stirred for 30 min at
ÿ45 8C and then solid ammonium chloride was added. After evaporation of
liquid ammonia at room temperature, the residue was diluted with diethyl
ether and dried over sodium sulfate. Filtration of the mixture and
evaporation of the solvent afforded a crude tetraol.


2) To a solution of the above crude tetraol in THF (1.5 mL) at room
temperature was added TBAF in THF (1.0m, 0.05 mL, 50.0 mmol). The
reaction mixture was stirred for 30 min at room temperature, and then a
small amount of methanol was added. After the solvent was evaporated,
the crude product was purified by thin-layer chromatography to afford
pentaol 56 (3.3 mg, 93 % from diol 55c) as clear plates: m.p. 273 ± 275 8C;
[a]28


D ��4.0 (c 0.49, MeOH); IR (KBr): 3530, 3390 cmÿ1; 1H NMR
(CD2Cl2): d� 5.10 (s, 1H, 20-H), 4.76 (s, 1 H, 20-H), 4.17 (s, 1H, OH),
4.05 (dd, J� 8.6, 5.6 Hz, 1H, 2-H), 3.94 (d, J� 2.6 Hz, 1 H, 10-H), 3.69 (s,
1H, OH), 3.68 (d, J� 2.6 Hz, 1H, 9-H), 3.54 (dd, J� 10.9, 6.3 Hz, 1 H, 7-H),
2.85 (d, J� 5.6 Hz, 1 H, 2-OH), 2.79 (br s, 1 H, 10-OH), 2.64 (d, J� 8.6 Hz,
1H, 3-H), 2.63 (s, 1 H, OH), 2.27 (ddd, J� 13.5, 8.6, 2.6 Hz, 1 H, 5-H), 2.10
(ddd, J� 13.5, 7.9, 1.3 Hz, 1 H, 5-H), 1.98 ± 1.42 (m, 6H, 6-H, 6-H, 13-H, 13-
H, 14-H, 14-H), 1.33 (s, 3H, 18-Me), 1.32 (s, 3H, 16-Me or 17-Me), 1.31 (s,
3H, acetonide), 1.26 (s, 3 H, 19-Me), 1.20 (s, 3H, 17-Me or 16-Me), 1.08 (s,
3H, acetonide); 13C NMR (CD2Cl2): d� 149.4 (4), 113.2 (20), 98.9
(acetonide), 83.2 (10), 79.8 (11), 78.3 (9), 78.1 (1), 75.0 (7), 73.5 (12), 70.2
(2), 49.4 (3), 47.7 (8), 42.2 (15), 35.7 (13), 31.7 (5), 29.8 (acetonide), 27.8 (14),
27.7 (17), 26.9 (18), 26.3 (6), 21.9 (16), 19.5 (acetonide), 10.8 (19); HR MS:
calcd for C23H38O7Na [M�Na]� 449.2515, found 449.2513.


(4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-11,12-(Carbonyldioxy)-4,5-(isopropy-
lidenedioxy)-4a,8,13,13-tetramethyl-1-methylenetetradecahydro-7,11-me-
thanobenzocyclodecene-6,7,8-triol : To a solution of pentaol 56 (5.3 mg,
12.4 mmol) in dichloromethane (6.9 mL) and pyridine (0.05 mL,
0.618 mmol) at ÿ45 8C was added bis(trichloromethyl) carbonate
(20.0 mg, 67.4 mmol). The reaction mixture was stirred for 70 min at
ÿ45 8C, and then saturated aqueous sodium hydrogencarbonate was added.
The mixture was extracted with diethyl ether, and the organic layer was
washed with saturated aqueous copper(ii) sulfate, water, and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford (4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-11,12-(carbonyldioxy)-
4,5-(isopropylidenedioxy)-4a,8,13,13-tetramethyl-1-methylenetetradeca-
hydro-7,11-methanobenzocyclodecene-6,7,8-triol (5.6 mg, 100 %) as a white
foam: m.p. 254 ± 256 8C; [a]29


D �ÿ38.4 (c 0.74, MeOH); IR (KBr): 3460,
1800 cmÿ1; 1H NMR (C6D6): d� 5.04 (s, 1 H, 20-H), 4.95 (d, J� 10.5 Hz,
1H, 2-H), 4.68 (s, 1H, 20-H), 3.71 (dd, J� 3.6, 1.7 Hz, 1H, 10-H), 3.56 (d,
J� 1.7 Hz, 1 H, 9-H), 3.29 (dd, J� 10.6, 5.3 Hz, 1H, 7-H), 3.12 (s, 1H, 11-
OH), 2.54 (d, J� 2.6 Hz, 1 H, 12-OH), 2.35 (ddd, J� 15.0, 8.2, 0.7 Hz, 1H,
14-H), 2.26 (d, J� 10.5 Hz, 1 H, 3-H), 2.18 ± 2.04 (m, 1H, 5-H), 1.96 (d, J�
3.6 Hz, 1 H, 10-OH), 1.90 ± 1.50 (m, 6H, 5-H, 6-H, 6-H, 13-H, 13-H, 14-H),
1.69 (s, 3 H, 16-Me), 1.31 (s, 3 H, acetonide), 1.22 (s, 3H, 17-Me), 1.21 (s, 3H,
19-Me), 1.05 (s, 3H, acetonide), 1.03 (s, 3H, 18-Me); 13C NMR (C6D6): d�


152.2 (CO), 141.8 (4), 115.1 (20), 98.4 (acetonide), 91.8 (11), 83.1 (10), 79.0
(2), 78.8 (1), 77.4 (9), 72.9 (7), 73.0 (12), 45.3 (3), 45.1 (16), 44.0 (8), 34.3 (5),
33.2 (13), 29.9 (6), 29.6 (acetonide), 26.9 (17), 26.9 (18), 23.0 (14), 22.4 (16),
19.3 (acetonide), 10.2 (19); HR MS: calcd for C24H36O8Na [M�Na]�


475.2308, found 475.2318.


(4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-11,12-(Carbonyldioxy)-7,8-dihydroxy-
4,5-(isopropylidenedioxy)-4a,8,13,13-tetramethyl-1-methylenetetradeca-
hydro-7,11-methanobenzocyclodecen-6-yl acetate (57): To a solution of
(4S,4aS,5S,6S,7R,8R,11S,12S,12aR)-11,12-(carbonyldioxy)-4,5-(isopropyl-
idenedioxy)-4a,8,13,13-tetramethyl-1-methylenetetradecahydro-7,11-meth-
anobenzocyclodecene-6,7,8-triol (3.5 mg, 7.7 mmol) and DMAP (18.0 mg,
0.147 mmol) in benzene (1.5 mL) at 0 8C was added acetic anhydride
(0.01 mL, 0.106 mmol). The reaction mixture was stirred for 10 h at 35 8C
and then saturated aqueous sodium hydrogencarbonate was added. The
mixture was extracted with diethyl ether, and the organic layer was washed
with water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford diol 57 (3.2 mg, 84%) as a white foam:
m.p. 238 ± 240 8C; [a]28


D �ÿ4.3 (c 0.59, benzene); IR (neat): nÄ � 3480,
1800 cmÿ1; 1H NMR (C6D6): d� 5.27 (d, J� 2.0 Hz, 1H, 10-H), 5.09 (s, 1H,
20-H-endo), 5.04 (d, J� 11.2 Hz, 1H, 2-H), 4.79 (s, 1H, 20-H-exo), 3.82 (d,
J� 2.0 Hz, 1 H, 9-H), 3.61 (s, 1 H, 11-OH), 3.28 (dd, J� 11.5, 5.6 Hz, 1H,
7-H), 2.64 (d, J� 2.3 Hz, 1 H, 12-OH), 2.36 ± 2.25 (m, 1H, 14-H), 2.21 (d,
J� 11.2 Hz, 1H, 3-H), 2.14 ± 2.06 (m, 1H, 5-H), 1.90 ± 1.30 (m, 6H, 5-H,
6-H, 6-H, 13-H, 13-H, 14-H), 1.68 (s, 3 H, Ac), 1.67 (s, 3H, Me), 1.28 (s, 3H,
Me), 1.16 (s, 3 H, Me), 1.16 (s, 3 H, Me), 1.05 (s, 3 H, Me), 1.04 (s, 3 H, Me);
13C NMR (C6D6): d� 174.1 (Ac), 152.0 (CO), 141.7 (4), 114.6 (20), 98.4
(acetonide), 91.6 (11), 84.2 (10), 80.1 (2), 79.0 (1), 77.4 (9), 76.5 (7), 73.2
(12), 45.9 (3), 45.1 (15), 45.0 (8), 35.7 (5), 32.4 (13), 30.5 (6), 30.2
(acetonide), 29.4 (Ac), 25.9 (17), 25.8 (18), 22.7 (14), 22.1 (16), 19.2
(acetonide), 10.5 (19); HR MS: calcd for C26H38O9Na [M�Na]� 517.2414,
found 517.2423.


(4S,4aR,5S,6S,7R,8R,11S,12S,12aR)-11,12-(Carbonyldioxy)-5,7,8-trihy-
droxy-4a,8,13,13-tetramethyl-1-methylene-4-(triethylsiloxy)tetradecahy-
dro-7,11-methanobenzocyclodecen-6-yl acetate :


1) To a solution of diol 57 (5.0 mg, 10.1 mmol) in THF (1 mL) at room
temperature was added hydrochloric acid (3m, 0.5 mL). The reaction
mixture was stirred for 10 h at 60 8C and then solid sodium hydrogencar-
bonate was added at 0 8C. The mixture was diluted with ethyl acetate and
dried over sodium sulfate. Filtration of the mixture through a short pad of
silica gel and evaporation of the solvent afford a crude tetraol.


2) To a solution of the above crude tetraol in pyridine (0.75 mL) at 0 8C was
added chlorotriethylsilane (0.05 mL, 0.298 mmol). The reaction mixture
was stirred for 40 min at room temperature, and then saturated aqueous
sodium hydrogencarbonate was added at 0 8C. The mixture was extracted
with ethyl acetate, and the organic layer was washed with saturated
aqueous copper(ii) sulfate, water, and brine, and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford
(4S,4aR,5S,6S,7R,8R,11S,12S,12aR)-11,12-(carbonyldioxy)-5,7,8-trihydroxy-
4a,8,13,13-tetramethyl-1-methylene-4-(triethylsiloxy)tetradecahydro-7,11-
methanobenzocyclodecen-6-yl acetate (4.8 mg, 83% from diol 57) as a
colorless oil: [a]28


D �ÿ1.0 (c 0.97, benzene); IR (neat): nÄ � 3420, 1800,
1730 cmÿ1; 1H NMR (C6D6): d� 5.89 (s, 1 H, 9-OH), 5.52 (d, J� 2.1 Hz, 1H,
10-H), 5.26 (d, J� 6.3 Hz, 1H, 2-H), 5.17 (s, 1H, 20-H-exo), 5.02 (s, 1 H, 20-
H-endo), 4.00 (d, J� 2.1 Hz, 1H, 9-H), 3.98 (s, 1 H, 11-OH), 3.69 (dd, J�
10.6, 6.3 Hz, 1H, 7-H), 2.69 (d, J� 1.6 Hz, 1 H, 12-OH), 2.66 (d, J� 6.3 Hz,
1H, 3-H), 2.50 ± 2.35 (m, 1H, 14-H), 2.15 ± 2.05 (m, 1H, 5-H), 1.88 ± 1.30 (m,
6H, 5-H, 6-H, 6-H, 13-H, 13-H, 14-H), 1.67 (s, 3 H, Ac), 1.67 (s, 3H, Me),
1.31 (s, 3 H, Me), 1.22 (s, 3H, Me), 1.18 (s, 3H, Me), 0.88 (t, J� 7.9 Hz, 9H,
TES), 0.48 (q, J� 7.9 Hz, 6H, TES); 13C NMR (C6D6): d� 173.7 (Ac), 152.5
(CO), 141.1 (4), 115.5 (20), 89.6 (11), 86.8 (10), 81.7 (1), 81.7 (2), 80.9 (9),
76.9 (7), 73.1 (12), 49.0 (3), 47.9 (15), 44.3 (8), 33.5 (5), 32.8 (13), 32.5 (6),
30.2 (Ac), 26.2 (17), 25.4 (18), 24.9 (14), 20.4 (16), 9.4 (19), 6.7 (TES), 5.2
(TES); HR MS: calcd for C29H48O9SiCs [M�Cs]� 701.2122, found 701.2108.


(4S,4aS,6R,7R,8R,11S,12S,12aR)-11,12-(Carbonyldioxy)-7,8-dihydroxy-
4a,8,13,13-tetramethyl-1-methylene-5-oxo-4-triethylsiloxytetradecahydro-
7,11-methanobenzocyclodecen-6-yl acetate (58): To a suspension of
(4S,4aR,5S,6S,7R,8R,11S,12S,12aR)-11,12-(carbonyldioxy)-5,7,8-trihydroxy-
4a,8,13,13-tetramethyl-1-methylene-4-triethylsiloxytetradecahydro-7,11-
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methanobenzocyclodecen-6-yl acetate (2.5 mg, 4.4 mmol), NMO (5.1 mg,
40.4 mmol) and MS 4 � (5 mg) in dichloromethane (1 mL) at 0 8C was
added TPAP (0.5 mg, 1.4 mmol). The reaction mixture was stirred for 1 h at
room temperature and then it was diluted with ethyl acetate at 0 8C. After
filtration of the mixture through a short pad of silica gel and evaporation of
the solvent, the crude product was purified by thin-layer chromatography
to afford dihydroxyketone 58 (1.9 mg, 76%) as a colorless oil: [a]28


D ��7.3
(c 0.80, benzene); IR (neat): nÄ � 3450, 1790, 1730, 1700 cmÿ1; 1H NMR
(C6D6): d� 5.76 (s, 1H, 10-H), 5.26 (s, 1H, 20-H), 4.90 (s, 1 H, 20-H), 4.48
(d, J� 10.3 Hz, 1 H, 2-H), 4.16 (s, 1H, 11-OH), 3.64 (dd, J� 5.2, 1.6 Hz, 1H,
7-H), 2.96 (d, J� 10.3 Hz, 1 H, 3-H), 2.40 ± 2.20 (m, 2 H, 5-H, 14-H), 2.14 (d,
J� 2.0 Hz, 1 H, 12-OH), 2.05 ± 1.30 (m, 6H, 5-H, 6-H, 6-H, 13-H, 13-H, 14-
H), 1.75 (s, 3H, Ac), 1.59 (s, 3 H, Me), 1.57 (s, 3H, Me), 1.30 (s, 3 H, Me),
1.03 (s, 3 H, Me), 0.96 (t, J� 7.9 Hz, 9 H, TES), 0.51 (q, J� 7.9 Hz, 6H,
TES); 13C NMR (C6D6): d� 213.1 (9), 173.8 (Ac), 152.2 (CO), 138.0 (4),
108.8 (20), 91.2 (10), 89.9 (11), 80.6 (1), 78.8 (2), 72.6 (7), 71.3 (12), 53.6 (8),
44.3 (3), 43.9 (15), 32.8 (5), 31.5 (13), 31.0 (6), 27.5 (Ac), 26.2 (17), 25.3 (18),
23.1 (14), 20.5 (16), 12.5 (19), 7.1 (TES), 5.7 (TES); HR MS: calcd for
C29H46O9SiNa [M�Na]� 589.2809, found 589.2781.


(4S,4aS,6R,11S,12S,12aR)-11,12-(Carbonyldioxy)-4a,8,13,13-tetramethyl-
1-methylene-5-oxo-4-triethylsiloxy-1,2,3,4,4a,5,6,9,10,11,12,12a-dodecahy-
dro-7,11-methanobenzocyclodecen-6-yl acetate (59):


1) To a solution of dihydroxyketone 58 (1.2 mg, 2.1 mmol) in toluene
(1 mL) were added TCDI (17.4 mg, 97.6 mmol) and DMAP (48.9 mg,
0.400 mmol). The reaction mixture was stirred for 4 h at 100 8C and then it
was diluted with ethyl acetate at room temperature. Filtration of the
mixture through a short pad of silica gel and evaporation of the solvent
afforded a mixture of thionocarbonate and 12-monosubstituted intermedi-
ate. The crude mixture was dissolved in toluene (0.5 mL) and then DMAP
(12.2 mg, 0.100 mmol) was added at room temperature. After the
reaction mixture had been stirred for 4 h at 100 8C, it was diluted with
ethyl acetate at room temperature. Filtration of mixture through a short
pad of silica gel and evaporation of the solvent afforded a crude
thionocarbonate (1.1 mg).


2) To the above crude thionocarbonate (0.9 mg) was added trimethyl
phosphite (1 mL) at room temperature. The reaction mixture was stirred
for 5 h at 110 8C and then the crude product was purified by thin-layer
chromatography to afford ketone 59 (0.5 mg, 53 % from dihydroxyketone
58) as a colorless oil: [a]28


D �ÿ55.2 (c 2.00, benzene); IR (neat): nÄ � 1810,
1750, 1720 cmÿ1; 1H NMR (C6D6): d� 6.68 (s, 1 H, 10-H), 5.72 (s, 1H, 20-
H), 4.96 (s, 1 H, 20-H), 4.24 (d, J� 5.3 Hz, 1 H, 2-H), 4.06 (dd, J� 10.9,
4.3 Hz, 1H, 7-H), 2.74 (d, J� 5.3 Hz, 1 H, 3-H), 2.15 ± 1.30 (m, 8H, 5-H,
5-H, 6-H, 6-H, 13-H, 13-H, 14-H, 14-H), 1.83 (s, 3H, 18-Me), 1.76 (s, 3H,
Ac), 1.26 (s, 3H, 19-Me), 1.20 (s, 3 H, 16-Me), 1.02 (t, J� 7.6 Hz, 9H, TES),
1.02 (s, 3H, 17-Me), 0.68 (q, J� 7.6 Hz, 6 H, TES); 13C NMR (C6D6): d�
202.9 (9), 169.1 (Ac), 152.5 (CO), 142.1 (4), 140.1 (11), 131.5 (12), 115.1
(20), 92.2 (10), 81.6 (1), 76.1 (2), 74.2 (7), 62.5 (8), 48.7 (3), 37.1 (15), 32.5
(14), 30.1 (13), 29.9 (5), 26.2 (6), 23.9 (17), 21.9 (Ac), 20.4 (16), 19.1 (18),
11.5 (19), 7.1 (TES), 5.7 (TES); HR MS: calcd for C29H44O7SiNa [M�Na]�


555.2754, found 555.2728.


(4S,4aS,6R,11S,12S,12aR)-11,12-(Carbonyldioxy)-4a,8,13,13-tetramethyl-
1-methylene-5,9-dioxo-4-triethylsiloxy-1,2,3,4,4a,5,6,9,10,11,12,12a-dodec-
ahydro-7,11-methanobenzocyclodecen-6-yl acetate : To a suspension of
ketone 59 (0.5 mg, 1.0 mmol), sodium acetate (2.3 mg, 28.3 mmol), and
Celite (6.1 mg) in benzene (0.5 mL) at room temperature was added PCC
(6.1 mg, 28.2 mmol). The reaction mixture was stirred for 7 h at 95 8C and
then sodium acetate (2.3 mg, 28.3 mmol), Celite (6.1 mg), and PCC (6.1 mg,
28.2 mmol) were added at room temperature. The reaction mixture was
stirred for 4 h at 95 8C and then the crude product was purified by thin-layer
chromatography to afford (4S,4aS,6R,11S,12S,12aR)-11,12-(carbonyl-
dioxy)-4a,8,13,13-tetramethyl-1-methylene-5,9-dioxo-4-triethylsiloxy-1,2,-
3,4,4a,5,6,9,10,11,12,12a-dodecahydro-7,11-methanobenzocyclodecen-6-yl
acetate (0.4 mg, 78 %) as a colorless oil: [a]29


D �ÿ58.2 (c 1.06, benzene); IR
(neat): nÄ � 1820, 1750, 1720, 1690 cmÿ1; 1H NMR (C6D6): d� 6.72 (s, 1H,
10-H), 5.59 (s, 1 H, 20-H-exo), 4.87 (s, 1H, 20-H-endo), 4.21 (d, J� 5.6 Hz,
1H, 2-H), 3.98 (dd, J� 10.2, 5.0 Hz, 1H, 7-H), 2.86 (d, J� 5.6 Hz, 1 H, 3-H),
2.66 (d, J� 19.6 Hz, 1 H, 14-H), 2.56 (d, J� 19.6 Hz, 1 H, 14-H), 2.20 (s, 3H,
18-Me), 1.82 ± 1.75 (m, 1 H, 5-H), 1.71 (s, 3H, Ac), 1.60 ± 1.25 (m, 3 H, 5-H,
6-H, 6-H), 1.20 (s, 3 H, 19-Me), 1.07 (s, 3H, 16-Me), 0.98 (t, J� 7.8 Hz, 9H,
TES), 0.96 (s, 3H, 17-Me), 0.62 (q, J� 7.8 Hz, 3H, TES), 0.61 (q, J� 7.8 Hz,


3H, TES); 13C NMR (C6D6): d� 200.6 (9), 195.5 (13), 168.7 (Ac), 151.7
(CO), 149.0 (11), 141.3 (4), 139.4 (12), 115.6 (20), 88.1 (1), 80.8 (2), 76.4
(10), 74.3 (7), 63.2 (8), 49.1 (3), 41.5 (15), 40.4 (14), 36.7 (5), 32.2 (6), 31.4
(17), 20.1 (Ac), 18.2 (16), 15.0 (18), 11.5 (19), 7.0 (TES), 5.6 (TES); HR MS:
calcd for C29H42O8SiCs [M�Cs]� 679.1703, found 679.1673.


(4S,4aS,6R,9S,11S,12S,12aR)-11,12-(Carbonyldioxy)-9-hydroxy-4a,8,13,
13-tetramethyl-1-methylene-5-oxo-4-triethylsiloxy-1,2,3,4,4a,5,6,9,10,11,
12,12a-dodecahydro-7,11-methanobenzocyclodecen-6-yl acetate : To a sol-
ution of K-Selectride� in THF (0.167m, 0.24 mL, 40.1 mmol) at ÿ23 8C was
added a solution of (4S,4aS,6R,11S,12S,12aR)-11,12-(carbonyldioxy)-
4a,8,13,13-tetramethyl-1-methylene-5,9-dioxo-4-triethylsiloxy-1,2,3,4,4a,5,
6,9,10,11,12,12a-dodecahydro-7,11-methanobenzocyclodecen-6-yl acetate
(2.3 mg, 4.2 mmol) in THF (0.3 mL). After the reaction mixture had been
stirred for 2 h, K-Selectride� in THF (1.0m, 0.02 mL, 20.0 mmol) was added
at ÿ23 8C. The reaction mixture was stirred for 2 h at ÿ23 8C, and then
saturated aqueous ammonium chloride was added. The mixture was
extracted with diethyl ether, and aqueous hydrogen peroxide (30 %) was
added to a concentrated residue of the organic layer. After the mixture had
been stirred for 1 h at room temperature, saturated aqueous sodium
hydrogensulfite was added, and then the mixture was neutralized with
saturated aqueous ammonium chloride. The mixture was extracted with
diethyl ether, and the organic layer was washed with brine and dried over
sodium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography
to afford (4S,4aS,6R,9S,11S,12S,12aR)-11,12-(carbonyldioxy)-9-hydroxy-
4a,8,13,13-tetramethyl-1-methylene-5-oxo-4-triethylsiloxy-1,2,3,4,4a,5,6,9,
10,11,12,12a-dodecahydro-7,11-methanobenzocyclodecen-6-yl acetate
(2.0 mg, 87 %) as a colorless oil: [a]29


D �ÿ92.7 (c 1.07, benzene); IR (neat):
nÄ � 3500, 1800, 1750, 1720 cmÿ1; 1H NMR (C6D6): d� 6.78 (s, 1 H, 10-H),
5.65 (s, 1 H, 20-H-exo), 5.00 (s, 1H, 20-H-endo), 4.35 ± 4.22 (m, 1 H, 13-H),
4.28 (d, J� 5.6 Hz, 1 H, 2-H), 4.22 (dd, J� 11.2, 5.0 Hz, 1 H, 7-H), 3.32 (d,
J� 5.6 Hz, 1 H, 3-H), 2.40 ± 2.25 (m, 1H, 14-H), 2.26 (s, 3H, 18-Me), 2.15 ±
1.95 (m, 3H, 5-H, 5-H, 14-H), 1.79 (s, 3H, Ac), 1.75 ± 1.68 (m, 1H, 6-H),
1.56 ± 1.38 (m, 1H, 6-H), 1.28 (s, 3H, 19-Me), 1.19 (s, 3H, 16-Me), 1.02 (t, J�
7.9 Hz, 9H, TES), 1.00 (s, 3H, 17-Me), 0.67 (q, J� 7.9 Hz, 3H, TES), 0.66 (q,
J� 7.9 Hz, 3H, TES); 13C NMR (C6D6): d� 203.1 (9), 169.0 (Ac), 153.3
(CO), 145.8 (11), 140.8 (4), 131.3 (12), 114.7 (20), 90.3 (1), 82.0 (2), 76.4 (10),
74.2 (7), 67.4 (13), 62.7 (8), 49.2 (3), 40.5 (15), 37.4 (14), 36.7 (5), 32.6 (6), 27.4
(17), 20.4 (Ac), 19.2 (16), 17.4 (18), 11.6 (19), 7.1 (TES), 5.7 (TES); HRMS:
calcd for C29H44O8SiNa [M�Na]� 571.2703, found 571.2714.


(4S,4aS,6R,9S,11S,12S,12aR)-11,12-(Carbonyldioxy)-4a,8,13,13-tetrameth-
yl-1-methylene-5-oxo-4,9-bis(triethylsiloxy)-1,2,3,4,4a,5,6,9,10,11,12,12a-
dodecahydro-7,11-methanobenzocyclodecen-6-yl acetate (60): To a solu-
tion of (4S,4aS,6R,9S,11S,12S,12aR)-11,12-(carbonyldioxy)-9-hydroxy-
4a,8,13,13-tetramethyl-1-methylene-5-oxo-4-triethylsiloxy-1,2,3,4,4a,5,6,9,
10,11,12,12a-dodecahydro-7,11-methanobenzocyclodecen-6-yl acetate
(3.8 mg, 6.9 mmol) in pyridine (0.7 mL) atÿ 23 8C was added triethylsilyl
trifluoromethanesulfonate (0.02 mL, 90.0 mmol). The reaction mixture was
stirred for 10 min at ÿ23 8C and then saturated aqueous sodium hydro-
gencarbonate was added. The mixture was extracted with diethyl ether, and
the organic layer was washed with saturated aqueous copper(ii) sulfate and
brine, and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford ketone 60 (4.5 mg, 98%) as a colorless oil:
[a]29


D �ÿ89.6 (c 1.09, benzene); IR (neat): nÄ � 1810, 1750, 1720 cmÿ1;
1H NMR (CDCl3): d� 6.54 (s, 1 H, 10-H), 5.41 (s, 1H, 20-H), 5.00 (s, 1 H, 20-
H), 4.79 (ddd, J� 9.6, 4.2, 1.1 Hz, 1H, 13-H), 4.27 (d, J� 5.4 Hz, 1H, 2-H),
4.14 (dd, J� 11.1, 4.8 Hz, 1 H, 7-H), 3.26 (d, J� 5.4 Hz, 1 H, 3-H), 2.56 (dd,
J� 15.3, 9.6 Hz, 1H, 14-H), 2.29 ± 2.22 (m, 1 H, 5-H), 2.21 (d, J� 1.1 Hz,
3H, 18-Me), 2.17 (s, 3H, Ac), 2.14 (dd, J� 15.3, 4.2 Hz, 1H, 14-H), 2.12 ±
1.88 (m, 2H, 5-H, 6-H), 1.57 ± 1.48 (m, 1H, 6-H), 1.19 (s, 3H, 19-Me), 1.13 (s,
6H, 16-Me, 17-Me), 0.98 (t, J� 7.9 Hz, 9 H, TES), 0.89 (t, J� 7.9 Hz, 9H,
TES), 0.65 (q, J� 7.9 Hz, 6H, TES), 0.51 (q, J� 7.9 Hz, 6 H, TES); 13C NMR
(CDCl3): d� 203.7 (9), 169.2 (Ac), 153.3 (CO), 146.4 (11), 134.0 (4), 130.7
(12), 114.5 (20), 90.2 (1), 82.1 (2), 76.5 (10), 73.7 (7), 62.6 (8), 48.8 (3), 40.3
(15), 38.0 (14), 32.1 (6), 27.5 (17), 20.9 (Ac), 19.0 (16), 17.9 (18), 11.2 (19), 6.7
(TES), 6.7 (TES), 5.2 (TES), 4.8 (TES); HR MS: calcd for C35H58O8Si2Na
[M�Na]� 685.3568, found 685.3597.


(4S,4aS,6R,9S,11S,12S,12aS)-1-Bromomethyl-11,12-(carbonyldioxy)-
4a,8,13,13-tetramethyl-5-oxo-4,9-bis(triethylsiloxy)-3,4,4a,5,6,9,10,11,12,12a-
decahydro-7,11-methanobenzocyclodecen-6-yl acetate (61) and
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(2S,4S,4aS,6R,9S,11S,12S,12aS)-2-bromo-11,12-(carbonyldioxy)-4a,8,13,13-
tetramethyl-1-methylene-5-oxo-4,9-bis(triethylsiloxy)-1,2,3,4,4a,5,6,9,10,
11,12,12a-dodecahydro-7,11-methanobenzocyclodecen-6-yl acetate (62):


1) To a mixture of copper(i) bromide (113 mg, 0.709 mmol) and tert-butyl
perbenzoate (192 mg, 0.790 mmol) at room temperature was added
acetonitrile (6 mL). The reaction mixture was stirred for 45 min at 50 8C
in darkness and then cooled down to room temperature. The copper
reagent in acetonitrile thus prepared was immediately used in the following
reaction.


The copper reagent in acetonitrile (6 mL) was added to a solution of ketone
60 (26.2 mg, 39.5 mmol) in acetonitrile (3 mL) at ÿ23 8C. After the reaction
mixture had been stirred for 12 h at ÿ23 8C, copper(i) bromide (157 mg,
1.185 mmol) was added. The reaction mixture was stirred for 1 h at ÿ23 8C,
and then the crude product was purified by column chromatography to
afford allylic bromide 61 (18.2 mg, 62 %) as a pale yellow solid and allylic
bromide 62 (4.4 mg, 15%) as a pale yellow oil.


2) To a mixture of allylic bromide 61 (93.0 mg, 0.137 mmol) and copper(i)
bromide (360 mg, 2.47 mmol) at room temperature was added acetonitrile
(5 mL). The reaction mixture was stirred for 100 min at 50 8C and then
saturated aqueous sodium hydrogencarbonate was added at 0 8C. The
mixture was extracted with diethyl ether, and the organic layer was washed
with brine and dried over magnesium sulfate. After filtration of the mixture
and evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford allylic bromide 62 (64.4 mg, 69%) as a pale
yellow oil and recovered allylic bromide 61 (23.5 mg, 25 %) as a pale yellow
solid. Allylic bromide 61: m.p. 131 ± 132 8C; [a]25


D �ÿ43.4 (c 0.65, benzene);
IR (KBr): nÄ � 1820, 1750, 1720 cmÿ1; 1H NMR (CDCl3): d� 6.43 (s, 1H, 10-
H), 5.98 ± 5.96 (m, 1 H, 5-H), 4.90 (br dd, J� 9.2, 5.0 Hz, 1 H, 13-H), 4.41 (d,
J� 5.0 Hz, 1 H, 2-H), 4.38 (d, J� 10.9 Hz, 1H, 20-H), 4.17 (d, J� 10.9 Hz,
1H, 20-H), 4.12 (dd, J� 9.6, 6.3 Hz, 1H, 7-H), 3.71 (br d, J� 5.0 Hz, 1H,
3-H), 2.82 (dd, J� 15.5, 5.0 Hz, 1 H, 14-H), 2.59 (dd, J� 15.5, 9.2 Hz, 1H,
14-H), 2.57 ± 2.40 (m, 1 H, 6-H), 2.17 (s, 3H, Ac), 2.14 (s, 3H, 18-Me), 2.17 ±
2.05 (m, 1H, 6-H), 1.24 (s, 3H, 19-Me), 1.21 (s, 6 H, 16-Me, 17-Me), 0.99 (t,
J� 7.8 Hz, 9 H, TES), 0.90 (t, J� 7.9 Hz, 9 H, TES), 0.67 (q, J� 7.8 Hz, 6H,
TES), 0.57 (q, J� 7.9 Hz, 6H, TES); 13C NMR (CDCl3): d� 203.1 (9), 169.1
(Ac), 152.7 (CO), 147.8 (11), 134.3 (4), 130.9 (5), 130.0 (12), 90.5 (1), 82.2
(2), 76.6 (10), 70.6 (7), 68.1 (13), 61.0 (8), 44.3 (3), 41.1 (15), 37.8 (14), 35.5
(20), 33.6 (6), 26.6 (17), 20.8 (Ac), 19.6 (16), 16.6 (18), 11.0 (19), 6.9 (TES),
6.7 (TES), 5.1 (TES), 4.8 (TES); HR MS: calcd for C35H57BrO8Si2Na
[M�Na]� 763.2673/765.2661, found 763.2658/765.2683. Allylic bromide 62 :
[a]29


D �ÿ18.7 (c 1.28, benzene); IR (neat): nÄ � 1820, 1750, 1720 cmÿ1;
1H NMR (CDCl3): d� 6.58 (s, 1 H, 10-H), 5.68 (d, J� 1.7 Hz, 1 H, 20-H),
5.37 (s, 1H, 20-H), 5.01 (ddd, J� 9.1, 6.6, 1.0 Hz, 1 H, 13-H), 4.84 (dd, J�
4.3, 2.0 Hz, 1H, 5-H), 4.54 (dd, J� 10.6, 4.6 Hz, 1H, 7-H), 4.40 (d, J�
5.9 Hz, 1H, 2-H), 4.05 (br d, J� 5.9 Hz, 1H, 3-H), 2.51 (dd, J� 15.5, 9.1 Hz,
1H, 14-H), 2.40 (d, J� 1.0 Hz, 3 H, 18-Me), 2.32 (ddd, J� 14.9, 4.6, 2.0 Hz,
1H, 6-H), 2.30 (dd, J� 15.5, 6.6 Hz, 1H, 14-H), 2.18 (s, 3 H, Ac), 2.12 (ddd,
J� 14.9, 10.6, 4.3 Hz, 1H, 6-H), 1.24 (s, 3H, 19-Me), 1.22 (s, 3H, 16-Me),
1.13 (s, 3H, 17-Me), 0.97 (t, J� 7.9 Hz, 9 H, TES), 0.90 (t, J� 7.9 Hz, 9H,
TES), 0.67 ± 0.53 (m, 12 H, TES); 13C NMR (CDCl3): d� 203.3 (9), 169.2
(Ac), 153.0 (CO), 149.0 (11), 141.0 (4), 128.6 (12), 118.4 (20), 91.0 (1), 82.0
(2), 76.3 (10), 70.0 (7), 68.1 (13), 62.4 (8), 55.9 (5), 43.8 (3), 40.8 (15), 40.5
(6), 38.2 (14), 26.2 (17), 20.9 (Ac), 20.1 (16), 17.0 (18), 11.4 (19), 6.9 (TES),
6.7 (TES), 5.2 (TES), 4.8 (TES); HR MS: calcd for C35H57BrO8Si2Na
[M�Na]� 763.2673/765.2661, found 763.2653/765.2653.


(1S,2S,4S,4aS,6R,9S,11S,12S,12aR)-2-Bromo-11,12-(carbonyldioxy)-1-hy-
droxy-1-hydroxymethyl-4a,8,13,13-tetramethyl-5-oxo-4,9-bis(triethylsi-
loxy)-1,2,3,4,4a,5,6,9,10,11,12,12a-dodecahydro-7,11-methanobenzocyclo-
decen-6-yl acetate (63): To a solution of allylic bromide 62 (10.3 mg,
13.9 mmol) and pyridine (0.072 mL, 0.890 mmol) in diethyl ether (2 mL) at
0 8C was added osmium tetraoxide in THF (0.098m, 0.2 mL, 19.5 mmol).
After the reaction mixture had been stirred for 17 h at room temperature, a
mixture of sodium hydrogensulfate (530 mg), pyridine (0.3 mL), THF
(2 mL), and water (3 mL) was added. The reaction mixture was stirred for
2 h at room temperature and then saturated aqueous sodium hydro-
gencarbonate was added. The mixture was extracted with ethyl acetate, and
the organic layer was washed with brine and dried over magnesium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford diol 63
(9.8 mg, 92%) and recovered allylic bromide 62 (0.4 mg, 4%) as pale


yellow oils. Diol 63 : [a]28
D �ÿ16.4 (c 0.57, benzene); IR (neat): nÄ � 3490,


3460, 1810, 1750, 1710 cmÿ1; 1H NMR (CDCl3): d� 6.57 (s, 1 H, 10-H), 4.96
(t, J� 3.1 Hz, 1H, 5-H), 4.86 (ddd, J� 9.6, 5.0, 1.0 Hz, 1 H, 13-H), 4.48 (dd,
J� 10.7, 4.6 Hz, 1H, 7-H), 4.29 (d, J� 4.8 Hz, 1H, 2-H), 4.23 (d, J� 11.5 Hz,
1H, 20-H), 3.68 (d, J� 4.8 Hz, 1 H, 3-H), 3.62 (br d, J� 11.5 Hz, 1H, 20-H),
2.92 (dd, J� 15.5, 5.0 Hz, 1H, 14-H), 2.90 (s, 1H, 4-OH), 2.51 (dd, J� 15.5,
9.6 Hz, 1H, 14-H), 2.48 (br s, 1H, 20-OH), 2.41 ± 2.23 (m, 2 H, 6-H, 6-H),
2.34 (d, J� 1.0 Hz, 3 H, 18-Me), 2.18 (s, 3 H, Ac), 1.23 (s, 3 H, 19-Me), 1.18
(s, 3 H, 16-Me), 1.16 (s, 3 H, 17-Me), 1.00 (t, J� 7.8 Hz, 9 H, TES), 0.91 (t,
J� 7.9 Hz, 9 H, TES), 0.68 (q, J� 7.8 Hz, 6H, TES), 0.57 (q, J� 7.9 Hz, 6H,
TES); 13C NMR (CDCl3): d� 201.6 (9), 169.1 (Ac), 153.1 (CO), 148.6 (11),
130.6 (12), 90.4 (1), 81.9 (2), 76.0 (10), 74.8 (4), 69.2 (7), 68.3 (13), 62.7 (20),
61.3 (5), 46.4 (3), 40.8 (15), 37.3 (6), 36.9 (14), 26.6 (17), 20.8 (Ac), 19.5 (16),
17.3 (18), 12.9 (19), 6.9 (TES), 6.7 (TES), 5.0 (TES), 4.9 (TES); HR MS:
calcd for C35H59BrO10Si2Na [M�Na]� 797.2728/799.2716, found 797.2727/
799.2719.


1,2-O,O-Carbonyl-7,13-O,O-bis(triethylsilyl)-4-deacetyl-2-debenzoylbac-
catin III : To a mixture of diol 63 (2.7 mg, 3.5 mmol) and DBU (15.8 mg,
0.104 mmol) at room temperature was added toluene (1.3 mL). The
reaction mixture was stirred for 105 min at 50 8C and then cooled down
to room temperature. After filtration of the mixture through a short pad of
silica gel and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford 1,2-O,O-carbonyl-7,13-O,O-bis(tri-
ethylsilyl)-4-deacetyl-2-debenzoylbaccatin III (1.0 mg, 42 %) as a colorless
oil and recovered diol 63 (1.3 mg, 48 %) as a pale yellow oil. 1,2-O,O-
Carbonyl-7,13-O,O-bis(triethylsilyl)-4-deacetyl-2-debenzoylbaccatin III :
[a]29


D �ÿ65.7 (c 0.73, benzene); IR (neat): nÄ � 3460, 1810, 1750, 1720 cmÿ1;
1H NMR (CDCl3): d� 6.42 (s, 1H, 10-H), 4.81 (dd, J� 9.2, 2.1 Hz, 1H,
5-H), 4.74 (br dd, J� 8.9, 3.3 Hz, 1H, 13-H), 4.56 (d, J� 8.4 Hz, 1 H, 20-H),
4.51 (d, J� 8.4 Hz, 1H, 20-H), 4.36 (d, J� 5.0 Hz, 1H, 2-H), 4.16 (dd, J�
10.4, 7.1 Hz, 1H, 7-H), 3.04 (d, J� 5.0 Hz, 1 H, 3-H), 2.96 (s, 1 H, OH), 2.70
(dd, J� 15.7, 3.3 Hz, 1 H, 14-H), 2.53 (dd, J� 15.7, 8.9 Hz, 1H, 14-H), 2.48
(ddd, J� 14.2, 9.2, 7.1 Hz, 1 H, 6-H), 2.18 (s, 3H, Ac), 2.13 (s, 3H, 18-Me),
1.98 (ddd, J� 14.2, 10.4, 2.1 Hz, 1 H, 6-H), 1.64 (s, 3H, 19-Me), 1.20 (s, 3H,
16-Me), 1.14 (s, 3 H, 17-Me), 1.01 (t, J� 7.8 Hz, 9H, TES), 0.90 (t, J� 7.9 Hz,
9H, TES), 0.72 (q, J� 7.8 Hz, 6 H, TES), 0.57 (q, J� 7.9 Hz, 6 H, TES);
13C NMR (CDCl3): d� 202.3 (9), 169.2 (Ac), 153.1 (CO), 145.7 (11), 132.8
(12), 89.7 (1), 87.5 (5), 80.5 (2), 78.7 (20), 76.7 (10), 73.8 (4), 71.9 (7), 68.9
(13), 60.6 (8), 48.8 (3), 40.5 (15), 37.9 (6), 35.8 (14), 28.1 (17), 20.8 (Ac), 18.8
(16), 17.7 (18), 9.8 (19), 6.8 (TES), 6.7 (TES), 5.1 (TES), 4.7 (TES); HR MS:
calcd for C35H58O10Si2Na [M�Na]� 717.3466, found 717.3475.


1,2-O,O-Carbonyl-7,13-O,O-bis(triethylsilyl)-2-debenzoylbaccatin III (64):
To a solution of 1,2-O,O-carbonyl-7,13-O,O-bis(triethylsilyl)-4-deacetyl-2-
debenzoylbaccatin III (1.4 mg, 2.0 mmol) and DMAP (3.6 mg, 29.5 mmol) in
pyridine (0.1 mL) was added acetic anhydride (0.037 mL, 0.392 mmol). The
reaction mixture was stirred for 13 h at room temperature, and then
saturated aqueous sodium hydrogencarbonate was added. The mixture was
extracted with diethyl ether, and the organic layer was washed with brine
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford ketone 64 (1.3 mg, 91 %) as a white foam: m.p.
254 ± 256 8C; [a]29


D �ÿ46.4 (c 0.87, benzene); IR (KBr): nÄ � 1810, 1740,
1720 cmÿ1; 1H NMR (CDCl3): d� 6.43 (s, 1 H, 10-H), 5.03 ± 4.95 (m, 1 H, 13-
H), 4.97 (dd, J� 9.2, 1.3 Hz, 1 H, 5-H), 4.62 (d, J� 8.9 Hz, 1H, 20-H), 4.49
(d, J� 5.9 Hz, 1H, 2-H), 4.46 (d, J� 8.9 Hz, 1H, 20-H), 4.43 (dd, J� 9.4,
6.9 Hz, 1 H, 7-H), 3.42 (d, J� 5.9 Hz, 1 H, 3-H), 2.57 (ddd, J� 14.5, 9.2,
6.9 Hz, 1H, 6-H), 2.40 (dd, J� 15.3, 9.1 Hz, 1 H, 14-H), 2.17 (s, 3H, 10-Ac),
2.16 (s, 3H, 4-Ac), 2.11 (d, J� 1.0 Hz, 3H, 18-Me), 2.17 ± 2.10 (m, 1 H, 14-
H), 1.89 (ddd, J� 14.5, 9.4, 1.3 Hz, 1H, 6-H), 1.73 (s, 3 H, 19-Me), 1.27 (s,
3H, 16-Me), 1.21 (s, 3 H, 17-Me), 1.01 (t, J� 7.9 Hz, 9H, TES), 0.91 (t, J�
7.9 Hz, 9 H, TES), 0.67 (q, J� 7.9 Hz, 6 H, TES), 0.60 (q, J� 7.9 Hz, 6H,
TES); 13C NMR (CDCl3): d� 202.5 (9), 170.0 (4-Ac), 169.0 (10-Ac), 153.1
(CO), 148.6 (11), 129.5 (12), 90.5 (1), 84.1 (5), 81.6 (2), 79.4 (4), 76.3 (20),
76.3 (10), 71.4 (7), 67.5 (13), 59.9 (8), 43.7 (3), 41.2 (15), 37.8 (6), 37.0 (14),
25.3 (17), 22.3 (4-Ac), 20.9 (10-Ac), 20.8 (16), 15.5 (18), 10.0 (19), 6.9 (TES),
6.7 (TES), 5.1 (TES), 4.7 (TES); HR MS: calcd for C37H60O11Si2 [M�H]�


737.3752, found 737.3788.


7,13-O,O-Bis(triethylsilyl)baccatin III : To a solution of ketone 64 (12.7 mg,
17.2 mmol) in THF (10 mL) atÿ78 8C was added phenyllithium in a mixture
of cyclohexane and diethyl ether (1.8m, 0.288 mL, 0.516 mmol). The
reaction mixture was stirred for 15 min at ÿ78 8C, and then saturated
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aqueous ammonium chloride was added. The reaction mixture was
extracted with diethyl ether, and the organic layer was washed with brine
and dried over magnesium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford 7,13-O,O-bis(triethylsilyl)baccatin III (13.1 mg,
94%) as a white foam: m.p. 199 ± 201 8C; [a]29


D �ÿ84.4 (c 1.48, benzene);
IR (KBr): nÄ � 3470, 1740, 1720 cmÿ1; 1H NMR (CDCl3): d� 8.11 (d, J�
7.6 Hz, 2 H, o-Bz), 7.60 (t, J� 7.6 Hz, 1 H, p-Bz), 7.47 (t, J� 7.6 Hz, 2H, m-
Bz), 6.47 (s, 1H, 10-H), 5.63 (d, J� 6.9 Hz, 1 H, 2-H), 4.96 (dd, J� 9.6,
2.0 Hz, 1H, 5-H), 4.95 ± 4.88 (m, 1 H, 13-H), 4.49 (dd, J� 10.6, 6.6 Hz, 1H,
7-H), 4.29 (d, J� 8.3 Hz, 1H, 20-H), 4.14 (d, J� 8.3 Hz, 1 H, 20-H), 3.82 (d,
J� 6.9 Hz, 1 H, 3-H), 2.51 (ddd, J� 14.2, 9.6, 6.6 Hz, 1 H, 6-H), 2.29 (s, 3H,
4-Ac), 2.18 (s, 3 H, 10-Ac), 2.12 (d, J� 1.0 Hz, 3H, 18-Me), 2.26 ± 2.03 (m,
2H, 14-H, 14-H), 1.86 (ddd, J� 14.2, 10.6, 2.0 Hz, 1H, 6-H), 1.67 (s, 3H, 19-
Me), 1.19 (s, 3H, 16-Me), 1.11 (s, 3 H, 17-Me), 1.02 (t, J� 7.9 Hz, 9H, TES),
0.93 (t, J� 7.9 Hz, 9H, TES), 0.67 (q, J� 7.9 Hz, 6H, TES), 0.61 (q, J�
7.9 Hz, 6H, TES); 13C NMR (CDCl3): d� 202.3 (9), 169.9 (4-Ac), 169.2 (10-
Ac), 167.0 (Bz), 145.4 (11), 133.5 (Ph), 131.5 (12), 130.0 (Ph), 129.4 (Ph),
128.5 (Ph), 84.1 (5), 80.6 (1), 79.4 (4), 76.4 (20), 75.7 (10), 75.2 (2), 72.1 (7),
68.4 (13), 58.2 (8), 46.8 (3), 42.9 (15), 39.8 (14), 37.1 (6), 26.4 (17), 22.3 (4-
Ac), 21.2 (16), 20.9 (10-Ac), 14.8 (18), 10.0 (19), 6.9 (TES), 6.7 (TES), 5.2
(TES), 4.8 (TES); HR MS: calcd for C43H67O11Si2 [M�H]� 815.4222, found
815.4251.


Baccatin III : To a solution of 7,13-O,O-bis(triethylsilyl)baccatin III
(13.0 mg, 15.9 mmol) in THF (0.8 mL) at room temperature was added
hydrogen fluoride ´ pyridine (hydrogen fluoride/pyridine� ca. 7/3,
0.16 mL). After the reaction mixture had been stirred for 1 h at room
temperature, it was diluted with ethyl acetate, and then saturated aqueous
sodium hydrogencarbonate was added. The mixture was extracted with
chloroform and the organic layer was washed with brine and dried over
magnesium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford baccatin III (9.0 mg, 96 %) as a white foam: m.p. 149 ± 151 8C (lit.
229 ± 231 8C,[56b] 236 ± 238 8C[57]); [a]28


D �ÿ53.3 (c 0.63, MeOH) (lit. [a]23
D �


ÿ54 (c 0.41, MeOH),[56b] [a]D�ÿ54 (MeOH)[57]); IR (KBr): nÄ � 3480,
1740, 1710 cmÿ1; 1H NMR (CDCl3): d� 8.10 (d, J� 7.6 Hz, 2H, o-Bz), 7.61
(t, J� 7.6 Hz, 1 H, p-Bz), 7.48 (t, J� 7.6 Hz, 2H, m-Bz), 6.32 (s, 1 H, 10-H),
5.62 (d, J� 7.2 Hz, 1 H, 2-H), 4.98 (dd, J� 9.7, 2.3 Hz, 1H, 5-H), 4.91 ± 4.85
(m, 1H, 13-H), 4.47 (dd, J� 10.9, 6.6 Hz, 1H, 7-H), 4.31 (d, J� 8.3 Hz, 1H,
20-H), 4.15 (d, J� 8.3 Hz, 1H, 20-H), 3.87 (d, J� 7.2 Hz, 1H, 3-H), 2.59
(br s, 1 H, 7-OH), 2.56 (ddd, J� 14.5, 9.7, 6.6 Hz, 1H, 6-H), 2.38 ± 2.10 (m,
3H, 13-H, 14-H, 14-H), 2.28 (s, 3 H, 4-Ac), 2.24 (s, 3 H, 10-Ac), 2.05 (d, J�
1.0 Hz, 3H, 18-Me), 1.85 (ddd, J� 14.5, 10.9, 2.3 Hz, 1 H, 6-H), 1.67 (s, 3H,
19-Me), 1.10 (s, 6H, 16-Me, 17-Me); 13C NMR (CDCl3): d� 204.2 (9), 171.4
(4-Ac), 170.6 (10-Ac), 167.0 (Bz), 146.5 (11), 133.7 (Ph), 131.7 (12), 130.1
(Ph), 129.3 (Ph), 128.6 (Ph), 84.4 (5), 80.7 (1), 79.0 (4), 76.4 (20), 76.2 (10),
74.9 (2), 72.3 (7), 67.9 (13), 58.6 (8), 46.1 (3), 42.6 (15), 38.7 (14), 35.5 (6),
26.9 (17), 22.6 (4-Ac), 20.9 (10-Ac), 20.9 (16), 15.6 (18), 9.4 (19); HR MS:
calcd for C31H38O11Na [M�Na]� 609.2312, found 609.2313.


7-O-(Triethylsilyl)baccatin III : To a solution of baccatin III (15.7 mg,
26.8 mmol) in pyridine (1.3 mL) at 0 8C was added chlorotriethylsilane
(121 mg, 0.803 mmol). The reaction mixture was stirred for 30 min at room
temperature and then diluted with diethyl ether. The mixture was washed
with water, saturated aqueous copper(ii) sulfate, and brine, and dried over
magnesium sulfate. After filtration of the mixture and evaporation of the
solvent, the crude product was purified by thin-layer chromatography to
afford 7-O-(triethylsilyl)baccatin III (15.7 mg, 87 %) and recovered bacca-
tin III (0.7 mg, 5 %) as white foams. 7-O-(Triethylsilyl)baccatin III : m.p.
232 ± 2348C; [a]28


D �ÿ46.6 (c 1.40, MeOH); IR (KBr): nÄ � 3470, 1740, 1720,
1700 cmÿ1; 1H NMR (CDCl3): d� 8.09 (d, J� 7.6 Hz, 2 H, o-Bz), 7.60 (t, J�
7.6 Hz, 1H, p-Bz), 7.47 (t, J� 7.6 Hz, 2 H, m-Bz), 6.46 (s, 1H, 10-H), 5.63 (d,
J� 6.9 Hz, 1 H, 2-H), 4.96 (dd, J� 9.6, 1.7 Hz, 1H, 5-H), 4.83 ± 4.81 (m, 1H,
13-H), 4.49 (dd, J� 10.6, 6.6 Hz, 1 H, 7-H), 4.30 (d, J� 8.3 Hz, 1 H, 20-H),
4.14 (d, J� 8.3 Hz, 1H, 20-H), 3.88 (d, J� 6.9 Hz, 1 H, 3-H), 2.53 (ddd, J�
14.2, 9.6, 6.6 Hz, 1 H, 6-H), 2.39 (d, J� 5.0 Hz, 1 H, 13-OH), 2.28 (s, 3H,
4-Ac), 2.35 ± 2.22 (m, 2H, 14-H, 14-H), 2.18 (s, 6 H, 18-Me, 10-Ac), 1.87
(ddd, J� 14.2, 10.6, 1.7 Hz, 1H, 6-H), 1.68 (s, 3 H, 19-Me), 1.19 (s, 3H, 16-
Me), 1.03 (s, 3H, 17-Me), 0.92 (t, J� 7.8 Hz, 9H, TES), 0.58 (q, J� 7.8 Hz,
6H, TES); 13C NMR (CDCl3): d� 202.8 (9), 171.1 (4-Ac), 169.8 (10-Ac),
167.5 (Bz), 144.6 (11), 134.0 (Ph), 133.0 (12), 130.5 (Ph), 129.8 (Ph), 129.0
(Ph), 84.6 (5), 81.2 (1), 79.1 (4), 76.9 (20), 76.2 (10), 75.1 (2), 72.8 (7), 68.2


(13), 59.0 (8), 47.7 (3), 43.2 (15), 38.7 (14), 37.6 (6), 27.2 (17), 23.1 (4-Ac),
21.4 (10-Ac), 20.5 (16), 15.4 (18), 10.4 (19), 7.2 (TES), 5.7 (TES); HR MS:
calcd for C37H53O11Si [M�H]� 701.3357, found 701.3377.


S-Ethyl benzyloxyethanethioate : Benzyloxyacetyl chloride was purchased
from Aldrich or synthesized from benzyloxyacetic acid as follows: To a
solution of benzyloxyacetic acid (3.00 g, 18.1 mmol) in dichloromethane
(20 mL) at 0 8C was added a solution of thionyl chloride (12 mL,
164 mmol). The reaction mixture was refluxed for 10 min and then it was
stirred for 10 h at room temperature. After the reaction mixture was
concentrated by evaporation of the solvent, dichloromethane (30 mL) was
added to the reaction mixture. The mixture was concentrated by
evaporation of the solvent to afford crude benzyloxyacetyl chloride
(3.33 g, 100 %) as a colorless oil. The benzyloxyacetyl chloride thus
prepared was used immediately in the following reaction without further
purification.


To a solution of benzyloxyacetyl chloride (5.00 g, 27.1 mmol) and ethane-
thiol (2.2 mL, 29.7 mmol) in dichloromethane (14 mL) at 0 8C was added a
solution of pyridine (2.6 mL, 32.1 mmol) in dichloromethane (7 mL). The
reaction mixture was stirred for 20 h at room temperature and then
concentrated by evaporation of the solvent. Water was added to the
residue, and the mixture was extracted with diethyl ether. The organic layer
was washed with water and brine, and dried over magnesium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by distillation to afford S-ethyl benzyloxyethanethioate (4.3 g,
76%) as a colorless oil: b.p. 110 8C/0.8 mmHg; IR (neat): nÄ � 1750 cmÿ1;
1H NMR (CCl4): d� 7.35 ± 7.25 (m, 5H, Ph), 4.55 (s, 2 H, Bn), 4.05 (s, 2H,
2-H, 2-H), 2.85 (q, J� 7.0 Hz, 2 H, SEt), 1.25 (t, J� 7.0 Hz, 3 H, SEt);
HR MS: calcd for C11H15O2S [M�H]� 211.0793, found 211.0726.


2-Benzyloxy-1-ethylthio-1-(trimethylsiloxy)ethene (65): To a solution of
diisopropylamine (557 mg, 5.50 mmol) in THF (20 mL) at 0 8C was added a
solution of n-butyllithium in hexane (1.65m, 3.33 mL, 5.50 mmol). After the
reaction mixture had been stirred for 10 min at 0 8C, a solution of S-ethyl
benzyloxyethanethioate (1.06 g, 5.04 mmol) in THF (10 mL) and a solution
of chlorotrimethylsilane (598 mg, 5.50 mmol) in THF (5 mL) were added at
ÿ78 8C. The reaction mixture was allowed to warm to room temperature
and then it was concentrated by evaporation of the solvent. Petroleum
ether (20 mL) was added to the residue, and the suspension was filtered
through a short pad of Celite under argon. The filtrate was concentrated by
evaporation of the solvent to afford a mixture of enol silyl ethers 65 (Z/E�
84/16, 1.33 g, 94 %) as a pale yellow oil: IR (neat): nÄ � 1250, 1150, 830 cmÿ1;
HR MS: calcd for C14H23O2SSi [M�H]� 283.1188, found 283.1231. The
crude product was used without further purification because the E isomer
has no reactivity in the following asymmetric aldol reaction. The mixture of
enol silyl ethers 65 was stored in a refrigerator to avoid isomerization from
Z isomer to E isomer. (Z)-2-Benzyloxy-1-ethylthio-1-(trimethylsiloxy)-
ethene : 1H NMR (CDCl3): d� 7.53 ± 7.26 (m, 5H, Ph), 6.25 (s, 1 H, 2-H),
4.78 (s, 2H, Bn), 2.69 (q, J� 7.3 Hz, 2H, SEt), 1.24 (t, J� 7.3 Hz, 3 H, SEt),
0.16 (s, 9H, TMS); 13C NMR (CDCl3): d� 137.1 (1), 136.8 (Ph), 132.9 (Ph),
128.3 (Ph), 127.8 (Ph), 127.5 (2), 73.8 (Bn), 25.1 (SEt), 14.9 (SEt), ÿ0.1
(TMS). (E)-2-Benzyloxy-1-ethylthio-1-(trimethylsiloxy)ethene : 1H NMR
(CDCl3): d� 7.53 ± 7.26 (m, 5 H, Ph), 6.04 (s, 1H, 2-H), 4.78 (s, 2 H, Bn), 2.57
(q, J� 7.4 Hz, 2H, SEt), 1.20 (t, J� 7.4 Hz, 3 H, SEt), 0.22 (s, 9 H, TMS);
13C NMR (CDCl3): d� 137.1 (1), 135.2 (Ph), 132.9 (Ph), 128.2 (Ph), 127.7
(Ph), 127.5 (2), 73.8 (Bn), 25.9 (SEt), 14.3 (SEt), 0.3 (TMS).


S-Ethyl (2R,3R)-2-benzyloxy-3-hydroxy-3-phenylpropanethioate (67-anti)
and S-ethyl (2S,3R)-2-benzyloxy-3-hydroxy-3-phenylpropanethioate (67-
syn): Chiral diamine 66 was prepared by a literature method.[54b, c] To a
suspension of tin(ii) trifluoromethanesulfonate (167 mg, 0.400 mmol) in
dichloromethane (1 mL) were added a solution of (S)-1-[(1-ethyl-2-
pyrrolidinyl)methyl]piperidine (66) (94.2 mg, 0.480 mmol) in dichlorome-
thane (0.5 mL) and a solution of dibutyltin diacetate (155 mg, 0.440 mmol)
in dichloromethane (0.5 mL) at room temperature. After the reaction
mixture had been stirred for 30 min at room temperature, a solution of enol
silyl ethers 65 (Z/E� 84/16, 113 mg, 0.400 mmol) in dichloromethane
(0.5 mL) and a solution of benzaldehyde (28.7 mg, 0.270 mmol) in
dichloromethane (0.5 mL) were added at ÿ78 8C. The reaction mixture
was stirred for 20 h at ÿ78 8C, and then saturated aqueous sodium
hydrogencarbonate was added. The mixture was extracted with dichloro-
methane, and the organic layer was washed with water and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation of the
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solvent, the crude product was purified by thin-layer chromatography to
afford a mixture of aldols 67 (anti/syn� 99/1, 82.5 mg, 96%) as a colorless
oil: [a]24


D ��107.2 (c 0.85, benzene); IR (neat): nÄ � 3450, 1680 cmÿ1; HPLC
(CHIRALCEL AD, iPrOH/hexane� 1/50, flow rate� 0.5 mL minÿ1): tR�
22.2 min (98.2 %), tR� 26.6 min (1.8%); anal. calcd for C18H20O3S: C 68.33,
H 6.37, S 10.13; found: C 67.84, H 6.37, S 10.07; HR MS: calcd for
C18H20O3SNa [M�Na]� 339.1031, found 339.1018. Aldol 67-anti : 1H NMR
(CDCl3): d� 7.42 ± 7.11 (m, 10H, Ph), 4.87 (dd, J� 6.9, 3.6 Hz, 1 H, 3-H),
4.59 (d, J� 11.2 Hz, 1H, Bn), 4.20 (d, J� 11.2 Hz, 1H, Bn), 4.02 (d, J�
6.9 Hz, 1 H, 2-H), 3.19 (d, J� 3.6 Hz, 1H, OH), 2.85 (q, J� 7.6 Hz, 2H,
SEt), 1.22 (d, J� 7.6 Hz, 3 H, SEt); 13C NMR (CDCl3): d� 203.0 (1), 139.3
(Ph), 136.5 (Ph), 128.4 (Ph), 128.4 (Ph), 128.3 (Ph), 128.3 (Ph), 128.0 (Ph),
127.2 (Ph), 87.2 (2), 74.9 (3), 74.2 (Bn), 22.7 (SEt), 14.4 (SEt).


S-Ethyl (2R,3S)-3-azido-2-benzyloxy-3-phenylpropanethioate : To a stirred
mixture of sodium azide (1.50 g, 23.1 mmol), water (3.8 mL) and benzene
(20.2 mL) at 0 8C was added concentrated sulfuric acid (3 mL). After the
reaction mixture had been stirred for 15 min at room temperature, it was
allowed to stand. The organic layer was separated and dried over sodium
sulfate. The solution of hydrogen azide in benzene thus prepared was used
immediately in the following reaction.


To a solution of aldols 67 (anti/syn� 99/1, 271 mg, 0.856 mmol) and
triphenylphosphine (456 mg, 1.71 mmol) in benzene (8 mL) at room
temperature were added the solution of hydrogen azide in benzene
(1.4 mL) and DEAD in toluene (40 %, 0.78 mL, 1.70 mmol). The reaction
mixture was stirred for 30 min at room temperature. After filtration of the
mixture through a short pad of silica gel and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford S-ethyl
(2R,3S)-3-azido-2-benzyloxy-3-phenylpropanethioate (237 mg, 82% from
aldol 67-anti) as a colorless oil: [a]29


D ��169.8 (c 1.44, benzene); IR (neat):
nÄ � 2100, 1680 cmÿ1; 1H NMR (CDCl3): d� 7.31 ± 7.22 (m, 10H, Ph), 4.92 (d,
J� 4.6 Hz, 1H, 3-H), 4.66 (d, J� 11.2 Hz, 1H, Bn), 4.32 (d, J� 11.2 Hz, 1H,
Bn), 4.07 (d, J� 4.6 Hz, 1H, 2-H), 2.88 (q, J� 7.4 Hz, 1H, SEt), 2.87 (q, J�
7.4 Hz, 1 H, SEt), 1.22 (t, J� 7.4 Hz, 3H, SEt); 13C NMR (CDCl3): d� 200.5
(1), 136.2 (Ph), 135.5 (Ph), 128.7 (Ph), 128.6 (Ph), 128.4 (Ph), 128.3 (Ph),
128.1 (Ph), 127.7 (Ph), 87.4 (2), 74.4 (Bn), 67.0 (3), 22.9 (SEt), 14.4 (SEt);
HR MS: calcd for C18H19N3O2SNa [M�Na]� 364.1096, found 364.1099.


S-Ethyl (2R,3S)-3-amino-2-benzyloxy-3-phenylpropanethioate (68): To a
solution of S-ethyl (2R,3S)-3-azido-2-benzyloxy-3-phenylpropanethioate
(75.0 mg, 0.220 mmol) and triphenylphosphine (69.0 mg, 0.264 mmol) in
THF (4.5 mL) at room temperature was added water (3 drops). The
reaction mixture was stirred for 6 h at 55 8C and then the solution was dried
over sodium sulfate at room temperature. After filtration of the mixture
and evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford amine 68 (51.1 mg, 74 %) and recovered S-ethyl
(2R,3S)-3-azido-2-benzyloxy-3-phenylpropanethioate (13.2 mg, 18 %) as
colorless oils. Amine 68 : [a]28


D ��129.5 (c 0.76, benzene); IR (neat): nÄ �
3320, 1680 cmÿ1; 1H NMR (C6D6): d� 7.36 ± 7.08 (m, 10H, Ph), 4.53 (d, J�
10.9 Hz, 1H, Bn), 4.45 (d, J� 4.3 Hz, 1H, 3-H), 4.04 (d, J� 4.3 Hz, 1H,
2-H), 4.03 (d, J� 10.9 Hz, 1H, Bn), 2.73 (q, J� 7.3 Hz, 2H, SEt), 1.51 (s,
2H, NH2), 1.06 (t, J� 7.3 Hz, 3H, SEt); 13C NMR (C6D6): d� 201.4 (1),
143.2 (Ph), 138.0 (Ph), 129.3 (Ph), 128.7 (Ph), 128.5 (Ph), 128.1 (Ph), 127.9
(Ph), 127.8 (Ph), 90.5 (2), 74.3 (Bn), 59.5 (3), 23.3 (SEt), 15.2 (SEt); HR MS:
calcd for C18H22NO2S [M�H]� 316.1371, found 316.1375.


S-Ethyl (2R,3S)-3-benzoylamino-2-benzyloxy-3-phenylpropanethioate
(69): To a solution of mixture of amine 68 (99.1 mg, 0.314 mmol) and
DMAP (77.3 mg, 0.633 mmol) in dichloromethane (2.1 mL) at 0 8C was
added benzoyl chloride (86.8 mg, 0.617 mmol) in dichloromethane
(1.5 mL). The reaction mixture was stirred for 3 h at 0 8C and then
saturated aqueous sodium hydrogencarbonate was added. The mixture was
extracted with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford amide 69 (118 mg, 90%) as a white
solid: m.p. 144 ± 145 8C; [a]26


D ��66.1 (c 0.77, CHCl3); IR (KBr): nÄ � 1680,
1630 cmÿ1; 1H NMR (CDCl3): d� 7.82 (dd, J� 7.2, 2.8 Hz, 2 H, Bz), 7.50 ±
7.15 (m, 14H, Ph, NH), 5.68 (dd, J� 8.9, 2.3 Hz, 1H, 3-H), 4.71 (d, J�
11.2 Hz, 1H, Bn), 4.34 (d, J� 11.2 Hz, 1 H, Bn), 4.27 (d, J� 2.3 Hz, 1H,
2-H), 2.97 ± 2.80 (m, 2 H, SEt), 1.19 (t, J� 7.4 Hz, 3 H, SEt); 13C NMR
(CDCl3): d� 201.2 (1), 166.4 (Bz), 138.6 (Ph), 136.1 (Ph), 134.1 (Ph), 133.1
(Ph), 131.6 (Ph), 128.5 (Ph), 128.4 (Ph), 128.2 (Ph), 128.2 (Ph), 127.6 (Ph),


127.1 (Ph), 126.7 (Ph), 86.2 (2), 74.3 (Bn), 55.1 (3), 22.8 (SEt), 14.4 (SEt);
HR MS: calcd for C25H25NO3S [M�H]� 420.1633, found 420.1631.


(2R,3S)-3-Benzoylamino-2-benzyloxy-3-phenylpropionic acid (70): To a
solution of amide 69 (84.9 mg, 0.202 mmol) in 1,4-dioxane (18.5 mL) at
room temperature was added silver nitrate in water (1m, 8.7 mL, 8.7 mmol).
The reaction mixture was refluxed for 10 h and then it was filtered through
a short pad of Celite. The mixture was extracted with benzene, and the
organic layer was dried over sodium sulfate. After filtration of the mixture
and evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford carboxylic acid 70 (59.1 mg, 78%) as a white
foam: m.p. 184 8C; [a]26


D ��5.3 (c 0.35, EtOH); IR (KBr): nÄ � 3420, 1650,
1610 cmÿ1; 1H NMR (CDCl3): d� 7.81 (d, J� 8.2 Hz, 2 H, Bz), 7.52 ± 7.28
(m, 13H, Ph), 7.14 (d, J� 8.9 Hz, 1H, NH), 5.81 (dd, J� 8.9, 2.0 Hz, 1H,
3-H), 4.76 (d, J� 11.9 Hz, 1H, Bn), 4.39 (d, J� 11.9 Hz, 1H, Bn), 4.35 (d,
J� 2.0 Hz, 1 H, 2-H), 3.30 (br s, 1 H, COOH); 13C NMR (CDCl3): d� 175.1
(1), 167.9 (Bz), 139.0 (Ph), 137.0 (Ph), 133.6 (Ph), 131.6 (Ph), 128.3 (Ph),
128.2 (Ph), 128.1 (Ph), 127.9 (Ph), 127.5 (Ph), 127.4 (Ph), 127.3 (Ph), 126.8
(Ph), 80.4 (2), 72.6 (Bn), 54.9 (3); HR MS: calcd for C23H22NO4 [M�H]�


376.1549, found 376.1568; HR MS: calcd for C23H21NO4Na [M�Na]�


398.1369, found 398.1380.


S-Ethyl (2R,3S)-3-benzoylamino-2-hydroxy-3-phenylpropanethioate : To a
solution of amide 69 (427 mg, 1.02 mmol) in dichloromethane (9.5 mL) at
room temperature was added tin(iv) chloride (292 mg, 1.12 mmol) in
dichloromethane (5 mL). The reaction mixture was refluxed for 5 h, and
then saturated aqueous sodium hydrogencarbonate was added at 0 8C. The
mixture was extracted with dichloromethane and the organic layer was
washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
column chromatography to afford S-ethyl (2R,3S)-3-benzoylamino-2-
hydroxy-3-phenylpropanethioate (351 mg, 96%) as a white solid: m.p.
137 8C; [a]28


D ��105.5 (c 0.62, EtOH); IR (KBr): nÄ � 3330, 1680, 1640 cmÿ1;
1H NMR (CDCl3): d� 7.78 ± 7.75 (m, 2H, Bz), 7.53 ± 7.24 (m, 9 H, Ph, NH),
5.64 (dd, J� 8.9, 2.6 Hz, 1H, 3-H), 4.59 (d, J� 2.6 Hz, 1H, 2-H), 4.22 (br s,
1H, OH), 2.92 ± 2.83 (m, 2H, SEt), 1.19 (t, J� 7.4 Hz, 3 H, SEt); 13C NMR
(CDCl3/CD3OD� 4/1): d� 203.4 (1), 167.4 (Bz), 138.5 (Ph), 133.7 (Ph),
131.6 (Ph), 128.4 (Ph), 128.3 (Ph), 127.4 (Ph), 127.0 (Ph), 126.7 (Ph), 79.1 (2),
55.9 (3), 22.6 (SEt), 14.2 (SEt); HR MS: calcd for C18H20NO3S [M�H]�


330.1164, found 330.1165.


Methyl (2R,3S)-3-benzoylamino-2-hydroxy-3-phenylpropionate (71): To a
solution of S-ethyl (2R,3S)-3-benzoylamino-2-hydroxy-3-phenylpropane-
thioate (24.1 mg, 73.2 mmol) in methanol (0.6 mL) at room temperature
was added silver trifluoroacetate (61.6 mg, 0.279 mmol). The reaction
mixture was stirred for 1 h at room temperature and then saturated
aqueous sodium hydrogencarbonate was added. The mixture was filtered
through a short pad of Celite, and the filtrate was extracted with ethyl
acetate. The organic layer was washed with brine and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by thin-layer chromatography to afford ester 71
(18.3 mg, 84%) as a white solid: m.p. 181 ± 183 8C; [a]27


D �ÿ52.1 (c 0.57,
EtOH); IR (KBr): nÄ � 3340, 1740, 1640 cmÿ1; 1H NMR (CDCl3): d� 7.79 ±
7.76 (m, 2H, Bz), 7.55 ± 7.28 (m, 8H, Ph), 6.97 (d, J� 9.2 Hz, 1H, NH), 5.75
(dd, J� 9.2, 2.0 Hz, 1H, 3-H), 4.65 (dd, J� 4.0, 2.0 Hz, 1H, 2-H), 3.86 (s,
3H, MeO), 3.25 (d, J� 4.0 Hz, 1H, OH); 13C NMR (CDCl3/CD3OD� 2/1):
d� 177.4 (1), 172.5 (Bz), 143.0 (Ph), 138.2 (Ph), 136.2 (Ph), 132.9 (Ph), 132.8
(Ph), 132.0 (Ph), 131.5 (Ph), 131.1 (Ph), 77.8 (2), 60.1 (3), 56.7 (MeO);
HR MS: calcd for C17H18NO4 [M�H]� 300.1236, found 300.1257.


Methyl (4S,5R)-3-benzoyl-2,2-dimethyl-4-phenyl-1,3-oxazolidine-5-car-
boxylate (72): To a mixture of ester 71 (43.1 mg, 0.144 mmol) and
2-methoxypropene (0.203 mL, 2.20 mmol) in toluene (2 mL) at room
temperature was added PPTS (4.0 mg, 15.9 mmol). The reaction mixture
was stirred for 10 h at 80 8C and then it was filtered through a short pad of
silica gel with ethyl acetate. After evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford acetonide 72
(43.7 mg, 89%) as a colorless oil: IR (neat): nÄ � 1760, 1740, 1640 cmÿ1;
1H NMR (CCl4): d� 7.56 ± 6.75 (m, 10H, Ph), 5.23 (d, J� 5.2 Hz, 1 H, 3-H),
4.38 (d, J� 5.2 Hz, 1H, 2-H), 3.71 (s, 3H, MeO), 1.89 (s, 3H, Me), 1.78 (s,
3H, Me); 13C NMR (CDCl3): d� 169.6 (1), 168.9 (Bz), 138.7 (Ph), 137.4
(Ph), 129.2 (Ph), 128.3 (Ph), 127.9 (Ph), 127.6 (Ph), 126.6 (Ph), 125.9 (Ph),
97.7 (acetonide), 81.3 (2), 65.2 (3), 52.5 (MeO), 25.3 (Me), 25.0 (Me);
HR MS: calcd for C20H22NO4 [M�H]� 340.1549, found 340.1544.
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(4S,5R)-3-Benzoyl-2,2-dimethyl-4-phenyl-1,3-oxazolidine-5-carboxylic
acid (73): To a solution of acetonide 72 (106 mg, 0.311 mmol) in methanol
(4 mL) at room temperature was added lithium hydroxide in water (1m,
0.311 mL, 0.311 mmol). The reaction mixture was stirred for 9 h at room
temperature, and then hydrochloric acid (1m, 0.31 mL) was added at 0 8C.
The mixture was concentrated and azeotropically dried with 2-butanone.
The crude product was purified by thin-layer chromatography to
afford carboxylic acid 73 (89.6 mg, 86 %) as a white solid: m.p. 213 8C;
[a]28


D ��99.1 (c 0.36, EtOH); IR (KBr): nÄ � 1640, 1620 cmÿ1; 1H NMR
(CDCl3): d� 7.28 ± 6.80 (m, 10H, Ph), 5.09 (br s, 1H, 3-H), 4.36 (br s, 1H,
2-H), 1.83 (br s, 6 H, Me, Me); 13C NMR (CDCl3): d� 175.6 (1), 169.3 (Bz),
139.4 (Ph), 137.5 (Ph), 129.5 (Ph), 128.3 (Ph), 128.0 (Ph), 127.4 (Ph), 127.1
(Ph), 126.1 (Ph), 97.2 (acetonide), 82.2 (2), 65.4 (3), 25.9 (Me), 25.0 (Me);
HR MS: calcd for C19H19NO4Na [M�Na]� 348.1212, found 348.1225.


Methyl (2S,4S,5R)-3-benzoyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxazoli-
dine-5-carboxylate (74): To a mixture of ester 71 (192 mg, 0.642 mmol)
and p-methoxybenzaldehyde dimethyl acetal (489 mg, 2.68 mmol) in
toluene (21 mL) at room temperature was added CSA (4.7 mg, 20.2 mmol).
The reaction mixture was concentrated by evaporation of the solvent at
130 8C. Triethylamine (6 drops) was added to the residue (ca. 5 mL) at
room temperature and then the mixture was filtered through a short pad of
silica gel with ethyl acetate. The crude product was purified by column
chromatography to afford N,O-acetal 74 (212 mg, 79%) as a white
amorphous foam, N,O-acetal 76 (49.2 mg, 18 %) as white needles, and
recovered ester 71 (3.5 mg, 2 %). N,O-Acetal 74 : [a]29


D �ÿ51.4 (c 0.45,
benzene); IR (neat): nÄ � 1750, 1650 cmÿ1; 1H NMR (CDCl3): d� 7.40 ± 7.20
(m, 12H, Ph), 6.85 (d, J� 8.6 Hz, 2 H, Ph), 6.85 (br s, 1H, CHPMP), 5.40
(br s, 1H, 3-H), 4.87 (br s, 1H, 2-H), 3.83 (s, 3H, MeO), 3.82 (s, 3H, MeO);
13C NMR (C6D6): d� 172.1 (1), 170.5 (Bz), 160.4 (PMP), 140.1 (Ph), 136.7
(Ph), 130.8 (Ph), 130.5 (Ph), 129.3 (Ph), 128.8 (Ph), 128.6 (Ph), 128.1 (Ph),
127.5 (Ph), 127.4 (Ph), 113.8 (PMP), 91.7 (CHPMP), 82.4 (2), 65.4 (3), 54.7
(MeO), 52.0 (MeO); HR MS: calcd for C25H24NO5 [M�H]� 418.1654,
found 418.1663.


Methyl (2R,4S,5R)-3-benzoyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxazoli-
dine-5-carboxylate (76): To a mixture of ester 71 (261 mg, 0.872 mmol)
and p-methoxyphenyl methyl ether (1.19 g, 7.79 mmol) in acetonitrile
(4 mL) at room temperature was added DDQ (650 mg, 2.89 mmol). After
the reaction mixture had been stirred for 7 min at 70 8C, it was cooled down
to room temperature. The mixture was filtered through a short pad of
Celite with ethyl acetate and then the filtrate was washed with saturated
aqueous sodium hydrogencarbonate and brine, and dried over sodium
sulfate. After filtration of the mixture and evaporation of the solvent, the
crude product was purified by column chromatography and recrystalliza-
tion from dichloromethane/hexane to afford N,O-acetal 76 (273 mg, 75%)
as slightly red needles: m.p. 160 ± 161 8C; [a]28


D ��85.9 (c 0.63, benzene);
IR (neat): nÄ � 1740, 1640 cmÿ1; 1H NMR (CDCl3): d� 7.26 ± 7.13 (m, 12H,
Ph), 6.83 (br s, 2H, Ph), 6.69 (br s, 1 H, CHPMP), 5.61 (br s, 1 H, 3-H), 4.81
(br s, 1 H, 2-H), 3.77 (s, 3 H, MeO), 3.65 (s, 3 H, MeO); 13C NMR (C6D6):
d� 169.8 (1), 169.6 (Bz), 160.5 (PMP), 140.2 (Ph), 137.6 (Ph), 130.9 (Ph),
130.0 (Ph), 129.3 (Ph), 127.8 (Ph), 127.6 (Ph), 127.1 (Ph), 126.9 (Ph),
126.6 (Ph), 113.8 (PMP), 93.2 (CHPMP), 83.8 (2), 65.1 (3), 54.7 (MeO), 51.8
(MeO); HR MS: calcd for C25H24NO5 [M�H]� 418.1654, found 418.1663.


(2S,4S,5R)-3-Benzoyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxazolidine-5-
carboxylic acid (75): To a solution of N,O-acetal 74 (196 mg, 0.468 mmol) in
a mixture of methanol (1.5 mL) and THF (0.4 mL) at 0 8C was added
lithium hydroxide (11.9 mg, 0.470 mmol) in water (1.5 mL). The reaction
mixture was stirred for 20 min at 0 8C and then ethyl acetate, water, and
hydrochloric acid (1m, 0.48 mL) were added. The mixture was extracted
with ethyl acetate, and the organic layer was washed with water and brine,
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford carboxylic acid 75 (157 mg, 83%) as a white
solid: m.p. 175 ± 178 8C; [a]29


D �ÿ37.1 (c 0.93, EtOH); IR (KBr): nÄ � 1640,
1610 cmÿ1; 1H NMR (CDCl3): d� 7.72 ± 6.50 (br m, 16 H, Ph, CHPMP,
COOH), 5.36 (br s, 1H, 3-H), 4.52 (br s, 1H, 2-H), 3.70 (s, 3H, MeO);
13C NMR (CD3OD): d� 177.8 (1), 173.6 (Bz), 161.3 (PMP), 141.5 (Ph),
137.1 (Ph), 131.5 (Ph), 129.9 (Ph), 129.4 (Ph), 129.3 (Ph), 128.7 (Ph), 128.4
(Ph), 127.9 (Ph), 127.2 (Ph), 114.5 (PMP), 91.7 (CHPMP), 85.4 (2), 66.8 (3),
55.7 (MeO); HR MS: calcd for C24H21NO5Na [M�Na]� 426.1317, found
426.1306.


(2R,4S,5R)-3-Benzoyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxazolidine-5-
carboxylic acid (77): To a solution of N,O-acetal 76 (273 mg, 0.653 mmol) in
a mixture of methanol (7 mL) and THF (9 mL) at 0 8C was added lithium
hydroxide (16.9 mg, 0.706 mmol) in water (3 mL). The reaction mixture
was stirred for 30 min at room temperature and then ethyl acetate and
hydrochloric acid (1m, 0.70 mL) were added at 0 8C. The organic layer was
washed with water and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography and reprecipitation from dichloro-
methane/hexane to afford carboxylic acid 77 (226 mg, 86 %) as a white
solid: m.p. 181 ± 183 8C; [a]27


D ��66.4 (c 0.56, EtOH); IR (KBr): nÄ � 3471,
1628 cmÿ1; 1H NMR (CDCl3): d� 7.58 ± 6.08 (br m, 15H, Ph, CHPMP), 5.34
(br s, 1H, 3-H), 4.34 (br s, 1H, 2-H), 3.70 (s, 3 H, MeO); 13C NMR (CDCl3):
d� 173.2 (1), 170.0 (Bz), 160.5 (PMP), 139.6 (Ph), 136.6 (Ph), 130.1 (Ph),
129.3 (Ph), 128.4 (Ph), 127.9 (Ph), 127.8 (Ph), 127.2 (Ph), 127.1 (Ph), 114.0
(PMP), 92.5 (CHPMP), 85.0 (2), 65.0 (3), 55.4 (MeO); HR MS: calcd for
C24H21NO5Na [M�Na]� 426.1317, found 426.1326.


(2S,4S,5R)-3-Benzyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxazolidin-5-yl-
methanol (78):


Method A : To a solution of N,O-acetal 74 (21.4 mg, 51.3 mmol) in THF at
0 8C was added lithium aluminum hydride in THF (1.0m, 0.10 mL,
0.10 mmol). The reaction mixture was stirred for 20 min at 0 8C, and then
several drops of saturated aqueous sodium sulfate were added. The mixture
was filtered through a short pad of Celite and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford N,O-acetal 78
(13.8 mg, 72%) as a colorless oil.


Method B : To a solution of N,O-acetal 74 (17.5 mg, 41.9 mmol) in benzene at
room temperature was added Red-Al� in toluene (65 %, 0.08 mL,
0.27 mmol). The reaction mixture was refluxed for 1.5 h and then methanol
and a few drops of saturated aqueous sodium sulfate were added at room
temperature. The mixture was filtered through a short pad of Celite and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford N,O-acetal 78 (3.3 mg, 21%) as a colorless oil. [a]27


D �ÿ4.2
(c 0.55, EtOH); IR (neat): nÄ � 3390 cmÿ1; 1H NMR (C6D6): d� 7.58 (d, J�
8.5 Hz, 2H, Ph), 7.48 (d, J� 7.3 Hz, 2H, Ph), 7.19 ± 7.08 (m, 4H, Ph), 7.00 ±
6.93 (m, 2 H, Ph), 6.97 (d, J� 8.2 Hz, 2 H, Ph), 6.85 (d, J� 8.2 Hz, 2 H, Ph),
5.22 (s, 1H, CHPMP), 4.08 (ddd, J� 8.6, 4.0, 2.7 Hz, 1H, 2-H), 3.94 (d, J�
8.6 Hz, 1 H, 3-H), 3.58 (s, 2 H, Bn), 3.57 (dd, J� 12.2, 2.7 Hz, 1H, 1-H), 3.39
(dd, J� 12.2, 4.0 Hz, 1H, 1-H), 3.35 (s, 3H, MeO); 13C NMR (C6D6): d�
161.1 (PMP), 139.8 (Ph), 136.8 (Ph), 132.9 (Ph), 130.6 (Ph), 130.4 (Ph),
129.3 (Ph), 129.0 (Ph), 128.8 (Ph), 128.0 (Ph), 127.5 (Ph), 114.4 (PMP), 96.4
(CHPMP), 86.2 (2), 67.9 (3), 61.9 (1), 55.2 (MeO), 53.3 (Bn); HR MS: calcd
for C24H26NO3 [M�H]� 376.1913, found 376.1899.


Methyl (tert-butyldimethylsiloxy)acetate : To a solution of methyl hydroxy-
acetate (9.73 g, 108 mmol) and imidazole (22.1 g, 324 mmol) in DMF
(60 mL) at 0 8C was added a solution of tert-butylchlorodimethylsilane
(32.4 g, 215 mmol) in dichloromethane (40 mL). The reaction mixture was
stirred for 12 h at room temperature and then water (120 mL) was added at
0 8C. The mixture was extracted with diethyl ether, and the organic layer
was washed with water and brine, and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude product
was purified by distillation to afford methyl (tert-butyldimethylsiloxy)ace-
tate (22.1 g, 100 %) as a colorless oil: b.p. 52 8C/1.8 mmHg; IR (neat): nÄ �
1770 cmÿ1; 1H NMR (CDCl3): d� 4.20 (s, 2H, 2-H, 2-H), 3.69 (s, 3H, MeO),
0.87 (s, 9H, TBS), 0.06 (s, 6 H, TBS); 13C NMR (CDCl3): d� 172.0 (1), 61.6
(2), 51.6 (MeO), 25.6 (TBS), 18.3 (TBS),ÿ5.6 (TBS),ÿ5.6 (TBS); HR MS:
calcd for C9H20O3SiNa [M�Na]� 227.1080, found 227.0998.


2-(tert-Butyldimethylsiloxy)-1-methoxy-1-(trimethylsiloxy)ethene : To a
solution of 2,2,6,6-tetramethylpiperidine (10.9 mL, 9.12 g, 64.6 mmol) in
THF (210 mL) at 0 8C was added n-butyllithium in hexane (1.53m, 38.7 mL,
59.2 mmol). After the reaction mixture had been stirred for 20 min at 0 8C,
chlorotrimethylsilane (8.95 mL, 7.66 g, 70.5 mmol) and a solution of methyl
(tert-butyldimethylsiloxy)acetate (11.0 g, 53.8 mmol) in THF (38 mL) were
added at ÿ95 8C. The reaction mixture was stirred for 1.5 h at room
temperature and then it was concentrated by evaporation of the solvent.
Petroleum ether (100 mL) was added to the residue, and then the
suspension was filtered through a short pad of Celite under argon
atmosphere. After evaporation of the solvent, the crude product was
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purified by distillation to afford a mixture of 2-(tert-butyldimethylsiloxy)-1-
methoxy-1-(trimethylsiloxy)ethenes (E/Z� 94/6, 6.32 g, 42%) as a color-
less oil: b.p. 81 8C/3.4 mmHg; IR (neat): nÄ � 1250, 1180, 840 cmÿ1; HR MS:
calcd for C12H29O3Si2 [M�H]� 277.1656, found 277.1562. (E)-2-(tert-
Butyldimethylsiloxy)-1-methoxy-1-(trimethylsiloxy)ethene : 1H NMR
(CDCl3): d� 5.44 (s, 1 H, 2-H), 3.63 (s, 3 H, MeO), 0.93 (s, 9H, TBS),
0.20 (s, 9H, TMS), 0.11 (s, 6 H, TBS); 13C NMR (CDCl3): d� 149.1 (1),
109.3 (2), 56.3 (MeO), 26.0 (TBS), 18.6 (TBS), 0.0 (s, TMS), ÿ5.2 (TBS),
ÿ5.2 (TBS).


Methyl (2RS,3SR)-3-benzylamino-2-(tert-butyldimethylsiloxy)-3-phenyl-
propionate (79-syn) and methyl (2RS,3RS)-3-benzylamino-2-(tert-butyldi-
methylsiloxy)-3-phenylpropionate (79-anti):[58] To a suspension of ytter-
bium(iii) trifluoromethanesulfonate (98.4 mg, 0.159 mmol) in dichloro-
methane (3 mL) at room temperature was added a solution of N-
benzylidenebenzylamine (619 mg, 3.17 mmol) and a mixture of 2-(tert-
butyldimethylsiloxy)-1-methoxy-1-(trimethylsiloxy)ethenes (E/Z� 94/6,
1.06 g, 2.81 mmol) in dichloromethane (6 mL). The reaction mixture was
stirred for 3.5 h at room temperature and then water was added. The
mixture was extracted with dichloromethane, and the organic layer was
washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
silica gel chromatography to afford ester 79-syn (293 mg, 23 %) and ester
79-anti (753 mg, 59%) as colorless oils. Ester 79-syn : IR (neat): nÄ � 1750,
1120 cmÿ1; 1H NMR (CDCl3): d� 7.36 ± 7.17 (m 10 H, Ph), 4.23 (d, J�
4.6 Hz, 1H, 2-H), 4.04 (d, J� 4.6 Hz, 1 H, 3-H), 3.84 (s, 3H, MeO), 3.77
(d, J� 13.5 Hz, 1 H, Bn), 3.46 (d, J� 13.5 Hz, 1H, Bn), 2.35 (br s, 1 H, NH),
0.82 (s, 9 H, TBS), ÿ0.12 (s, 3H, TBS), ÿ0.23 (s, 3 H, TBS); 13C NMR
(CDCl3): d� 172.4 (1), 140.4 (Ph), 139.2 (Ph), 128.3 (Ph), 128.2 (Ph), 128.1
(Ph), 128.0 (Ph), 127.5 (Ph), 126.8 (Ph), 77.4 (2), 64.2 (3), 51.6 (MeO), 52.4
(Bn), 25.6 (TBS), 18.3 (TBS), ÿ5.5 (TBS), ÿ5.8 (TBS); HR MS: calcd for
C23H34NO3Si [M�H]� 400.2308, found 400.2321.


Methyl (2RS,3SR)-3-benzylamino-2-hydroxy-3-phenylpropionate : To a
solution of ester 79-syn (209 mg, 0.523 mmol) in THF (2 mL) at 0 8C was
added TBAF in THF (1.0m, 0.63 mL, 0.63 mmol). The reaction mixture was
stirred for 30 min at 0 8C and then phosphate buffer (pH� 7) was added.
The mixture was extracted with ethyl acetate, and the organic layer was
washed with brine and dried over sodium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford methyl (2RS,3SR)-3-benzylamino-2-
hydroxy-3-phenylpropionate (135 mg, 90 %) as colorless needles: m.p. 86 ±
88 8C; IR (neat): nÄ � 3510, 1730 cmÿ1; 1H NMR (CDCl3): d� 7.36 ± 7.19 (m,
10H, Ph), 4.22 (d, J� 4.0 Hz, 1H, 2-H), 3.93 (d, J� 4.0 Hz, 1 H, 3-H), 3.72
(d, J� 13.4 Hz, 1H, Bn), 3.63 (s, 3H, MeO), 3.50 (d, J� 13.4 Hz, 1 H, Bn),
2.89 (br s, 1H, NH); 13C NMR (CDCl3): d� 174.3 (1), 140.4 (Ph), 139.9
(Ph), 129.0 (Ph), 128.7 (Ph), 128.2 (Ph), 127.5 (Ph), 75.5 (2), 63.9 (3), 52.8
(MeO), 51.0 (Bn), 25.6 (TBS), 18.3 (TBS), ÿ5.5 (TBS), ÿ5.8 (TBS);
HR MS: calcd for C17H20NO3 [M�H]� 286.1443, found 286.1444.


Methyl (2RS,4RS,5SR)-3-benzyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxa-
zolidine-5-carboxylate (80): To a solution of methyl (2RS,3SR)-3-benzyl-
amino-2-hydroxy-3-phenylpropionate (22.0 mg, 77.1 mmol) and p-methoxy-
benzaldehyde dimethylacetal (45.6 mg, 77.1 mmol) in toluene (10 mL) at
room temperature was added CSA (0.5 mg, 2.2 mmol). The reaction
mixture was concentrated by evaporation of the solvent, and then the
residue was filtered through a short pad of silica gel with ethyl acetate.
After evaporation of the solvent, the crude product was purified by thin-
layer chromatography to afford N,O-acetal 80 (30.1 mg, 97 %) as a colorless
oil: IR (neat): nÄ � 1740 cmÿ1; 1H NMR (C6D6): d� 7.57 (d, J� 8.6 Hz, 2H,
Ph), 7.50 (d, J� 8.2 Hz, 2 H, Ph), 7.27 ± 7.00 (m, 4 H, Ph), 6.94 ± 6.88 (m, 4H,
Ph), 6.80 (d, J� 8.6 Hz, 2 H, Ph), 5.48 (s, 1H, CHPMP), 4.61 (d, J� 7.0 Hz,
1H, 2-H), 4.19 (d, J� 7.0 Hz, 1 H, 3-H), 3.59 (d, J� 13.4 Hz, 1 H, Bn), 3.53
(d, J� 13.4 Hz, 1H, Bn), 3.33 (s, 3H, MeO), 3.27 (s, 3 H, MeO); 13C NMR
(C6D6): d� 171.9 (1), 161.1 (PMP), 140.0 (Ph), 136.3 (Ph), 130.9 (Ph),
130.7 (Ph), 130.4 (Ph), 130.1 (Ph), 129.0 (Ph); 128.8 (Ph), 128.0 (Ph), 127.4
(Ph), 114.2 (PMP), 92.5 (CHPMP), 83.1 (2), 70.2 (3), 55.0 (MeO), 52.9 (Bn),
51.7 (MeO); HR MS: calcd for C25H26NO4 [M�H]� 404.1862, found
404.1857.


(2RS,4RS,5SR)-3-Benzyl-2-(p-methoxyphenyl)-4-phenyl-1,3-oxazolidin-5-
ylmethanol (78): To a solution of N,O-acetal 80 (118 mg, 0.291 mmol) at
0 8C was added lithium aluminum hydride in THF (1.0m, 0.30 mL,
0.30 mmol). The reaction mixture was stirred for 20 min at 0 8C and then


several drops of saturated aqueous sodium sulfate were added. The mixture
was filtered through a short pad of Celite and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford N,O-acetal 78
(79.4 mg, 73%) as a colorless oil. Physical data of this N,O-acetal 78 were
identical to those of the compound derived from N,O-acetal 74 except for
its optical rotation.


2''-O-Benzyl-7-O-(triethylsilyl)paclitaxel (81): To a suspension of carbox-
ylic acid 70 (10.6 mg, 28.2 mmol), 7-O-(triethylsilyl)baccatin III (3.2 mg,
4.7 mmol) and DMAP (1.1 mg, 9.4 mmol) in toluene (0.25 mL) at room
temperature was added DPTC (6.4 mg, 28.2 mmol). The reaction mixture
was concentrated by evaporation of the solvent and then the residue was
stirred for 1 h at 73 8C. After filtration of the mixture through a short pad of
silica gel with ethyl acetate, the filtrate was concentrated and the residue
was azeotropically dried with benzene.


To a suspension of the above residue, carboxylic acid 70 (10.3 mg,
27.4 mmol), and DMAP (1.1 mg, 9.4 mmol) in toluene (0.25 mL) at room
temperature was added DPTC (6.5 mg, 28.6 mmol). The reaction mixture
was concentrated by evaporation of the solvent and then the residue was
stirred for 1 h at 73 8C. After filtration of the mixture through a short pad of
silica gel with ethyl acetate, the filtrate was concentrated and the residue
was azeotropically dried with benzene.


To a suspension of the above residue, carboxylic acid 70 (10.3 mg,
27.4 mmol), and DMAP (1.0 mg, 8.2 mmol) in toluene (0.30 mL) at room
temperature was added DPTC (6.5 mg, 28.6 mmol). The reaction mixture
was concentrated by evaporation of the solvent and then the residue was
stirred for 1 h at 73 8C. After filtration of the mixture through a short pad of
silica gel with ethyl acetate, the filtrate was concentrated and the residue
was azeotropically dried with benzene.


To a suspension of the above residue, carboxylic acid 70 (10.3 mg,
27.4 mmol), and DMAP (1.1 mg, 9.4 mmol) in toluene (0.25 mL) at room
temperature was added DPTC (6.6 mg, 29.1 mmol). The reaction mixture
was concentrated by evaporation of the solvent and then the residue was
stirred for 1 h at 73 8C. The crude product was purified by thin-layer
chromatography to afford protected Taxol 81 (3.2 mg, 66 %) and recovered
7-O-(triethylsilyl)baccatin III (1.1 mg, 34 %) as white solids. Protected
Taxol 81: m.p. 121 ± 122 8C; [a]24


D �ÿ18.4 (c 0.75, MeOH); IR (KBr): nÄ �
3520, 1730, 1240 cmÿ1; 1H NMR (CDCl3): d� 8.12 (dd, J� 7.3, 1.3 Hz, 2H,
BzO), 7.77 (dd, J� 7.3, 1.3 Hz, 2H, BzN), 7.69 ± 7.03 (m, 16 H, Ph), 7.11 (d,
J� 7.9 Hz, 1 H, NH), 6.44 (s, 1 H, 10-H), 6.26 (t, J� 8.9 Hz, 1H, 13-H), 5.73
(dd, J� 7.9, 2.3 Hz, 1H, 3'-H), 5.70 (d, 1H, J� 6.9 Hz, 2-H), 4.93 (dd, J�
8.3, 1.5 Hz, 1 H, 5-H), 4.75 (d, J� 11.6 Hz, 1 H, Bn), 4.45 (dd, J� 10.4,
6.2 Hz, 1H, 7-H), 4.43 (d, J� 2.3 Hz, 1H, 2'-H), 4.43 (d, J� 11.6 Hz, 1H,
Bn), 4.30 (d, J� 8.6 Hz, 1H, 20a-H), 4.18 (d, J� 8.6 Hz, 1H, 20b-H), 3.80
(d, J� 6.9 Hz, 1 H, 3-H), 2.51 (ddd, J� 15.8, 8.3, 6.2 Hz, 1H, 6a-H), 2.34
(dd, J� 15.2, 8.9 Hz, 1H, 14-H), 2.29 (s, 3H, 4-Ac), 2.18 (s, 3H, 10-Ac), 2.17
(dd, J� 15.2, 8.9 Hz, 1 H, 14-H), 2.00 (s, 3 H, 18-Me), 1.90 (ddd, J� 15.8,
10.4, 1.5 Hz, 1H, 6b-H), 1.77 (s, 1 H, 1-OH), 1.69 (s, 3H, 19-Me), 1.23 (s, 3H,
16-Me), 1.20 (s, 3H, 17-Me), 0.93 (t, J� 7.9 Hz, 9H, TES), 0.58 (q, J�
7.9 Hz, 6H, TES); 13C NMR (CDCl3): d� 201.7 (9), 170.3 (1'), 169.9 (10-
Ac), 169.3 (4-Ac), 167.1 (Bz), 167.0 (Bz), 140.5 (12), 138.2 (Ph), 135.9 (Ph),
133.9 (Ph), 133.9 (Ph), 133.7 (11), 131.8 (Ph), 130.2 (Ph), 129.2 (Ph), 128.7
(Ph), 128.6 (Ph), 128.6 (Ph), 128.4 (Ph), 128.1 (Ph), 128.0 (Ph), 127.1 (Ph),
127.0 (Ph), 126.7 (Ph), 84.2 (5), 81.1 (4), 79.0 (1), 78.8 (2'), 76.7 (20), 75.0
(10), 74.8 (2), 72.7 (Bn), 72.2 (7), 71.4 (13), 58.4 (8), 54.5 (3'), 46.7 (3), 43.3
(15), 37.2 (6), 35.3 (14), 26.6 (17), 22.7 (4-Ac), 21.3 (16), 20.9 (10-Ac), 14.4
(18), 10.1 (19), 6.7 (TES), 5.3 (TES); HR MS: calcd for C40H71NO14SiNa
[M�Na]� 1080.4542, found 1080.4561.


7-O-(Triethylsilyl)paclitaxel : To a solution of protected Taxol 81 (3.9 mg,
3.7 mmol) in ethanol (0.5 mL) at room temperature was added palladium
hydroxide on carbon (33 mg). The reaction mixture was stirred for 23 h at
room temperature under hydrogen. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-layer
chromatography to afford 7-O-(triethylsilyl)paclitaxel (2.7 mg, 76 %) as a
white solid: m.p. 114 8C; [a]25


D �ÿ38.1 (c 0.48, MeOH); IR (KBr): nÄ � 3460,
1730, 1240 cmÿ1; 1H NMR (CDCl3): d� 8.13 (d, J� 7.6 Hz, 2 H, BzO), 7.75
(d, J� 7.1 Hz, 2H, BzN), 7.61 (t, J� 9.2 Hz, 1 H, BzO), 7.52 ± 7.33 (m, 10H,
Ph), 7.04 (d, J� 9.0 Hz, 1H, NH), 6.42 (s, 1 H, 10-H), 6.19 (t, J� 9.0 Hz, 1H,
13-H), 5.80 (dd, J� 9.0, 2.2 Hz, 1H, 3'-H), 5.68 (d, J� 7.1 Hz, 1 H, 2-H), 4.92
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(dd, J� 8.4, 1.0 Hz, 1H, 5-H), 4.80 (br d, J� 2.2 Hz, 1H, 2'-H), 4.43 (dd, J�
10.6, 6.6 Hz, 1H, 7-H), 4.30 (d, J� 8.5 Hz, 1 H, 20a-H), 4.19 (d, J� 8.5 Hz,
1H, 20b-H), 3.80 (d, J� 7.1 Hz, 1H, 3-H), 3.62 (br s, 1H, 2'-OH), 2.52 (ddd,
J� 14.5, 8.4, 6.6 Hz, 1H, 6a-H), 2.38 (s, 3H, 4-Ac), 2.33 (dd, J� 15.0,
9.0 Hz, 1H, 14a-H), 2.29 (dd, J� 15.0, 9.0 Hz, 1H, 14b-H), 2.18 (s, 3H, 10-
Ac), 1.91 (s, 3H, 18-Me), 1.89 (ddd, J� 14.5, 10.6, 1.0 Hz, 1 H, 6b-H), 1.70 (s,
3H, 19-Me), 1.23 (s, 3 H, 16-Me), 1.18 (s, 3H, 17-Me), 0.92 (t, J� 8.1 Hz,
9H, TES), 0.57 (q, J� 8.1 Hz, 6H, TES); 13C NMR (CDCl3): d� 201.7 (9),
172.7 (1'), 170.4 (10-Ac), 169.2 (4-Ac), 167.0 (Bz), 167.0 (Bz), 139.6 (12),
138.1 (Ph), 134.1 (Ph), 133.7 (Ph), 133.7 (11), 132.0 (Ph), 130.2 (Ph), 129.3
(Ph), 129.0 (Ph), 128.7 (Ph), 128.7 (Ph), 128.3 (Ph), 127.1 (Ph), 127.1 (Ph),
84.2 (5), 81.3 (4), 78.7 (1), 76.6 (20), 75.1 (10), 74.8 (2), 73.2 (2'), 72.5 (7),
72.3 (13), 58.6 (8), 54.9 (3'), 46.8 (3), 43.3 (15), 37.3 (6), 35.5 (14), 26.7
(17), 22.7 (4-Ac), 21.0 (16), 20.9 (10-Ac), 14.3 (18), 10.1 (19), 6.8 (TES),
5.3 (TES); HR MS: calcd for C53H66NO14Si [M�H]� 968.4253, found
968.4256.


Paclitaxel (Taxol�):


Method A : To a solution of 7-O-(triethylsilyl)paclitaxel (1.4 mg, 1.4 mmol)
in THF (0.7 mL) at room temperature was added hydrogen fluoride ´ pyr-
idine (hydrogen fluoride/pyridine� ca. 7/3, 2 drops). The reaction mixture
was stirred for 3 days at room temperature and then saturated aqueous
sodium hydrogencarbonate was added. The mixture was extracted with
diethyl ether and the organic layer was washed with saturated aqueous
copper(ii) sulfate and brine, and dried over sodium sulfate. After filtration
of the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography to afford paclitaxel (Taxol�)
(1.2 mg, 100 %) as a white solid.


Method B : To a solution of 7-O-(triethylsilyl)paclitaxel (0.88 mg,
0.91 mmol) in ethanol (0.5 mL) at 0 8C was added hydrochloric acid (5%,
0.4 mL). The reaction mixture was stirred for 2 h at room temperature, and
then ethyl acetate and saturated aqueous sodium hydrogencarbonate were
added at 0 8C. The mixture was extracted with dichloromethane, and the
organic layer was dried over magnesium sulfate. After filtration of the
mixture and evaporation of the solvent, the crude product was purified by
thin-layer chromatography to afford paclitaxel (Taxol�) (0.8 mg, 100 %) as
a white solid: m.p. 172 ± 174 8C (lit. 213 ± 216 8C,[3a] 198 ± 203 8C,[56] 194 ±
197 8C,[59] 205 ± 208 8C[57]); [a]28


D �ÿ49.5 (c 0.38, MeOH) (lit. [a]20
D �ÿ49


(MeOH),[3a] [a]23
D �ÿ42 (c 0.37, MeOH),[56] [a]23


D �ÿ54 (c 0.026,
MeOH),[59] [a]D�ÿ54 (MeOH)[57]); IR (KBr): nÄ � 3480, 1730, 1650 cmÿ1;
1H NMR (C6D6): d� 8.49 (d, J� 8.5 Hz, 1 H, BzO), 8.48 (d, J� 6.6 Hz, 1H,
BzO), 7.66 (d, J� 7.3 Hz, 1H, BzN), 7.66 (d, J� 8.7 Hz, 1 H, BzN), 7.56 ± 7.50
(m, 2 H, Ph), 7.35 ± 7.21 (m, 6 H, Ph), 7.10 (t, J� 7.3 Hz, 1H, Ph), 7.03 ± 6.97
(m, 2 H, Ph), 6.86 (d, J� 9.2 Hz, 1H, NH), 6.68 (s, 1 H, 10-H), 6.58 (dd, J�
9.2, 8.9 Hz, 1H, 13-H), 6.15 (dd, J� 9.2, 2.1 Hz, 1H, 3'-H), 6.04 (d, J�
6.9 Hz, 1H, 2-H), 4.99 (dd, J� 7.6, 1.9 Hz, 1 H, 5-H), 4.82 ± 4.74 (m, 1H,
7-H), 4.76 (dd, J� 4.6, 2.1 Hz, 1H, 2'-H), 4.47 (s, 2 H, 20-H, 20-H), 4.13 (d,
J� 6.9 Hz, 1 H, 3-H), 3.58 (d, J� 4.6 Hz, 1 H, 2'-OH), 2.92 (d, J� 4.0 Hz,
1H, 7-OH), 2.74 (dd, J� 15.7, 8.9 Hz, 1H, 14-H), 2.62 (dd, J� 15.7, 9.2 Hz,
1H, 14-H), 2.74 ± 2.61 (m, 1H, 6a-H), 2.28 ± 2.16 (m, 1H, 6b-H), 2.26 (s, 3H,
4-Ac), 2.09 (s, 3 H, 19-Me), 2.00 (s, 3H, 18-Me), 1.87 (s, 3H, 10-Ac), 1.72 (s,
1H, 1-OH), 1.19 (s, 3 H, 16-Me), 1.16 (s, 3H, 17-Me); 13C NMR (C6D6): d�
203.4 (9), 173.4 (1'), 171.2 (Ac), 170.4 (Ac), 167.1 (Bz), 166.9 (Bz), 142.1
(12), 139.0 (Ph), 134.0 (Ph), 133.9 (Ph), 133.4 (11), 131.7 (Ph), 130.6 (Ph),
130.4 (Ph), 129.0 (Ph), 128.9 (Ph), 128.7 (Ph), 128.2 (Ph), 127.8 (Ph), 127.3
(Ph), 84.5 (5), 81.6 (4), 79.4 (1), 76.5 (20), 75.9 (10), 75.5 (2), 73.0 (2'), 72.7
(7), 72.7 (13), 59.2 (8), 55.0 (3'), 46.2 (3), 43.5 (15), 36.2 (14), 36.2 (6), 26.7
(17), 22.5 (4-Ac), 21.9 (16), 20.3 (10-Ac), 14.8 (18), 10.0 (19); HR MS: calcd
for C47H51NO14Na [M�Na]� 876.3207, found 876.3219.


2'',3''-O,N-Isopropylidene-7-O-(triethylsilyl)paclitaxel (82): To a suspension
of carboxylic acid 73 (9.7 mg, 29.8 mmol), 7-O-(triethylsilyl)baccatin III
(3.3 mg, 4.7 mmol) and DMAP (1.3 mg, 10.6 mmol) in toluene (0.25 mL) at
room temperature was added DPTC (7.1 mg, 30.6 mmol). The reaction
mixture was concentrated by evaporation of the solvent and then the
residue was stirred for 30 min at 73 8C. The crude product was purified by
thin-layer chromatography to afford protected Taxol 82 (3.0 mg, 63%) as
white needles and recovered 7-O-(triethylsilyl)baccatin III (1.2 mg, 36%)
as a white solid. Protected Taxol 82 : m.p. 172 ± 174 8C; [a]26


D �ÿ34.0 (c 0.56,
MeOH); IR (KBr): nÄ � 3470, 1730, 1640, 1240 cmÿ1; 1H NMR (CDCl3): d�
8.00 (d, J� 7.1 Hz, 2 H, BzO), 7.60 (t, J� 7.5 Hz, 1H, Ph), 7.46 (t, J� 7.7 Hz,
2H, BzN), 7.21 ± 7.06 (m, 8H, Ph), 6.93 (m, 1 H, Ph), 6.45 (s, 1H, 10-H), 6.23


(dd, J� 9.1, 7.9 Hz, 1H, 13-H), 5.64 (d, J� 7.0 Hz, 1 H, 2-H), 5.26 (d, 1H,
J� 6.8 Hz, 3'-H), 4.88 (dd, J� 9.1, 1.3 Hz, 1H, 5-H), 4.56 (d, J� 6.8 Hz, 1H,
2'-H), 4.46 (dd, J� 10.5, 6.4 Hz, 1 H, 7-H), 4.23 (d, J� 8.2 Hz, 1 H, 20a-H),
4.09 (d, J� 8.2 Hz, 1H, 20b-H), 3.77 (d, J� 7.0 Hz, 1 H, 3-H), 2.50 (ddd, J�
15.0, 9.1, 6.4 Hz, 1H, 6a-H), 2.20 ± 2.05 (m, 2H, 14-H), 2.19 (s, 3 H, 10-Ac),
2.20 ± 2.05 (m, 2H, 14-H), 2.07 (s, 3H, 18-Me), 2.00 (s, 3 H, acetonide), 1.93
(s, 3 H, acetonide), 1.86 (s, 3 H, 4-Ac), 1.85 (ddd, J� 15.0, 10.5, 1.3 Hz, 1H,
6b-H), 1.76 (s, 1 H, 1-OH), 1.65 (s, 3H, 19-Me), 1.21 (s, 3 H, 16-Me),
1.18 (s, 3 H, 17-Me), 0.92 (t, J� 8.2 Hz, 9H, TES), 0.57 (q, J� 8.2 Hz, 6H,
TES); 13C NMR (CDCl3): d� 201.6 (9), 169.9 (1'), 169.3 (10-Ac), 169.1 (4-
Ac), 167.0 (Bz), 167.0 (Bz), 140.0 (12), 138.9 (Ph), 137.5 (Ph), 133.9 (Ph),
133.7 (11), 130.1 (Ph), 129.5 (Ph), 129.2 (Ph), 128.7 (Ph), 128.6 (Ph), 128.1
(Ph), 127.9 (Ph), 126.9 (Ph), 126.2 (Ph), 98.3 (acetonide), 84.2 (5), 81.3 (2'),
80.8 (4), 79.0 (1), 76.3 (20), 74.9 (10), 74.9 (2), 72.1 (7), 71.7 (13), 66.0 (3'),
58.4 (8), 46.8 (3), 43.3 (15), 37.1 (6), 35.4 (14), 26.5 (17), 26.3 (acetonide),
25.5 (acetonide), 21.7 (4-Ac), 21.1 (16), 20.9 (10-Ac), 14.3 (18), 10.1 (19), 6.7
(TES), 5.3 (TES); HR MS: calcd for C56H70NO14Si [M�H]� 1008.4566,
found 1008.4552.


2'',3''-O,N-[(S)-(p-Methoxybenzylidene)]-7-O-(triethylsilyl)paclitaxel (83):
To a suspension of carboxylic acid 75 (170 mg, 0.420 mmol), 7-O-
(triethylsilyl)baccatin III (49.1 mg, 70.1 mmol) and DMAP (17.3 mg,
0.140 mmol) in toluene (0.5 mL) at room temperature was added DPTC
(97.6 mg, 0.420 mmol). The reaction mixture was concentrated by evapo-
ration of the solvent and then the residue was stirred for 1 h at 73 8C. The
crude product was purified by thin-layer chromatography to afford
protected Taxol 83 (66.9 mg, 88 %) and recovered 7-(triethylsilyl)bacca-
tin III (3.4 mg, 7 %) as white solids. Protected Taxol 83 : m.p. 249 ± 251 8C;
[a]29


D �ÿ61.0 (c 0.89, MeOH); IR (KBr): nÄ � 3440, 1740, 1730, 1720,
1650 cmÿ1; 1H NMR (C6D6): d� 8.38 (dd, J� 6.8, 2.8 Hz, 2H, BzO), 7.89
(br d, J� 7.1 Hz, 2 H, Ph), 7.58 (d, J� 7.3 Hz, 1 H, BzN), 7.49 (s, 1H,
CHPMP), 7.44 ± 7.36 (m, 2 H, Ph), 7.36 ± 7.15 (m, 7 H, Ph), 7.03 (t, J� 7.3 Hz,
1H, Ph), 6.96 (s, 1H, 10-H), 6.95 ± 6.89 (m, 4 H, Ph), 6.64 (br t, J� 9.2 Hz,
1H, 13-H), 6.11 (d, J� 6.9 Hz, 1 H, 2-H), 5.97 (br s, 1H, 3'-H), 5.01 (d, J�
8.3 Hz, 1 H, 5-H), 4.94 (dd, J� 11.4, 6.8 Hz, 1H, 7-H), 4.84 (br s, 1H, 2'-H),
4.46 (d, J� 8.6 Hz, 1H, 20a-H), 4.39 (d, J� 8.6 Hz, 1H, 20b-H), 4.23 (d, J�
6.9 Hz, 1 H, 3-H), 3.37 (s, 3 H, MeO), 2.81 ± 2.67 (m, 1H, 6a-H), 2.58 (s, 3H,
18-Me), 2.57 (dd, J� 15.2, 9.2 Hz, 1H, 14a-H), 2.45 (dd, J� 15.2, 9.2 Hz,
1H, 14b-H), 2.28 ± 2.15 (m, 1H, 6b-H), 2.14 (s, 3 H, 19-Me), 2.09 (s, 3H,
4-Ac), 1.94 (s, 3H, 10-Ac), 1.84 (br s, 1H, 1-OH), 1.37 (s, 3H, 16-Me), 1.20
(t, J� 7.8 Hz, 9H, TES), 1.20 (s, 3 H, 17-Me), 0.44 (q, J� 7.8 Hz, 6H, TES);
13C NMR (C6D6): d� 201.5 (9), 172.2 (1'), 170.8 (10-Ac), 170.3 (4-Ac), 169.0
(Bz), 167.3 (Bz), 160.8 (PMP), 140.5 (12), 139.9 (Ph), 136.4 (Ph), 135.1 (Ph),
133.7 (11), 130.9 (Ph), 130.6 (Ph), 130.5 (Ph), 130.5 (Ph), 129.5 (Ph), 129.1
(Ph), 128.9 (Ph), 128.0 (Ph), 127.9 (Ph), 127.2 (Ph), 127.1 (Ph), 114.2 (PMP),
92.0 (CHPMP), 84.4 (5), 83.1 (2'), 81.6 (4), 79.4 (1), 76.7 (20), 75.6 (2), 75.5
(10), 73.2 (7), 72.2 (13), 65.9 (3'), 59.0 (8), 54.9 (MeO), 47.5 (3), 43.7 (15),
38.1 (6), 36.1 (14), 26.8 (17), 22.1 (4-Ac), 21.3 (16), 20.7 (10-Ac), 15.4 (18),
10.6 (19), 7.4 (TES), 6.0 (TES); HR MS: calcd for C61H72NO15Si [M�H]�


1086.4671, found 1086.4659.


2'',3''-O,N-[(S)-(p-Methoxybenzylidene)]paclitaxel (84): To a mixture of
protected Taxol 83 (3.3 mg, 3.0 mmol) and trifluoroacetic acid (0.125 mL,
1.62 mmol) at 0 8C was added water (3 drops). The reaction mixture was
stirred for 20 min at 0 8C, and then diethyl ether and saturated aqueous
sodium hydrogencarbonate were added. The mixture was extracted with
ethyl acetate, and the organic layer was washed with water and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford paclitaxel (Taxol�) (2.4 mg, 93%) and protected Taxol 84
(0.4 mg, 7%) as white solids. Protected Taxol 84 : m.p. 158 ± 160 8C; [a]28


D �
ÿ77.2 (c 0.33, MeOH); IR (KBr): nÄ � 3470, 1740, 1730 cmÿ1; 1H NMR
(C6D6): d� 8.35 (dd, J� 6.6, 3.0 Hz, 2 H, BzO), 7.98 (d, J� 7.9 Hz, 2H, Ph),
7.60 (d, J� 7.3 Hz, 2H, BzN), 7.56 (s, 1H, CHPMP), 7.50 ± 7.16 (m, 8H, Ph),
7.03 ± 6.91 (m, 5H, Ph), 6.65 (s, 1H, 10-H), 6.60 (t, J� 8.9 Hz, 1 H, 13-H),
6.03 (d, J� 6.9 Hz, 1H, 2-H), 5.95 (s, 1H, 3'-H), 4.98 (dd, J� 10.8, 0.8 Hz,
1H, 5-H), 4.84 ± 4.72 (m, 1 H, 7-H), 4.72 (s, 1 H, 2'-H), 4.43 (d, J� 8.6 Hz,
1H, 20a-H), 4.36 (d, J� 8.6 Hz, 1H, 20b-H), 4.14 (d, J� 6.9 Hz, 1H, 3-H),
3.38 (s, 3 H, MeO), 3.05 (d, J� 3.6 Hz, 1H, 7-OH), 2.78 ± 2.66 (m, 1 H, 6a-
H), 2.54 (dd, J� 15.6, 8.9 Hz, 1 H, 14-H), 2.42 (dd, J� 15.6, 8.9 Hz, 1 H, 14-
H), 2.30 ± 2.19 (m, 1 H, 6b-H), 2.19 (s, 3 H, 18-Me), 2.11 (s, 3H, 4-Ac), 2.09
(s, 3 H, 19-Me), 1.90 (s, 3 H, 10-Ac), 1.71 (br s, 1 H, 1-OH), 1.21 (s, 3 H, 16-
Me), 1.20 (s, 3 H, 17-Me); 13C NMR (C6D6): d� 203.6 (9), 172.5 (1'), 171.2
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(10-Ac), 170.7 (4-Ac), 170.3 (BzO), 167.2 (BzN), 160.9 (PMP), 142.4 (12),
140.3 (Ph), 136.5 (Ph), 134.0 (Ph), 133.7 (11), 131.6 (Ph), 130.6 (Ph), 130.6
(Ph), 130.4 (Ph), 129.4 (Ph), 129.1 (Ph), 129.0 (Ph), 128.9 (Ph), 128.9 (Ph),
128.1 (Ph), 127.9 (Ph), 127.7 (Ph), 127.6 (Ph), 114.3 (PMP), 91.7 (CHPMP),
84.8 (5), 83.1 (2'), 81.5 (4), 79.7 (1), 76.6 (20), 76.1 (10), 75.8 (2), 72.9 (7),
72.2 (13), 65.9 (3'), 59.5 (8), 55.0 (MeO), 46.3 (3), 43.9 (15), 36.4 (6), 36.2
(14), 27.0 (17), 22.1 (4-Ac), 22.0 (16), 20.7 (10-Ac), 15.7 (18), 10.1 (19);
HR MS: calcd for C55H58NO15 [M�H]� 972.3806, found 972.3831.


Paclitaxel (Taxol�): To a mixture of protected Taxol 84 (3.5 mg, 3.6 mmol)
and trifluoroacetic acid (0.10 mL, 1.30 mmol) at room temperature was
added water (10 drops). The reaction mixture was stirred for 15 min at
room temperature, and then diethyl ether and saturated aqueous sodium
hydrogencarbonate were added at 0 8C. The mixture was extracted with
ethyl acetate and the organic layer was washed with water and brine, and
dried over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chromatog-
raphy to afford paclitaxel (Taxol�) (2.9 mg, 94%) as a white solid. All
physical data of this compound were identical to those of the compound
derived from 7-O-(triethylsilyl)paclitaxel.
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1,4-Diphosphabutadiyne: A Realistic Target for Synthesis? A Theoretical
Investigation of C2P2, C2N2, [Cr(CO)5PCCP], and [(CO)5Cr(PCCP)Cr(CO)5]


F. Matthias Bickelhaupt*[a] and Friedrich Bickelhaupt[b]


Abstract: To assess the viability of 1,4-
diphosphabutadiyne (PCCP, 2 a) as a
target for synthesis, we have investigated
C2P2 isomers 2, the end-on complexes
[Cr(CO)5PCCP] (3) and [(CO)5Cr-
(PCCP)Cr(CO)5] (4), as well as their
side-on analogues 6 and 7, respectively,
using nonlocal density functional theory
and a large, doubly polarized triple-z
STO basis (BP86/TZ2P); C2N2 isomers 1
were included for comparison. The
PCCP molecule 2 a turns out to be a
thermodynamically stable, linear CP
dimer with a 298 K carbon ± carbon
bond dissociation enthalpy (BDE) of
152.2 kcal molÿ1. The relatively high
BDE and a CÿC bond length of
1.336 �, together with the results of a
careful bond analysis, show that the
PCÿCP bond is best conceived as having
partial triple bond character (i.e.,


P�CÿC�P$PÿC�CÿP) similar to the
NCÿCN bond. However, the relatively
low HOMO ± LUMO gap of 2.5 eV in
the p system of 2 a [versus 5.6 eV in
NCCN (1 a)] is indicative of a low
kinetic stability: 2 a is likely to have a
strong tendency toward polymerization.
A conceivable strategy to protect and
stabilize the evasive target molecule is
coordination of the terminal P atoms to
a transition metal fragment, for exam-
ple, {Cr(CO)5}. The (first) CrÿP bond
dissociation enthalpy (for 298 K) in our
model systems 3 and 4 amounts to
20 kcal molÿ1; side-on coordination (6


and 7) leads to an additional stabiliza-
tion of about 1 ± 2 kcal molÿ1. In a pre-
liminary investigation, the effect of dou-
ble side-on coordination of the P�C
bond of 2 a to {Co2(CO)6} was also
briefly explored and found to furnish
considerable stabilization. Furthermore,
the differences in geometry (e.g., linear
versus nonlinear) and bonding in CP and
CN dimers are discussed and related to
the electronic structures of the mono-
mers. The bonding in the linear CCÿNN
and CCÿPP codimers is also analyzed.
We also address the question why flash
vacuum thermolysis (FVT) of norborna-
dienonazine, although it does contain
the CNNC unit, yields nearly exclusively
CNCN (1 b) and only a trace of CNNC
(1 c).


Keywords: coordination modes ´
density functional calculations ´ di-
phosphabutadiyne ´ orbital interac-
tions ´ phosphorus


Introduction


There is a remarkable discrepancy in our knowledge about
four-atom molecules C2X2 containing two carbon atoms and
two atoms X of Group 15 such as C2N2 (1; X�N) and C2P2 (2 ;
X�P). One representative, cyanogen (formally 1,4-diazabu-
tadiyne, NCCN, 1 a), is stable under normal conditions; it was
first prepared as early as 1815 by nobody less than Gay-


Lussac[1] and has been intensively studied since.[2] In contrast,
its positional linear isomers isocyanogen (CNCN, 1 b)[3, 4] and
especially diisocyanogen (CNNC, 1 c)[5] are rather unstable,
and it is therefore not surprising that their discovery was
reported nearly two centuries later in 1988 and 1992,
respectively.


Much less is known about the corresponding phosphorus
compounds 2. This may be considered to be a consequence of
the Double Bond Rule,[6, 7] which states that double or
multiple bonds are stable only between elements of the
Second Period, whereas those between higher row elements
are usually kinetically unstable. In the present context, this
means that under normal conditions C�X triple bonds are
stable in the case of the cyanides RÿC�N, while their
phosphorus analogues RÿC�P are stable only when protected
by bulky substituents R.


Only three reports have appeared on the occurrence of 2.[8]


They all concern 1,4-diphosphabutadiyne (PCCP, 2 a), the
phosphorus analogue of the stable cyanogen (1 a); to our
knowledge, the 1,3-diphospha isomer CPCP (2 b) and the 2,3-
diphospha isomer CPPC (2 c) have not been described.
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Compound 2 a was obtained by two different experimental
approaches. In the first one, it was detected as a component of
the equilibrium product mixture formed from the gaseous
elements at temperatures above 2000 K; it was identified by
mass spectrometry, and its atomization energy was deter-
mined as Do


0� 392.5� 3.5[8a] or 400.0� 7.0[8b] kcal molÿ1. In the
second approach Bock and Bankmann[8c] attempted the
synthesis of 2 a in a more rational fashion by dechlorination
of Cl2PÿC�CÿPCl2 on a heterogeneous catalyst at 670 8C, but
again 2 a was formed as a minor product only and tentatively
identified by photoelectron spectroscopy and mass spectrom-
etry.


In the context of a program directed toward the develop-
ment of synthetic strategies for alternative routes to 2 a,[9] we
were interested in obtaining more information on the stability
and viability of this compound through a detailed density


functional theoretical (DFT) study (see Experimental Sec-
tion).[10] In this context, the other two CP dimers (2 b and 2 c)
as well as the nitrogen analogues 1 were also of interest
(Results and Discussion, section 1). We have tried to under-
stand the differences in stability and geometry of these species
through a detailed analysis and comparison of the electronic
structure and bonding (Results and Discussion, section 2).[11]


Furthermore, the complexation behavior of 2 a was of
interest because the unstable 1 b has been incorporated into
the stable complex [Cr(CO)5CNCN],[12] and it is known that
unsaturated phosphorus compounds can be similarly stabi-
lized by coordination to transition metals.[7] It was therefore
envisaged that the evasive 2 a might be isolable in the form of
complexes such as [Cr(CO)5PCCP] (3) or [(CO)5Cr(PCCP)-
Cr(CO)5] (4). In order to test this hypothesis, these two
complexes were also incorporated in the present theoretical
investigation, as well as some other coordination compounds
derived from 2 a (Results and Discussion, section 3).


Experimental Section


General procedure : All DFT calculations were performed using the
Amsterdam-Density-Functional (ADF) program developed by Baerends
and others.[4i, 13, 14] The molecular orbitals (MOs) were expanded in a large
uncontracted set of Slater type orbitals (STOs) containing diffuse
functions: TZ2P (no Gaussian basis functions are involved).[13c] The basis
set is of triple-z quality, augmented with one set of 4p functions on Cr and
Co, and two sets of polarization functions (3d and 4f) on C, N, and P. Core
shells (1s for C and N; 1s, 2s, and 2p for P and Cr) were treated by the
frozen-core approximation.[13a,b] An auxiliary set of s, p, d, f, and g STOs was
used to fit the molecular density and to represent the Coulomb and
exchange-correlation potentials accurately in each self-consistent field
(SCF) cycle.[13a] The numerical integration was performed with the
procedure developed by Boerrigter, te Velde, and Baerends.[13d]


Geometries were optimized using analytical gradient techniques.[13e]


Frequencies[13f] were calculated by numerical differentiation of the
analytical energy gradients. Energies, geometries, and frequencies were
computed with the local-density approximation (LDA)[10a, 13g] with nonlocal
corrections to exchange and correlation due to Becke[13h, 13i] and Perdew[13j]


added self-consistently[13k] (BP86). Frequency calculations for 3 and 4 were
performed with LDA only. Energies were calculated directly with respect
to atoms in one numerical integration of the difference energy density
e[1,r]ÿSAeA[1,r] between the overall molecule and the constituent atoms
[Eq. (1)].


DE[1]�
�


e[1,r]ÿ
X


A


eA[1,r]dr (1)


In other words, we evaluate the energy of the overall molecule, E[1]��
e[1,r]dr, and the energies of each of the component atoms, EA�


�
eA[1,r]


dr, in the same numerical integration grid. This provides more accurate
relative energies than subtracting total energies from separate calculations,
because the same relative numerical integration error applies to a much
smaller quantity, yielding in turn a much smaller absolute error.


Bond analysis : The central electron-pair bond in the linear CN´ and CP´


dimers was analyzed using the extended transition state (ETS) method
developed by Ziegler and Rauk.[14] The overall bond energy DE is divided
in two major components [Eq. (2)].


DE�DEprep�DEint (2)


The preparation energy, DEprep, is the amount of energy required to deform
the separated fragments from their equilibrium structure to the geometry
that they acquire in the composite molecule. The actual interaction energy,
DEint , between the prepared fragments can be further split up into three
physically meaningful terms [Eq. (3)].


DEint�DVelst�DEPauli�DEoi (3)


Abstract in German: Um die Chancen für eine erfolgreiche
Synthese von 1,4-Diphosphabutadiin (PCCP, 2a) zu erkun-
den, haben wir die C2P2-Isomere 2, die End-on-Komplexe
[Cr(CO)5PCCP] (3) und [(CO)5Cr(PCCP)Cr(CO)5] (4)
sowie deren Side-on-Analoga 6 und 7 untersucht, wobei
nichtlokale Dichtefunktionaltheorie angewendet sowie eine
groûe, doppelt polarisierte Tripel-z-STO-basis (BP86/TZ2P)
verwendet wurden; zum Vergleich wurden auch die C2N2-
Isomere 1 berechnet. Das PCCP Molekül 2a erweist sich als
thermodynamisch stabiles, lineares CP-Dimer mit einer Koh-
lenstoff ± Kohlenstoff-Bindungsdissoziationsenthalpie (BDE)
von 152.2 kcal molÿ1 bei 298 K. Die relativ hohe BDE und
eine CÿC-Bindungslänge von 1.336 � sowie die Resultate einer
detaillierten Bindungsanalyse zeigen, daû die PCÿCP-Bindung
am besten mit der Annahme eines partiellen Dreifachbin-
dungscharakters verstanden werden kann (P�CÿC�P$
PÿC�CÿP), ähnlich der NCÿCN-Bindung. Allerdings gibt
die relativ kleine HOMO-LUMO-Lücke von 2.5 eV im p-
System von 2a (vgl. 5.6 eV in NCCN (1a)) einen Hinweis auf
geringe kinetische Stabilität : 2a neigt vermutlich stark zur
Polymerisation. Eine aussichtsreiche Strategie zum Schutz und
zur Stabilisierung dieses schwer zugänglichen Moleküls könnte
die Koordination des terminalen Phosphoratoms an ein Über-
gangsmetallfragment wie {Cr(CO)5} sein. Die (erste) CrÿP-
Bindungsdissoziationsenthalpie (bei 298 K) in unseren Mo-
dellsystemen 3 und 4 beträgt 20 kcal molÿ1; die Side-on-
Koordination (6 bzw. 7) liefert eine zusätzliche Stabilisierung
von ungefähr 1 ± 2 kcal molÿ1. Der Effekt einer doppelten Side-
on-Koordination der P�C Bindung von 2a an {Co2(CO)6}
wurde ebenfalls untersucht; sie führt zu einer erheblichen
zusätzlichen Stabilisierung. Weiterhin werden Unterschiede in
der Geometrie (z. B. linear/nichtlinear) und im Bindungsver-
halten von CP- und CN-Dimeren diskutiert und mit der
elektronischen Struktur der Monomere korreliert. Auch die
Bindungssituation in den linearen CCÿNN- und CCÿPP-Co-
Dimeren wird analysiert. Schlieûlich untersuchen wir noch das
Problem, warum die Blitzvakuumthermolyse von Norborna-
dienonazin, obwohl es die CNNC-Teilstruktur bereits enthält,
fast ausschlieûlich CNCN (1b) und nur eine Spur von CNNC
(1c) liefert.







FULL PAPER F. M. Bickelhaupt and F. Bickelhaupt


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0164 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1164


Here, DEelst corresponds to the classical electrostatic interaction between
the unperturbed charge distributions of the prepared fragments and is
usually attractive. The Pauli repulsion, DEPauli , comprises the four-electron
destabilizing interactions between occupied orbitals and is responsible for
any steric repulsion. The orbital interaction, DEoi , accounts for electron-
pair bonding,[14a] charge transfer (e.g., HOMO ± LUMO interactions), and
polarization (empty/occupied orbital mixing on one fragment due to the
presence of another fragment).


Results and Discussion


1. C2P2 and C2N2: structures and energies : In this section we
present the geometries and energies of a selection of C2N2 (1)
and C2P2 (2) species obtained at the BP86/TZ2P level. They
are summarized in Figures 1 and 2. For the assessment of the
nature of our target molecule PCCP (2 a), which has only been
tentatively characterized experimentally,[8] it is helpful to
compare this molecule with an existing analogue. Thus, let us
first consider the well-known NCCN (1 a) and its linear
isomers in which phosphorus is replaced by its first-row
congener nitrogen.


1.1. The C2N2 species : All three CN dimers 1 a ± 1 c have stable
minimum-energy structures of linear symmetry: D1h for 1 a


and 1 c, C1v for 1 b (see Fig-
ure 1). An interesting phenom-
enon is that the central bond R2


(see Scheme 1) becomes both
shorter and weaker if one cou-
ples the two CN radicals
through CÿC (1 a), NÿC (1 b),
or NÿN (1 c) bonds: in this


order, R2 contracts from 1.373 to 1.305 to 1.274 �, while the
corresponding bond dissociation enthalpy (BDE�ÿDH at
298 K) decreases from 136.6 to 113.5 to 68.2 kcal molÿ1; the
zero Kelvin electronic-bond dissociation energies, that is,
ÿDE, are 140.5 (1 a), 117.2 (1 b), and 71.4 kcal molÿ1 (1 c). The
contraction of R2 is due to the combined effect of the smaller
effective size of nitrogen compared with carbon and to its
higher electronegativity, which causes the weakly CÿN
antibonding cyanide SOMO to have a lower amplitude on
nitrogen. These effects lead to an onset of both repulsive and
bonding interactions at shorter bond lengths if N instead of C
is involved in the central bond (for more details, see section 2
and ref. [4i]).


The CÿN bond length of the isolated cyanide radical is
1.173 �. It contracts by about 0.01 � if cyanide binds through
carbon to the another CN radical as in 1 a and 1 b (Figure 1).
However, if CN binds through nitrogen, the terminal CÿN
bond expands by about 0.02 � as in 1 b and 1 c.


There is yet another linear isomer, CCNN (1 d), which can
be conceived to be a codimer of C2 and N2 monomers, held
together by a donor ± acceptor bond between the valence state
LUMO of C2 (i.e. , 3sg) and the sHOMO of N2 (again 3sg). A
more detailed discussion of this bond has been given by
Scheller et al.[16] Compound 1 d is even higher in energy than
the least stable CN dimer 1 c, although by 3.2 kcal molÿ1 only.
The CÿC, CÿN, and NÿN bond lengths in 1 d are 1.277, 1.267,
and 1.140 �, respectively.


We have investigated the transformation of 1 a via TS(1 a/
1 b) to 1 b, and of 1 b via TS(1 b/1 c) to 1 c (Figure 1). The 298 K
activation enthalpies DH= for these reactions are 57.6 and
80.4 kcal molÿ1, respectively. The reverse barriers are 34.5
(1 b!1 a) and 35.1 kcal molÿ1(1 c!1 b). Sunil et al.[4e] have


reported two transition states
for direct conversion of 1 c into
1 a, one of D2h and the other of
C2v symmetry, which are 16.8
and 76.1 kcal molÿ1, respective-
ly, above 1 c (DE at MP4/6-
31G*//MP2/6-31G*). We have
found similar structures 1 e and
1 e'' at 23.2 and 65.4 kcal molÿ1


above 1 c (DH298 at BP86/TZ2P;
Figure 1). However, according
to our vibrational analysis,
these are actually transition
states for the automerization
of 1 a and 1 c, respectively, and
not for the interconversion
1 a!1 c. Likewise, in a recent
computational study [B3LYP/6-
311G(d)], Ding et al.[4l] were
not able to find the transition
states for the interconversion of
1 c to 1 a reported in referen-
ce.[4e] Instead, they located two
different activated complexes
that are, to some degree, struc-
turally similar both to ours and
to those of Sunil et al. ,[4e] but


Figure 1. BP86/TZ2P results for C2N2 isomers (1): geometries (in �, degrees), electronic energies (in kcal molÿ1)
relative to 2CN, number of imaginary frequencies (in parentheses), and 298 K enthalpies [in square brackets].


Scheme 1.
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have a lower symmetry (Cs and C1) and belong to the
automerization of 1 b (C1N2C3N4!N2C1N4C3). They do find a
cyclic transition state[4l] for the isomerization of 1 c to 1 a ;
however, this transition state is rather high in energy above 1 c
(44.4 kcal molÿ1 at B3LYP and 39.4 kcal molÿ1 at CCSD(T)//
B3LYP, respectively). Thus, caught in potential-energy wells
of at least 34 kcal molÿ1, all three CN dimers are kinetically
stable toward unimolecular isomerization at room temper-
ature.


1.2. Flash vacuum thermolysis of norbornadienonazine : Our
results are of relevance for the question why norbornadi-
enonazine (C6H6>C�NÿN�C<C6H6), even though it con-
tains the CNNC entity and thus is a straightforward precursor
of 1 c, on flash vacuum thermolysis (FVT) yields mainly
CNCN (1 b);[3] less than 1 % of 1 c was tentatively identified in
the thermolysis product.[3d, 5]


While Sunil et al.[4e] had suggested a low-energy pathway
from 1 c via 1 a to 1 b, the present study gave no indication for
such a pathway. Another problem with a 1 c!1 b isomer-
ization proceeding via 1 a is that it does not explain the
predominant formation of the less stable 1 b on FVT at lower
temperatures; the ratio of 1 b :1 a on FVT of norbornadi-
enonazine was approximately 2:1 at 450 8C and 1:2 at
800 8C.[3d] Moreover, 1 b was found to be remarkably stable
towards rearrangement to 1 a under FVT conditions; the ratio
of a 92:8 mixture of 1 b/1 a remained unchanged on FVT at
500 8C, and only at 750 8C did it become 1:1.[3i] We therefore
have to look for alternative interpretations of the formation of
1 b. In all likelihood, the precursor norbornadienonazine
fragments on FVT in two steps:[3d] first, only one benzene
moiety is split off under formation of an intermediate C6H6>


C�NÿN�C, which may isomerize to the more stable C6H6>


C�NÿC�N; thereafter, the second benzene moiety dissociates
to furnish CNCN (1b). The isomerization of C6H6>C�NÿC�N
is, however, still a high-energy process. This is suggested by
the results from a preliminary exploration of the potential-
energy surface of the simple model system 5 [Eq. (4)].


The interconversion of H2CNNC (5 a) to H2CNCN (5 b)
proceeds via intermediate 5 c, which is 31.1 kcal molÿ1 above
5 a ; this is a lower limit for the reaction barrier. The 298 K
reaction enthalpy for the conversion of 5 a to 5 b is
ÿ36.7 kcal molÿ1.


1.3. The C2P2 species : Our target molecule PCCP (2 a) turns
out to be a stable, linear CP dimer; the two monomeric units
are bound by DH�ÿ152.2 kcal molÿ1 at 298 K through a
carbon ± carbon bond of 1.336 � (Figure 2). The weakly IR-
active asymmetric CÿP stretching vibration (P! C 
CÿP!) has a frequency of 1245.8 cmÿ1, that is, some
20 cmÿ1 higher than that of the CP radical (1226.3 cmÿ1) and


about 35 cmÿ1 lower than that of HCP (1281.2 cmÿ1). The
PCÿCP bond is even somewhat stronger (16 kcal molÿ1) and
shorter (0.04 �) than the NCÿCN bond. This is indicative of
(partial) multiple CÿC bond character. Thermodynamically,
2 a should therefore be just as stable a molecule as the well
known cyanogen (1 a). However, problems may be expected
in view of a possibly low kinetic stability of 2 a, which stems
from its rather small HOMO ± LUMO gap of only 2.5 eV (see
section 2.2); for comparison, the HOMO ± LUMO gap in
NCCN is 5.6 eV. Strategies to cope with the lower kinetic
stability of 2 a are discussed in section 3.


However, there are more differences between 2 and 1 that
become apparent when we couple the CP radicals through
phosphorus. The weakening of the central bond R2 (see
Scheme 1), for example, is much more pronounced along the
series 2 a ± 2 c than for the linear nitrogen analogues 1 a ± 1 c :
the 298 K BDEs (ÿDH) are 152.2, 68.7, and 7.5 kcal molÿ1 (!)
for PCÿCP, CPÿCP, and CPÿPC, respectively (compare
Figures 1 and 2). The fact that R2 elongates from 2 a to 2 b
to 2 c (from 1.336 to 1.709 to 2.216 �) instead of decreasing as
in 1 a ± 1 c is, of course, simply due to the more diffuse
character and larger effective size of the phosphorus atom
compared with carbon or nitrogen. The external CÿP bonds
are somewhat elongated in 2 a ± 2 c with respect to the isolated
CP radical (1.577 �).


More importantly, the linear CPCP (2 b) and CPPC (2 c) are
no longer minimum-energy structures (Figure 2). Instead,
structure 2 b represents a second-order saddle point connect-
ing nonlinear, Cs symmetrical species 2 b''. The latter is the
actual equilibrium structure of CPÿCP with a C-P-C angle of
134.78. Note, however, that the preference for the nonlinear
2 b'' is only marginal: on the zero Kelvin potential-energy
surface 2 b'' is only 0.8 kcal molÿ1 more stable than 2 b, whereas
the 298 K CPÿCP bond dissociation enthalpies for both are
equal (ÿDH� 68.7 kcal molÿ1). It is therefore quite conceiv-
able that another quantum chemical method may yield the
linear 2 b as the equilibrium structure, but this would not
affect our conception of the essential physics: CPCP (either
2 b or 2 b'') is much less prone to adapt a linear structure than
PCCP; apparently, the CPÿCP structure is highly flexible. In
addition, the barrier for isomerization to PCCP (2 a) is
extremely lowÐeffectively zeroÐand the nature of the
corresponding reaction profile differs qualitatively from that
for the nitrogen system (1 b!1 a) in that it proceeds via an
intermediate 2 ab (Figure 2). This unimolecular isomerization
mechanism is shown in Equation (5).


Intermediate 2 ab is 39 kcal molÿ1 below CPCP (2 b'') and
44.5 kcal molÿ1 above PCCP(2 a). The zero Kelvin activation
energy DE= for the first step in the isomerization is not more
than�0.1 kcal molÿ1 and the activation enthalpy DH=(298 K)







FULL PAPER F. M. Bickelhaupt and F. Bickelhaupt


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0166 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1166


is even slightly negative (ÿ0.5 kcal molÿ1). Similarly, with
2 kcal molÿ1, the activation enthalpy for step 2 (2 ab!2 a) is
very low. We conclude that, contrary to CNCN (1 b), CPCP
(2 b'') is a labile species that easily converts to its more stable
PCCP isomer 2 a.


The tendency to distort from linearity becomes even
stronger when both CP radicals bind through phosphorus as
in CPPC (2 c), which is a fourth-order saddle point. Without
aiming at completeness, we have performed a preliminary
exploration of the C2P2 potential-energy surface in order to
find minimum-energy structures that involve PÿP bonding
(see Figure 2). This revealed the C2v symmetric 2 e'', which is at
ÿ77.9 kcal molÿ1 (DH) relative to 2 CP. The PÿP bond in 2 e'' is
2.362 �, that is, 0.146 � longer than in the linear 2 c, and the P2


unit is symmetrically bridged by each of the two carbon atoms
with CÿP bond lengths of 1.802 � and a dihedral C-P-P-C
angle of 113.28. There is no CÿC bond (dCC� 2.272 �). The
puckered 2 e'' may automerize through a 37 kcal molÿ1 barrier
(DH) associated with the planar C2h symmetric transition state
2 e. The C atoms in the latter are arranged trans with respect to
each other, each bridging the P2 fragment asymmetrically.
Species 2 g, another C2v symmetric energy minimum, contains


a firm CÿC double bond of 1.346 �; this molecule is
11.7 kcal molÿ1 above 2 e''. Structures 2 c'' and 2 f represent
third- and first-order saddle points of higher energy, respec-
tively; they will not be further discussed. Finally, an interest-
ing linear C2P2 isomer not yet discussed is 2 d, the phosphorus
analogue of 1 d, which one can view as a donor ± acceptor
bound codimer of C2 and P2 (vide supra). It is the second most
stable, linear C2P2 isomer, 66.4 kcal molÿ1 above PCCP (2 a).
The CÿC, CÿP, and PÿP bond lengths in 2 d are 1.282, 1.645,
and 1.929 �, respectively.


1.4. Comparison with previous studies : The present results
agree well with the available experimental and previous
theoretical results. All reports about 2 refer to PCCP (2 a).
Our PCÿCP bond dissociation enthalpy of 152.2 kcal molÿ1


computed at BP86/TZ2P is nicely in between the experimen-
tal values of 148.9� 7.4[8a] and 157.4� 9.2 kcal molÿ1[8b] ob-
tained through mass-spectrometric equilibrium measure-
ments. Bock and Bankmann[8c] have calculated the geometry
of PCCP using an MNDO approach. The MNDO value for
the CÿC bond length (1.36 �; see Table 1) is 0.02 � longer,


Figure 2. BP86/TZ2P results for C2P2 isomers (2) (see caption to Figure 1). Energies are relative to 2 CP.
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whereas that for the CÿP bond (1.44 �) is 0.14 � shorter than
our DFT results.


Our values for the internal bond lengths R2 of 1 a and 1 b are
generally in good agreement with those obtained by other
theoretical calculations and by a variety of experimental
methods (Figure 1, Table 1). Experimentally, the NCÿCN
bond strength was determined to be 134.7� 4.2 kcal molÿ1[15d] ,
only 1.9 kcal molÿ1 less than our value. To our knowledge, no
experimental geometry or BDE values have been reported for
1 c. Sunil et al.[4e] have computed an NCÿCN bond dissocia-
tion energy of 149.9 kcal molÿ1 at MP4SDTQ (using spin-
projected calculations for CN to correct for spin contamina-
tion) that deviates by �9 kcal molÿ1 from our BP86/TZ2P
value (ÿDE) and by �15 kcal molÿ1 from the experimental
result (ÿDH).[15d]


2. C2P2 and C2N2: electronic structure and bonding: In this
section, we try to understand the nature of the bonding in the
target molecule PCCP (2 a). To this end, the electronic
structure of the linear (CP)2 systems (2 a ± 2 c) is analyzed and
compared with that of the linear (CN)2 species (1 a ± c).
Thereafter, we address the question why PCCP and the CN
dimers are linear, whereas CPCP and especially CPPC tend to
possess a nonlinear geometry.


2.1. CP and CN: electronic structure and orbital interactions:
The valence levels of the CN and CP fragments are displayed
in Figure 3, together with a schematic representation of the
corresponding orbitals. At the lower end of the orbital
spectrum, we have the sHOMOÿ1 (i.e., 3s for CN and 5s for
CP), which is given by the bonding 2s(C)�2s(N) or
2s(C)�3s(P) combination. This low-energy orbital as well as
the high-energy unoccupied 6s(CN) and 8s(CP) are of minor
importance for the central bond in the CN and CP dimers 1 a ±
c and 2 a ± c. Instead, it is the frontier orbitals in the middle of
the orbital spectrum that determine the bonding capabilities
of the CN and CP monomers: in s symmetry they are the
sHOMO and the sSOMO (i.e. , 4s and 5s for CN; 6s and 7s for
CP), and in p symmetry they are the pHOMO and the pLUMO


(i.e., 1p and 2p for CN; 2p and 3p for CP). Both sHOMO and
sSOMO are essentially nonbonding orbitals. The former pro-
vides the axial N or P lone pair, whereas the latter carries the


Figure 3. Valence orbital levels of CN and CP.


unpaired electron. The doubly degenerate pHOMO constitutes
the two p bonds in CN and CP; its antibonding counterpart is
the unoccupied pLUMO.


How do these fragment orbitals interact in the dimers? In
s-symmetry, the SOMOs on the two monomers provide the
electron-pair bond by forming the (sSOMO�sSOMO)2 configu-
ration (A). Not being separated by a large HOMO ± LUMO
gap from the occupied orbitals, the SOMO is furthermore


predestined to enter into a subtle interplay of stabilizing and
destabilizing interactions with the closed-shell sHOMO of the
other fragment: i) the SOMO may act as an unoccupied
orbital accepting charge from the sHOMO, which leads to
stabilization; or ii) it may act as an occupied orbital whose
electron experiences Pauli repulsion with the same-spin
electron in the sHOMO. Another important Pauli-repulsive
component in s symmetry stems from the destabilizing four-
electron-two-orbital sHOMO� sHOMO interaction (see also
Figure 5).


In p symmetry, there is a stabilizing donor ± acceptor
interaction between the doubly degenerate pHOMO and pLUMO


(B) causing two partial p bonds. They are opposed by the


Table 1. Bond lengths of the central bond R2 in the linear dimers 1 a ± c of CN
and 2 a ± c of CP.[a]


NCÿCN CNÿCN CNÿNC PCÿCP CPÿCP CPÿPC
(1a) (1b) (1c) (2a) (2b) (2c)


theoretical
this work[b] 1.373 1.305 1.274 1.336 1.709 2.216
MNDO[8c] 1.36
MP2[4c] 1.381 1.318 1.279
CEPA[4f] 1.395 1.322 1.294
B3LYP[4l] 1.375 1.307 1.274


experimental
HR-IR[15a] 1.389
HR-Raman[15b] 1.380
MW[3c] 1.314
ED 1.388[15c] 1.312[3p]


X-ray[3q] 1.300


[a] See Scheme 1. [b] Computed at the BP86/TZ2P level.
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Pauli-repulsive four-electron-two-orbital pHOMO�pHOMO in-
teraction. Note the difference in nature between the s bond
(electron-pair bonding) and the p bonds (donor ± acceptor
bonding).


Before we discuss the actual energetic effects of the various
interfering mechanisms, let us take a more detailed look at the
shape of the frontier orbitals (see contour plots in Figure 4).


Figure 4. Contour plots and energies (eV) of CN and CP frontier orbitals
(scan values: 0.0, �0.02, �0.05, �0.1, �0.2, �0.5).


Note that the difference in appearance between the CN and
CP orbitals is rather small, in spite of the fact that phosphorus
is clearly less electronegative than nitrogen. This has the
following reason. The sSOMO, for example, arises from the
bonding 2ps(C)�ps(X) combination with an antibonding
admixture of 2s(C), leading to an essentially nonbonding
character and the large characteristic lobe on carbon (X�N,
P). The ps(X) in CN, that is, the nitrogen 2ps, is energetically
in between the carbon 2s and 2p AOs. However, the energy of
the ps(X) in CP, that is, the phosphorus 3ps, is much higher
and approaches that of the 2ps(C). As a result, the 2s(C)
component becomes smaller, but this is out weighed by an
increasing 2ps(C) contribution. Overall, the sSOMO becomes
somewhat more localized on C as we go from CN (49 %) to
CP (61 %). Likewise, the sHOMO gets a somewhat higher 2s(C)
component going from CN to CP, but the appearance is very
similar in both radicals. The pHOMO and pLUMO result from the
bonding and antibonding 2pp(C)� pp(X) combinations, re-
spectively. In CN, the pHOMO has a higher amplitude on the
more electronegative N and the pLUMO on the more electro-
positive C. The contributions from carbon and phosphorus in
CP are more in balance. Yet both the pHOMO and pLUMO do
have more extended lobes on phosphorus simply because this
atom is more diffuse and larger than carbon.


An important feature of the CX orbitals (X�N, P) is their
delocalized nature. In particular the SOMO, carrying the
unpaired electron, has significant amplitude at both ends of
the diatomic. This causes CN and CP to be ambident radicals.
Thus, in terms of simple valence bond (VB) structures, they
are best represented as resonances C and D.


As a direct consequence, CN and CP may form electron-
pair bonds either through CÿC, CÿX or XÿX coupling (X�N,
P) leading to 1 a ± c and 2 a ± c. However, it is also clear that
the SOMO is not evenly distributed, having a more extended
and higher amplitude lobe at the carbon side. On this ground,
the strength of the electron-pair bond A and thus the stability
of the dimer should decrease in the order XCÿCX>


CXÿCX>CXÿXC. This trend may be reinforced by the fact
that the sHOMO� sHOMO repulsion increases in the same order
because the sHOMOÐthe N or P lone pairÐis either more
extended (CP 6s) or of higher amplitude (CN 4s) on the
hetero atom.


2.2. Bonding in linear CP and CN dimers: quantitative trends :
The qualitative considerations above nicely match the trends
in relative stability along the series 1 a ± c and 2 a ± c discussed
in section 1. However, underneath the surface of the overall
bond dissociation enthalpy, the situation is more complex as
we show in the following quantitative analysis (see Table 2
and Figure 5). The first step of forming the dimer is the
adaption of the monomer�s geometry to the situation in the


Table 2. Analysis of the central bond R2 in 1a ± c and 2a ± c.[a,b]


NCÿCN CNÿCN CNÿNC PCÿCP CPÿCP CPÿPC
(1a) (1b) (1c) (2a) (2b) (2c)


bond energy decomposition [kcal molÿ1]
DEs ÿ 230.0 ÿ 306.9 ÿ 360.7 ÿ 243.3 ÿ 168.3 ÿ 71.5
DEp ÿ 58.2 ÿ 79.4 ÿ 85.8 ÿ 77.6 ÿ 56.7 ÿ 32.6
DEoi


[c] ÿ 288.2 ÿ 386.3 ÿ 446.5 ÿ 320.9 ÿ 225.0 ÿ 104.1
DE0 144.3 265.5 371.3 161.5 149.6 91.0
DEint


[d] ÿ 143.9 ÿ 120.8 ÿ 75.2 ÿ 159.4 ÿ 75.4 ÿ 13.1
DEprep 3.4 3.6 3.8 4.7 6.5 7.3
DE[e] ÿ 140.5 ÿ 117.2 ÿ 71.4 ÿ 154.7 ÿ 68.9 ÿ 5.8


fragment orbital overlaps hCX jCXi[f,g]


hsSOMO jsSOMOi 0.46 0.31 0.21 0.43 0.27 0.16
hsHOMO jsHOMOi 0.26 0.31 0.37 0.22 0.27 0.29
hsHOMO jsSOMOi 0.35 0.41/0.24 0.28 0.32 0.41/0.19 0.22
hpLUMO jpLUMOi 0.33 0.20 0.15 0.18 0.21 0.25
hpHOMO jpHOMOi 0.09 0.12 0.14 0.13 0.10 0.07
hpHOMO jpLUMOi 0.21 0.25/0.14 0.16 0.17 0.14/0.20 0.15


CX fragment orbital populations[f,h]


sSOMO 1.18 1.51/1.10 1.44 1.11 1.35/0.90 1.13
sHOMO 1.79 1.52/1.79 1.51 1.86 1.74/1.84 1.76
pLUMO 0.08 0.09/0.11 0.10 0.16 0.14/0.12 0.09
pHOMO 1.93 1.88/1.94 1.91 1.83 1.87/1.83 1.90


[a] Carried out at the BP86/TZ2P level. [b] See Scheme 1. [c] DEoi�DEs�
DEp. [d] DEint�DEoi�DE0. [e] DE�DEint�DEprep. [f] sHOMO, sSOMO, pHOMO,
pLUMO are 4s, 5s, 1p, 2p for CN, and 8s, 9s, 3p, 4p for CP (Figures 3 and 4). [g] In
the case of CXÿCX (X�P, N): hf left CX jf right CXi/hf right CX jf left CXi.
[h] In the case of CXÿCX (X�P, N): population of f in left CX/population of f
in right CX.
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composite molecule, that is, a slight reduction or increase of
the CÿX bond length (X�N, P). The associated preparation
energy DEprep is rather small in all cases, that is, 4 ± 7 kcal molÿ1


(Table 2). It has no influence on the overall trend and will not
be further discussed. The actual interaction energy DEint


between the prepared monomers decreases in both the CN
dimers (from ÿ143.9 to ÿ75.2 kcal molÿ1, see Table 2) and in
the linear CP dimers (from ÿ159.4 down to only
ÿ13.1 kcal molÿ1) as we go from CÿC to CÿX to XÿX
coupling. However, these qualitatively similar trends in the
two isomeric series turn out to have quite different origins. In
the CN dimers, the reduction in bond strength is caused by an
enormous increase in DE0 repulsion (from 144.3 to
371.3 kcal molÿ1) if we go from 1 a to 1 c. The increase in
DE0 is counteracted, but not compensated, by a sizeable
increase in DEoi (from ÿ288.2 to ÿ446.5 kcal molÿ1). In
contrast, in the CP dimers the bond strength decreases
because of a weakening of the bonding orbital interactions
DEoi (fromÿ320.9 toÿ104.1 kcal molÿ1), which is particularly
pronounced for the s bond DEs, in spite of an opposite trend
of the repulsion energy DE0, which actually decreases (from
161.5 to 91.0 kcal molÿ1).


The increase in Pauli repulsion along the CN dimers 1 a ± c
is caused by the increase in overlap between the closed-shell
sHOMO and pHOMO orbitals (Table 2), respectively, which have
higher amplitudes on nitrogen (Figure 4). In NCCN (1 a), the
repulsive overlap between the CN sHOMO�s, for example, is


relatively small (0.26) leading to a correspondingly weak
interaction. This is illustrated by the relatively small separa-
tion between the zeroth-order bonding sHOMO�sHOMO and
antibonding sHOMOÿ sHOMO combination belonging to the
fictitious situation in which only sHOMO/sHOMO and sSOMO/
sSOMO interaction has occurred, but not yet mixing between
sSOMO and sHOMO (see orbital interaction diagram in Figure 5c,
central panel). In CNNC (1 c), the overlap between the
sHOMO�s rises to 0.37 and, likewise, the gap between zeroth-
order bonding and antibonding combinations increases (Fig-
ure 5d). But what about the increase in stabilizing orbital
interactions along 1 a ± c? This does not correlate with the
bond overlap hsSOMO j sSOMOi, which, as qualitatively predict-
ed, decreases from 0.46 down to 0.21. Here, the sSOMO/sHOMO


interaction comes into play. Indeed, for the zeroth order the
sSOMO/sSOMO interaction decreases along 1 a ± c, as indicated by
the reduced splitting between the occupied sHOMO�sHOMO and
the unoccupied sHOMOÿ sHOMO in the zeroth-order panels for
1 a and 1 c (Figures 5c and 5d). Thus, for the zeroth order, the
sSOMO�sSOMO descends strongly and comes out close to, in fact
even below, the sHOMO�sHOMO. This causes strong mutual
repulsion that pushes the sHOMO�sHOMO upward (Figure 5c,
right panel). As a result, DEs and DEoi become less bonding in
1 a. In contrast, in 1 c it is the occupied sHOMOÿ sHOMO that
approaches, in the zeroth order, the unoccupied sSOMOÿ
sSOMO from below (Figure 5d, central panel). The resulting
strong-stabilizing donor ± acceptor interaction has the effect


Figure 5. Schematic s orbital interaction diagram for: a) PCÿCP, b) CPÿPC, c) NCÿCN, and d) CNÿNC (MO and FMO energies in eV). Left panel: FMOs.
Central panel: zeroth-order interaction, that is, no sSOMO/sHOMO mixing. Right panel: final situation including all interactions.
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of making DEs and DEoi more bonding. This effect, which
leads to the increase in DEs and DEoi along 1 a ± c, may also be
regarded as an attempt of the system to alleviate the strong
sHOMO� sHOMO repulsion. A similar mechanism is active in p


symmetry. Furthermore, note that in 1 a the sHOMO�sHOMO


ends up at low energy (ÿ19.1 eV), whereas it becomes the
HOMO in CNNC (ÿ8.6 eV). For a more detailed discussion
on the nature of the central bond in CN dimers and, in par-
ticular, on the interference between electron-pair bonding and
closed-shell/closed-shell Pauli repulsion, we refer to ref. [4i].


What causes the Pauli repulsive and bonding orbital
interaction to behave differently, that is, why do both DE0


and DEoi decrease from 2 a to 2 c? In the first place, the CP
orbitals are more extended and diffuse at the P side. This leads
to smaller overlap, which reaches a lower maximum at longer
bond length R2, as soon as phosphorus becomes involved in
the central bond (see Table 1). Thus, the Pauli repulsion
contained in DE0 and, even more so, the bonding orbital
interactions DEoi decrease along 2 a ± c instead of increasing as
they do along 1 a ± c. Secondly, the decrease in sSOMO�sSOMO


electron-pair bonding, if we go from 2 a to 2 c, is no longer
compensated by a strongly stabilizing sHOMO/sSOMO interac-
tion; the sHOMOÿ sHOMO just does not come close enough to
the empty sSOMOÿ sSOMO (compare Figures 5a ± d). This is
simply due to the smaller sHOMO� sHOMO splitting in the CP
dimer together with the larger sHOMO/sSOMO gap in CP (3.5 eV)
compared with CN (2.4 eV; see Figures 3 and 5).


The carbon ± carbon bonds in 2 a and 1 a, the most stable CP
and CN dimer, respectively, are of comparable strength(DE�
ÿ154.7 and ÿ140.5 kcal molÿ1, respectively) and the differ-
ences in the bonding mechanisms are subtle (Table 2). As
mentioned above, the sSOMO/sHOMO repulsion is less pro-
nounced in PCCP. This leads to a somewhat stronger orbital
(DEoi) and overall interaction (DE), a slight reduction of the
bond length R2 (1.336 � in 2 a versus 1.373 � in 1 a), and a
small increase of pHOMO�pHOMO repulsion contained in DE0


(Table 2). Furthermore, the sSOMO�sSOMO of 2 a does not drop
below the sHOMO�sHOMO and turns into the highest occupied s


orbital at ÿ9.1 eV, unlike the situation in NCCN in which it
ends up at ÿ19.1 eV (compare Figures 5a and 5c). Note also
that in PCÿCP, the p-bonding contribution DEp


(ÿ77.6 kcal molÿ1), although much smaller than DEs


(ÿ243.3 kcal molÿ1), is still substantial in the sense that it
furnishes half of the overall bond energy DE. Thus, in terms of
simple valence bond structures, the nature of 2 a is best
represented by resonance E.


The most important difference between 2 a and 1 a is the
much smaller HOMO ± LUMO gap in the former: 2.5 eV
versus 5.6 eV. This difference is already predetermined by the
p electronic structures of the diatomic fragments. The HOMO
and LUMO are the zeroth-order antibonding pHOMOÿpHOMO


and bonding pLUMO�pLUMO combinations of fragment orbitals,
respectively, in both 2 a and 1 a. Because the 2pp(C) and
3pp(P) atomic orbitals in CP do not overlap as efficiently as
the 2pp(C) and 2pp(N) in CN do, the pHOMO/pLUMO gap of CP


and the HOMO ± LUMO gap of PCCP are smaller than the
corresponding ones in CN and NCCN; the HOMO ± LUMO
gap of PCCP is even smaller than that of the reactive CNNC
(5.4 eV). We conclude that in all likelihood, our target
molecule 2 a is also kinetically labile, in spite of its high
thermodynamic stability. For example, its tendency to poly-
merize may be even higher than that of CNNC. This
conclusion is in line with the recent experimental observation
that promising direct precursors of 2 a appear to fragment and
decompose under the conditions of their formation.[9] A
potential remedy is discussed in section 3.


2.3. Linear versus nonlinear geometry : So far, we have
compared linear CP and CN dimers, but actually 2 b and 2 c
are higher order saddle points. In contrast to their nitrogen
analogues, 2 b and 2 c tend to adapt nonlinear structures (2 b''
and 2 e'', respectively; see Figure 2 and Results and Discus-
sion, section 1). Why is that so? To answer this question we
have analysed how the CX/CX bonding changes on bending
2 a ± c and, for comparison, 1 a ± c as shown in Equation (6).


The results, that is, the changes in DEoi and DE0, and overlaps
on bending the system, are summarized for 2 a, 2 c, 1 a, and 1 c
in Table 3.


The question of bending or not bending is a subtle one, but
it is mainly determined by the trend in Pauli-repulsion that is
part of DE0 (Table 3). In all cases, bending is opposed by an
increase in repulsion (DDE0> 0), especially on CÿC coupling,
but much less so for XÿX coupling, whereas DDEoi either
favors (2 a, 2 c, 1 a) or only weakly resists the distortion (1 c).
The increase in repulsion on bending, DDE0, is strongest for
2 a (41.1 kcal molÿ1), but weakest for 2 c (2.4 kcal molÿ1),
which causes the latter isomer to eventually distort toward
2 e''. The CPCP isomer, for which the results are not shown in
Table 3, is an intermediate case with a very shallow potential-
energy surface between linear 2 b and nonlinear 2 b'' and an
extremely weak preference for the latter structure at our
BP86/TZ2P level of theory. As pointed out in section 1.3,
other theoretical methods or levels might reverse the ener-


Table 3. Changes in bonding on bending the CP/CP or CN/CN bond as
shown in Equation (6).[a]


NCÿCN CNÿNC PCÿCP CPÿPC
(1a) (1 c) (2a) (2c)


change in bond energy terms [kcal molÿ1]
DDEoi ÿ 12.2 1.2 ÿ 27.3 ÿ 3.0
DDE0 26.2 6.6 41.1 2.4
DDEint


[b] 14.0 7.8 13.8 ÿ 0.6


change in fragment orbital overlap hAB jCDi[c]


DhpHOMO jsSOMOi 0.15 0.12 0.18 0.09


energy gap between fragment orbitals [eV][c]


pHOMO/sSOMO 0.2 0.2 0.6 0.6


[a] BP86/TZ2P level. [b] DDEint�DDEoi�DDE0. [c] sSOMO, pHOMO are 5s,
1p for CN, and 7s, 2p for CP, respectively (Figures 3 and 4).
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getic order of linear (2 b) and
nonlinear (2 b'') CPCP struc-
ture, but without changing the
physical picture of an increas-
ing bias toward nonlinearity
along the series PCCP, CPCP,
and CPPC.


The trend in the DDEoi term
is, amongst others, the result of
decreasing sSOMO/sHOMO over-
laps when the system is twisted
(not shown in Table 3). This
causes the four-electron inter-
action between the zeroth-or-
der sSOMO�sSOMO and sHOMO


�sHOMO, contained in the DEoi


term, to become less repulsive,
especially for NCCN and much
less so for CNNC (see Fig-
ure 5). The trend in DDE0 cor-
relates with the overlap of the
pHOMOx on one fragment with
the sSOMO on the other frag-
ment. This is zero by symmetry
in the linear species (see
Scheme 2, left). However, on
bending, as the lobe of the
sSOMO moves out of the nodal
plane of the pHOMOx , overlap
begins to build up and reaches values of 0.18, 0.09, 0.15, and
0.12 for 2 a, 2 c, 1 a, and 1 c, respectively (see Scheme 2, right,
and Table 3). The increase in overlap on bending is largest for
PCÿCP and smallest for CPÿPC, because both the sSOMO and
pHOMO of CP have a somewhat higher weight on carbon than
the sSOMO and pHOMO of CN as explained in section 2.1.


Scheme 2.


The overlap hpHOMO j sSOMOi and repulsion DE0 can be
further decreased by reducing the dihedral angle A-B-C-D of
the bent dimer, shown on the right side in Equation (6) and
Scheme 2, in which it is 1808. For 2 c, this leads ultimately to
equilibrium structure 2 e'', in which the dihedral angle amounts
to 113.28 (Figure 2). The corresponding nitrogen structure 1 e''
is a transition state for automerization of linear CNNC
(Figure 1).


3. Stabilization of PCCP through coordination : Our target
molecule PCCP (2 a) turns out to be thermodynamically
stable, but it is likely to be kinetically labile (vide supra). A
counter measure against this lability may be coordination to a


transition metal, as illustrated by the stabilization of 1 b in
[Cr(CO)5CNCN].[12] This might lead to an isolable complex,
in which 2 a is electronically stabilized and/or sterically
protected. We have therefore analyzed the model complexes
[Cr(CO)5PCCP] (3) and [(CO)5Cr(PCCP)Cr(CO)5] (4). The
results are shown in Figure 6.


Indeed, the D4h symmetric complex 4 turns out to be stable
towards dissociation at room temperature, although the
coordination bond is of moderate strength only. The 298 K
enthalpy for dissociation of 4 into {Cr(CO)5} and 3 is
20.4 kcal molÿ1 and that for dissociation of 3 into {Cr(CO)5}
and PCCP is 19.7 kcal molÿ1, while the CrÿP bond lengths in 3
and 4 amount to 2.3 �. The CÿP bonds of the PCCP unit in 4
are slightly shortened, by 0.011 �, with respect to those in
uncoordinated 2 a (compare Figures 2 and 6). In line with this,
the frequency of the weakly IR-active asymmetric CÿP
stretch vibration increases by 47 cmÿ1 from 2 a (1245.8 cmÿ1)
to 4 (1293.2 cmÿ1).[17] The energy needed to rotate a {Cr(CO)5}
group in 4 by 458 around the CrÿCr main axis is less than
0.1 kcal molÿ1, and we conclude that the {Cr(CO)5} groups
rotate freely with respect to each other. To assess the
influence of the nonlocal DFT method applied, we have also
computed the (first) [Cr]ÿP bond dissociation energies
(zero K, no ZPE correction) of 4 and 3 using our standard
BP86 as well as the PW91[18] and BLYP[13h, 13i, 19] approaches; in
all cases the TZ2P basis was employed. The BP86 bond
energies (20.9 and 20.6 kcal molÿ1) turn out to be close to and,
in fact, in between the slightly stronger PW91 (23.8 and
23.4 kcal molÿ1) and the slightly weaker BLYP bond energies
(18.6 and 18.3 kcal molÿ1; not shown in Table 4).


Figure 6. BP86/TZ2P results for {Cr(CO)5}, 3, and 4 (see caption to Figure 1). Energies are relative to PCCP and
2{Cr(CO)5}.
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We have also analyzed the CrÿP bond in 3 and 4. In Table 4,
our results are collected and compared with those from
literature for the Cr(CO)5ÿCNCN and Cr(CO)5ÿCO bonds.
The CrÿPCCP bond is furnished by relatively well-balanced s


donation [from the sHOMO and, to a lesser extent, sHOMOÿ1 of
PCCP to the 3ds-derived LUMO of {Cr(CO)5}] and p


backdonation [from the 3dp-derived HOMO of {Cr(CO)5} to
the pLUMO of PCCP]. In 3, the s and p components of the
bonding orbital interactions between {(CO)5Cr} and PCCP
amount to ÿ26.7 and ÿ24.9 kcal molÿ1, leading, together with
the repulsive DE0 term (29.9 kcal molÿ1) and a small DEprep


(0.6 kcal molÿ1), to the overall bond energy DE�
ÿ20.9 kcal molÿ1. The s donor and p acceptor orbitals of
PCCP are slightly stabilized
and destabilized, respectively,
but in spite of this the HO-
MO ± LUMO gap is further re-
duced, that is, from 2.5 eV in 2 a
to 2.3 eV in 3, instead of being
increased. How is this possible?
The answer is very simple: it is
not the sHOMO (which is stabi-
lized on complexation), but the
relatively high energy pHOMO


that provides the overall HO-
MO of PCCP, and this pHOMO is
somewhat more destabilized by
the 3dp-type HOMO of
{Cr(CO)5} than the pLUMO.
Thus, one may expect that a
kinetic stabilization of the
PCCP unit in 3 is not primarily
achieved by an increase of the
HOMO ± LUMO gap, but in-
stead through steric protection.
The reactivity will in principle


also be reduced due to the fact that the frontier orbitals of 3
are delocalized more or less over the entire complex and have,
naturally, somewhat less amplitude on PCCP than the HOMO
and LUMO of the isolated ligand they mainly stem from. The
situation is very similar for the CrÿP bond in 4 between
{(CO)5Cr} and {(PCCP)Cr(CO)5}. In contrast, the reactive
CNCN (1 b) forms a much stronger coordinative bond of
DE�ÿ49.6 kcal molÿ1[12c] with {Cr(CO)5} (see Table 4).
Aarnts et al.[12c] have pointed out the similarity of the
coordination capabilities of CNCN and the CO ligand, which
is well-known to form stable complexes. We find that the
weaker CrÿPCCP interactions are mainly due to smaller
overlap (Table 4). One reason is that the PCCP frontier
orbitals involved are symmetrically delocalized over both
ends of PCCP, whereas they are more localized on the
terminal carbon atom of CNCN.


Keeping in mind that complex formation of simple
phosphaalkynes P�CÿR is dominated by side-on coordina-
tion,[20] we have also briefly analyzed 6 and 7, the side-on
analogues of 3 and 4, respectively; the results are summarized
in Figure 7. Not surprisingly, the side-on complexes turn out to
be more stable than their end-on analogues, but the differ-
ences are marginal: DDE�ÿ1.4 kcal molÿ1 for 6 relative to 3
and DDE�ÿ2.4 kcal molÿ1 for 7 relative to 4.


Furthermore, we have carried out a preliminary exploration
of the possibility of forming more strongly bound complexes
involving dinuclear metal fragments,[20] using [(CO)6-
Co2PCCP] (8) as a model. Complex 8 involves a tetrahedral
Co2CP unit with rather short CoÿC and CoÿP bonds of 2.017
and 2.275 � and a relatively long CÿP bond of 1.746 � (see
Figure 8); for comparison, the analogous CrÿC, CrÿP, and
CÿP bond distances in 6 are 2.394, 2.546 and 1.629 �,
respectively (see Figure 7). Note that as in 8, a relatively long
CÿP bond has been experimentally observed in related
dinuclear complexes of phosphaalkynes such as [(CO)6-
Co2(t-BuCP)W(CO)5] (1.695(6) �[21a]) and [Cp2(CO)4Mo2-


Table 4. Analysis of the (CO)5CrÿL coordinative bond.


ÿ{(PCCP)Cr(CO)5}[a,b] ÿPCCP[a] ÿCNCN[c] ÿCO[c]


(in 4) (in 3)


bond energy decomposition [kcal molÿ1]
DEs ÿ 26.5 ÿ 26.7 ÿ 39.9 ÿ 37.4
DEp ÿ 23.8 ÿ 24.9 ÿ 45.4 ÿ 37.8
DEoi


[d] ÿ 50.3 ÿ 51.6 ÿ 85.3 ÿ 75.2
DE0 27.4 29.9 32.8 31.0
DEint


[e] ÿ 22.9 ÿ 21.7 ÿ 52.5 ÿ 44.2
DEprep 2.3 0.8 2.9 2.0
DE[f] ÿ 20.6 ÿ 20.9 ÿ 49.6 ÿ 42.2


fragment orbital overlaps h{Cr(CO)5} jLi
h10a1 j sHOMOi 0.37[g] 0.27[h] 0.44 0.44
h8e1 jp*LUMOi 0.10 0.11 0.14 0.17


fragment orbital populations [e]
{Cr(CO)5}:10a1 0.32 0.35 0.32 0.32
L:sHOMO 1.61[i] 1.71[j] 1.63 1.62
{Cr(CO)5}:8e1 1.85 1.84 1.78 1.83
L:p*LUMO 0.12 0.13 0.22 0.20


[a] This work: BP86/TZ2P level. [b] All values equal for D4h and C4v


symmetric 4. [c] BP86 from ref. [12c]. [d] DEoi�DEs�DEp. [e] DEint�
DEoi�DE0. [f] DE�DEint�DEprep. [g] h10a1 j sHOMOÿ1i� 0.11. [h] h10a1 j
sHOMOÿ1i �0.28. [i] Population of {Cr(CO)5PCCP} sHOMOÿ1 is 2.00 e.
[j] Population of PCCP sHOMOÿ1 is 1.83 e.


Figure 7. BP86/TZ2P results for 6 and 7: geometries (in �, degrees) and electronic energies (in kcal molÿ1)
relative to PCCP and 2 {Cr(CO)5}.
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Figure 8. BP86/TZ2P geometry of 8 (in �, degrees).


(t-BuCP)] (1.719(3) �[22]). In line with this, the hypothetical
dissociation of 8 into closed-shell C2v {(CO)6Co2} and PCCP is
rather endothermic, that is, some 76 kcal molÿ1. In the context
of future synthetic strategies, it should be pointed out that not
only complexes [Co2(CO)6(RÿCP)] are known, but also those
carrying an additional metal fragment bonded end-on to
the phosphorus lone pair such as [Co2(CO)6(RÿCP)-
W(CO)5];[20, 22] in analogy, complexes of the type [Co2-
(CO)6W(CO)5](PCÿCP)[Co2(CO)6W(CO)5] are conceivable,
which might lend considerable electronic stabilization and
steric protection to PCCP (2 a).


In conclusion, one may succeed in stabilizing the kinetically
unstable 2 a in the coordination sphere of a transition metal
complex. It remains to be seen if this stabilization will prove to
be sufficient for isolation; possibly, mono and dinuclear
transition metal complexes[20] other than those of Group 6
should also be considered.


Conclusions


1,4-Diphosphabutadiyne (PCCP, 2 a) may very well be a
viable target for synthesis, as follows from our BP86/TZ2P
study. The PCCP molecule turns out to be a thermodynami-
cally stable, linear CP dimer with a 298 K carbon ± carbon
bond dissociation enthalpy (BDE) of 152.2 kcal molÿ1. The
central PCÿCP bond is best conceived as having partial triple
bond character (i.e, P�CÿC�P$PÿC�CÿP) similar to the
NCÿCN bond.[4i] The strength of the central bond in the CP
dimers decreases in the order CÿC, CÿP, and PÿP coupling,
because of a less efficient overlap between the more diffuse
phosphorus lobes of the CP sSOMO�s that provide the electron-
pair bond. Note that a similar trend along the CN dimers, that
is, decreasing bond strength along CÿC, CÿN, and NÿN
coupling, has a different cause, namely the increasing
repulsion between the CN sHOMO�s (i.e., the N lone pairs).[4i]


Compound 2 a is the global minimum of the C2P2 structures 2
and kinetically stable towards unimolecular isomerization.


However, we do foresee problems because of a low kinetic
stability towards bimolecular reactions. This is suggested by
the relatively low HOMO ± LUMO gap of 2.5 eV in the p


system of 2 a. For comparison, the HOMO ± LUMO gap in 1 a
(5.6 eV ) is much higher. Thus, 2 a is likely to react with itself
as soon as it is formed, giving rise to polymerization.[9]


Coordination of the terminal phosphorus atoms to a
transition metal may electronically stabilize and sterically
protect 2 a. Both the first and second CrÿP bond dissocia-
tion enthalpies (for 298 K) in our model complex
[(CO)5Crÿ(PCCP)ÿCr(CO)5] (4) amount to 20 kcal molÿ1.
These are only moderately strong coordination bonds, but the
complex is presumably thermodynamically stable at ambient
temperatures or below; synthetic strategies will have to be
developed which take this restriction into account. Alterna-
tively, variations in transition metal and/or auxiliary ligands
may be necessary to further stabilize the system. We feel that
an isolable complex of 2 a must be feasible.
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Extraction and Complexation of Alkali, Alkaline Earth, and F-Element
Cations by Calixaryl Phosphine Oxides
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P. O�Hagan,[b] M. J. Schwing-Weill,*[a] and A. Walker[b]


Abstract: A series of new calixarene
derivatives with phosphine oxide groups
on the lower rim and, for comparison, a
series of noncalixarene phosphine ox-
ides have been synthesised. Their ex-
traction power for alkali and alkaline
earth cations from aqueous metal pic-
rate solution into dichloromethane have
been determined as well as the stability
constants in methanol of the 1:1 com-
plexes of several members of the calix-
arene series. Important selectivity trends
are revealed by both methods. The
extraction power from aqueous nitrate
solutions (1m in HNO3) towards euro-
pium(iii), as a model for trivalent acti-


nides, and thorium(iv), as a model for
tetravalent actinides, has been studied in
detail for eight symmetrical calixarene
derivatives, which differ in either calix-
arene size (4, 5, 6 or 8), the substituent at
the upper rim (tert-butyl or hydrogen) or
the number of methylene groups sepa-
rating the phenolic oxygen atoms from
the phosphorus atoms (1 or 2). The
stoichiometry of the extracted species
was characterised by a classical log ± log


plot analysis. All the calixarenes tested
are far better extractants than typical
noncalixarene extractants, for example,
TOPO and CMPO, currently in use in
the treatment of radioactive waste; they
extract thorium better than europium.
The influence of the nitric acid concen-
tration and of the sodium nitrate con-
centration in the aqueous phase on the
extraction efficiency was also examined
in order to assess the possible applica-
tion of these compounds for the deca-
tegorisation of liquid nuclear waste.
Several thorium complexes have been
characterised by their stability constants
in methanol.


Keywords: calixarenes ´ cations ´
nuclear waste ´ phosphorus ´
thermodynamics


Introduction


Calixarenes are very amenable to chemical modification at
the upper or lower rim, or both.[1, 2] Lower rim modifications
through the phenolic oxygen atoms have been widely ex-
plored in the design and synthesis of receptors for metal
cations.[1b] Much of our earlier work in this area has
concentrated on calix[4], calix[5]- and calix[6]arenes with
lower rim carbonyl-containing substituents in the form of
esters, ketones, amides, thioamides and carboxylic acids.[3]


Extraction, transport, stability constant and calorimetric
measurements, augmented by NMR, X-ray and computer
simulation studies, provide evidence that many of these lower
rim derivatives have very significant ionophoric properties for
cations, several with good selectivity within groups of


metals.[3] Thus esters and ketones show selectivity within the
alkali cation series, and amides within the alkaline earth
cation series. Thioamides show selectivity for silver and lead.
Other research groups have successfully pursued similar
objectives with lower and upper rim bridged calixarenes,
including calixcrowns and calixspherands.[2, 4]


The use of phosphine and phosphine oxide containing
calixarenes as ligands is a relatively recent extension of cation
complexation to the synthesis of transition metal complexes
with catalytic activity.[5] Our work has now established that
phosphine oxides can be employed very successfully for the
separation of selected lanthanides and actinides.[6, 7, 8] Inter-
and intra-group separations of lanthanides and actinides are
important strategies in the management and declassification
of nuclear waste.[9] Of particular importance in separation
processes is liquid ± liquid extraction, in which a charged
metal ion is transferred as a complex from a polar aqueous
phase to another immiscible phase. In the case of nuclear
waste, the aqueous phase is frequently highly acidic and rich
in sodium nitrate, both of which place severe limitations on
the type of extractants that may be employed. Of the various
extractants used in actinide process chemistry, neutral orga-
nophosphorus compounds are among the most useful. For
example, the extracting ability of tributylphosphate forms the
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basis of the PUREX process for separating plutonium and
uranium.[10] Bifunctional organophosphorus extractants in-
clude carbamoylphosphonates (CMPs) and carbamoylmeth-
ylphosphine oxides (CMPOs).[9]


We have recently reported in a preliminary paper on the
high efficiency in the extraction of EuIII, ThIV, PuIV and AmIII


from inactive and simulated radioactive wastes of tetra-, hexa-
and octaphosphine oxides with or without tert-butyl groups at
the para positions of the phenolic rings[6] (Scheme 1: com-
pounds 1 a ± f). Another approach to the use of the calixarenic
platform for the treatment of radioactive waste employs
calix[4]arenes bearing both P�O and C�O groups on the
upper rim to simulate the carbamoylmethylphosphine oxides
as the classical extractant CMPO used in the TRUEX
process.[8] Both classes of compounds have been shown to
be excellent extractants, more efficient than TOPO (trioctyl-
phosphine oxide) and the CMPO octylphenyldiisobutylcar-
bamoylmethylphosphine oxide, and to extract ThIV better
than EuIII.


We now present a more complete report on the complexing
properties of calixarenes bearing phosphine oxide groups on
their lower rim, by extending our preliminary report to
include new homo- and hetero-substituted calix[4]- and
calix[5]arene derivatives. We have also extended the metal
ions to include alkali and alkaline earth series.


Scheme 1. The calixarene phosphine oxides studied. Group 1: 1a : R� tBu,
n� 4; 1 b : R� tBu, n� 6; 1 c : R� tBu, n� 8; 1d : R�H, n� 4; 1 e : R�H,
n� 6; 1 f : R�H, n� 8; Group 2: 2a : n� 4; 2 b : n� 5; Group 3: 3a : R�
NEt2; 3 b : R�O-tBu.


The complete series now consists of: group 1, the tetra-,
hexa- and octaphosphine oxide with two methylene groups
between the phenolic oxygen and the phosphorus atom
(Scheme 1); a new group 2 with the tetramer 2 a and the
pentamer 2 b, in which there is a single methylene group
between the phenolic oxygen atom and the phosphorus atom;
and group 3 with two mixed functionality tetramers 3 a and 3 b
also with a single methylene spacer, but in which two distal
phosphine oxides have been replaced by two diethyl amide
groups and two tert-butyl ester groups, respectively. For
comparison purposes, several noncalixarene polyphosphine
oxides were tested (Scheme 2) for their extracting power
towards EuIII and ThIV.


All the phosphine oxides with two methylene spacers
between the phenolic oxygen and the phosphorus atom on the
lower rim were synthesised from the parent calixarenes 5 via
the known ethyl acetates 6 (Scheme 3). The sequence
involved reduction of 6 to primary alcohols 7 by use of
DIBAL in toluene, followed by conversion of the alcohols
into tosylates 8 with p-toluenesulfonyl choride in pyridine.
Introduction of diphenylphosphine residues through exposure
of the tosylates to sodium diphenylphosphide in dioxane/
tetrahydrofuran and, finally, oxidation of the resulting phos-
phines 9 to phosphine oxides 1 by use of either dimethyldiox-
irane or hydrogen peroxide in acetone. All the phosphine
oxides were fully characterised spectroscopically and analyti-
cally. 1H NMR analysis revealed that both tetramers 1 a and
1 d exist in stable cone conformations in solution. The X-ray


Abstract in French: Une sØrie de nouveaux calixar�nes por-
teurs de groupements oxyde de phosphine sur le bord infØrieur
a ØtØ synthØtisØe ainsi que, à titre de comparaison, une sØrie
d�oxydes de phosphine non calixarØniques. Leur pouvoir
extractant vis-à-vis des cations alcalins et alcalino-terreux à
partir d�une solution aqueuse de picrate mØtallique vers le
dichloromØthane a ØtØ dØterminØ ainsi que, pour plusieurs
composØs de la sØrie des calixar�nes, les constantes de stabilitØ
dans le mØthanol de leurs complexes 1:1. Des sØlectivitØs
importantes ont ØtØ mises en Øvidence par les deux mØthodes.
Le pouvoir extractant à partir de solutions aqueuses de nitrates
mØtalliques (1m en HNO3) vis-à-vis de l�europium(iii), pris
comme mod�le d�actinides trivalents, et du thorium(iv), pris
comme mod�le d�actinides tØtravalents, a ØtØ ØtudiØ en dØtail
pour huit dØrivØs symØtriques des calixar�nes, diffØrant l�un de
l�autre soit par la taille du calixar�ne (4, 6 ou 8), soit par le
substituant sur le bord supØrieur (tert-butyle ou hydrog�ne) soit
encore par le nombre de groupements mØthylØniques sØparant
les atomes d�oxyg�ne phØnolique des atomes de phosphore (1
ou 2). La stoiechiomØtrie des esp�ces extraites a ØtØ caractØrisØe
par la mØthode des pentes. Tous les calixar�nes testØs se sont
rØvØlØs eÃtre de bien meilleurs extractants que les extractants non
calixarØniques classiques, tels que le TOPO ou le CMPO,
utilisØs couramment dans le traitement des dØchets radioactifs:
ils extraient mieux le thorium que l�europium. L�influence sur
l�efficacitØ de l�extraction des concentrations initiales en acide
nitrique ou en nitrate de sodium dans la phase aqueuse a
Øgalement ØtØ ØtudiØe, en vue d�une possible application de ces
composØs à la dØcatØgorisation des dØchets nuclØaires. Plu-
sieurs complexes du thorium ont ØtØ caractØrisØs par leurs
constantes de stabilitØ dans le mØthanol.
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Scheme 2. The noncalixarene polyphosphine oxides studied.


Scheme 3. Synthesis procedure of the calixarene phosphine oxides. a : n�
4, R� tBu; b : n� 6, R� tBu; c : n� 8, R� tBu; d : n� 4, R�H; e : n� 6,
R�H; f : n� 8, R�H.


crystal structure[6] of the former reveals the disposition of the
putative PÿO binding sites and their degree of preorganisa-
tion about the lower rim cavity. Compound 2 b exist as a stable
cone conformation, whereas the hexamers and octamers are
conformationally mobile at ordinary temperatures, as is the
case with many of the larger calixarene derivatives.


The diamide diphosphine oxide 3 a has been previously
investigated in extraction studies with alkali and silver
cations.[11, 12] Our studies include both extraction and
complexation studies of the alkali and alkaline earth cations
with all three groups of phosphine oxides. We have extended
our extraction studies of compounds 1 a ± f and 2 a to euro-
pium(iii) and thorium(iv), for use as models for extraction of
trivalent lanthanides and tetravalent actinides. Some addi-
tional results concerning the stability in methanol of the
complexes of thorium by the various compounds are also
presented.


Experimental Section


General : Melting points are uncorrected. Infrared spectra were obtained
with a Perkin ± Elmer 983G grating spectrophotometer with solid samples
dispersed in KBr clear pressed discs. 1H NMR spectra were recorded at
300 MHz on a General Electric QC 300 spectrometer and at 500 MHz on a
General Electric QE 500 instrument. 13C and 31P NMR spectra were
recorded at 125 MHz and 202 MHz respectively, with a General Electric
QE 500 spectrometer. In all cases tetramethylsilane was used as an internal
standard. Elemental analyses were determined on a Perkin ± Elmer
2400 CHN microanalyser. Carbon values in microanalysis are frequently
low for calixarenes with cavities capable of retaining solvent molecules. In
some instances acceptable elemental analysis was only observed if one
assumed the inclusion of one or more molecules of solvent. EI mass spectra
were recorded at 70 eV on a VG Autospec instrument with a heated inlet
system. Accurate molecular weights were determined by the peak-
matching method with perfluorokerosene as standard reference. ES mass
spectra were recorded on a Fisons VG-Quatro instrument with electrospray
inlet. Analytical TLC was performed on Merck Kieselgel 60254 plates.
Preparative TLC was carried out with glass plates (20� 20 cm) coated with
Merck Kieselgel PF254�366 (21 g in 58 mL H2O per plate). Flash chromato-
graphy was effected with Merck Kieselgel 60 (230 ± 400 mesh). All
reactions were performed under a nitrogen atmosphere. Commercial
grade solvents were dried and purified by the standard procedures.[13] The
following calixarenes were prepared as previously described in the litera-
ture: 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene 5a,[14]


5,11,17,23-tetra-tert-butyl-25,26,27,28-tetraethoxycarbonylmethyleneoxyca-
lix[4]arene 6 a,[15] 25,26,27,28-tetrahydroxycalix[4]arene 5 d,[16] 25,26,27,28-
tetraethoxycarbonylmethyleneoxycalix[4]arene 6 d,[15] 5,11,17,23,29-penta-
tert-butyl-31,32,33,34,35-pentahydroxycalix[5]arene,[17] 5,11,17,23,29,35-
hexa-tert-butyl-37,38,39,40,41,42-hexahydroxycalix[6]arene 5b,[18] 5,11,17,
23,29,35-hexa-tert-butyl-37,38,39,40,41,42-hexaethoxycarbonylmethylene-
oxycalix[6]arene 6b,[15] 37,38,39,40,41,42-hexahydroxycalix[6]arene 5e,[16]


37,38,39,40,41,42-hexaethoxycarbonylmethyleneoxycalix[6]arene 6e,[15]


5,11,17,23,29,35,41,47-octa-tert-butyl-49,50,51,52,53,54,55,56-octahydroxy-
calix[8]arene 5 c,[19] 5,11,17,23,29,35,41,47-octa-tert-butyl-49,50,51,52,53,54,
55,56-octaethoxycarbonylmethyleneoxycalix[8]arene 6c,[15] 49,50,51,52,53,
54,55,56-octahydroxycalix[8]arene 5 f,[16] 49,50,51,52,53,54,55,56-octa-
ethoxycarbonylmethyleneoxycalix[8]arene 6 f,[15] 5,11,17,23-tetra-tert-
25,26,27,28-tetrahydroxyethyleneoxycalix[4]arene 7a[20] and 25,26,27,28-
tetrahydroxyethyleneoxycalix[4]arene 7 d.[20] The calixaryl phosphine
oxides 2a and 3a were prepared by the method of Matt and co-
workers.[5] Phosphine oxides 4a[21a] , 4 b[21b] , 4c[21c] and 4e[21d] were known
compounds.


General procedure for the formation of calixarene ethyleneoxy alcohols
7a ± f : The following procedure was used to reduce calixarene esters 6a ± f
into the corresponding primary alcohols 7. A 300 % molar excess of DIBAL
(1.5m solution in toluene) was added to a solution of the calixarene ester
(ca. 5 %) in dry toluene under N2. The reaction mixture was stirred at room
temperature for 24 h. Excess reducing agent was destroyed by dropwise
addition of methanol until hydrogen evolution had ceased. The precipi-
tated inorganic salts were then broken up by the addition of methanol/
water and were subsequently removed by filtration through Celite. The
inorganic residue was washed with hot chloroform, and the organic layer
separated and washed with brine; each brine wash was further back-







FULL PAPER M. J. Schwing-Weill et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0178 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1178


extracted with chloroform. The combined organic extracts were dried over
MgSO4 and concentrated at reduced pressure to afford the crude calixarene
alcohol. The following ethyleneoxy alcohols were thus prepared.


5,11,17,23,29,35-Hexa-tert-butyl-37,38,39,40,41,42-hexahydroxyethyleneox-
ycalix[6]arene (7 b): Calixarene 6b furnished the corresponding alcohol 7b
as a white solid in 77% yield after trituration at ÿ20 8C in ethanol. M.p.>
300 8C (decomp); IR (KBr) nÄ � 3423 cmÿ1 (OH); 1H NMR (300 MHz,
CDCl3): d� 1.16 (s, 54H; C(CH3)3), 3.40 ± 4.00 (br s, 36H; ArCH2Ar,
OCH2CH2 overlapping), 4.45 ± 4.70 (br s, 6 H; OH), 7.00 (br s, 12H; ArH);
MS (ES): m/z : 1237.4 [M�H]� ; C78H108O12 ´ 3 H2O (1291.72): calcd C 72.6, H
8.4; found: C 72.5, H 8.1.


37,38,39,40,41,42-Hexahydroxyethyleneoxycalix[6]arene (7e): Calixarene
6e furnished the alcohol 7e as a white solid in 68% yield after trituration in
hot ethanol. M.p.> 300 8C (decomp); IR (KBr) nÄ � 3416 cmÿ1 (OH);
1H NMR (300 MHz, CDCl3): d� 3.55 (br s, 12H; ArCH2Ar), 3.61 (br s,
12H; OCH2CH2), 3.95 (br s, 12H; OCH2CH2), 4.20 (br s, 6H; OH), 6.95
(br s, 18 H; ArH); MS (ES) m/z : 901.4 [M�H]� ; C54H60O12 ´ 2H2O (937.07):
calcd C 69.2, H 6.8; found: C 68.5, H 7.1.


5,11,17,23,29,35,41,47-Octa-tert-butyl-49,50,51,52,53,54,55,56-octahydrox-
yethyleneoxycalix[8]arene (7 c): Calixarene 6 c furnished the alcohol 7 c as
a white solid in 81 % yield following recrystallisation from ethanol/water.
M.p. 255 ± 257 8C; IR (KBr): nÄ � 3434 cmÿ1 (OH); 1H NMR (300 MHz
CDCl3): d� 1.16 (s, 72H; C(CH3)3), 3.58 (br s, 32 H; OCH2CH2, ArCH2Ar
overlapping), 3.99 (br s, 16H; OCH2CH2), 4.68 (br s, 8H; OH), 6.97 (16 H; s,
ArH); MS (ES): m/z : 848.1 [M/2�Na]� ; C104H144O16 ´ 2 H2O (1686.3): calcd
C 74.1, H 8.9; found C 73.8, H 8.8.


49,50,51,52,53,54,55,56-Octahydroxyethyleneoxycalix[8]arene (7 f): Calix-
arene 6 f furnished the dealkylated alcohol 7 f as a white solid in 52 % yield
after liberating the crude material from the mixture of DIBAL salts with a
hot solution of chloroform/methanol and subsequent purification by
trituration in acetone. M.p.> 290 8C (decomp); IR (KBr) nÄ � 3434 cmÿ1


(OH); 1H NMR (300 MHz [D6]DMSO) d� 3.63 ± 3.66 (t, 16 H; OCH2CH2),
3.76 ± 3.78 (t, 16H; ArCH2Ar), 4.05 (s, 16H; OCH2CH2), 4.81 ± 4.85 (t, 8H;
OH), 6.81 (s, 24 H; ArH); MS (ES): m/z : 1201.6 [M�H]� ; C72H80O16 ´
CH3OH (1233.48): calcd C 71.1, H 6.8; found C 70.9, H 6.7.


General procedure for the formation of calixarene tosylates 8a ± f : The
following procedure was used to transform calixarene ethyleneoxy alcohols
7a ± f into the corresponding tosylates 8 a ± f. The calixarene was dissolved
in dry pyridine (ca. 10% solution, with gentle heating as necessary). p-
Toluenesulphonyl chloride (200 % molar excess) was added and the
contents shaken to dissolution. The reaction mixture was cooled to 0 8C in
an ice bath and stirred at that temperature for 2 h, after which time the
solution was subsequently cooled further toÿ15 8C for 3 days. The solution
was then filtered to remove the precipitated pyridinium hydrochloride salt
and the filtrate poured onto an ice/water mixture and stirred for 1 h. The
resulting off-white precipitate was filtered, washed well with water and
triturated in hot ethanol to afford the crude calixarene tosylate. The
following calixarene tosylates were thus prepared.


5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetratosylateethyleneoxycalix[4]ar-
ene (8a): Calixarene 7 a afforded the tetratosylate 8a as a white solid in
96.5 % yield an was used without further purification. M.p. 99 ± 101 8C; IR
(Kbr): nÄ � 1355, 1170 cmÿ1 (S�O); 1H NMR (300 Mhz, CDCl3): d� 1.05 (s,
36H, (CH3)3), 2.40 (s,12 H, ArCH3), 2.97 (d, 4H, HB, JAB� 12 Hz,
ArCH2Ar), 4.0 ± 4.5 (m, 20 H,ÿOCH2CH2 and HA superimposed), 6.68 (s,
8H, ArH), 7.5 (q, 16H, ArH(CH3)); C80H96O16S4 (1441.89): calcd C 66.57, H
6.65, S 8.54; found C 66.79, H 6.88, S 8.88.


25,26,27,28-Tetratosylateethyleneoxycalix[4]arene (8 d): Calixarene 7 d
furnished the dealkylated tosylate 8d as a white crystalline solid in 91%
yield after recrystallisation from ethanol/methylene chloride. M.p. 180 ±
181 8C; IR (KBr): nÄ � 1355, 1176 cmÿ1 (S�O); 1H NMR (300 MHz, CDCl3):
d� 2.43 (s, 12H; ArCH3), 3.05 (d, HB, JBA� 13.62 Hz, 4 H; ArCH2Ar), 4.13
(t, J� 4.32 Hz, 8H; OCH2CH2), 4.30 (d, HA, JAB� 13.55 Hz, 4 H; ArCH2-


Ar), 4.39 (t, J� 4.29 Hz, 8H; OCH2CH2), 6.56 (s, 12 H; ArH), 7.32 (d, J�
8.31 Hz, 8 H; ArHCH3), 7.76 (d, J� 8.26 Hz, 8 H; SArH); MS (ES): m/z :
1217.3 [M�H]� , 1235.5 [M�H�H2O]� ; C64H64O16S4 (1217.46): calcd C 63.1,
H 5.3; found C 63.0, H 5.3.


5,11,17,23,29,35-Hexa-tert-butyl-37,38,39,40,41,42-hexatosylateethylene-
oxycalix[6]arene (8b): Calixarene 7b afforded the hexatosylate 8b as a white


solid in 74 % yield following recrystallisation from ethanol/methylene
chloride. M.p. 170 ± 172 8C; IR (KBr) nÄ � 1361, 1178 cmÿ1 (S�O); 1H NMR
(300 MHz, CDCl3): d 1.05 (s, 54H; C(CH3)3), 1.95 (s, 18H; ArCH3), 3.20 (d,
HB, JBA� 12.08 Hz, 6 H; ArCH2Ar), 3.75 (br s, 12 H; OCH2CH2), 4.25 (m,
18H; HA, ArCH2Ar, OCH2CH2 overlapping), 6.75 (s, 12 H; ArH), 7.31 (d,
J� 7.98 Hz, 12H; ArHCH3), 7.80 (d, J� 8.23 Hz, 12 H; SArH); MS (ES):
m/z : 558.1 [M/4�H2O]� ; C120H144O24S6 (2162.83): calcd C 66.7, H 6.7; found
C 66.7, H 6.9.


37,38,39,40,41,42-Hexatosylateethyleneoxycalix[6]arene (8e): Calixarene
7e furnished the dealkylated tosylate 8e as a white solid in 83% yield
following recrystallisation from ethanol/methylene chloride. M.p. 152 ±
155 8C; IR (KBr) nÄ � 1358, 1177 cmÿ1 (S�O); 1H NMR (300 MHz, CDCl3):
d� 2.38 (s, 18 H; ArCH3), 3.60 (br s 12 H;, OCH2CH2), 3.78 (br s, 12H;
ArCH2Ar), 4.03 (br s, 12H; OCH2CH2), 6.65 (s, 18H; ArH), 7.30 (d, J�
7.88 Hz, 12 H; ArHCH3), 7.80 (d, J� 8.18 Hz, 12H; SArH); MS (ES): m/z :
1732.6 [M�HÿC7H7]� ; C96H96O24S6 (1826.18): calcd C 63.1, H 5.3; found C
62.7, H 5.1.


5,11,17,23,29,35,41,47-Octa-tert-butyl-49,50,51,52,53,54,55,56-octatosylate-
ethyleneoxycalix[8]arene (8c): Calixarene 7 c furnished the tosylate 8 c as a
white solid in 77 % yield after recrystallisation from ethanol/methylene
chloride. M.p. 128 ± 130 8C; IR (KBr): nÄ � 1361, 1176 cmÿ1 (S�O); 1H NMR
(300 MHz, CDCl3): d� 0.96 (s, 72H; C(CH3)3), 2.17 (s, 24 H; ArCH3), 3.78
(br s, 16 H; OCH2CH2), 3.87 (br s, 16H; ArCH2Ar), 4.23 (br s, 16H;
OCH2CH2), 6.80 (s, 16H; ArH), 7.12 (d, J� 7.91 Hz, 16H; ArHCH3), 7.66
(d, J� 8.09 Hz, 16H; SArH); MS (ES): m/z : 1442.3 [M/2�H]� , 1465.9
[M/2�2H�Na]� ; C160H192O32S8 (2883.78); calcd C 66.6, H 6.7, S, 8.9; found
C 66.7, H 6.7, S 8.5.


49,50,51,52,53,54,55,56-Octatosylateethyleneoxycalix[8]arene (8 f): Calix-
arene 7 f furnished the cone isomer of the dealkylated tosylate 8 f as a white
solid in 28 % yield after purification by column chromatography (SiO2,
CH2Cl2/MeOH 15:1). M.p. 128 ± 132 8C; IR (KBr): nÄ � 1358, 1177 cmÿ1


(S�O); 1H NMR (300 MHz, CDCl3): d� 2.30 (s, 24 H; ArCH3),
3.80 ± 3.95 (br s, 32H; OCH2CH2, ArCH2Ar overlapping), 4.20 (br s,
16H; OCH2CH2), 6.70 (s, 24 H; ArH), 7.15 ± 7.23 (d, J� 7.98 Hz, 16H;
ArHCH3), 7.70 (d, J� 8.12 Hz, 16H; SArH); MS (ES): m/z : 1240.2
[M/2�Na]� ; C128H128O32S8 (2434.91): calcd C 62.2, H 5.3; found C 61.8,
H 5.2.


General procedure for the formation of calixarene phosphines 9a ± f : The
following procedure was used to transform calixarene tosylates 8 a ± f into
the corresponding phosphines 9 a ± f. Distilled chlorodiphenylphosphine
(150 % molar excess to calixarene) was dissolved in dry dioxane (ca. 10%
solution) under N2. Sodium metal (300 % molar excess to chlorodi-
phenylphosphine; cut into small slivers) was added slowly. The mixture-
was then heated to reflux for 7 h with strong mechanical stirring. The
intensely yellow reaction mixture was then allowed to cool to room
temperature whilst stirring was continued. The calixarene dissolved in dry
THF (ca. 10% solution) was slowly added dropwise through a pressure-
equalizing dropping funnel and the mixture allowed to stir at room
temperature for 2 days. The red reaction mixture was filtered through
Celite and the inorganic residue washed with dry toluene. The yellow/
orange organic solution was concentrated under reduced pressure to yield a
sticky orange/red semisolid. Methylene chloride was added to the residue
and the organic solution washed with a distilled water/brine (50:50)
mixture. The organic layer was separated and dried over MgSO4 to afford
the crude calixphosphine as a cream solid. The following calixarene
phosphines were thus prepared. Satisfactory analytical data were not
obtained for all of these phosphines due to their ready oxidation in-
air.


5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetradiphenylphosphineethylene-
oxycalix[4]arene (9a): Calixarene 8a furnished the phosphine 9a as a white
solid in 61 % yield after purification by column chromatography (SiO2,
CH2Cl2/hexane 5:1). M.p. 187 ± 189 8C; 1H NMR (500 MHz, CDCl3): d�
1.05 (s, 36 H; C(CH3)3), 2.65 (m, 8H; OCH2CH2), 2.95 (d, HB, JBA�
13.28 Hz, 4 H; ArCH2Ar), 3.95 (m, 8H; OCH2CH2), 4.20 (d, HA, JAB�
13.15 Hz, 4H; ArCH2Ar), 6.70 (s, 8 H; ArH), 7.10 ± 7.30 (m, 40H; PPh2); 31P
NMR (202 MHz, CDCl3): d�ÿ22.79 (d, PPh2); C100H108P4O4 ´ H2O
(1515.86): calcd C 79.3, H 7.3; found C 78.9, H 7.1.


25,26,27,28-Tetradiphenylphosphineethyleneoxycalix[4]arene (9 d): Calix-
arene 8 d furnished the phosphine 9d as a white solid in 68 % yield after
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purification by column chromatography (SiO2, CH2Cl2/hexane 5:1). M.p.
136 ± 138 8C; 1H NMR (300 MHz, CDCl3): d� 2.56 (t, J� 7.97 Hz, 8H;
OCH2CH2), 2.97 (d, HB, JBA� 13.45 Hz, 4 H; ArCH2Ar), 3.96 (m, 8H;
OCH2CH2), 4.28 (d, HA, JAB� 13.35 Hz, 4 H; ArCH2Ar), 6.56 (s, 12H;
ArH), 7.19 ± 7.31 (m, 40 H; PPh2); 31P NMR (202 MHz, CDCl3): d�ÿ22.69
(d, PPh2); C84H76P4O4 ´ 2H2O (1309.43): calcd C 77.1, H 6.2; found C 77.2, H
5.8.


5,11,17,23,29,35-Hexa-tert-butyl-37,38,39,40,41,42-hexadiphenylphosphine-
ethyleneoxycalix[6]arene (9b): Calixarene 8b afforded the hexaphosphine
9b as a white solid in 66% yield after purification by column chromato-
graphy (SiO2, CH2Cl2/hexanes 5:1). M.p. 125 ± 130 8C; 1H NMR (300 MHz,
CDCl3): d� 1.10 ± 1.20 (m, 54H; C(CH3)3), 2.65 (m, 12H; OCH2CH2),
3.60 ± 4.20 (m, 24H; OCH2CH2, ArCH2Ar overlapping), 6.80 ± 7.60 (m,
72H; ArH, PPh2 overlapping); 31P NMR (202 MHz, CDCl3): d�ÿ22.05 (s,
PPh2); C150H162P6O6 (2246.79): calcd C 80.2, H 7.2; found C 79.8, H 7.5.


37,38,39,40,41,42-Hexadiphenylphosphineethyleneoxycalix[6]arene (9e):
Calixarene 8e furnished the hexaphosphine 9e as a white solid in 51%
yield after purification by column chromatography (SiO2, CH2Cl2/hexane
5:1) and subsequent trituration in methanol. 1H NMR (300 MHz, CDCl3):
d� 2.35 (m, 12 H; OCH2CH2), 3.70 (m, 12H; ArCH2Ar), 3.80 (m, 12H;
OCH2CH2), 6.40 (t, 6H; ArH), 6.60 (d, 12 H; ArH), 7.30 ± 7.40 (m, 60H;
PPh2). Correct elemental analysis could not be obtained for this compound
due to its susceptibility to undergo oxidation in air.


5,11,17,23,29,35,41,47-Octa-tert-butyl-49,50,51,52,53,54,55,56-octadiphenyl-
phosphineethyleneoxycalix[8]arene (9c): Calixarene 8c afforded the
octaphosphine 9c as a white powdery solid in 62% yield after purification
by column chromatography (SiO2, CH2Cl2/hexane 5:1). M.p. 229 ± 231 8C;
1H NMR (300 MHz, CDCl3): d� 0.94 (s, 72H; C(CH3)3), 2.49 (br s, 16H;
OCH2CH2), 3.85 (br s, 16 H; OCH2CH2), 3.93 (br s, 16H; ArCH2Ar), 6.75 (s,
16H; ArH), 7.10 (br s, 48 H; PPh2), 7.27 (br s, 32H; PPh2); 31P NMR
(202 MHz, CDCl3): d�ÿ22.90 (PPh2). Correct elemental analysis could
not be obtained for this compound due to its susceptibility to undergo
oxidation in air.


49,50,51,52,53,54,55,56-Octadiphenylphosphineethyleneoxycalix[8]arene
(9 f): Calixarene 8 f furnished the octaphosphine 9 f as a grey solid in 48%
yield upon trituration from ice-cold ethanol. The product was subject to
ready oxidation and was used for subsequent conversion to the corre-
sponding phosphine oxide without purification.


Formation of calixarene phosphine oxides 1a ± f : Oxidation of the
calixarene phosphines 9a ± f to the corresponding phosphine oxides was
carried out using either dimethyldioxirane (DMD)[22] or hydrogen peroxide
in acetone according to the procedures subsequently outlined.


Oxidation with dimethyldioxirane : The calixarene phosphine was suspend-
ed in dry acetone (ca. 5 % solution) and the solution cooled to 0 8C with an
ice bath. Distilled dimethyldioxirane (DMD) (50 % molar excess) was
added and the solution stirred at this temperature for 10 min. The yellow
solution was then allowed to warm to room temperature and was stirred at
that temperature for a further 30 min. Removal of the solvent at reduced
pressure furnished the crude calixarene phosphine oxide as a pale yellow
solid.


Oxidation with hydrogen peroxide : Calixarene phosphine was suspended in
dry acetone (ca. 5% solution) and the solution cooled to 0 8C with an ice
bath. Hydrogen peroxide (30 % solution; ca. 5% molar excess) was added
and the solution stirred at this temperature for 10 min at which point it was
allowed to warm to room temperature and was stirred at that temperature
for a further 30 min. Methylene chloride was added and the solution
washed in turn with saturated sodium iodide solution (containing a
drop of acetic acid), 0.1n sodium thiosulphate solution and distilled
water. The organic layer was dried with MgSO4 and concentrated under
reduced pressure to afford the crude calixarene phosphine oxide as an
off-white solid. The following calixarene phosphine oxides were thus
prepared.


5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetradiphenylphosphorylethylene-
oxycalix[4]arene (1 a): Calixarene 9 a was oxidized with DMD as described
to furnish the phosphine oxide 1a as a white crystalline solid in 84 % yield
after recrystallisation from methanol. M.p. 289 ± 290 8C; 1H NMR
(300 MHz, CDCl3): d� 1.05 (s, 36 H; C(CH3)3), 2.90 ± 3.10 (m, 12H;
OCH2CH2, HB, ArCH2Ar overlapping), 4.00 ± 4.10 (d, HA, JAB�


13.24 Hz, 4H; ArCH2Ar), 4.15 ± 4.20 (m, 8H; OCH2CH2), 6.68 (s, 8H;
ArH), 7.31 ± 7.45 (m, 24H; POPh2), 7.69 ± 7.80 (m, 16H; POPh2); 31P NMR
(202 MHz, CDCl3): d��30.03 (POPh2); MS (ES): m/z : 1561.6 [M�H]� ;
C100H108P4O8 ´ CH3OH (1593.90): calcd C 76.2, H 7.1; found C 76.4, H, 6.7.


25,26,27,28-Tetradiphenylphosphorylethyleneoxycalix[4]arene (1d): Calix-
arene 9 d was oxidized with DMD as described to afford dealkylated
phosphine oxide 1d as a white crystalline solid in quantitative yield after
recrystallisation from methanol. M.p. 124 ± 126 8C; 1H NMR (300 MHz,
CDCl3): d� 2.83 (m, 8H; OCH2CH2), 2.92 (d, HB, JBA� 13.62 Hz, 4H;
ArCH2Ar), 4.02 (d, HA, JAB� 13.41 Hz, 4H; ArCH2Ar), 4.17 (m, 8H;
OCH2CH2), 6.54 (s, 12 H; ArH), 7.31 ± 7.46 (m, 24H; POPh2), 7.67 ± 7.74 (m,
16H; POPh2); 31P NMR (202 MHz, CDCl3): d��29.81 (POPh2); MS
(ES): m/z : 1337.6 [M�H]� ; C84H76P4O8 ´ H2O (1355.43): calcd C 74.4, H 5.8;
found C 74.1, H 5.7.


5,11,17,23,29,35-Hexa-tert-butyl-37,38,39,40,41,42-hexadiphenylphospho-
rylethyleneoxycalix[6]arene (1b): Calixarene 9b was oxidized with DMD
as described to furnish the corresponding phosphine oxide 1b as a white
solid in 68% yield after recrystallisation from methanol. M.p. 289 ± 290 8C
(decomp); 1H NMR (300 MHz, CDCl3): d� 1.10 (54 H; br s, C(CH3)3), 2.95
(12 H; br s, OCH2CH2), 3.90 ± 4.25 (24 H; br s, OCH2CH2, ArCH2Ar
overlapping), 7.40 (br s, 36 H; ArH, POPh2 overlapping), 7.85 (br s, 36H;
POPh2); 31P NMR (202 MHz, CDCl3): d��29.92 (POPh2); MS (ES): m/z :
1172.2 [M/2�H]� ; C150H162P6O12 ´ 4H2O (2414.79): calcd C 74.6, H 7.1;
found C 74.9, H 6.7.


37,38,39,40,41,42-Hexadiphenylphosphorylethyleneoxycalix[6]arene (1e):
Calixarene 9 e was oxidized with hydrogen peroxide as described to furnish
the corresponding dealkylated phosphine oxide 1 e as a cream solid in 62%
yield after trituration from ether. M.p. 98 ± 102 8C; 1H NMR (300 MHz,
CDCl3): d� 2.65 (m, 12 H; OCH2CH2), 3.65 (m, 12 H; ArCH2Ar), 3.93 (m,
12H; OCH2CH2), 6.43 (m, 6H; ArH), 6.49 (m, 12H; ArH), 7.35 (m, 24H;
POPh2), 7.45 (m, 12H; POPh2), 7.68 (m, 24 H; POPh2); MS (ES): m/z :
1003.6 [M/2�H]� , 2006.5 [M�2 H]� ; C126H114P6O12 (2006.14): calcd C 75.5,
H 5.7; found C 75.9, H 5.6.


5,11,17,23,29,35,41,47-Octa-tert-butyl-49,50,51,52,53,54,55,56-octadiphenyl-
phosphorylethyleneoxycalix[8]arene (1 c): Calixarene 9c was oxidized with
DMD as described to furnish the corresponding phosphine oxide 1 c as a
white powdery solid in 89% yield after purification by column chromatog-
raphy (SiO2, CH2Cl2/MeOH 19:1). M.p. 160 ± 162 8C; 1H NMR (300 MHz,
CDCl3): d� 0.92 (br s, 72 H; C(CH3)3), 2.81 (br s, 16 H; OCH2CH2), 3.98
(br s, 32H; OCH2CH2, ArCH2Ar overlapping), 6.75 (br s, 16H; ArH), 7.24
(br s, 48H; POPh2), 7.66 (br s, 32H; POPh2); 31P NMR (202 MHz, CDCl3):
d��29.65 (POPh2); MS (ES): m/z : 1562.0 [M/2�H]� ; C200H216P8O16 ´ H2O
(3141.72); calcd C 76.5, H 7.0; found: C 76.3, H 7.0.


49,50,51,52,53,54,55,56-Octadiphenylphosphorylethyleneoxycalix[8]arene
(1 f): Calixarene 9 f was oxidized with DMD as described to afford the
corresponding dealkylated phosphine oxide 1 f as a cream solid in 48%
yield after dissolution of the crude material in methanol, filtration to
remove traces of tosylate, and concentration of the filtrate to dryness. M.p.
116 ± 118 8C; 1H NMR (300 MHz, CDCl3): d� 2.75 (m, 16 H; OCH2CH2),
3.76 (s, 16H; ArCH2Ar), 4.05 (m, 16 H; OCH2CH2), 6.58 (s, 24H; ArH),
7.30 (m, 48H; POPh2), 7.65 (m, 32 H; POPh2); MS (ES): m/z : 1338.0
[M/2�H]� , 2674.0 [M�H]� ; C168H152P8O16 ´ 3 H2O (2728.86): calcd C 74.0,
H 5.8; found C 73.9, H 5.8.


5,11,17,23,29-penta-tert-butyl-31,32,33,34,35-penta-diphenylphosphoryl-
methyleneoxycalix[5]arene (2 b): p-tert-Butylcalix[5]arene[17] was treated
with Ph2P(O)CH2OTs in dry toluene containing sodium hydride exactly as
described by Matt and co-workers[5] for the tetramer analogue 2 a to afford
the pentaphosphine oxide 2b in 61% yield. M.p. 220 ± 221 8C; 1H NMR
(500 MHz, CDCl3): d� 0.89 (s, 45 H; C(CH3)3), 3.05 (d, HB, JBA� 14.73 Hz,
4H; ArCH2Ar), 5.00 (s, 10 H; OCH2P(O)Ph2), 5.06 (d, HA, JAB� 14,65 Hz,
4H; ArCH2Ar), 6.51 (s, 10 H, ArH), 7.25 (br s, 30 H; m- and p-P(O)Ph2),
7.71 ± 7.75 (m, 20 H; o-P(O)Ph2); 31P NMR (202 MHz, CDCl3): d��26.32
(P(O)Ph2); MS (ES): m/z : 1880.9 [M]� ; C120H125010P5 (1882.19): calcd C
76.6, H 6.7; found C 76.2, H 6.4.


Di-tert-butylesterdiphenylphosphorylmethyleneoxycalix[4]arene (3b):
The known di-tert-butylacetate of tert-butylcalix[4]arene was treated with
Ph2P(O)CH2OTs in dry THF/DMF containing sodium tert-butoxide exactly
as described by Matt and coworkers[5] for the diamidediphosphine oxide 3a
to afford the diesterdiphosphine oxide 3b in 69% yield. M.p. 319 ± 320 8C
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(decomp); IR (Kbr): nÄ � 1743 cmÿ1 (s, C�O); 1H NMR (500 MHz, CDCl3):
d� 0.88 (s, 18H; C(CH3)3), 1.13 (s, 18 H; C(CH3)3), 1.37 (s, 18 H; C(CH3)3),
2.88 (d, HB, JBA �13.08 Hz, 4H; ArCH2Ar), 4.47 (s, 4 H; OCH2CO2tBu),
4.60 (d, HA, JAB� 12.92 Hz, 4H; ArCH2Ar), 5.78 (s, 4 H; OCH2P(O)Ph2),
6.46 (s, 4H; m-ArH), 6.59 (s, 4 H; m-ArH), 7.26 ± 7.43 and 7.74-7.78 (m, 20H;
P(O)Ph2); 31P NMR (202 MHz, CDCl3): d��25.31 (P(O)Ph2); MS (ES):
m/z : 1304.2 [M]� ; C82H98010P2 (1305.63): calcd C 75.4, H 7.6; found C 75.5, H
7.3.


Synthesis of the bicyclic diphosphine oxide 4d : Bis-(diphenylphosphin-
yl)acetylene[21e] (0.5 g, 1.18 mmol) in chloroform (20 mL) was stirred under
nitrogen for 10 min. Cyclopentadiene (0.4 mL, 4.4 mmol) was added
through a syringe and the reaction mixture stirred under reflux for several
hours. The solvent was removed in vacuo and the residue evaporated under
high vacuum overnight to afford 4 d as a white crystalline solid (0.56 g,
95%). 1H NMR (500 MHz, CDCl3): d� 1.9 (d, J� 7.3 Hz, 1 H; CH2), 2.25
(d, J� 6.9 Hz, 1H; CH2), 4.07 (s, 2H; CH), 6.60 (d, J� 2.2 Hz, 2H; C�
CH), 7.29 ± 7.61 (m, 20 H; PPh2); 31P NMR (202 MHz, CDCl3): d��24.75
(P(O)Ph2); MS (EI): m/z : 492.14 [M]� ; C31H26O2P2 (492.14): calcd C 75.7, H
5.3; found C 76.2, H 5.4.


Extraction measurements


Picrate extraction method : The classical picrate extraction method for alkali
and alkaline earth cations with calixarenes has already been described.[22]


In summary, the percentage cation extracted (%E) or the distribution
coefficient D [D�%E/(100ÿ%E)] from water into dichloromethane, at
20 8C, was determined from the measured absorbance of the picrate anion
remaining in the aqueous phase after extraction at 355 nm. The same
concentration (2.5� 10ÿ4m) was used for the ligand in the organic phase
and the picrate in the aqueous phase.


Nitrate extraction method : The extrapolation of the picrate extraction
method to the trivalent lanthanides and tetravalent thorium led to unusual
and so far unexplained selectivities in the lanthanide series, that is, a strong
extraction maximum for Eu3�. Since our objective was to develop
extraction processes for lanthanides and actinides that would mimic their
removal from nuclear waste, it was necessary to find an alternative to the
picrate extraction method, which would allow the extraction of metal
nitrates. Furthermore, because liquid nuclear waste has a relatively high
concentration of nitric acid, extractants were needed which would function
in acidic media. For these reasons we have developed a new method for
monitoring metal nitrate extraction in the presence of excess nitric acid,
which is also applicable, with certain approximations, to the determination
of the stoichiometries of the extracted species.
Metal nitrate extraction procedure : A standard experimental set up
consisted of an aqueous phase containing europium or thorium nitrate
(10ÿ4m) in 1m HNO3; the organic phase was a solution of calixarene in
dichloromethane, at a concentration adapted to an extraction percentage
ranging from 10 ± 90 %. Each phase (1 mL) was thoroughly mixed by
stirring in a stoppered tube at 20 8C for 12 h. After separation of the two
phases, the concentration of the cation remaining in the aqueous phase was
monitored spectrophotometrically with arsenazo(iii) (2,2''-[1,8-dihydroxy-
3,6-disulpho-2,7-naphtalenebis(azo)]dibenzenearsenic acid) as a coloured
indicator.[23] Arsenazo solution (0.5 mL of 6� 10ÿ4m) was added to a
0.7 mL aliquot of the aqueous phase and the volume was finally adjusted to
50 mL with either a sodium formate/formic acid buffer (pH 2.80) for the
determination of europium or with a 4m nitric acid solution for the
determination of thorium. The absorbances were then determined at
665 nm for thorium and 655 nm for europium. Since the concentration of
arsenazo(iii) is at least 30 times higher than the concentration of the cation,
complete complexation of the cation can be assumed. The extraction
percentage was derived from Equation (1), in which A0 is the absorbance of
the arsenazo solution without the cation and A1 the absorbance of the
blank.


%E� 100[(A1ÿA)/(A1ÿA0)] (1)


Log ± log plot analysis : In order to characterize the extraction ability, the
dependence of the distribution coefficient D of a cation between the two
phases upon the calixarene concentration has been examined. If the
general extraction equilibrium is assumed to be Equation (2) with Mx��
metal ion, L� neutral ligand and with the overlined species referring to
species in the organic phase, the overall extraction equilibrium constant is


given by Equation (3). If we introduce the distribution coefficient D, as
given in Equation (4), we obtain Equation (5).


Mx� �xNOÿ
3 �nL>MLn(NO3)x (2)


Kex� [MLn(NO3)x]/[Mx�][NOÿ
3 ]x[L]n (3)


D� [MLn(NO3)x]/[Mx�] (4)


logD� logKex[NOÿ
3 ]x�nlog[L] (5)


With these assumptions, a plot of a logD versus log[L] should be linear and
its slope should be equal to the number of ligand molecules per cation in
the extracted species. To check the validity of the method, a log ± log plot
analysis for the extraction of thorium(iv) and europium(iii) nitrates 10ÿ4m
by CMPO has been investigated. In agreement with previous studies, a
slope of 3.1 was found for thorium, while a lower value of 2.4 was observed
for europium.[24]


Loading capacity measurements : The loading capacity of the organic phase
for thorium has been determined according to the following procedure:
5 mL of the organic phase (2� 10ÿ4m) were vigorously shaken with 5 mL of
an aqueous phase containing increasing amounts of cation nitrate (10ÿ3 ±
0.1m) and 1m HNO3 during 15 h. After two hours to allow phase separation,
a given aliquot of the organic phase was mineralized by evaporation at
100 8C in the presence of a few drops of 65 % HNO3 followed by calcination
at 800 8C. The residual thorium was determined by titration according to
the procedure described above.


Stability constant determinations : The stability constant of a complex
formed in a homogeneous medium is strictly speaking a more representa-
tive physicochemical characteristics of the intrinsic affinity of a ligand for a
cation in this given medium than an extraction constant. Stability constants
enable comparison to be made between different ligands, without any
interference from lipophilicity differences which do arise in extraction.
Furthermore, they allow comparison with other more classical macrocyclic
ligands. The stability constants bxy of the complexes, expressed as
concentration ratios according to the general complexation equilibrium
[Eq. (6)] were determined in methanol, at 25 8C and constant ionic strength
I (Et4NCl), by UV spectrophotometry. Upon addition of the metal


mMx��nL>MmLmx�
n (6)


chlorides to a solution of the ligand in methanol, the UV-visible spectrum
of the ligand generally undergoes small changes, in the 250 to 300 nm range,
which, in most cases, are sufficient to allow a multiwavelength treatment of
the data by the computer programs Letagrop-Spefo[25] or Sirko.[26] As
evidence was only found for 1:1 complexes, b11 can be abbreviated in the
following text as b. The values given in the data tables correspond to the
arithmetic means of at least three independent determinations. The method
is only appropriate in the stability range 1� logb� 6.
In the case of the short, that is, with one methylene spacer pentamer
phosphine oxide 2 b (hereafter, for convenience the phosphine oxides with
two methylene spacers are referred to as long) with the alkaline earth
cations, the stability constants were also investigated by a competitive
potentiometric method with Ag� as the auxiliary cation. Nevertheless the
magnitude of the stability constant of the silver complex (3.62 log units)
only allowed a determination of logb for Mg2� (4.72 log units), the other
complexes being too strong.


Results and Discussion


Alkali cations : The results obtained with tetramers 1 a, 1 d and
2 a, pentamer 2 b and the two mixed tetramers 3 a and 3 b are
given in Table 1 and are illustrated graphically in Figure 1.
The results clearly reveal an enormous difference in behav-
iour between the tetrameric long phosphine oxide 1 a, which
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Figure 1. a) Extraction percentages (%E) of alkali picrates from water
into dichoromethane by selected phosphine oxide calixarenes at 20 8C;
b) Logb values in methanol for the complexation of alkali cations by
selected phosphine oxide calixarenes at 25 8C, ionic strength between 10ÿ2


and 4.5� 10ÿ2m in Et4NCl.


does not extract the alkalis (or very little when p-dealkylated
as in 1 d), and the tetrameric short phosphine oxide 2 a, which
displays an extraction and complexation peak selectivity in
favour of K� (%E� 22, logb� 1.9). The extraction ability of a
short phosphine oxide is very much enhanced when the
condensation is increased up to five, along with a change in
the selectivity pattern, which now displays a continuous
increase in extraction efficacy as the cation ionic radius
increases; this increase from tetramer 2 a to pentamer 2 b
cannot be accounted for by an increasing lipophilicity of the


extractant, as the stability constants also increase and range
from 2.3 for Na� to 4.0 for Cs�. Clearly the larger cavity of the
pentamer is better suited for the larger Cs� cation than its
tetra analogue. The characteristics of the two mixed tetramers
3 a and 3 b are strongly dependent on the nature of the
groups replacing two of the phosphine oxides. Both com-
pounds show a peak selectivity for Na�, as do the corre-
sponding tetraamides and tetraesters.[3] The amide groups
lead to the highest efficiency for Na�, higher than the
ester groups, as is predictable from the behaviour of the
homo-substituted analogues. The efficacy order for Na�


extraction is 3 a> 2 b> 3 b> 2 a> 1 d> 1 a. This order is
unchanged in terms of stability constants, except the inver-
sion between 2 b and 3 b and these conclusions are
clearly illustrated in Figures 1 a and b. The results are
consistent with the extraction studies made from water to
dichloroethane by other authors for compound 2 a, but not for
3 a for which these authors observe a decrease from Li� to
Na�.[11]


Alkaline earth cations : The results for the same series of
ligands are given in Table 2 and are illustrated in Figure 2.
Clearly the long tetraphosphine oxides 1 a and 1 d have no
extraction efficacy towards the alkaline earth cations. The p-
dealkylation only slightly increases the extraction power of
1 a. No attempt was made to determine the stability constants
of their complexes, as it was assumed, on the basis of the
extraction results, that they would be very small.


The mixed short diphosphine oxide 3 b also displayed no
extraction efficacy towards the alkaline earth cations, in
agreement with the generally small affinity of the calixaryl
esters for alkaline earths.[3] The mixed short diamide 3 a and
the short phosphine oxide 2 a display medium extraction
efficiencies (%E< 25). The stability constants of the com-
plexes fall within the limits of the spectrophotometric method
only for the calcium complex of 2 a (2.3), the calcium,
strontium and barium complexes of 3 a (4.4, 4.5 and 3.4,
respectively), and the calcium complex of 3 b (1.8). The
stability of the calcium complex is higher for 3 a than for 2 a in


Table 1. Alkali cations: Percentage extraction %E from water into
dichloromethane and, in brackets, logb in methanol (10ÿ2� ionic strength
I� 4.5� 10ÿ2m in Et4NCl).


Li� Na� K� Rb� Cs�


1a 0.7[a] 0.5[a] 0.3[a] 0.5[a] 0.4[a]


± ± ± ± ±
1d 3.5[a] 3.7[a] 3.8[a] 3.6[a] 3.6[a]


± ± ± ± ±
2a 7.6[a] 6.0[a] 22.3[a] 17.0[a] 6.4[a]


(�1) (�1) (1.9)[b] (1.4)[b] ±
2b 28.5[e] 37.9[e] 45.0[f] 50.7[g] 56.9[h]


(�1) (2.34)[i] (3.28)[j] (3.9)[c] (4.02)[i]


3a 53.4[a] 65.1[a] 42.6[a] 20.0[a] 13.0[a]


(2.6)[b] (4.5)[b] (3.3)[b] (2.8)[b] (�1)
3b 8.5[a] 17.9[a] 13.7[a] 5.3[a] 5.0[a]


± (2.9)[d] (2.4)[b] ± ±


[a] 0.1�sNÿ1� 0.5; [b] sNÿ1< 0.1; [c] sNÿ1� 0.05; [d] sNÿ1� 0.03; [e] sNÿ1�
0.8; [f] sNÿ1� 0.7; [g] sNÿ1� 0.1; [h] sNÿ1� 0.3; [i] sNÿ1� 0.02; [j] sNÿ1� 0.01


Table 2. Alkaline earth cations: extraction percentages %E from water
into dichloromethane at 20 8C (0.1�sNÿ1� 0.5) and, in brackets, log b


values determined by spectrophotometry, in methanol, at 25 8C (one
experiment only). Ionic strength I ranging from 10ÿ2 to 4.5� 10ÿ2m
(Et4NCl), unless otherwise stated.


Mg2� Ca2� Sr2� Ba2�


1a 0.6 2.6 0.8 0.5
± ± ± ±


1d 3.0 5.0 3.3 3.1
± ± ± ±


2a 5.6 23.0 9.8 8.4
(�1) (2.35)[b] (�1) (�1)


2b 18.2 62.5 52.2 62.3
(4.72)[a] (�6) (�6) (�6)


3a 3.7 15.8 15.4 12.5
± (4.4) (4.5) (3.4)


3b 1.2 1.1 1.4 1.4
± (1.8) ± ±


[a] Competitive potentiometry determination with Ag� as auxiliary cation:
I� 10ÿ2m in Et4NClO4, log b(Ag�)� 3.62� 0.01, sNÿ1� 0.09; [b] sNÿ1� 0.1







FULL PAPER M. J. Schwing-Weill et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0182 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1182


Figure 2. a) Extraction percentages (%E) of alkaline earth picrates from
water into dichloromethane by selected phosphine oxide calixarenes at
20 8C; b) Logb values in methanol for the complexation of alkaline earth
cations by selected phosphine oxide calixarenes at 25 8C, ionic strength
between 10ÿ2 and 4.5� 10ÿ2m in Et4NCl.


contrast with the trend observed in extraction: this may reflect
the greater influence of lipophilicity expected for 2 a, because
of the larger number of aromatic rings. The logb values for 3 a
are approximately half the values reached with the corre-
sponding tetradiethylamide.[22]


Evidently, the most efficient compound among the six
studied is the short pentamer 2 b, for which %E reaches 62 %
for Ca2� and Ba2�, and 18 % for Mg2�. The stability constants
are too high to be evaluated by any of the employed methods
(competitive potentiometry gave a value of 4.7 for magne-
sium). Compounds 3 a, 2 a and 2 b all show an extraction
selectivity for calcium, which can be considered as a plateau
selectivity from calcium to barium for the pentamer and the
mixed diamide, and a peak selectivity for the tetramer 2 a.


One may conclude that, in extraction as well as in stability
constants for alkaline earths, the pentameric phosphine oxide
2 b is the most efficient of all compounds tested in the present
work. The same conclusion was reached in the alkali series,
but for cesium and rubidium only, the lighter alkalis being
even better extracted or complexed by the mixed diamide
tetramer.


The present results demonstrate i) the very big effect of the
shortening of the carbon chain bearing the phosphine oxide
groups (compare 2 a with 1 a) and ii) the tremendous effect of
increasing the condensation degree from 4 to 5 (compare 2 a
with 2 b). The comparison between the calix[5]phosphine
oxide and the corresponding calix[4]-, calix[5]- and calix[6]-
diethylamides shows that the level reached for the calcium
extraction by the pentamer 2 b (62 %) is certainly inferior to


the value reached by the tetraamide (98%) and hexaamide
(84 %), but is superior to that reached by the p-dealkylated
hexaamide (25 %). Moreover, the extraction percentage for
strontium by the pentaphosphine oxide 2 b (52 % ) is almost as
high as that displayed by the corresponding pentadiethyl-
amide (55 %).


Europium(iiiiii) and thorium(iivv): It is of major environmental
concern to know how to remove from liquid radioactive
wastes, before their disposal, the harmful long-lived nuclides,
such as caesium and strontium, and the a-emitting actinides.
Of the various extractants used in actinide process chemistry,
neutral organophosphorus compounds are among the most
useful.[9] The PUREX process for plutonium/uranium sepa-
ration, for example, is based on the extracting ability of
tributylphosphate.[10] Efforts to improve the performance of a
group of simple monofuntional organophosphorous extrac-
tants, such as the well-known trioctylphosphine oxide (TOPO,
[(C8H17)3PO]), led to the development of bifunctional
analogues that include carbamoylmethylphosphonates
[(RO)2PO(CO)NR2] (CMPs) and carbamoylmethylphos-
phine oxides [R2POCH2(CO)NR2] (CMPOs), among which
is the classical octylphenyldiisobutylcarbamoylmethylphos-
phine oxide [Ph2POCH2CON(C8H17)2] known as CMPO. In
our study, we decided to extend our extraction and stability
constant measurements to EuIII and ThIV, using the former to
mimic the trivalent actinides and the latter to mimic the
tetravalent actinides present in liquid nuclear waste. The
calixaryl phosphine oxides used for this purpose were 1 a ± f, as
well as four other phosphine oxide calixarenes of group 1, with
either dodecyl groups in para position instead of tert-butyl
groups (n� 4) or with n-butyl groups on the phosphorus
instead of phenyl groups (n� 4, 6, 8). Using calixarenes as
building blocks, we hoped to exploit the synergism that might
accrue from combining several phosphine oxide and ether
podands with the receptor potential of macrocycles of the
calixarene family. For comparison purposes, the classical
TOPO and CMPO extractants were also tested, as well as
some bi- and trifunctional noncalixarene phosphine oxides
4 a ± e.


As the picrate extraction method was not applicable to
experiments intended to mimic the situation with real liquid
wastes, which contain nitrates and nitric acid, we used the new
nitrate extraction technique described above. The results of
this study are presented in Table 3 as percentages of cation
extraction into dichloromethane for selected analytical calix-
arene concentrations, and in Figure 3 as logD versus the log of
free calixarene concentration at equilibrium in the organic
phase for thorium and europium (see Experimental Section
for details).


The main conclusions concerning the calixarene phosphine
oxides are the following:


The long phosphine oxide series 1a ± f :
iii) All calixarenes tested are better extractants for europium


and thorium than TOPO and CMPO. The only exception
concerns the extraction of europium by the octamer 1 c.


iii) Thorium is always better extracted than europium.
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Figure 3. Extraction of a) thorium(iv) and b) europium(iii) by phosphine
oxide calixarenes and related classical extractants TOPO and CMPO from
metal nitrate solutions (10ÿ4m) 1m in HNO3 into dichloromethane at 20 8C.
LogD vs logarithm of the free ligand concentration (numbers in brackets
are the values of the slopes).


iii) The dealkylated series is better than the alkylated series,
both for thorium and europium. In the dealkylated series
1 d ± f, the sequence of efficiency towards both cations is:


hexamer> octamer> tetramer. In the alkylated series
1 a ± c, the hexamer is the best extractant for thorium,
followed by the tetramer and the octamer. With euro-
pium, there is no extraction by the tetramer and the
octamer at concentrations lower than 0.1m. According to
the data in Table 3, the hexamer is better than the
tetramer at a concentration of 2.5� 10ÿ2m, but the log ±
log plot shows an unexpected behaviour of the hexamer,
not represented on Figure 3. The replacement of the p-
tert-butyl groups by dodecyl groups slightly decreases the
extraction of thorium, but increases the extraction of
europium. The replacement of the phenyl groups on the
PO functions by n-butyl groups leads to a complete loss of
extraction efficiency, since there is no extraction at a
ligand concentration 10ÿ3m, that is, ten times higher than
the cation concentration.


iv) With the classical extractant TOPO with only one
phosphine oxide function per molecule, the slopes of the
log ± log plot analyses are 3 for both thorium and euro-
pium as expected from previous studies.[24] With CMPO,
the slope for thorium has the expected value of 3, but in
the case of europium, the slope is only 2.5. A similar
deviation with respect to the expected slope of 3 was
found by Horwitz and co-workers[27] for the extraction of
americium(iii) into toluene by CMPO, and attributed to a
marked decrease in the measured activity coefficient of
CMPO in toluene as water and nitric acid are also
extracted.


The slopes of the linear plots for the extraction of thorium
by the three dealkylated calixarene phosphine oxides 1 d ± f
are close to 2.0, indicating at first sight that the compounds
may extract the cation as 1:2 species, that is, two calixarenes
for one cation. The expected result for a 1:1 complex should
be 1, assuming that one calixarene has enough PO functions to
bind either thorium(iv) or europium(iii). In order to verify the
slope, saturation experiments of the organic phase by
equilibration with increasing cation concentrations in the
aqueous phase (see Experimental Section) were performed
with compound 1 d, at a concentration of 2� 10ÿ4m. The
results, shown in Figure 4, indicate that a plateau is reached
for a concentration of thorium in the organic phase equal to
10ÿ4m, that is, half the concentration of the ligand. This
observation confirms the results of the log ± log plot analysis
for the calixarene 1 d, at least in our experimental conditions
in which the ligand was in excess. The deviation from the ideal
expected slope of 1 is even bigger with the p-tert-butyl series,
for which slopes were found to range between 1.8 and 2.6. The
formation of bisligand species of calixarenes with rare earth
cations has already been demonstrated in the case of
carboxylate derivatives of calixarenes:[28±30] it seems therefore
reasonable to conclude that such bisligand species can also be
formed between thorium(iv) and phosphine oxide derivatives
of calixarenes. However, one cannot totally exclude the
posibility of the influence of other factors on the observed
slopes, such as coextraction of nitric acid and activity
coefficients effects.


The extraction of europium by the dealkylated tetramer 1 d,
the octamer 1 f and by the p-tert-butyl tetramer 1 a is
characterised by log ± log plot slopes ranging between 2.0


Table 3. Percentage extraction (% E) of thorium(iv) and europium(iii) nitrates
(10ÿ4m) from 1m HNO3 aqueous solutions into dichloromethane containing the
ligand at various concentrations.


ThIV EuIII


10ÿ4m 5� 10ÿ4m 10ÿ3m 5� 10ÿ3m 10ÿ2m 2.5 ´ 10ÿ2m 2.5 ´ 10ÿ2m


TOPO 0 0 0 1.4 10.2 64.2 0[a]


CMPO 0 0 0 1.6 12.2 70.4 0[b]


1a 0 5.6 26.8 96.1 100 100 0
1d 2.6 46.9 79.8 100 100 100 24.6
1g 55.0 29.6


1b 0 23.6 62.5 98.8 100 100 20.8
1e 9.4 79.4 94.8 100 100 100 94.3


1c 0 0 0 30.6 60.1 88.4 0
1 f 5.1 62.6 87.9 100 100 100 92.0


2a 31.5 55.5 100 86.2
2b [c] [c] [c] [c] [c] [c]


4a 20 100 � 95
4b 38 ± 100 8
4c 95 � 95
4d 95 100 ±
4e 87 85


[a] % E� 18 (CL� 0.25m); [b] % E� 69.5 (CL� 0.25m); [c] No measurement
possible, formation of a film at the interface.
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and 2.5, as in the case of thorium. The dealkylated hexamer 1 e
gives a slope close to 3, as does TOPO just as if only one
phosphine oxide per calixarene was involved in the complex
formation.


The short tetramer phosphine oxide 2a : The shortening of the
carbon chain between the phenolic oxygen and the phospho-
rus atom by one methylene spacer as in tetraphosphine oxide
2 a leads to a big increase of the extraction efficiency with
respect to 1 a : at a calixarene concentration of 5� 10ÿ4m, 31 %
ThIV is extracted instead of 5.6 %, and at concentration of
10ÿ3m, 55 % instead of 27 %. However, the changes thus
induced by shortening of the spacer are not as effective as
those resulting from the dealkylation of the para position of
1 a. For europium(iii), the shortening of the spacer produces
an even bigger change, as the extraction percentage increases
from 0 % with 1 a to 86 % with 2 a, for a ligand concentration
of 2.5 10ÿ2m. Compound 2 a appears to be the best extractant
for europium among all the homo-substituted phosphine
oxides studied in the present work.


The short pentamer phosphine oxide 2b : The effect of the
increase of the calixarene nucleus to 5, producing the
pentamer 2 b, could not be evaluated by the nitrate extraction
method used here: thorium extraction was attempted with
ligand concentrations ranging from 2.5� 10ÿ4m to 4� 10ÿ2m.
The results showed surprisingly the ligand to be an extremely
inefficient extractant, with %E� 6 % at 10ÿ2m and 7.4 % at
4� 10ÿ2m. A careful examination of the extraction tubes
showed the presence of a sticky film on the upper surface of
the aqueous layer, even more apparent at higher ligand
concentrations. Europium extraction was also tried with 2 b,
but the formation of a film on the upper surface of the
aqueous layer was also observed. This competing phenomen-
on is probably the cause of the apparent poor results of the
extraction power of 2 b.


The nonmacrocyclic phosphine oxides 4a ± f : For a better
understanding of the importance of the macrocyclic calixar-


ene platform and the possibility
of preorganization effects on
the extraction ability of the
polyfunctional phosphine ox-
ides, some simple noncalixar-
ene phosphine oxides have
been tested as simple reference
compounds. The results are giv-
en in Table 3 for the most
relevant compounds.


Four compounds, the bifunc-
tional derivatives 4 a, 4 c and 4 d
and the trisphosphine oxide 4 e
have an extraction efficiency
for thorium ranging between
87 and 100 % at a ligand con-
centration 10ÿ3m. They can con-
sequently be considered as
good competitors of the calix-


arene phosphine oxides of Table 3. Compound 4 a even
reaches, at a ligand concentration of 10ÿ4m, an extraction
efficiency for thorium(iv) of 20 %, which is only slightly lower
than the good extraction performances of the CMPO-like
calixarenes which reach 40 ± 50 % extraction under the same
conditions.[8] It may be seen from the comparison between 4 a
and 4 b that the efficiency decreases with the number of
carbons between the two phosphine oxide functions. Con-
cerning europium, 4 a and 4 c are better than all calixarenes
tested.


Effect of HNO3 and NaNO3 concentrations : All the extraction
work described in the previous sections refer to aqueous
source solutions 1m in nitric acid. A preliminary investigation
of the applicability of these results to the separation of
actinides from the medium level activity liquid wastes, which
are usually of high salinity and acidity (1m in HN03 and 4m in
NaNO3) before embedding of the latter in sub-surface
repositories, led us to study the influence of the concentra-
tions of acid and salt on the extraction ability of the
calixarenes.


The effect of the nitric acid concentration, from 0.1
to 1.3m, is represented in Figure 5, for the p-tert-butyl
tetramer 1 a and the dealkylated hexamer 1 e, as well
as for the classical extractant TOPO, in the same experi-
mental conditions as those described in the Experimental
Section.


Below a nitric acid concentration of 1m, both calixarenes
show the same decrease in extraction with HNO3 increasing
concentration, as TOPO. However, compound 1 e exhibits a
slight increase of the extraction efficiency relative to TOPO
when the nitric acid concentration is higher than 1m. This last
trend is probably interpretable in terms of concomittant
competing effects: coextraction of nitric acid, which tends to
decrease the extent of extraction, and the salt effect of the
anion N0ÿ3 , which leads to an increase of the extraction. This
salt effect was evidenced by our study of the influence of the
sodium nitrate concentration, from 0 to 4m, on the ThIV


extraction by the hexamer 1 e at the concentration 10ÿ3m, in
presence of HNO3 1m : we found that the higher the


Figure 4. Loading curve for the saturation of a 2� 10ÿ4m dichloromethane solution of calixarene 1d by thorium
nitrate from an aqueous solution 1m in HNO3.
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Figure 5. Influence of the nitric acid concentration in the aqueous phase
on the extraction (logD) of thorium(iv) nitrate from aqueous solution into
dichloromethane solutions of TOPO and calixarenes 1a and 1e at 20 8C
([TOPO]� 0.025m ; [1a]� [1c]� 10ÿ3 m).


concentration of NaNO3, the better the extraction of ThIV, a
situation that is very favourable to the extension of the
present studies to the further treatment of medium-level
activity liquid wastes.


Stability constants : Preliminary spectrophotometric studies
of the stability constants of the complexes of thorium(iv) with
the calixarenic phosphine oxides 1 a, 1 b and 2 b in methanol
(I� 0.01m Et4NCl) have been completed. The hydroxo species
of the cations have not been taken into account in these
studies. The following values have been obtained for logb of
1:1 complexes: 1 a(Th4�)� 3.5; 1 b(Th4�)� 3.64� 0.08, where-
as with the same method values for Th4� of 3.42� 0.06 and
3.64� 0.08 were found for the p-tert-tetradiethyl ester and the
p-tert-hexadiethylamide, respectively.[31] Apparently, from
these results, the nature of the functional group on the lower
rim of these tetramers should play no significant role in the
stability of the thorium complexes in methanol. The situation
seems to be different with the short pentamer: logb for
2 b(Th4�) was found equal to 4.99� 0.08. The value of logb of
the 1:1 YbIII complex of 2 b has also been determined and
found to be very high (6.5� 0.1). The value for the 1:1 ThIV


complex of 2 a could not be obtained from spectrophotomet-
ric measurements because of insufficient spectral changes
upon complexation in identical conditions. Work is in progress
in order to confirm and extend these preliminary studies by
other methods, in other solvents.
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Synthesis of Functionalized Cyclophanes by Ring-Opening/Ring-Closure
Cascade Reactions of Siloxycyclopropanes


Astrid Ullmann, Margit Gruner, and Hans-Ulrich Reiûig*[a]


Dedicated to Professor Gernot Boche on the occasion of his 60th birthday


Abstract: Our repetitive approach to
the synthesis of large-ring compounds
has been extended to the preparation of
a number of functionalized cyclophanes.
The key components are substituted
methyl 2-alkenyl-2-siloxycyclopropane-
carboxylates, such as 8 ± 10, 24 ± 28, 36,
and 39, which are easily prepared by a
highly versatile route involving malo-
nate alkylations. Treatment of these
precursors with cesium fluoride under
appropriate conditions of high dilution


causes cascade reactions that proceed
with consecutive desilylation, ring-open-
ing, proton transfer, and finally, intra-
molecular Michael addition to afford
benzannulated large-ring compounds in
generally good yields. The geometry of
the aromatic spacer in precursors 8 and


10 does not allow formation of mono-
meric cyclic products, but the �dimers� 12
and 13 were isolated in low yield. How-
ever, the functionalized cyclophanes 11,
29, 30, 31, 33, and 34 are formed in
moderate to good yields. The pyridino-
phane 37, its dimer 38, and [13]pyridi-
nophane 40 (obtainable in excellent
yield) may be of particular interest as
they could serve as precursors to highly
functionalized ligands in supramolecular
chemistry.


Keywords: cyclophanes ´ cyclopro-
panecarboxylates ´ enones ´ macro-
cyclic ligands ´ Michael additions


Introduction


Syntheses of cyclophanes[1] have received much attention over
the last decades because of the particular properties of this
class of compound, such as effects of strain on structure and
reactivity, transannular interactions, and the potential to act as
hosts for certain guests.[2] Many synthetic methods have been
developed in which the ring-closure step is very often crucial.
We have recently reported[3, 4] the rather straightforward
preparations of ten-membered carbocycles from suitably
functionalized methyl 2-alkenyl-2-siloxycyclopropanecarbox-
ylates A, which undergo desilylation and ring-opening on
treatment with cesium fluoride (Scheme 1). This is followed
directly by intramolecular Michael addition[5] to furnish the
cyclodecanone derivatives B in moderate to good yields.
Repetition of the steps followed in the synthesis of A allowed
us to obtain the precursor compounds C or E, which undergo
the same ring-opening/ring-closure cascade reactions to yield
the fifteen-membered ring compounds D and twenty-mem-
bered ring systems F, respectively.[6]


The simplicity, versatility, and often surprising efficiency of
these reactions led us to extend this strategy to the synthesis of


Scheme 1. Synthesis of carbocycles B, D, and F.
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ortho-, meta-, and paracyclophanes, as well as to pyridino-
phanes. If successful we would establish a very powerful and
highly adaptable route to various functionalized cyclophanes.


Results


Methyl 2-siloxy-2-vinylcyclopropanecarboxylate 1[7] was con-
verted into its alkylation products 5, 6, and 7 by deprotonation
with lithium diisopropylamide (LDA) and subsequent reac-
tion of the ester enolate[8] with an excess of the dihalides 2, 3,
or 4, respectively (Scheme 2). These products were then


Scheme 2. Synthesis of precursors 8 ± 10 via 5 ± 7, respectively. Yields: 8 :
72%; 9 : 62 %; 10 : 44 %.


treated with sodium dimethyl malonate to furnish the
precursors 8, 9, and 10 in reasonable overall yields (see
Table 1). It should be emphasized that all the reactions
described have been performed only once, with no attempt to
optimize the yields.


Precursor 8 was added by syringe pump to a suspension of
cesium fluoride and benzyltriethylammonium chloride in hot
DMF over 43 h. The final concentration of 8 or its reaction
products was about 1.6 mmol Lÿ1. These standard conditions
proved to be suitable for most ring-opening/ring-closure
cascade reactions of this type,[4, 6] but were only moderately
successful for the ring expansion of 8. The benzannulated
cyclodecanone derivative 11 was isolated in a yield of 23 %
that was increased to 37 % in the presence of tert-butyl alcohol
(5.0 equiv). It has not yet been proved whether or not addition
of tert-butyl alcohol generally improves the yield in such
reactions. The role of this additive may be to accelerate the
proton transfer required to generate the malonate anion from
the ester enolate that is formed initially after the ring-opening
of 8 (Scheme 3).


Not unexpectedly,[9] attempts to perform the analogous
transformation with the meta- and para-substituted precursors
9 and 10 failed to provide any of the expected �monomeric�
cyclization products. Rather, the �dimers� 12 and 13, respec-
tively, were isolated in low yields. They can be regarded as


Scheme 3. Ring expansion reactions of 8 ± 10. a) CsF, BnEt3N�Clÿ, DMF,
90 8C.


Abstract in German: Unsere repetitiven Synthesen von groûen
Ringen konnten auf die Darstellung einer Reihe von funk-
tionalisierten Cyclophanen ausgedehnt werden. Als Schlüssel-
verbindungen dienen dabei die 2-Alkenyl-2-siloxy-cyclopro-
pancarbonsäuremethylester 8 ± 10, 24 ± 28, 36 und 39, die in
flexibler Weise durch Malonesteralkylierung mit den notwen-
digen funktionellen Gruppen ausgestattet werden konnten.
Beim Behandeln dieser Verbindungen mit Cäsiumfluorid unter
Hochverdünnungsbedingungen wird eine Reaktionskaskade
ausgelöst, bei der nacheinander Desilylierung, Ringöffnung,
Protonentransfer und schlieûlich intramolekulare Michael-
Addition ablaufen und die benzannulierte Makrocyclen in
meist guten Ausbeuten liefert. Die Geometrie der aromatischen
Spacer in den Vorstufen 8 und 10 verhindert die Bildung der
monomeren cyclischen Produkte und es entstehen stattdessen
die ,Dimeren� 12 und 13 in niedriger Ausbeute. Die funk-
tionalisierten Cyclophane 11, 29, 30, 31, 33 und 34 werden
dagegen in mäûiger bis guter Ausbeute isoliert. Besonders
interessant sind die Pyridinophane 37, 38 und 40, letzteres in
sehr guter Ausbeute zugänglich, da sie als Vorläufer für
funktionalisierte Liganden der Supramolekularen Chemie in
Frage kommen.







Functionalized Cyclophanes 187 ± 197
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[8,8]metacyclophane and [8,8]paracyclophane, which may be
of some interest because of the functionalities present
in the spacer unit. The formation of these dimers can be
easily confirmed by the appearance of two diastereomers
as witnessed by the spectra obtained from 2D NMR 1H-1H
COSY and 1H-13C-correlated HSQC and HMBC experiments.
In addition, all the dimers were characterized by mass
spectrometry (See Experimental Section).


Combination of the intermediate 5 with the sodium salt of
bis(phenylsulfonyl)methane produced the potential precursor
compound 14 in moderate yield (Scheme 4). Unfortunately,
the standard treatment with cesium fluoride did not yield
the bicyclic system 15. We propose that steric hindrance
from the bulky bissulfonyl moiety (which already reduces
conversion in the alkylation step) efficiently prevents the
intramolecular Michael addition to form 15.[10] In this
reaction, as well as in those with low mass balance, no other
definite products could be identified. It may be that inter-
molecular Michael addition, condensation reaction, or deal-
kylation and decarboxylation produce undefined oligomeric
material.


The repetitive character of our strategy permits the facile
synthesis of precursors for larger ring sizes. Thus, the dimethyl
malonates 16[4] and 8 underwent chain-elongation by reaction
with the dihalides 2, 3, 17, or 18 to give the monohalides 19 ± 23
in moderate yields (Scheme 5, see Table 2). These were
treated further with sodium dimethyl malonate to form the
desired pentaesters 24 ± 28 in generally good yields (see
Table 3).


Scheme 4. Synthesis of precursor 14.


Again only standard conditions were employed for the ring-
opening/ring-closure transformations of these precursors. The
reactions of 24 and 25 afforded the expected benzannulated
fifteen-membered compound 29 and the [13]metacyclophane
30 in yields that are highly acceptable for formation of
medium-sized rings (Scheme 6). However, the reaction with
precursor 26 incorporating a para-substituted spacer unit was
less efficient (see Table 4). Only 17 % of the �monomer� 31
was obtained in addition to the [13,13]paracyclophane 32 (two
diastereomers), which is actually a 34-membered ring
(yield� 14 %).


Scheme 5. Synthesis of 24 ± 28 via 19 ± 23, respectively.


Precursor 27 (where the two spacer units X and X' are
interchanged with respect to 24) was transformed with similar
efficiency. The benzannulated product 33 was isolated with a
yield of 48 % (Scheme 7). In contrast, compound 28 (with two
ortho-substituted benzene units) was converted into the
predicted [8,3]orthocyclophane 34 in only 15 % yield. Steric
hindrance from the two benzene rings may hamper the
efficiency of cyclization in this example.


Two further examples demonstrate that our repetitive
approach to medium- and large-ring compounds is readily
adaptable to systems that contain heterocyclic units. Methyl
cyclopropanecarboxylate 1 was deprotonated and then treat-
ed with the biselectrophilic component 35.[11] The resulting
2-bromomethylpyridyl-substituted cyclopropane derivative
was combined with an excess of sodium dimethyl malonate
to furnish the precursor 36 in a reasonable overall yield
(Scheme 8). The ring-opening/ring-closure procedure was
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Scheme 6. Ring expansion reactions of 24 ± 26. a) CsF, BnEt3N�Clÿ, DMF,
90 8C.


Scheme 7. Ring expansion reactions of 27 and 28. a) CsF, BnEt3N�Clÿ,


DMF, 90 8C.


followed as before and gave a surprisingly large quantity of
[8](2,6)pyridinophane 37 (36 %), together with the �dimer� 38
(19 %, two diastereomers).


This result should be compared with the reaction of
precursor 9 (the carbon analogue of 36) where only the


Scheme 8. Synthesis of 38.


�dimeric� product 12 was formed in low yield. This difference
might be attributable to the smaller size of a nitrogen atom in
36 compared with a C ± H unit in 9, which would cause less
strain in the transition state of the Michael addition that
produces 37. The complexating effect of the nitrogen lone pair
of 36 may be more important, as it could ligate the cesium
ion close to the malonate unit. This would, in turn, limit the
degree of freedom and thus favor intramolecular cycliza-
tion.


The yield of the [8,8](2,6)pyridinophane 38 was enhanced
moderately to 28 % when 36 was treated with cesium fluoride
without dilution (Scheme 9). This method may be optimized
further for the simple preparation of such [8,8]pyridinophanes
or similar compounds.


Finally, we combined the pyridino spacer with one of the
carbon spacers used above. The precursor 39 was smoothly
synthesized in good yield by the usual two-step method.
Subsequent treatment of 39 with cesium fluoride formed the
interestingly functionalized [13]metapyridinophane 40 in an
excellent yield of 78 % (Scheme 10). The efficiency of ring
formation is again considerably higher for this pyridine case
compared with the all-carbon example (25!30, 54 % yield)
but is not as striking as for the pair 36/9. Pyridinophanes such
as 37, 38, and 40 may be of particular interest as ligands for the
complexation of metal ions because of their additional donor
atoms.[12]
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Scheme 9. Synthesis of 38.


Scheme 10. Synthesis of 40.


Conclusion


In this report we have demonstrated that our strategy for the
synthesis of large-ring compounds could also be applied to the
preparation of various benzannulated macrocycles. The
efficiency of the crucial intramolecular Michael addition
depends strongly on the desired ring size and on the geometric
restrictions introduced by the spacer units. While an ortho-
phenylene unit allowed the synthesis of 10- and 15-membered


rings, the corresponding meta- and para-phenylene spacers
could only be introduced successfully into larger ring sizes
(16- and 17-membered carbocycles). Compounds with the 2,6-
pyridino spacers may be of particular value as the cyclizations
occur with considerably higher yields than those of the related
all-carbon analogues. Our examples show that the use of
alkenyl-substituted siloxycyclopropanes as masked enones
can be applied very flexibly to compounds of the cyclophane
family, such that many extensions of this strategy are
conceivable.


Experimental Section


All reactions were performed under argon atmosphere in flame-dried
flasks, and the reactants were introduced by syringe. All solvents were dried
by standard methods. Silica gel (0.040 ± 0.063 mm, Merck ± Schuchardt) was
used for the column chromatography. Melting points (uncorrected) were
measured with a Gallenkamp MPD 350 instrument. 1H and 13C NMR
spectra were recorded with Bruker instruments (AC 200, AC 300, or DRX-
500) in CDCl3 solution. The chemical shifts are given relative to TMS from
the solvent (CDCl3) signal (dH� 7.25, dC� 77.0). The 2D NMR COSY,
HSQC (heteronuclear single quantum coherence), and HMBC (hetero-
nuclear multiple quantum correlation) spectra were recorded on the DRX
500 spectrometer with an inverse TBI probe-head using pulsed 2-field
gradients. The final resolution of the 2D spectra was 2.5 Hz per point for 1H
and 20.5 Hz per point for 13C.
IR spectra were measured with a Nicolet 205 FT-IR spectrometer. MS
spectra were recorded on a Varian MAT 311 A spectrometer (FD) or on a
Kratos Analytics Kompact Maldi II instrument (Maldi). (E)-1,4-Dibromo-
2-butene (18), a,a'-dibromo-o-xylene (2), a,a'-dibromo-m-xylene (3), a,a'-
dibromo-p-xylene (4), and a,a'-dichloro-p-xylene (17) are commercially
available and were used as received. The other starting materials were
synthesized as described in the literature (siloxycyclopropanes 1[7] and 16,[4]


2,6-bis(bromomethyl)pyridine 35[11]).


General procedure A for alkylation with 2, 3 or 4 : Siloxycyclopropane 1
(1.0 equiv) was deprotonated with LDA (1.5 equiv) in THF
(10 mL mmolÿ1) at ÿ78 8C. After 2 h, the dihalide (2.0 equiv) was added
and the mixture was stirred at ÿ78 8C for 18 h. Subsequent dilution with
saturated NH4Cl solution and warming of the mixture was followed by
extraction with ethyl acetate (3� 20 mL). The combined organic layers
were washed with water and brine, and then dried over MgSO4. After
evaporation of the solvent, the unconsumed alkylating reagent was
removed by rotary evaporation (0.01 mbar, 100 8C). The residue was
purified by chromatography as described in the individual experiments
(Table 1).


Methyl 1-(2-bromomethyl-benzyl)-t-2-tert-butyldimethylsiloxy-c-2-vinyl-r-
1-cyclopropanecarboxylate (5):
1H NMR (200 MHz, CDCl3): d� 7.25 ± 6.98 (m, 4H; aryl-H), 5.82 (dd, J�
17, 10.5 Hz, 1H; 1''-H), 5.25 (dd, J� 17, 1.5 Hz, 1 H; cis-2''-H), 5.07 (dd, J�
10.5, 1.5 Hz, 1H; trans-2''-H), 4.53 (d, J� 10 Hz, 1 H; CH2Br), 4.38 (d, J�
10 Hz, 1 H; CH2Br), 3.58 (d, J� 17.5 Hz, 1 H; 1'-H), 3.37 (s, 3H; CO2Me),
2.95 (d, J� 17.5 Hz, 1 H; 1'-H), 2.04 (dd, J� 6.5, 1 Hz, 1 H; cis-3-H), 1.15
(br d, J� 6.5 Hz, 1H; trans-3-H), 0.82 (s, 9H; tBu), 0.05, 0.00 (2 s, 6H;
SiMe2); 13C NMR (50.3 MHz, CDCl3): d� 171.8, 51.8 (s, q, CO2Me), 138.8,
135.7 (2 s, aryl-C), 136.5 (d, C-1''), 130.2, 128.8, 127.7, 126.2 (4d, aryl-CH),


Table 1. Alkylation of siloxycyclopropane 1 with 2, 3, or 4.


Amount of
1 [g (mmol)]


Diha-
lide


Chromatogra-
phy heptane/
ethyl acetate


Prod-
uct


Amount
[g]


Yield
[%]


0.500 (1.95) 2 1:0!9:1 5 0.436 50 yellow oil
1.00 (3.90) 3 9.5:0.5!7:3 6 1.03 60 slightly yellow oil
1.00 (3.90) 4 1:0!0:1 7 1.19 69 slightly yellow oil
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115.7 (t, C-2''), 64.8 (s, C-2), 36.4 (s, C-1), 31.7, 30.5 (2 t, C-1', CH2Br), 25.8,
18.1 (q, s, tBu), 24.5 (t, C-3), ÿ3.4, ÿ3.6 (2q, SiMe2); IR (neat): nÄ � 3100 ±
3000 (�CÿH), 2950, 2930, 2900, 2860 (CÿH), 1730 (CO2Me), 1640,
1610 cmÿ1 (C�C); elemental analysis: C21H31BrO3Si (439.5): calcd C
57.40, H 7.11; found C 57.56, H 7.28.


Methyl 1-(3-bromomethyl-benzyl)-t-2-tert-butyldimethylsiloxy-c-2-vinyl-r-
1-cyclopropanecarboxylate (6): 1H NMR (300 MHz, CDCl3): d� 7.24 ± 7.22
(m, 4H; aryl-H), 5.87 (dd, J� 17, 10.5 Hz, 1 H; 1''-H), 5.30 (dd, J� 17,
1.5 Hz, 1H; cis-2''-H), 5.15 (dd, J� 10.5, 1.5 Hz, 1 H; trans-2''-H), 4.46 (s,
2H; CH2Br), 3.57 (s, 3 H; CO2Me), 3.53 (d, J� 16 Hz, 1H; 1'-H), 2.86 (d,
J� 16 Hz, 1 H; 1'-H), 1.95 (dd, J� 6.5, 1 Hz, 1H; cis-3-H), 1.19 (br d, J�
6.5 Hz, 1H; trans-3-H), 0.93 (s, 9H; tBu), 0.15, 0.13 (2 s, 6 H; SiMe2);
13C NMR (75.5 MHz, CDCl3): d� 171.8, 51.8 (s, q, CO2Me), 140.9, 137.7 (2s,
aryl-C), 136.6 (d, C-1''), 129.3, 128.7, 128.6, 126.7 (4 d, aryl-CH), 115.7 (t,
C-2''), 65.2 (s, C-2), 38.4 (s, C-1), 34.2, 33.7 (2 t, C-1', CH2Br), 25.9, 18.2 (q, s,
tBu), 24.1 (t, C-3),ÿ3.3,ÿ3.5 (2q, SiMe2); elemental analysis: C21H31BrO3-
Si (439.5): calcd C 57.40, H 7.11; found C 54.80, H 6.35. No correct elemental
analysis could be obtained for this sensitive compound.


Methyl 1-(4-bromomethyl-benzyl)-t-2-tert-butyldimethylsiloxy-c-2-vinyl-r-
1-cyclopropanecarboxylate (7): 1H NMR (300 MHz, CDCl3): d� 7.31 ± 7.10
(m, 4H; aryl-H), 5.86 (dd, J� 17, 10.5 Hz, 1 H; 1''-H), 5.30 (dd, J� 17,
1.5 Hz, 1H; cis-2''-H), 5.15 (dd, J� 10.5, 1.5 Hz, 1 H; trans-2''-H), 4.48 (s,
2H; CH2Br), 3.57 (s, 3 H; CO2Me), 3.54 (d, J� 15.5 Hz, 1 H; 1'-H), 2.86 (d,
J� 15.5 Hz, 1 H; 1'-H), 1.95 (dd, J� 6.5, 1 Hz, 1H; cis-3-H), 1.18 (br d, J�
6.5 Hz, 1H; trans-3-H), 0.93 (s, 9H; tBu), 0.15, 0.12 (2s, 6H; SiMe2);
13C NMR (75.5 MHz, CDCl3): d� 171.8, 51.8 (s, q, CO2Me), 140.7, 135.5 (2s,
aryl-C), 136.5 (d, C-1''), 129.0,* 128.9* (2d, aryl-CH), 115.7 (t, C-2''), 65.2 (s,
C-2), 38.4 (s, C-1), 34.0, 33.5 (2 t, C-1', CH2Br), 25.9, 18.2 (q, s, tBu), 24.0 (t,
C-3),ÿ3.3,ÿ3.5 (2q, SiMe2),* indicates that signal has double intensity; IR
(KBr): nÄ � 3080 ± 3000 (�CÿH), 2960, 2930, 2880, 2850 (CÿH), 1720
(CO2Me), 1640 ± 1630 cmÿ1 (C�C); elemental analysis: C21H31BrO3Si
(439.5): calcd C 57.40, H 7.11; found C 62.25, H 7.52. No correct elemental
analysis could be obtained for this sensitive compound.


General procedure B for alkylation of siloxycyclopropyl-substituted
dimethyl malonates with 2, 3, 17, or 18 : The crude siloxycyclopropyl-
substituted dimethyl malonate (1.0 equiv) was added slowly to a suspension
of sodium hydride (2.0 ± 5.0 equiv) in THF/DMF (5:1) (30 mL mmolÿ1 of
siloxycyclopropyl compound) at 0 8C. The mixture was stirred for 1 h at
room temperature. The dihalide (4.0 ± 10.0 equiv) was then added at 0 8C,
and after further stirring at room temperature for 18 h, the mixture was
diluted with saturated aqueous NH4Cl solution and extracted with ethyl
acetate (3� 20 mL). The combined organic layers were washed with water
and brine, and then dried over MgSO4. After evaporation of the solvent,
the unconsumed alkylating reagent was removed by rotary evaporation
(0.01 mbar, 100 8C). The residue was purified by chromatography as
described in the individual experiments (Table 2).


Dimethyl (4E)-1-(2-bromomethyl-phenyl)-6-[r-2-(tert-butyldimethylsi-
loxy)-t-1-methoxycarbonyl-2-vinylcycloprop-1-yl]-4-hexene-2,2-dicarboxy-
late (19): 1H NMR (200 MHz, CDCl3): d� 7.23 ± 7.00 (m, 4H; aryl-H), 5.70
(dd, J� 17, 10.5 Hz, 1 H; 1''-H), 5.38 (mc, 2 H; 4-H, 5-H), 5.14 (dd, J� 17,
1.5 Hz, 1H; cis-2''-H), 4.99 (dd, J� 10.5, 1.5 Hz, 1 H; trans-2''-H), 4.45 (s,
2H; CH2Br), 3.53 (s, 3 H; CO2Me), 3.50 (s, 6H; 2CO2Me), 3.26 (s, 2H;
1-H), 2.76 (dd, J� 15.5, 6 Hz, 1H; 6-H), 2.52 (d, J� 6.5 Hz, 2 H; 3-H), 2.09
(dd, J� 15.5, 6 Hz, 1H; 6-H), 1.72 (d, J� 6.5 Hz, 1H; cis-3'-H), 0.90 (d, J�
6.5 Hz, 1H; trans-3'-H), 0.79 (s, 9H; tBu), 0.00, ÿ0.02 (2 s, 6 H; SiMe2);
13C NMR (50.3 MHz, CDCl3): d� 171.8, 171.30, 171.27, 52.3,* 51.9 (3s, 2q,
3CO2Me), 136.9, 135.3 (2s, aryl-C), 136.6 (d, C-1''), 132.7, 130.9, 130.8,


128.6, 127.4, 125.0 (6 d, C-4, C-5, aryl-CH), 115.3 (t, C-2''), 65.1 (s, C-2'), 59.1
(s, C-2), 37.23 (s, C-1'), 37.20, 33.9, 31.8** (3 t, C-1, C-3, C-6, CH2Br), 25.8,
18.2 (q, s, tBu), 23.7 (t, C-3'), ÿ3.5, ÿ3.6 (2q, SiMe2),* signal has double
intensity; ** two signals overlap; IR (CCl4): nÄ � 3100 ± 3000 (�CÿH), 2950,
2930, 2880, 2860 (CÿH), 1730 (CO2Me), 1640 cmÿ1 (C�C); elemental
analysis: C30H43BrO7Si (623.7): calcd C 57.78, H 6.95; found C 58.25, H 7.17.


Dimethyl (4E)-1-(3-bromomethyl-phenyl)-6-[r-2-(tert-butyldimethylsi-
loxy)-t-1-methoxycarbonyl-2-vinylcycloprop-1-yl]-4-hexene-2,2-dicarboxy-
late (20): 1H NMR (300 MHz, CDCl3): d� 7.38 ± 6.98 (m, 4H; aryl-H), 5.83
(dd, J� 17, 10.5 Hz, 1 H; 1''-H), 5.60, 5.38 (2mc, 1H each; 4-H, 5-H), 5.27
(dd, J� 17, 1.5 Hz, 1H; cis-2''-H), 5.10 (dd, J� 10.5, 1.5 Hz, 1H; trans-2''-
H), 4.43 (s, 2 H; CH2Br), 3.69 (s, 6H; 2CO2Me), 3.65 (s, 3 H; CO2Me), 3.18
(s, 2 H; 1-H), 2.88 (dd, J� 15.5, 6.5 Hz, 1 H; 6-H), 2.49 (d, J� 7 Hz, 2H;
3-H), 2.23 (dd, J� 15.5, 6.5 Hz, 1H; 6-H), 1.86 (dd, J� 6.5, 1 Hz, 1 H; cis-3'-
H), 1.05 (br d, J� 6.5 Hz, 1H; trans-3'-H), 0.91 (s, 9H; tBu), 0.12, 0.10 (2 s,
6H; SiMe2); 13C NMR (75.5 MHz, CDCl3): d� 171.8, 170.9,* 52.3,* 51.9
(2s, 2 q, 3 CO2Me), 137.7, 136.7 (2 s, aryl-C), 136.6 (d, C-1''), 132.5, 130.7,
129.9, 128.6, 127.5, 125.2 (6 d, C-4, C-5, aryl-CH), 115.2 (t, C-2''), 65.1 (s,
C-2'), 59.1 (s, C-2), 37.7 (s, C-1'), 37.4, 35.2, 33.3, 31.9 (4 t, C-1, C-3, C-6,
CH2Br), 25.8, 18.1 (q, s, tBu), 23.7 (t, C-3'), ÿ3.5, ÿ3.6 (2q, SiMe2),* signal
has double intensity; IR (neat): nÄ � 3080 ± 3000 (�CÿH), 2950, 2930, 2900,
2860 (CÿH), 1730 (CO2Me), 1660, 1640, 1610 cmÿ1 (C�C); elemental
analysis: C30H43BrO7Si (623.7): calcd C 57.78, H 6.95; found C 57.24, H 6.57.


Dimethyl (4E)-6-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl]-1-(4-chloromethyl-phenyl)-4-hexene-2,2-dicarboxylate
(21): 1H NMR (300 MHz, CDCl3): d� 7.25, 7.05 (2mc, 4 H; aryl-H), 5.81
(dd, J� 17, 10.5 Hz, 1 H; 1''-H), 5.56, 5.38 (2mc, 1H each; 4-H, 5-H), 5.26
(dd, J� 17, 1.5 Hz, 1H; cis-2''-H), 5.10 (dd, J� 10.5, 1.5 Hz, 1H; trans-2''-
H), 4.52 (s, 2H; CH2Cl), 3.67 (s, 6 H; 2CO2Me), 3.64 (s, 3 H; CO2Me), 3.18
(s, 2 H; 1-H), 2.86 (dd, J� 15.5, 6.5 Hz, 1 H; 6-H), 2.47 (d, J� 7 Hz, 2H;
3-H), 2.21 (dd, J� 15.5, 6.5 Hz, 1H; 6-H), 1.84 (dd, J� 6.5, 1 Hz, 1 H; cis-3'-
H), 1.02 (br d, J� 6.5 Hz, 1H; trans-3'-H), 0.90 (s, 9H; tBu), 0.11, 0.09 (2 s,
6H; SiMe2); 13C NMR (75.5 MHz, CDCl3): d� 171.8, 171.0,* 52.27, 52.26,
51.9 (2s, 3q, 3 CO2Me), 136.6 (d, C-1''), 136.3, 136.1 (2 s, aryl-C), 132.5, 125.1
(2d, C-4, C-5), 130.2,* 128.5* (2d, aryl-CH), 115.2 (t, C-2''), 65.1 (s, C-2'),
59.1 (s, C-2), 45.9 (t, CH2Cl), 37.6, 35.2, 31.8 (3 t, C-1, C-3, C-6), 37.3 (s, C-1'),
25.8, 18.1 (q, s, tBu), 23.7 (t, C-3'), ÿ3.5, ÿ3.6 (2q, SiMe2),* signal has
double intensity; IR (neat): nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2900, 2860
(CÿH), 1740 (CO2Me), 1640, 1610 cmÿ1 (C�C); elemental analysis:
C30H43ClO7Si (579.2): calcd C 62.21, H 7.48; found C 61.79, H 7.18.


Dimethyl (4E)-6-bromo-1-{2-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxy-
carbonyl-2-vinylcycloprop-1-yl-methyl]phenyl}-4-hexene-2,2-dicarboxy-
late (22): 1H NMR (200 MHz, CDCl3): d� 7.28 ± 6.97 (m, 4H; aryl-H), 5.88
(dd, J� 17, 10.5 Hz, 1 H; vinyl-1-H), 5.72 (mc, 2 H; 4-H, 5-H), 5.29 (dd, J�
17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.14 (dd, J� 10.5, 1.5 Hz, 1H; trans-vinyl-2-
H), 3.87 (d, J� 6.5 Hz, 2 H; 6-H), 3.70, 3.69 (2s, 6H; 2CO2Me), 3.55 (d, J�


16.5 Hz, 1H; 1'-H), 3.49 (s, 3 H; CO2Me), AB system (dA�
3.44, dB� 3.31, JAB� 15 Hz, 2H; 1-H), 2.87 (d, J� 16.5 Hz,
1 H; 1'-H), 2.57 (d, J� 5.5 Hz, 2H; 3-H), 2.04 (d, J� 6.5 Hz,
1 H; cis-3''-H), 1.18 (d, J� 6.5 Hz, 1H; trans-3''-H), 0.91 (s,
9 H; tBu), 0.14, 0.08 (2s, 6H; SiMe2); 13C NMR (50.3 MHz,
CDCl3): d� 171.8, 171.3, 171.2, 52.4, 52.3, 51.8 (3 s, 3q,
3 CO2Me), 139.0, 134.4 (2s, aryl-C), 136.5 (d, vinyl-C-1),
130.39, 130.37, 129.7, 128.1, 127.0, 125.9 (6d, C-4, C-5, aryl-
CH), 115.6 (t, vinyl-C-2), 64.9 (s, C-2''), 59.2 (s, C-2), 37.7 (s,
C-1''), 36.1, 34.9, 32.3, 31.3 (4 t, C-1, C-3, C-6, C-1'), 25.9, 18.2
(q, s, tBu), 24.5 (t, C-3''), ÿ3.3, ÿ3.5 (2 q, SiMe2); IR (CCl4):
nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2900, 2850 (CÿH), 1740
(CO2Me), 1650 ± 1600 cmÿ1 (C�C); elemental analysis:
C30H43BrO7Si (623.7): calcd C 57.78, H 6.95; found C 57.57,
H 6.74.


Dimethyl 3-(2-bromomethyl-phenyl)-1-{2-[r-2-(tert-butyldimethylsiloxy)-
t-1-methoxycarbonyl-2-vinylcycloprop-1-yl-methyl]phenyl}propane-2,2-di-
carboxylate (23): 1H NMR (500 MHz, CDCl3): d� 7.29 ± 7.09 (m, 8H; aryl-
H), 5.87 (dd, J� 17, 10.5 Hz, 1H; vinyl-1-H), 5.28 (d, J� 17 Hz, 1H; cis-
vinyl-2-H), 5.14 (d, J� 10.5 Hz, 1H; trans-vinyl-2-H), 4.36 (s, 2 H; CH2Br),
3.59, 3.56, 3.50 (3s, 9 H; 3 CO2Me), 3.48 ± 3.40 (m, 5 H, 1-H, 3-H; 1'-H), 2.86
(d, J� 16.5 Hz, 1H; 1'-H), 2.01 (d, J� 6.5 Hz, 1H; cis-3''-H), 1.14 (d, J�
6.5 Hz, 1H; trans-3''-H), 0.88 (s, 9 H; tBu), 0.12, 0.05 (2s, 6 H; SiMe2);
13C NMR (75.5 MHz, CDCl3): d� 172.0, 171.8, 171.6, 52.5, 52.4, 51.9 (3 s, 3q,
3CO2Me), 139.0, 137.0, 135.6, 134.6 (4 s, aryl-C), 136.6 (d, vinyl-C-1), 130.8,


Table 2. Alkylation of siloxycyclopropanes 8 and 16 with 2, 3, 17, or 18.


Precur-
sor


Amount
[g (mmol)]


Diha-
lide


Chromatogra-
phy heptane/
ethyl acetate


Prod-
uct


Amount
[g]


Yield
[%]


16 0.500 (1.13) 2 1:0!9:1 19 0.340 48 slightly yellow oil
16 0.500 (1.13) 3 9:1!3:1 20 0.299 42 slightly yellow oil
16 0.500 (1.13) 17 1:0!4:1 21 0.261 40 colorless oil
8 1.50 (3.05) 18 1:0!4:1 22 0.827 43 yellow oil
8 1.45 (2.96) 2 1:0!7:3 23 0.666 33 yellow oil
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130.6, 128.60, 128.55, 128.3, 127.4, 126.9, 126.1 (8 d, aryl-CH), 115.6 (t, vinyl-
C-2), 65.0 (s, C-2''), 59.3 (s, C-2), 37.4 (s, C-1''), 35.8, 34.7, 31.9, 31.2 (4 t, C-1,
C-3, C-1', CH2Br), 25.8, 18.1 (q, s, tBu), 24.4 (t, C-3''), ÿ3.3, ÿ3.5 (2q,
SiMe2); IR (KBr): nÄ � 3070, 3020 (�CÿH), 2950, 2930, 2860 (CÿH), 1730
(CO2Me), 1660 ± 1610 cmÿ1 (C�C); elemental analysis: C34H45BrO7Si
(673.7): calcd C 60.62, H 6.73; found C 61.16, H 6.67.


General procedure C for reaction of siloxycyclopropyl-substituted halides
with dimethyl malonate : Dimethyl malonate (10.0 equiv) was added slowly
at 0 8C to a suspension of sodium hydride (1.2 ± 5.0 equiv) in THF/DMF
(5:1) (15 mL mmolÿ1 of siloxycyclopropyl compound). The mixture was
stirred for 1 h at room temperature. The siloxycyclopropyl-substituted
halide (1.0 equiv) was then added at 0 8C. After stirring at room temper-
ature for 18 h the mixture was diluted with saturated aqueous NH4Cl
solution and extracted with ethyl acetate (3� 20 mL). The combined
organic layers were washed with water and brine and dried over MgSO4.
After evaporation of the solvent the unconsumed dimethyl malonate was
removed by rotary evaporation (0.01 mbar, 70 8C). The residue was purified
by chromatography as indicated in the individual experiments (Table 3).


Dimethyl 2-{2-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl-methyl]phenyl}ethane-1,1-dicarboxylate (8): 1H NMR
(200 MHz, CDCl3): d� 7.23 ± 6.98 (m, 4H; aryl-H), 5.82 (dd, J� 17, 10.5 Hz,
1H; vinyl-1-H), 5.24 (dd, J� 17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.08 (dd, J�
10.5, 1.5 Hz, 1H; trans-vinyl-2-H), ABX system (dA� 3.20, dB� 3.17, dX�
3.64,* JAB� 14.5 Hz, JAX� JBX� 8 Hz, 3 H; 1-H, 2-H), 3.587, 3.585 (2s, 6H;
2CO2Me), 3.49 (d, J� 17 Hz, 1 H; 1'-H), 3.41 (s, 3H; CO2Me), 2.82 (d, J�
17 Hz, 1H; 1'-H), 2.04 (dd, J� 6.5, 1 Hz, 1 H; cis-3''-H), 1.14 (br d, J�
6.5 Hz, 1 H; trans-3''-H), 0.82 (s, 9H; tBu), 0.06, 0.00 (2 s, 6H; SiMe2), *
signal is partly overlapped by ester signals; 13C NMR (50.3 MHz, CDCl3):
d� 171.8, 169.09, 169.06, 52.31, 52.29, 51.80 (3s, 3 q, 3 CO2Me), 137.8, 135.6
(2s, aryl-C), 136.4 (d, vinyl-C-1), 129.3, 127.2, 126.9, 125.9 (4 d, aryl-CH),
115.6 (t, vinyl-C-2), 64.7 (s, C-2''), 51.78 (d, C-1**), 36.6 (s, C-1''), 31.7, 30.6
(2 t, C-2, C-1'), 25.6, 18.0 (q, s, tBu), 24.7 (t, C-3''), ÿ3.5, ÿ3.7 (2q, SiMe2),
** assignment supported by the lower intensity of the signal compared with
the methoxy signals; IR (KBr): nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2890,
2860 (CÿH), 1750, 1730 (CO2Me), 1640, 1610 cmÿ1 (C�C); elemental
analysis: C26H38O7Si (490.7): calcd C 63.64, H 7.81; found C 64.04, H 8.30.


Dimethyl 2-{3-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl-methyl]phenyl}ethane-1,1-dicarboxylate (9): 1H NMR
(300 MHz, CDCl3): d� 7.20 ± 6.97 (m, 4H; aryl-H), 5.85 (dd, J� 17, 10.5 Hz,
1H; vinyl-1-H), 5.29 (dd, J� 17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.13 (dd, J�
10.5, 1.5 Hz, 1 H; trans-vinyl-2-H), 3.69 (s, 6 H; 2 CO2Me), 3.65 (t, J� 8 Hz,
1H; 1-H), 3.57 (s, 3 H; CO2Me), 3.51 (d, J� 16 Hz, 1 H; 1'-H), 3.18 (d, J�
8 Hz, 2 H; 2-H), 2.81 (d, J� 16 Hz, 1 H; 1'-H), 1.92 (dd, J� 6.5, 1 Hz, 1H;
cis-3''-H), 1.18 (br d, J� 6.5 Hz, 1H; trans-3''-H), 0.93 (s, 9 H; tBu), 0.15,
0.13 (2s, 6H; SiMe2); 13C NMR (75.5 MHz, CDCl3): d� 171.8, 169.2,*
52.5,* 51.8 (2s, 2 q, 3CO2Me), 140.5, 137.8 (2 s, aryl-C), 136.6 (d, vinyl-C-1),
129.0, 128.5, 127.0, 126.5 (4d, aryl-CH), 115.5 (t, vinyl-C-2), 65.2 (s, C-2''),
53.6** (d, C-1), 38.6 (s, C-1''), 34.8, 34.2 (2 t, C-2, C-1'), 25.9, 18.2 (q, s, tBu),
23.9 (t, C-3''), ÿ3.3, ÿ3.5 (2q, SiMe2), * signal has double intensity; **
assignment supported by the lower intensity of the signal compared with
the methoxy signals; IR (neat): nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2900,
2860 (CÿH), 1760, 1740 (CO2Me), 1630, 1610 cmÿ1 (C�C); elemental
analysis: C26H38O7Si (490.7): calcd C 63.64, H 7.81; found C 63.31, H 7.89.


Dimethyl 2-{4-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl-methyl]phenyl}ethane-1,1-dicarboxylate (10): 1H NMR
(300 MHz, CDCl3): d� 7.13 ± 7.06 (m, 4H; aryl-H), 5.84 (dd, J� 17, 10.5 Hz,
1H; vinyl-1-H), 5.28 (dd, J� 17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.13 (dd, J�
10.5, 1.5 Hz, 1H; trans-vinyl-2-H), 3.692, 3.690 (2s, 6 H; 2 CO2Me), 3.65 (t,
J� 8 Hz, 1H; 1-H), 3.56 (s, 3 H; CO2Me), 3.51 (d, J� 15.5 Hz, 1 H; 1'-H),
3.18 (d, J� 8 Hz, 2 H; 2-H), 2.81 (d, J� 15.5 Hz, 1H; 1'-H), 1.92 (dd, J� 6.5,
1 Hz, 1H; cis-3''-H), 1.16 (br d, J� 6.5 Hz, 1H; trans-3''-H), 0.92 (s, 9H;
tBu), 0.14, 0.12 (2 s, 6H; SiMe2); 13C NMR (126 MHz, CDCl3): d� 171.9,
169.3,* 52.5,* 51.8 (2s, 2q, 3 CO2Me), 138.6, 135.4 (2s, aryl-C), 136.6 (d,
vinyl-C-1), 128.71,* 128.68* (2d, aryl-CH), 115.5 (t, vinyl-C-2), 65.1 (s,
C-2''), 53.6** (d, C-1), 38.5 (s, C-1''), 34.4, 33.8 (2 t, C-2, C-1'), 25.8, 18.2 (q, s,
tBu), 23.8 (t, C-3''),ÿ3.4,ÿ3.5 (2q, SiMe2), * signal has double intensity; **
assignment supported by the lower intensity of the signal compared with
the methoxy signals; IR (KBr): nÄ � 3080 ± 3000 (�CÿH), 2940, 2910, 2860,
2830 (CÿH), 1740, 1730 (CO2Me), 1630 ± 1620 cmÿ1 (C�C); elemental
analysis: C26H38O7Si (490.7): calcd C 63.64, H 7.81; found C 63.37, H 8.23.


Dimethyl (4E)-6-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl]-1-{2-[2,2-di(methoxycarbonyl)ethyl]-
phenyl}-4-hexene-2,2-dicarboxylate (24): 1H NMR
(200 MHz, CDCl3): d� 7.08 (s, 4 H; aryl-H), 5.79 (dd, J�
17, 10.5 Hz, 1H; vinyl-1-H), 5.47 (mc, 2H; 4-H, 5-H), 5.23
(dd, J� 17, 1.5 Hz, 1H; cis-vinyl-2-H), 5.07 (dd, J� 10.5,
1.5 Hz, 1H; trans-vinyl-2-H), 3.65 (s, 6H; 2 CO2Me), 3.61
(s, 9H; 3CO2Me), 3.54* (t, J� 8 Hz, 1H; 2''-H), 3.29 (s,
2 H; 1-H), 3.21 (d, J� 8 Hz, 2H; 1''-H), 2.84 (dd, J� 15,
5.5 Hz, 1 H; 6-H), 2.54 (d, J� 6.5 Hz, 2H; 3-H), 2.16 (dd,
J� 15, 5.5 Hz, 1H; 6-H), 1.80 (d, J� 6.5 Hz, 1H; cis-3'-H),
0.99 (d, J� 6.5 Hz, 1H; trans-3'-H), 0.88 (s, 9 H; tBu), 0.09,
0.07 (2s, 6 H; SiMe2), * signal is partly overlapped by ester
signals; 13C NMR (50.3 MHz, CDCl3): d� 171.7, 171.20,
171.18, 169.0,* 52.4,* 52.1,* 51.8 (4 s, 3 q, 5CO2Me), 136.8,
134.6 (2s, aryl-C), 136.6 (d, vinyl-C-1), 132.3, 130.7, 129.5,
127.0, 126.6, 125.3 (6 d, C-4, C-5, aryl-CH), 115.1 (t, vinyl-C-
2), 65.0 (s, C-2'), 59.2 (s, C-2), 53.1 (d, C-2''), 37.2 (s, C-1'),
36.9, 33.9, 31.8, 31.2 (4 t, C-1, C-3, C-6, C-1''), 25.8, 18.1 (q, s,
tBu), 23.6 (t, C-3'), ÿ3.5, ÿ3.7 (2q, SiMe2), * signal has


double intensity; IR (CCl4): nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2900,
2890, 2860 (CÿH), 1750, 1740 (CO2Me), 1650 cmÿ1 (C�C); elemental
analysis: C35H50O11Si (674.9): calcd C 62.29, H 7.47; found C 62.10, H 7.66.


Dimethyl (4E)-6-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl]-1-{3-[2,2-di(methoxycarbonyl)ethyl]phenyl}-4-hexene-
2,2-dicarboxylate (25): 1H NMR (300 MHz, CDCl3): d� 7.11 ± 7.06, 6.98 ±
6.96, 6.85 ± 6.83 (3 m, 1H, 1H, 2H; aryl-H), 5.75 (dd, J� 17, 10.5 Hz, 1H;
vinyl-1-H), 5.52, 5.33 (2mc, 1H each; 4-H, 5-H), 5.19 (dd, J� 17, 1.5 Hz,
1H; cis-vinyl-2-H), 5.03 (dd, J� 10.5, 1.5 Hz, 1H; trans-vinyl-2-H), 3.61,
3.60 (2s, 12H; 4 CO2Me), 3.57 (s, 3 H; CO2Me), 3.08 (mc, 4H; 1-H, 1''-H),
2.81 (dd, J� 15.5, 6.0 Hz, 1 H; 6-H), 2.39 (d, J� 7 Hz, 2H; 3-H), 2.15 (dd,
J� 15.5, 6.5 Hz, 1 H; 6-H), 1.78 (d, J� 6 Hz, 1H; cis-3'-H), 0.98 (d, J� 6 Hz,
1H; trans-3'-H), 0.84 (s, 9 H; tBu), 0.05, 0.03 (2 s, 6 H; SiMe2), 2''-H-signal is
overlapped by ester signals; 13C NMR (75.5 MHz, CDCl3): d� 171.6,
171.8,* 168.9,* 52.3,* 52.0,* 51.7 (3s, 3q, 5CO2Me), 137.5, 136.2 (2 s, aryl-C),
136.6 (d, vinyl-C-1), 132.2, 130.3, 128.3, 128.2, 127.2, 125.2 (6d, C-4, C-5,
aryl-CH), 115.0 (t, vinyl-C-2), 65.0 (s, C-2'), 59.0 (s, C-2), 53.3 (d, C-2''), 37.7,
35.0, 35.5, 31.7 (4 t, C-1, C-3, C-6, C-1''), 37.2 (s, C-1'), 25.7, 18.0 (q, s, tBu),
23.5 (t, C-3'), ÿ3.6, ÿ3.8 (2q, SiMe2), * signal has double intensity; IR
(KBr): nÄ � 3050 ± 3000 (�CÿH), 2950, 2930, 2860 (CÿH), 1740 (CO2Me),
1640 cmÿ1 (C�C); elemental analysis: C35H50O11Si (674.9): calcd C 62.29, H
7.47; found C 62.31, H 7.63.


Dimethyl (4E)-6-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl]-1-{4-[2,2-di(methoxycarbonyl)ethyl]phenyl}-4-hexene-
2,2-dicarboxylate (26): 1H NMR (300 MHz, CDCl3): d� 7.06, 6.96 (2 mc,
4H; aryl-H), 5.81 (dd, J� 17, 10.5 Hz, 1H; vinyl-1-H), 5.54, 5.38 (2 mc, 1H
each; 4-H, 5-H), 5.25 (dd, J� 17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.09 (dd, J�
10.5, 1.5 Hz, 1 H; trans-vinyl-2-H), 3.67, 3.66 (2s, 12H; 4CO2Me), 3.64 (s,
3H; CO2Me), 3.62* (t, J� 7.5 Hz, 1H; 2''-H), 3.17 ± 3.14 (m, 4 H; 1-H, 1''-
H), 2.85 (dd, J� 15.5, 6.0 Hz, 1H; 6-H), 2.45 (d, J� 7 Hz, 2H; 3-H), 2.20
(dd, J� 15.5, 6.5 Hz, 1H; 6-H), 1.83 (d, J� 6.5 Hz, 1 H; cis-3'-H), 1.02 (d,
J� 6.5 Hz, 1H; trans-3'-H), 0.90 (s, 9H; tBu), 0.11, 0.09 (2s, 6 H; SiMe2), *
signal is partly overlapped by ester signals; 13C NMR (75.5 MHz, CDCl3):
d� 171.8, 171.0,* 169.1,* 52.4 ± 51.9 (3s, several q, 5CO2Me), 136.7 (d,


Table 3. Reaction of siloxycyclopropyl-substituted halides with dimethyl malonate.[a]


Precur-
sor


Amount
[g (mmol)]


NaH
[equiv]


Chromatogra-
phy heptane/
ethyl acetate


Prod-
uct


Amount
[g]


Yield
[%]


5 0.383 (0.871) 1.2 1:0!9:1 8 0.311 72 colorless crystals[b]


6 1.03 (2.35) 5.0 1:0!4:1 9 0.713 62 slightly yellow oil
7 1.16 (2.65) 5.0 1:0!1:1 10 0.574 44 slightly yellow oil


19 0.268 (0.430) 1.2 1:0!4:1 24 0.236 81 colorless oil
20 0.280 (0.449) 5.0 9:1!4:1 25 0.227 75 colorless oil
21 0.233 (0.402) 5.0 1:0!4:1 26 0.155 57 colorless oil
22 0.733 (1.18) 5.0 9:1!4:1 27 0.655 83 colorless oil
23 0.638 (0.947) 5.0 9:1!7:3 28 0.591 86 slightly yellow oil


[a] 10 equivalents with regard to precursor. [b] M. p. 69 ± 71 8C.
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vinyl-C-1), 136.3, 134.5 (2s, aryl-C), 132.4, 125.2 (2 d, C-4, C-5), 130.1,*
128.6* (2d, aryl-CH), 115.2 (t, vinyl-C-2), 65.1 (s, C-2'), 59.2 (s, C-2), 53.5 (d,
C-2''), 37.6, 35.2, 34.3, 31.8 (4 t, C-1, C-3, C-6, C-1''), 37.3 (s, C-1'), 25.8, 18.1
(q, s, tBu), 23.7 (t, C-3'), ÿ3.5, ÿ3.6 (2q, SiMe2), * signal has double
intensity; IR (KBr): nÄ � 3050 ± 3000 (�CÿH), 2950, 2930, 2900, 2860 (CÿH),
1760, 1740 (CO2Me), 1640 cmÿ1 (C�C); elemental analysis: C35H50O11Si
(674.9): calcd C 62.29, H 7.47; found C 62.57, H 7.13.


Tetramethyl (3E)-7-{2-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbon-
yl-2-vinylcycloprop-1-yl-methyl]phenyl}-3-heptene-1,1,6,6-tetracarboxy-
late (27): 1H NMR (200 MHz, CDCl3): d� 7.25 ± 6.99 (m, 4H; aryl-H), 5.87
(dd, J� 17, 10.5 Hz, 1 H; vinyl-1-H), 5.46 (mc, 2 H; 3-H, 4-H), 5.27 (dd, J�
17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.12 (dd, J� 10.5, 1.5 Hz, 1H; trans-vinyl-2-
H), 3.69, 3.643, 3.640, 3.57* (3 s, 13 H; 4 CO2Me, 1'-H), 3.48 (s, 3H; CO2Me),
3.33 (d, J� 10 Hz, 2H; 7-H), 2.86 (d, J� 16.5 Hz, 1H; 1'-H), 2.60 ± 2.52 (m,
4H; 2-H, 5-H), 2.02 (d, J� 6.5 Hz, 1 H; cis-3''-H), 1.16 (d, J� 6.5 Hz, 1H;
trans-3''-H), 0.90 (s, 9 H; tBu), 0.13, 0.07 (2s, 6 H; SiMe2), * 1'-H-signal (1H)
is partly overlapped by ester signals; 13C NMR (50.3 MHz, CDCl3): d�
171.8, 171.3, 171.2, 169.0,* 52.4, 52.13,* 52.11, 51.7, 51.6 (4 s, 4 q, d, 5 CO2Me,
C-1), 138.9, 134.6 (2 s, aryl-C), 136.6 (d, vinyl-C-1), 129.9, 129.7, 128.0, 127.8,
126.8, 125.7 (6d, C-3, C-4, aryl-CH), 115.5 (t, vinyl-C-2), 64.9 (s, C-2''), 59.2
(s, C-6), 37.6 (s, C-1''), 36.4, 34.4, 31.1, 28.9 (4 t, C-2, C-5, C-7, C-1'), 25.8, 18.1
(q, s, tBu), 24.4 (t, C-3''), ÿ3.4, ÿ3.6 (2q, SiMe2), * signal has double
intensity; IR (CCl4): nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2900, 2860 (CÿH),
1750, 1740 (CO2Me), 1650, 1600 cmÿ1 (C�C); elemental analysis:
C35H50O11Si (674.9): calcd C 62.29, H 7.47; found C 62.35, H 7.54.


Dimethyl 3-{2-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl-methyl]phenyl}-1-{2-[2,2-di(methoxycarbonyl)ethyl]-
phenyl}propane-2,2-dicarboxylate (28): 1H NMR (300 MHz, CDCl3): d�
7.26, 7.17 ± 7.03 (mc, m, 1H, 7H; aryl-H), 5.88 (dd, J� 17, 10.5 Hz, 1H; vinyl-
1-H), 5.29 (dd, J� 17, 1.5 Hz, 1 H; cis-vinyl-2-H), 5.14 (dd, J� 10.5, 1.5 Hz,
1H; trans-vinyl-2-H), 3.64, 3.63 (2 s, 6H; 2CO2Me), 3.60, 3.59 (2 s, 6H;
2CO2Me), 3.52* (t, J� 8 Hz, 1 H; 2'-H), 3.51 (s, 3 H; CO2Me), 3.46 ± 3.34
(m, 5H; 1-H, 3-H, 1''-H), 3.07 (d, J� 8 Hz, 2H; 1'-H), 2.85 (d, J� 17 Hz,
1H; 1''-H), 2.02 (d, J� 6.5 Hz, 1 H; cis-3'''-H), 1.14 (d, J� 6.5 Hz, 1H; trans-
3'''-H), 0.89 (s, 9H; tBu), 0.13, 0.06 (2 s, 6 H; SiMe2), * signal is partly
overlapped by ester signals; 13C NMR (75.5 MHz, CDCl3): d� 171.8, 171.6,
171.5, 168.9,* 52.9, 52.29,** 52.26, 51.7 (4s, 3q, d, 5CO2Me, C-2'), 138.8,
136.8, 134.9, 134.8 (4s, aryl-C), 136.5 (d, vinyl-C-1), 130.1, 129.5, 128.3,
128.1, 126.9, 126.7, 126.5, 125.8 (8d, aryl-CH), 115.4 (t, vinyl-C-2), 64.9 (s,
C-2'''), 59.0 (s, C-2), 37.2 (s, C-1'''), 35.1, 34.5, 31.2, 31.1 (4 t, C-1, C-3, C-1',
C-1''), 25.7, 18.0 (q, s, tBu), 24.4 (t, C-3'''), ÿ3.5, ÿ3.6 (2 q, SiMe2), * signal
has double intensity; ** signal has triple intensity; IR (KBr): nÄ � 3100 ±
3000 (�CÿH), 2950, 2930, 2900, 2860 (CÿH), 1760 ± 1740 (CO2Me), 1640,
1610 cmÿ1 (C�C); elemental analysis: C39H52O11Si (724.9): calcd C 64.62, H
7.23; found C 64.73, H 7.39.


Dimethyl 2-{6-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl-methyl]-2-pyridyl}ethane-1,1-dicarboxylate (36): In ac-
cordance with general procedure A, siloxycyclopropane 1 (0.300 g,
1.17 mmol) was deprotonated with lithium diisopropylamide (generated
in situ from diisopropylamine (1.76 mmol) and n-butyllithium (1.76 mmol))
in THF (18 mL) atÿ78 8C. After 2 h, the dibromide 35 (0.834 g, 3.90 mmol)
was added and the mixture was stirred at ÿ78 8C for 18 h. The mixture was
diluted with saturated aqueous NH4Cl solution and after warming it was
extracted with ethyl acetate (3� 20 mL). The combined organic layers
were washed with water and brine, and dried over MgSO4. Evaporation of
the solvent was followed by removal of the unused dibromide 35 by rotary
evaporation (0.01 mbar, 75 8C). Chromatographic separation (heptane/
ethyl acetate, 1:0!9:1) gave a yellow oil (0.762 g), which contained
colorless crystals. The alkylation product could not be separated from the
dibromide 35 ; the mixture contained approximately 47 % methyl 1-(6-
bromomethyl-pyridyl-2-methyl)-t-2-tert-butyldimethylsiloxy-c-2-vinyl-r-1-
cyclopropanecarboxylate. 1H NMR (300 MHz, CDCl3): d� 7.53 (t, J�
7.5 Hz, 1H; pyridine-4-H), 7.20, 7.07 (2 d, J� 7.5 Hz, 1 H each; pyridine-3-
H, pyridine-5-H), 5.89 (dd, J� 17, 10.5 Hz, 1 H; 1''-H), 5.31 (dd, J� 17,
1.5 Hz, 1H; cis-2''-H), 5.13 (dd, J� 10.5, 1.5 Hz, 1 H; trans-2''-H), 4.45 (s,
2H; CH2Br), 3.61 (d, J� 16 Hz, 1 H; 1'-H), 3.56 (s, 3H; CO2Me), 3.07 (d,
J� 16 Hz, 1 H; 1'-H), 1.92 (d, J� 6.5 Hz, 1 H; cis-3-H), 1.27 (d, J� 6.5 Hz,
1H; trans-3-H), 0.87 (s, 9H; tBu), 0.11, 0.10 (2s, 6 H; SiMe2); 13C NMR
(75.5 MHz, CDCl3): d� 172.0, 51.8 (s, q, CO2Me), 160.2, 155.8 (2 s,
pyridine-C-2, pyridine-C-6), 136.9, 136.6 (2 d, C-1'', pyridine-C-4), 121.6,
120.5 (2d, pyridine-C-3, pyridine-C-5), 115.4 (t, C-2''), 65.3 (s, C-2), 36.7,


34.2 (2 t, C-1', CH2Br), 25.8, 18.1 (q, s, tBu), 24.5 (t, C-3), ÿ3.6, ÿ3.6 (2 q,
SiMe2), the spectra also contain signals from the dibromide 35.


As described in general procedure C, dimethyl malonate (1.55 g,
11.7 mmol) was deprotonated with sodium hydride (0.176 g, 5.85 mmol)
and subsequently alkylated with the product mixture as obtained above
(0.762 g). Chromatographic separation (heptane/ethyl acetate, 1:0!4:1)
furnished 36 as a pale yellow-brown oil (0.239 g, 42 % for two steps).
1H NMR (300 MHz, CDCl3): d� 7.41 (t, J� 7.5 Hz, 1 H: pyridine-4-H): 6.94
(d, J� 7.5 Hz, 2 H; pyridine-3-H, pyridine-5-H), 5.84 (dd, J� 17, 10.5 Hz,
1H, vinyl-1-H), 5.28 (dd, J� 17, 1.5 Hz, 1H; cis-vinyl-2-H), 5.10 (dd, J�
10.5, 1.5 Hz, 1 H; trans-vinyl-2-H), 4.20 (t, J� 7.5 Hz, 1H; 1-H), 3.66 (s, 6H;
2CO2Me), 3.60 (d, J� 16 Hz, 1 H; 1'-H), 3.54 (s, 3H; CO2Me), 3.28 (d, J�
7.5 Hz, 2 H; 2-H), 2.94 (d, J� 16 Hz, 1H; 1'-H), 1.87 (d, J� 6.5 Hz, 1H; cis-
3''-H), 1.21 (d, J� 6.5 Hz, 1 H; trans-3''-H), 0.88 (s, 9H; tBu), 0.10, 0.09 (2 s,
6H; SiMe2); 13C NMR (75.5 MHz, CDCl3): d� 172.0, 169.7,* 52.3,* 51.7 (2 s,
2q, 3 CO2Me), 159.5, 156.6 (2s, pyridine-C-2, pyridine-C-6), 136.7, 136.3
(2d, pyridine-C-4, vinyl-C-1), 120.5, 120.4 (2 d, pyridine-C-3, pyridine-C-5),
115.3 (t, vinyl-C-2), 65.3 (s, C-2''), 50.1 (d, C-1), 36.5, 36.2 (2 t, C-2, C-1'),
37.2 (s, C-1''), 25.8, 18.1 (q, s, tBu), 24.1 (t, C-3''), ÿ3.5, ÿ3.6 (2 q, SiMe2), *
signal has double intensity; IR (neat): nÄ � 3100 ± 3000 (�CÿH, pyridine),
2960, 2930, 2900, 2890, 2860 (CÿH), 1760 ± 1730 (CO2Me), 1640 (C�C),
1590, 1580 cmÿ1 (pyridine); elemental analysis: C25H37NO7Si (491.7): calcd
C 61.07, H 7.58, N 2.85; found C 61.12, H 7.71, N 3.14.


Dimethyl (4E)-6-[r-2-(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vi-
nylcycloprop-1-yl]-1-{6-[2,2-di(methoxycarbonyl)ethyl]-2-pyridyl}-4-hex-
ene-2,2-dicarboxylate (39): As set out in general procedure B, crude
compound 16 (0.350 g, 0.794 mmol) was added slowly at 0 8C to a
suspension of sodium hydride (0.036 g, 1.19 mmol) in THF/DMF (5:1)
(21 mL). The mixture was stirred for 1 h at room temperature, and then the
dihalide 35 (0.421 g, 1.59 mmol) was added at 0 8C. After stirring at room
temperature for 18 h the mixture was diluted with saturated aqueous
NH4Cl solution and extracted with ethyl acetate (3� 20 mL). The
combined organic layers were washed with water and brine, and dried
over MgSO4. Chromatographic separation (heptane/ethyl acetate,
9.5:0.5!7:3) provided dimethyl (4E)-1-(6-bromomethyl-2-pyridyl)-6-[r-2-
(tert-butyldimethylsiloxy)-t-1-methoxycarbonyl-2-vinylcycloprop-1-yl]-4-
hexene-2,2-dicarboxylate as a colorless oil (0.370 g, 75%). 1H NMR
(300 MHz, CDCl3): d� 7.50 (t, J� 7.5 Hz, 1 H; pyridine-4-H), 7.18, 6.96
(2d, J� 7.5 Hz, 1H each; pyridine-3-H, pyridine-5-H), 5.76 (dd, J� 17,
10.5 Hz, 1H; 1''-H), 5.34 (mc, 2H; 4-H, 5-H), 5.21 (dd, J� 17, 1.5 Hz, 1H;
cis-2''-H), 5.05 (dd, J� 10.5, 1.5 Hz, 1 H; trans-2''-H), 4.37 (s, 2 H; CH2Br),
3.68 (s, 6 H; 2CO2Me), 3.60 (s, 3H; CO2Me), 3.31 (s, 2H; 1-H), 2.78 (dd, J�
15, 5 Hz, 1H; 6-H), 2.46 (d, J� 6 Hz, 2H; 3-H), 2.12 (dd, J� 15, 5.5 Hz, 1H;
6-H), 1.78 (d, J� 6 Hz, 1 H; cis-3'-H), 0.96 (d, J� 6 Hz, 1H; trans-3'-H),
0.84 (s, 9H; tBu), 0.06, 0.04 (2 s, 6 H; SiMe2); 13C NMR (75.5 MHz, CDCl3):
d� 171.7, 170.9,* 52.27, 52.26, 51.8 (2s, 3q, 3CO2Me), 156.8, 155.8 (2 s,
pyridine-C-2, pyridine-C-6), 137.0, 136.6 (2 d, C-1'', pyridine-C-4), 132.1,
125.3, 123.4, 121.0 (4d, C-4, C-5, pyridine-C-3, pyridine-C-5), 115.0 (t,
C-2''), 65.0 (s, C-2'), 57.6 (s, C-2), 39.2, 35.2, 33.7, 31.7 (4 t, C-1, C-3, C-6,
CH2Br), 37.3 (s, C-1'), 25.7, 18.0 (q, s, tBu), 23.5 (t, C-3'), ÿ3.6, ÿ3.7 (2 q,
SiMe2), * signal has double intensity; IR (neat): nÄ � 3100 ± 3000 (�CÿH,
pyridine), 2950, 2930, 2900, 2890, 2860 (CÿH), 1740 ± 1730 (CO2Me), 1640
(C�C), 1590, 1570 cmÿ1 (pyridine); elemental analysis: C29H42BrNO7Si
(624.6): calcd C 55.76, H 6.78, N 2.24; found C 55.44, H 6.80, N 2.60.


In accordance with general procedure C, dimethyl malonate (0.683 g,
5.17 mmol) was deprotonated with sodium hydride (0.078 g, 2.59 mmol)
and alkylated to give the product as obtained above (0.323 g, 0.517 mmol).
Chromatographic purification (heptane/ethyl acetate, 9:1!7.5:2.5) fur-
nished 39 as a colorless oil (0.315 g, 90 %). 1H NMR (300 MHz, CDCl3):
d� 7.43 (t, J� 7.5 Hz, 1 H; pyridine-4-H), 6.97, 6.88 (2 d, J� 7.5 Hz, 1H
each; pyridine-3-H, pyridine-5-H), 5.78 (dd, J� 17, 10.5 Hz, 1 H; vinyl-1-H),
5.34 ± 5.32 (m, 2 H; 4-H, 5-H), 5.22 (dd, J� 17, 1.5 Hz, 1H; cis-vinyl-2-H),
5.07 (dd, J� 10.5, 1.5 Hz, 1H; trans-vinyl-2-H), 4.15 (t, J� 7.5 Hz, 1H; 2''-
H), 3.69, 3.66 (2s, 6 H each; 4 CO2Me), 3.61 (s, 3H; CO2Me), 3.31 (s, 2H;
1-H), 3.23 (d, J� 7.5 Hz, 1 H; 1''-H), 2.80 (br d, J� 15.5 Hz, 1H; 6-H), 2.44
(d, J� 5 Hz, 2H; 3-H), 2.12 (br d, J� 15.5 Hz, 1H; 6-H), 1.79 (d, J� 6.5 Hz,
1H; cis-3'-H), 0.97 (d, J� 6.5 Hz, 1 H; trans-3'-H), 0.86 (s, 9H; tBu), 0.08,
0.06 (2s, 6H; SiMe2); 13C NMR (75.5 MHz, CDCl3): d� 171.8, 171.2, 171.1,
169.6,* 52.4,* 52.3,* 51.8 (4 s, 3q, 5CO2Me), 156.8, 156.4 (2s, pyridine-C-2,
pyridine-C-6), 136.6, 136.5 (2d, pyridine-C-4, vinyl-C-1), 131.9, 125.5, 122.1,
121.2 (4d, C-4, C-5, pyridine-C-3, pyridine-C-5), 115.1 (t, vinyl-C-2), 65.1 (s,
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C-2'), 57.6 (s, C-2), 50.3 (d, C-2''), 39.3, 36.5, 35.0, 31.7 (4 t, C-1, C-3, C-6,
C-1''), 37.4 (s, C-1'), 25.8, 18.1 (q, s, tBu), 23.5 (t, C-3'), ÿ3.5, ÿ3.7 (2q,
SiMe2), * signal has double intensity; IR (neat): nÄ � 3060 ± 3000 (�CÿH,
pyridine), 2950, 2930, 2860 (CÿH), 1760 ± 1720 (CO2Me), 1640 (C�C), 1590,
1580 cmÿ1 (pyridine); elemental analysis: C34H49NO11Si (675.8): calcd C
60.42, H 7.31, N 2.07; found C 60.05, H 7.39, N 2.48.


General procedure D for fluoride-induced cyclization : A solution of
siloxycyclopropyl-substituted dimethyl malonate (1.0 equiv) in DMF
(50 mL) was added slowly to a warm suspension (90 8C) of cesium fluoride
(3.0 equiv) and benzyltriethylammonium chloride (1.5 equiv) in dry DMF
(�550 mL mmolÿ1 siloxycyclopropyl compound). This addition was per-
formed with a syringe pump over a certain period of time that is detailed in
each experiment. After evaporation of all the volatile components
(16 mbar, 70 8C), the residue was diluted with saturated aqueous NH4Cl
solution and extracted with ethyl acetate (5� 20 mL). The combined
organic layers were washed with brine and dried over MgSO4. Subsequent
removal of solvent was followed by rotary evaporation of the remaining
DMF (0.01 mbar, 50 8C). The residue was purified by chromatography as
indicated in the individual experiments (Table 4).


Trimethyl 3,4-benzo-8-oxo-cyclodecane-1,1,6-tricarboxylate (11): 1H NMR
(200 MHz, CDCl3): d� 7.17 ± 6.99 (m, 3 H; aryl-H), 6.74 (d, J� 7 Hz, 1H;
aryl-H), 3.87, 3.81, 3.76* (3s, 10 H; 6-H, 3CO2Me), 3.38 ± 2.99 (m, 4H),
2.84 ± 2.79 (m, 1 H), 2.69 (mc, 1H), 2.47 ± 2.35 (m, 2H), 2.09 ± 1.95 (m, 2 H), *
6-H-signal is overlapped by ester signals; 13C NMR (50.3 MHz, CDCl3):
d� 209.3 (s, C�O), 174.3, 172.6, 170.4, 52.9,** 52.1 (3 s, 2 q, 3CO2Me), 138.8,
134.6 (2s, C-3, C-4), 130.1, 128.1, 127.3, 126.7 (4d, aryl-CH), 58.2 (s, C-1),
42.0 (d, C-6), 40.3, 38.5, 32.1, 30.0, 27.4 (5 t, C-2, C-5, C-7, C-9, C-10), **
signal has double intensity; IR (KBr): nÄ � 3080 ± 3020 (�CÿH), 2960, 2940,
2850 (CÿH), 1740 ± 1720 (CO2Me, C�O), 1640 cmÿ1 (C�C); elemental
analysis: C20H24O7 (376.4): calcd C 63.82, H 6.43; found C 63.42, H 6.79.


5,19-Dioxo-2,2,7,16,16,21-hexa(methoxycarbonyl)-[82]metacyclophane
(12): 1H NMR (500 MHz, CDCl3): d� 7.14 (td, J� 7.5, 2.5 Hz, 2 H; 11-H,
25-H), 6.98 (d, J� 7.5 Hz, 2 H; 10-H, 24-H or 12-H, 26-H), 6.88 (s, 2H; 14-
H, 28-H), 6.83 (mc, 2H; 10-H, 24-H or 12-H, 26-H), 3.72, 3.71 (2 s, 12 H; 4
CO2Me), 3.64, 3.63 (2 s, 6H; 7-CO2Me, 21-CO2Me), 3.21, 3.20 (2 br s, 4H;
1-H, 15-H), 3.09 (mc, 2 H; 7-H, 21-H), 2.99 (mc, 2 H; 8-H, 22-H), 2.72 ± 2.57
(m, 4H; 6-H, 8-H, 20-H, 22-H), 2.56 ± 2.36* (m, 4H; 4-H, 18-H), 2.38* (mc,
2H; 6-H, 20-H), 2.01 ± 1.82 (m, 4H; 3-H, 17-H), * signals overlap; 13C NMR
(126 MHz, CDCl3): d� 207.1** (s, C�O), 175.0, 174.9, 51.9** (2s, q,
7-CO2Me, 21-CO2Me), 171.4, 171.32, 171.30,** 52.5,** 52.4** (3 s, 2q,
4CO2Me), 138.6** (s, C-9, C-23), 135.70, 135.67 (2 s, C-13, C-27), 130.8,
130.7 (2d, C-14, C-28), 128.7, 128.5 (2 d, C-11, C-25), 127.9, 127.83, 127.77**
(3d, C-10, C-12, C-24, C-26), 57.92, 57.88 (2 s, C-2, C-16), 42.6, 42.5 (2 t, C-6,
C-20), 41.9** (d, C-7, C-21), 39.2, 39.0 (2 t, C-1, C-15), 37.9, 37.8 (2 t, C-4,
C-18), 37.1, 36.9 (2 t, C-8, C-22), 25.6, 25.5 (2 t, C-3, C-17), ** signal has
double intensity; assignment supported by 2D NMR experiments; IR
(KBr): nÄ � 3050 ± 3000 (�CÿH), 2960, 2930, 2890 (CÿH), 1730 (CO2Me,
C�O), 1640 cmÿ1 (C�C); MS (Maldi, matrix: gentisinic acid): m/z (%): 793
([MÿK� 2]� , 72), 777 ([MÿNa� 2]� , 100); elemental analysis:
C40H48O14 (752.8): calcd C 63.82, H 6.43; found C 63.44, H 6.70.


5,19-Dioxo-2,2,7,16,16,21-hexa(methoxycarbonyl)-[82]paracyclophane
(13): 1H NMR (500 MHz, CDCl3): d� 6.96 (mc, 4 H; 10-H, 14-H, 24-H, 28-
H), 6.90 (mc, 4 H; 11-H, 13-H, 25-H, 27-H), 3.71,* 3.693, 3.688, 3.67* (4 s,
18H, 6CO2Me), 3.21 ± 3.06 (m, 8 H; 1-H, 7-H, 8-H or 22-H, 15-H, 21-H),
2.66 (mc, 4H; 6-H or 20-H, 8-H or 22-H), 2.39 (dd, J� 18, 5 Hz, 1 H; 6-H or
20-H), 2.36 ± 2.14** (m, 4H; 4-H, 18-H), 2.23** (dd, J� 18, 4.5 Hz, 1H; 6-H
or 20-H), 2.03 ± 1.82 (m, 4 H; 3-H, 17-H), * signal has double intensity; **
signals overlap; 13C NMR (126 MHz, CDCl3): d� 207.5, 207.4 (2 s, C�O),
174.8, 174.6, 171.2, 171.11, 171.06, 170.9, 52.55, 52.52,* 52.4, 52.00, 51.98 (6 s,
5q, 6 CO2Me), 137.2, 137.1 (2s, C-9, C-23), 133.8* (s, C-12, C-26), 130.0,*
129.9* (2 d, C-11, C-13, C-25, C-27), 129.10,* 129.07* (2d, C-10, C-14, C-24,
C-28), 57.9, 57.8 (2s, C-2, C-16), 42.0, 41.8 (2 t, C-6, C-20), 40.9* (d, C-7,
C-21), 38.8, 38.2 (2 t, C-1, C-15), 37.8, 37.7 (2 t, C-4, C-18), 36.1, 35.9 (2 t, C-8,
C-22), 26.1, 25.8 (2 t, C-3, C-17), * signal has double intensity; assignment
supported by 2D NMR experiments; IR (KBr): nÄ � 3050 ± 3000 (�CÿH),
2950, 2900 (CÿH), 1730 (CO2Me; C�O), 1640 cmÿ1 (C�C); MS (Maldi,
matrix: gentisinic acid): m/z (%): 793 ([MÿK� 2]� , 75), 777 ([MÿNa�
2]� , 100); elemental analysis: C40H48O14 (752.8): calcd C 63.82, H 6.43;
found C 63.62, H 6.52.


Pentamethyl (8E)-3,4-benzo-13-oxo-8-cyclopentadecene-1,1,6,6,11-penta-
carboxylate (29): 1H NMR (200 MHz, CDCl3): d� 6.99 ± 6.83 (m, 4H;
aryl-H), 5.36, 5.03 (2mc, 1H each; 8-H, 9-H), 3.62, 3.58, 3.57, 3.52, 3.30 (5 s,
15H; 5CO2Me), 3.64 ± 1.97 (m, 15H); 13C NMR (50.3 MHz, CDCl3): d�
205.8 (s, C�O), 174.9, 171.5, 171.4, 171.3, 171.2, 52.5, 52.3, 52.09, 52.06, 51.9
(5s, 5q, 5 CO2Me), 136.5, 135.2 (2 s, C-3, C-4), 132.6, 130.9, 129.8, 126.6,
126.4, 126.0 (6d, C-8, C-9, aryl-CH), 59.3, 58.8 (2 s, C-1, C-6), 42.8, 40.0, 38.1,
36.1, 35.4, 33.8, 24.5 (7 t, C-2, C-5, C-7, C-10, C-12, C-14, C-15), 37.5 (d,
C-11); IR (KBr): nÄ � 3100 ± 3000 (�CÿH), 2950, 2930, 2850 (CÿH), 1730
(CO2Me, C�O), 1640, 1620 cmÿ1 (C�C); elemental analysis: C29H36O11


(560.6): calcd C 62.13, H 6.47; found C 62.09, H 6.70.


(4E)-9-Oxo-2,2,7,12,12-penta(methoxycarbonyl)-[13]metacyclophan-4-ene
(30): 1H NMR (300 MHz, CDCl3): d� 7.11, 6.83, 6.76 (3 mc, 1H, 2H, 1H;
aryl-H), 5.35 (mc, 2H; 4-H, 5-H), 3.70, 3.68, 3.65 (3s, 15 H; 5 CO2Me),
3.25 ± 2.99 (m, 5H), 2.77 ± 2.74 (m, 2 H), 2.54 ± 1.89 (m, 8H); 13C NMR
(75.5 MHz, CDCl3): d� 206.5 (s, C�O), 174.6, 171.0, 170.92, 170.86, 170.7,
52.5, 52.45,* 52.38, 51.9 (5 s, 4 q, 5CO2Me), 135.9, 135.3 (2 s, aryl-C), 132.5,
131.7, 128.8, 128.2, 127.4, 125.7 (6 d, C-4, C-5, aryl-CH), 58.2, 58.1 (2 s, C-2,
C-12), 42.4, 38.6,** 38.2, 36.8, 34.5, 33.6, 26.2 (7 t, C-1, C-3, C-6, C-8, C-10,
C-11, C-13), 38.6** (d, C-7), * signal has double intensity; ** signals
overlap; IR (KBr): nÄ � 3050 ± 3000 (�CÿH), 2950, 2930, 2850 (CÿH), 1730
(CO2Me, C�O), 1640, 1630 cmÿ1 (C�C); elemental analysis: C29H36O11


(560.6): calcd C 62.13, H 6.47; found C 62.11, H 6.72.


(4E)-9-Oxo-2,2,7,12,12-penta(methoxycarbonyl)-[13]paracyclophan-4-ene
(31) and (4E,23E)-9,28-dioxo-2,2,7,12,12,21,21,26,31,31-deca(methoxycar-
bonyl)-[132]paracyclophan-4,23-diene (32): Analytical data for 31: 1H NMR
(300 MHz, CDCl3): d� 7.11, 7.00 (2mc, 2 H each; aryl-H), 4.91 (mc, 2H;
4-H, 5-H), 3.79, 3.78, 3.76, 3.75, 3.63 (5s, 15H; 5CO2Me), 3.43 ± 3.28 (m,
4H), 2.71 ± 2.42 (m, 4H), 2.32 ± 1.60 (m, 7H); 13C NMR (75.5 MHz, CDCl3):
d� 208.1 (s, C�O), 174.6, 172.1, 172.0, 171.5, 171.2, 52.8,* 51.8 (5 s, 2q,
5CO2Me), 135.5, 133.9 (2s, aryl-C), 130.5, 129.6,* 126.9 (3d, C-4, C-5, aryl-


Table 4. Cyclization of compounds 8 ± 10, 14, 24 ± 28, 36, and 39.


Precursor Amount
[g (mmol)]


Time [h] Chromatography
heptane/ethyl acetate


Product Yield [g (%)] M. p.


8 0.268 (0.546) 43 9:1!0.1 11 0.048 (23) slightly yellow crystals (128 ± 130 8C)
8[a] 0.200 (0.408) 62 9:1!0.1 11 0.057 (37) slightly yellow crystals (122 ± 125 8C)
9 0.454 (0.925) 66 9:1!4.5:5.5 12 0.039 (11) colorless crystals (167 ± 169 8C)


10 0.556 (1.13) 43 9:1!1:1 13 0.042 (10) colorless crystals (174 ± 176 8C)
24 0.205 (0.304) 44 9:1!7:3 29 0.092 (54) colorless crystals (59 ± 61 8C)
25 0.220 (0.326) 66 9:1!1:1 30 0.099 (54) colorless crystals (132 ± 134 8C)
26 0.141 (0.209) 66 1:0!5.5:4.5 31 0.020 (17) colorless crystals (50 ± 52 8C)


32 0.016 (14) slightly yellow crystals (167 ± 170 8C)
27 0.499 (0.739) 44 9:1!7:3 33 0.199 (48) colorless crystals (138 ± 140 8C)
28 0.505 (0.697) 40 9:1!7:3 34 0.063 (15) slightly yellow crystals (66 ± 68 8C)
36 0.228 (0.464) 50 9:1!7:3 37 0.063 (36) colorless crystals (98 ± 100 8C)


38 0.034 (19) slightly yellow crystals (168 ± 170 8C)
39 0.309 (0.457) 44 9:1!3:2 40 0.199 (78) colorless crystals (55 ± 57 8C)


[a] Cyclization in the presence of tert-butyl alcohol (0.151 g, 2.04 mmol).
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CH), 57.1, 56.3 (2s, C-2, C-12), 41.2, 38.7, 38.05, 38.02, 34.7, 33.1, 27.8 (7 t,
C-1, C-3, C-6, C-8, C-10, C-11, C-13), 39.1 (d, C-7), * signal has multiple
intensity; IR (KBr): nÄ � 3030 ± 3000 (�CÿH), 2960, 2930, 2850 (CÿH), 1730
(CO2Me, C�O), 1650 ± 1610 cmÿ1 (C�C); MS (FD): m/z (%): 562 ([M�
2]� , 24), 561 ([M� 1]� , 49), 560 (M�, 100); elemental analysis: C29H36O11


(560.6): calcd C 62.13, H 6.47; found C 62.06, H 6.25.


Analytical data for 32 (two diastereomers): 1H NMR (300 MHz, CDCl3):
d� 6.94 (br s, 8 H; 8 aryl-H), 5.34 (mc, 4 H; 4-H, 5-H, 23-H, 24-H), 3.67,
3.662, 3.659 (3s, 30H; 10 CO2Me), 3.17, 3.13 (2 s, 4 H each), 2.92 ± 2.76 (m,
4H); 2.52 ± 2.16 (m, 14H), 2.03 (mc, 4 H), 13C NMR (75.5 MHz, CDCl3):
d� 207.2 (s, 2 C�O), 175.0, 171.3, 171.2, 171.1,* 52.4,* 52.3,* 51.9 (4s, 3q,
10CO2Me), 134.8, 134.3 (2s, 4aryl-C), 131.3, 129.94,* 129.85,* 127.2 (4d,
C-4, C-5, C-23, C-24, 8aryl-CH), 59.1, 58.0 (2s, C-2, C-12, C-21, C-31), 43.1,
38.9, 38.0, 37.7, 35.3, 34.7, 25.9 (7 t, 14 CH2), 39.8 (d, C-7, C-26), * signal has
multiple intensity; IR (KBr): nÄ � 3040 ± 3000 (�CÿH), 2960, 2920, 2850
(CÿH), 1730 (CO2Me, C�O), 1660 ± 1610 cmÿ1 (C�C); MS (Maldi, matrix:
sinapinic acid): m/z (%): 1164 ([MÿKÿ 3]� , 31), 1141 ([MÿNaÿ 3]� ,
100); elemental analysis: C58H72O22 (1121.2): calcd C 62.13, H 6.47; found C
62.12, H 6.72.


Pentamethyl (3E)-8,9-benzo-13-oxo-3-cyclopentadecene-1,1,6,6,11-penta-
carboxylate (33): 1H NMR (500 MHz, CDCl3): d� 7.14 ± 7.07, 6.95 ± 6.94
(2m, 3H, 1H; aryl-H), 5.48, 5.29 (2mc, 1H each; 3-H, 4-H), 3.72, 3.70, 3.69
(3s, 12H; 4 CO2Me), 3.59 (s, 3 H; CO2Me), 3.24 ± 3.12 (m, 3 H), 2.98 (dd,
J� 14.5, 10 Hz, 1H), 2.87 (dd, J� 14.5, 5 Hz, 1H), 2.78 ± 2.62 (m, 6 H), 2.43
(mc, 2 H), 2.12 (t, J� 8 Hz, 2 H); 13C NMR (126 MHz, CDCl3): d� 207.2 (s,
C�O), 174.2, 171.3, 171.2, 171.1, 171.0, 52.7, 52.6, 52.54, 52.46, 51.8 (5s, 5q,
5CO2Me), 137.6, 134.4 (2 s, C-8, C-9), 129.2, 128.71, 128.67, 128.6, 126.8,
126.4 (6d, C-3, C-4, aryl-CH), 58.6, 55.4 (2s, C-1, C-6), 44.1, 37.9, 35.2,*
34.2,* 25.1 (5 t, C-2, C-5, C-7, C-10, C-12, C-13, C-15), 42.6 (d, C-11), * signal
has double intensity; IR (KBr): nÄ � 3070 ± 3000 (�CÿH), 2960, 2930, 2850
(CÿH), 1730 (CO2Me, C�O), 1660 ± 1620 cmÿ1 (C�C); elemental analysis
C29H36O11 (560.6): calcd C 62.13, H 6.47; found C 62.01, H 6.69.


Pentamethyl 3,4,8,9-dibenzo-13-oxo-cyclopentadecane-1,1,6,6,11-pentacar-
boxylate (34): 1H NMR (500 MHz, CDCl3): d� 7.21 ± 7.01 (m, 8H; aryl-H),
3.64, 3.62, 3.60, 3.55, 3.40 (5s, 15 H; 5CO2Me), 3.65 ± 3.25* (m, 4-H), 3.15 (d,
J� 14.5 Hz, 1 H), 3.09 (mc, 1H), 3.01 ± 2.91 (m, 2 H), 3.81 (dd, J� 15.5,
8.5 Hz, 1H), 3.65 (dd, J� 15.5, 4 Hz, 1 H), 2.55 ± 2.26 (m, 5 H), * signals are
partly overlapped by ester signals; 13C NMR (126 MHz, CDCl3): d� 207.2
(s, C�O), 174.5, 171.5, 171.4,* 171.3, 52.5, 52.4, 52.2, 52.1, 51.9 (4s, 5q,
5CO2Me), 137.4, 135.5, 135.4, 135.2 (4s, C-3, C-4, C-8, C-9), 130.7, 130.0,
129.7, 129.2, 127.0, 126.7, 126.6, 126.5 (8 d, aryl-CH), 61.2, 58.7 (2s, C-1, C-6),
43.4, 39.3, 38.2, 36.9, 34.2, 33.9, 26.5 (7 t, C-2, C-5, C-7, C-10, C-12, C-14,
C-15), 42.1 (d, C-11), * signal has double intensity; IR (KBr): nÄ � 3070 ±
3000 (�CÿH), 2950, 2930, 2850 (CÿH), 1730 (CO2Me, C�O), 1660 ±
1620 cmÿ1 (C�C); elemental analysis: C33H38O11 (610.7): calcd C 64.91, H
6.27; found C 64.52, H 6.52.


5-Oxo-2,2,7-tri(methoxycarbonyl)-[8](2,6)pyridinophane (37) and 5,19-
oxo-2,2,7,16,16,21-hexa(methoxycarbonyl)-[82](2,6)pyridinophane (38):
Analytical data for 37: 1H NMR (300 MHz, CDCl3): d� 7.48 (t, J�
7.5 Hz, 1H; pyridine-4-H), 7.02, 7.00 (2 d, J� 7.5 Hz, 1 H each; pyridine-3-
H, pyridine-5-H), 3.77, 3.74, 3.72 (6s, 9H; 3 CO2Me), 3.56 ± 3.49 (m, 2H),
3.37 (d, J� 14 Hz, 1 H), 3.24 (dd, J� 15, 3.5 Hz, 1H), 3.10 ± 2.92 (m, 2H),
2.78 ± 2.73* (m, 1 H), 2.68* (dd, J� 15.5, 1.5 Hz, 1 H), 2.51 (mc, 1H), 2.27
(mc, 1 H), 2.10 (mc, 1 H), * signals partly overlap; 13C NMR (75.5 MHz,
CDCl3): d� 207.3 (s, C�O), 175.5, 171.7, 171.5, 52.8, 52.6, 52.0 (3s, 3q,
3CO2Me), 157.6, 155.5 (2 s, pyridine-C-2, pyridine-C-6), 137.2 (d, pyridine-
C-4), 121.9, 121.5 (2d, pyridine-C-3, pyridine-C-5), 58.3 (s, C-2), 43.1, 38.8,
38.6, 38.3, 25.9 (5 t, C-1, C-3, C-4, C-6, C-8), 40.5 (d, C-7); IR (KBr): nÄ �
3070 ± 3000 (pyridine), 2950, 2900, 2850 (CÿH), 1730, 1700 (CO2Me, C�O),
1590, 1580 cmÿ1 (pyridine); MS (FD): m/z (%): 379 ([M� 2]� , 27), 378
([M� 1]� , 57), 377 ([M]� , 100), 317 (45); elemental analysis: C19H23NO7


(377.4): calcd C 60.47, H 6.14, N 3.71; found C 60.18, H 6.11, N 3.70.


Analytical data for 38 (two diastereomers): 1H NMR (300 MHz, CDCl3):
d� 7.44, 7.43 (2 t, J� 7.5 Hz, 2 H; 13-H, 27-H), 6.88 (mc, 4 H; 2-H, 14-H, 26-
H, 28-H), 3.75, 3.71,* 3.70, 3.60, 3.58 (5s, 18 H; 6 CO2Me), 3.69 ± 3.48** (m,
2H), 3.36 ± 3.26 (m, 4 H), 3.03 (mc, 2H), 2.83 ± 2.22 (m, 10 H), 2.15 ± 1.82 (m,
4H), * signal has double intensity; ** signal is partly overlapped by ester
signals; 13C NMR (75.5 MHz, CDCl3): d� 207.4, 207.3 (2s, 2C�O), 175.6,
175.3, 51.70, 51.66 (2s, 2 q, 7-CO2Me, 21-CO2Me), 171.7, 171.5, 171.4, 171.3,
52.5,* 52.4* (4s, 2 q, 4CO2Me), 158.2, 157.6, 156.4, 156.3 (4s, C-9, C-11,


C-23, C-25), 136.72, 136.69 (2d, C-13, C-27), 121.9, 121.8, 121.5 (3 d,** C-12,
C-14, C-26, C-28), 57.3, 56.8 (2s, C-2, C-16), 43.3, 42.9, 41.3, 40.3, 39.6,
39.4,*** 38.3, 38.0, 26.3, 25.9 (10 t, C-1, C-3, C-4, C-6, C-8, C-15, C-17, C-18,
C-20, C-22), 40.1, 39.4*** (2d, C-7, C-21), * signal has double intensity; **
fourth doublet is overlapped, the others have same intensity; *** signals
overlap; IR (KBr): nÄ � 3070 ± 3000 (pyridine), 2950, 2930, 2860 (CÿH), 1730
(CO2Me, C�O), 1590, 1580 cmÿ1 (pyridine), MS (FD): m/z (%): 756 ([M�
2]� , 31), 755 ([M� 1]� , 50), 754 ([M]� , 100), 377 (25), 375 (21); elemental
analysis: C38H46N2O14 (754.8): calcd C 60.47, H 6.14, N 3.71; found C 60.73,
H 6.32, N 3.54.


Cyclization of 36 without conditions of dilution : A solution of siloxycyclo-
propane 36 (0.187 g, 0.380 mmol) in DMF (3.5 mL) was added quickly to a
warm suspension (90 8C) of cesium fluoride (0.193 g, 1.27 mmol) and
benzyltriethylammonium chloride (0.145 g, 0.636 mmol) in dry DMF
(3.5 mL). After stirring for 2.5 h at 90 8C, all the volatile components
(16 mbar, 70 8C) were evaporated. The residue was diluted with saturated
aqueous NH4Cl solution and extracted with ethyl acetate (5� 20 mL). The
combined organic layers were washed with brine and dried over MgSO4.
After removal of solvent, the remaining DMF was removed by rotary
evaporation (0.01 mbar, 50 8C). The residue was purified by chromato-
graphy (heptane/ethyl acetate 9.5:0.5!0:1) to give 38 as colorless crystals
(0.040 g, 28%, m.p.� 167 ± 170 8C). The analytical data for this compound
are identical to those reported above for 38.


(4E)-9-Oxo-2,2,7,12,12-penta(methoxycarbonyl)-[13](2,6)pyridinophan-4-
ene (40): 1H NMR (300 MHz, CDCl3): d� 7.44 (t, J� 7.5 Hz, 1H; pyridine-
4-H), 6.86, 6.85 (2d, J� 7.5 Hz, 1H each; pyridine-3-H, pyridine-5-H), 5.58,
5.44 (2mc, 1H each; 4-H, 5-H), 3.69,* 3.68, 3.67, 3.66 (4s, 15 H; 5 CO2Me),
3.35 (s, 2H; 1-H or 13-H), 3.29 (d, J� 6.5 Hz, 2H; 8-H), 3.06 (mc, 1 H; 7-H),
2.94 ± 2.15 (m, 10 H), * signal has double intensity; 13C NMR (75.5 MHz,
CDCl3): d� 207.1 (s, C�O), 174.9, 171.1, 170.83,* 170.78, 52.5, 52.34, 52.31,*
51.8 (4s, 4 q, 5CO2Me), 156.6, 156.2 (2s, pyridine-C-2, pyridine-C-6), 136.5,
130.8, 127.3 (3d, C-4, C-5, pyridine-C-4), 122.5, 122.2 (2d, pyridine-C-3,
pyridine-C-5), 58.5, 58.1 (2s, C-2, C-12), 42.3, 39.4, 38.98, 38.9, 34.3, 33.9,
25.4 (7 t, C-1, C-3, C-6, C-8, C-10, C-11, C-13), 39.03 (d, C-7), * signal has
double intensity; IR (KBr): nÄ � 3060 ± 3000 (�CÿH, pyridine), 2960, 2930,
2850 (CÿH), 1740 (CO2Me, C�O), 1640 (C�C), 1590, 1580 cmÿ1 (pyridine);
MS (FD): m/z (%): 563 ([M� 2]� , 25), 562 ([M� 1]� , 31), 561 ([M]� , 100);
elemental analysis: C28H35NO11 (561.6): calcd C 59.88, H 6.28, N 2.49; found
C 59.75, H 6.45, N 2.48.


Methyl 1-{2-[2,2-di(phenylsulfonyl)ethyl]benzyl}-t-2-tert-butyldimethylsi-
loxy-c-2-vinyl-r-1-cyclopropanecarboxylate (14) and attempts to cyclize to
15 : Di(phenylsulfonyl)methane (3.37 g, 11.4 mmol) was added slowly to a
suspension of sodium hydride (0.041 g, 1.37 mmol) in THF/DMF (5:1)
(30 mL) at 0 8C, and the mixture was stirred for 1 h at room temperature.
Crude compound 5 (0.500 g, 1.14 mmol) was then added at 0 8C. After
stirring at room temperature for 18 h, the mixture was diluted with
saturated aqueous NH4Cl solution and extracted with ethyl acetate (3�
20 mL). The combined organic layers were washed with water and brine,
and dried over MgSO4. After solvent evaporation the residue was purified
by chromatography (heptane/ethyl acetate 1:0!0:1), which yielded 14 as
pale yellow crystals (0.279 g, 38 %, m.p.� 48 ± 51 8C). 1H NMR (200 MHz,
CDCl3): d� 7.77 ± 7.71 (m, 4 H; SO2Ph, 4o-CH), 7.54 ± 7.47 (m, 2 H; SO2Ph,
2p-CH), 7.40 ± 7.30 (m, 4H; SO2Ph, 4m-CH), 7.15 (mc, 1 H; aryl-H), 7.04 ±
6.97 (m, 3 H; aryl-H), 5.81 (dd, J� 17, 10.5 Hz, 1H; vinyl-1-H), 5.27 (dd, J�
17, 1.5 Hz, 1H; cis-vinyl-2-H), 5.15 ± 5.08 (m, 3H; 2''-H, trans-vinyl-2-H),
3.58 (t, J� 6.5 Hz, 2H; 1''-H), 3.39 (d, J� 16.5 Hz, 1 H; 1'-H), 3.32 (s, 3H;
CO2Me), 2.69 (d, J� 16.5 Hz, 1 H; 1'-H), 2.00 (d, J� 6.5 Hz, 1H; cis-3-H),
1.14 (d, J� 6.5 Hz, 1H; trans-3-H), 0.82 (s, 9 H; tBu), 0.06, 0.00 (2 s, 6H;
SiMe2); 13C NMR (50.3 MHz, CDCl3): d� 171.6, 51.7 (s, q, CO2Me), 138.6,
138.4, 138.2, 133.2 [4 s, 2 aryl-C, 2 i-C (SO2Ph)], 136.5 (d, vinyl-C-1), 134.13,
134.06 [2d, 2p-C (SO2Ph)], 129.9, 127.6, 127.2, 125.9 (4d, 4 aryl-CH),
129.2,* 129.1,* 128.9,* 128.8* [4 d, 4 o-C, 4 m-C (SO2Ph)], 115.7 (t, vinyl-C-
2), 83.5 (d, C-2''), 64.4 (s, C-2), 37.1 (s, C-1), 30.9, 28.3 (2 t, C-1', C-1''), 25.7,
18.0 (q, s, tBu), 25.0 (t, C-3), ÿ3.4, ÿ3.6 (2q, SiMe2), * signal has double
intensity; IR (KBr): nÄ � 3100 ± 3010 (�CÿH), 2960, 2930, 2890, 2860 (CÿH),
1720 (CO2Me), 1640 (C�C), 1330, 1150 cmÿ1 (SO2); elemental analysis:
C34H42O7S2Si (654.9): calcd C 62.36, H 6.46, S 9.79; found C 62.60, H 6.89, S
9.74.


In accordance with general procedure D, a solution of 14 (0.229 g,
0.350 mmol) in DMF (50 mL) was added to a warm suspension (90 8C) of
cesium fluoride (0.159 g, 1.05 mmol) and benzyltriethylammonium chloride
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(0.119 g, 0.524 mmol) in dry DMF (300 mL) over 43 h. After evaporation of
all the volatile components (16 mbar, 70 8C) the residue was diluted with
saturated aqueous NH4Cl solution and extracted with ethyl acetate (5�
20 mL). The combined organic layers were washed with brine and dried
over MgSO4. After removal of solvent the remaining DMF was removed
by rotary evaporation (0.01 mbar, 50 8C). We tried to purify the residue by
chromatography (heptane/ethyl acetate 4:1!0:1), but no cyclization
product 15 was obtained.
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A Theoretical Model for the Orientation of 16-Electron [CpML] Insertion
into the C ± H Bond of Propane and Cyclopropane and Its Regio- and
Stereoselectivity


Ming-Der Su* and San-Yan Chu*[a]


Abstract: Complete geometry optimi-
zations were performed with density
functional theory (DFT) in order to
study the potential energy surfaces of
[CpM(PH3)] (M�Rh, Ir) complexes
inserted into C ± H bonds of propane
and cyclopropane. The agreement be-
tween DFT and experimental results
indicates that the B3LYP/LANL2DZ
method can be a powerful tool for the
investigation of these oxidative addition
reactions. A fragment molecular orbital
model suggesting the mechanistic path-
way for the oxidative addition of satu-
rated alkanes to [CpML] is described. It
is shown that these oxidative addition
reactions all proceed in a concerted


fashion via a three-center transition
state, and all lead to exothermic reac-
tions. In particular, we show that both
electronic and steric effects play a major
role in the preference for a sCH2


-type of
approach, from which one may predict
the formation and stabilities of the
regio- and stereoselective insertion
products. Our theoretical findings sug-
gest that highly reactive [CpIr(PH3)]
tends to be nonless discriminating and
reacts randomly, while the less reactive


[CpRh(PH3)] complex is highly selec-
tive. We also found that, for both
[CpRh(PH3)] and [CpIr(PH3)], the ease
of oxidative addition is in the order:
secondary cyclopropane> primary pro-
pane> secondary propane. Further-
more, a configuration mixing model
based on the work of Pross and Shaik
is used to rationalize the computational
results. It is demonstrated that both the
singlet ± triplet energy gap of 16-elec-
tron [CpML] and the s(C ± H)!s*(C ±
H) triplet excitation energy of hydro-
carbons play a decisive role in the
determination of the reactivity as well
as the selectivity of [CpML] insertion.


Keywords: C ± H activation ´
density functional calculations ´
insertions ´ oxidative additions


Introduction


Alkanes are unusually stable compounds and they are also
among the most abundant organic compounds in nature. Thus,
the activation of C ± H bonds in saturated hydrocarbons has
been a topic of much interest in recent years.[1] Recently,
Bergman and co-workers have examined a wide range of
alkane substrates with the iridium- and rhodium ± P(CH3)3


complexes. Irradiation of [{h5-C5(CH3)5}M{P(CH3)3}H2] in
various mixtures of alkane solvents allows the generation of
product mixtures which contain alkyl hydrides.[1j, 2] Several
general trends can be noted from those observations on the
[{h5-C5(CH3)5}M{P(CH3)3}] systems. Firstly, although the ab-
solute magnitudes of the selectivities are different for iridium
and rhodium, their trends are parallel. This observation
indicates that C ± H oxidative additions proceed by similar
mechanisms at these two metal centers, with the rhodium
reactions less exothermic than their iridium counterparts.


Secondly, there is both a kinetic and thermodynamic prefer-
ence for the activation of primary C ± H bonds over secondary
C ± H bonds. For the iridium system, the kinetic selectivity is
small, while rhodium shows higher kinetic selectivity. Thirdly,
there is an inverse correlation of the C ± H bond strength and
the reactivity of the CÿH bond. Namely, the strongest C ± H
bonds appear to be the most reactive. Fourth, the rhodium
system shows a greater thermodynamic selectivity for the less
hindered bonds than does iridium. For the former, substrates
such as propane or butane show exclusively primary activa-
tion products, yet competitive studies of cyclopentane versus
benzene or benzene versus propane show that activation of all
of the bonds (except the secondary propane bonds) is
competitive.


It is these intriguing and important results that aroused our
interest. No previous theoretical study has, to our knowledge,
been published on the regio- and stereoselectivity in [CpML]
reactions.[3] Herein, we therefore chose the system
[CpM(PH3)]�RH [where (h5-C5H5)�Cp; M�Rh, Ir;
RH� propane, cyclopropane] as a model to study the
selectivity of the oxidative addition reactions of an iridium
and a rhodium complex to alkane C ± H bonds by using
density functional theory (DFT). Moreover, the fragment
molecular orbital (FMO) and the configuration mixing (CM)
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models are used in this work to predict a reaction trajectory
for the approach of the [CpML] complex and to develop an
explanation for the origin of the barrier height as well as the
reaction enthalpy.


Results and Discussion


The electronic structure of the [CpML]�RH model system :
We have recently suggested a FMO model,[4] which has been
shown to allow the successful prediction of the approximate
reaction trajectory and the transition state structure for the
insertion of the organometallic fragment into saturated C ± H
bonds. We shall now apply the FMO model to investigate the
oxidative addition reactions of C ± H bonds in propane and
cyclopropane. We first review briefly the electronic structure
of the [CpML] fragment, which has already been analyzed.[5]


The frontier orbitals of the 16-electron [CpML] are shown in
1, in which the highest occupied molecular orbital (HOMO) is
a d orbital (a'') that contains a single lone pair of electrons,


and the lowest unoccupied mo-
lecular orbital (LUMO) is an
empty s/p/d hybrid orbital (a').


On the other hand, a local-
ized C ± H s-orbital can be es-
sentially described as having
spherical symmetry and
[CpML] may approach perpen-
dicularly to the C ± H bond axis
from any direction (i. e. 3608).


This can cause the effect that is very much harder to reconcile
with the calculated geometries for the transition state. In fact,
in a canonical MO description of a hydrocarbon, there are no
isolated MOs that describe a particular C ± H s bond. For


example, in methane there is a
lower lying 2A1 orbital and
three degenerate T2 orbitals.[6]


We thus dissect methane into
doubly occupied fragment or-
bitals that have s-like (sCH2


, 2)
and p-like (pCH2


, 3) symmetry.


Since it is easier to visualize the coalescence of the electron
donor and acceptor when the approximate axis of the reaction
is clearly defined, we therefore prefer to use a canonical MO
rather than a localized description of the C ± H bond
(Figure 1). In this qualitative theoretical treatment, we


Figure 1. The insertion of [CpML] into hydrocarbons can proceed along a
sCH2


path, where the empty [CpML] s/p/d orbital is aligned with the carbon
p orbital of a sCH2


-fragment orbital, or along a pCH2
path, where the [CpML]


s/p/d orbital is aligned with a pCH2
-fragment orbital.


identify the 16-electron fragment [CpML] as having an empty
electrophilic orbital (i. e. LUMO in 1) that could either
interact with a filled sCH2


fragment orbital or approach a pCH2


hydrocarbon orbital. Hence, the implication of a sCH2
(2) or a


pCH2
(3) fragment orbital in methane identifies a molecular


plane that is approached by [CpML] and provides an estimate
of the starting geometry in the search for a saddle point. As a
result, the net molecular event involved in the insertion of the
[CpML] complex into a C ± H s bond of methane is the
formation of a new metal ± carbon s bond as well as a new
metal ± hydrogen s bond, accompanied by the breaking of the
C ± H s bond. This is a typical example for the oxidative
addition reaction of a transition metal complex into the C ± H
bond.[1] It should be pointed out here that this concept of an
insertion mechanism was expressed for the first time by Bach
et al.[7]


With the above analysis in hand, we would like to extend
the methane case to the larger hydrocarbon systems in this
work, that is propane and cyclopropane. The requisite canon-
ical MOs for the primary (18) and secondary (28) carbon of
propane are given in Figure 2. We shall now apply this FMO
model depicted in Figure 2 to investigate the mechanism of
[CpM(PH3)] insertion.


[CpIr(PH3)] insertion into propane and cyclopropane : The
fully optimized geometries of the agostic complex, transition
state, and product for the insertion of [CpIr(PH3)] into
primary and secondary C ± H bonds of propane are given in
Figures 3 and 4, respectively.[8] Likewise, in Figure 5 we show
the geometrical structures of the stationary points for the
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Figure 2. Orientation of [CpML] attack on propane.


Figure 3. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-1), the transition state (TS-1), and the product (Pro-1) for
[CpIr(PH3)] insertion into the primary C ± H bond of propane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
SOSP and TOSP represent second-order (two imaginary frequencies) and
third-order (three imaginary frequencies) saddle points, respectively.


Figure 4. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-2), the transition state (TS-2), and the product (Pro-2) for
[CpIr(PH3)] insertion into the secondary C ± H bond of propane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
SOSP and TOSP represent second-order (two imaginary frequencies) and
third-order (three imaginary frequencies) saddle points, respectively.


oxidative addition of cyclopropane to [CpIr(PH3)]. Their
relative energies at the B3LYP/LANL2DZ level are present-
ed in Table 1.


Several interesting results can be drawn from Figures 3 ± 5
and Table 1. Firstly, our DFT calculations suggest that the
[CpIr(PH3)] complex in a triplet ground state might insert
into the saturated C ± H bond by a diradical mechanism.
Nevertheless, it is well established that whenever a triplet
reactant contains a heavy atom center (such as a transition
metal), strong spin-orbit coupling may occur, which can
provide a spin-inversion process for transferring to the singlet
reactant and then undergoing the singlet reaction.[9] In
addition, the results in Table 1 also suggest that the excitation
energy from the triplet ground state to the first singlet state
for the [CpIr(PH3)] fragment is small (ÿ16.9 kcal molÿ1).
Both of these considerations should allow the transition from
the triplet to the singlet state to occur without difficulty.
Indeed, it has been confirmed experimentally that these
oxidative additions did not involve any free radicals as
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Figure 5. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-3), the transition state (TS-3), and the product (Pro-3) for
[CpIr(PH3)] insertion into the C ± H bond of cyclopropane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
TOSP represents a third-order (three imaginary frequencies) saddle point.


intermediates.[1b] Thus, it could well be that the oxidative
addition reactions proceed on the singlet surface, even if the
reactants start from the triplet state. We shall therefore focus
on the singlet surface from now on.


Secondly, there are six distinguishable orientations for the
insertion of [CpIr(PH3)] into either a primary or a secondary
C ± H s bond of propane, while [CpIr(PH3)] may approach
cyclopropane from only two unique directions (i. e. sCH2


and
pCH2


). As shown in Figures 3 ± 5, our results strongly indicate
that for the approach of [CpIr(PH3)] towards the saturated
C ± H bonds, a s-orientated attack is preferred over a p


orientation. This can be easily understood by the fact that the
[CpIr(PH3)] insertion in a sCH2


orientation has fewer steric
interactions than any other approach and provides the
insertion product in its staggered lower energy conformation.
As determined by the frequency calculations at the B3LYP/
LANL2DZ level, only the sCH2


approach (TS-1, TS-2, TS-3)
can lead to a transition state, whereas the pCH2


, sCHC2H5
,


pCHC2H5
, sCHCH3


, and pCHCH3
routes to insertion will yield either


second-order saddle points (SOSP, with two imaginary
frequencies) or third-order saddle points (TOSP, with three
imaginary frequencies). Nevertheless, another sCH2


transition
state for primary insertion of propane, SOSP-1, was deter-
mined (Figure 3). The B3LYP/LANL2DZ calculation of the
frequencies showed that SOSP-1 has two imaginary frequen-
cies with the second one (85.8i cmÿ1) corresponding to a


rotation from the SOSP-1 towards the TS-1 conformation; the
former is higher in energy than the latter by 1.31 kcal molÿ1.


Thirdly, by examining the single imaginary frequency for
each transition state structure, as indicated by the bold arrows
in Figures 3 ± 5, it is clear that their transition vectors are all in
accordance with the insertion process, primarily the C ± H
bond stretching with migration of a hydrogen atom to the
iridium center. Moreover, as expected,[4] the oxidative addi-
tion reaction of [CpIr(PH3)] will include a three-center
transition state involving iridium, carbon, and hydrogen
atoms. Notably such a characteristic three-center pattern is
in accordance with mechanisms postulated by Bergman[10] and
Jones.[11]


Fourthly, from the examination of those conformations of
the agostic complexes (Cpx-1, Cpx-2, Cpx-3) and the products
(Pro-1, Pro-2, Pro-3), as shown in Figures 3 ± 5, it is apparent
that the alkane fragment is poised in a sCH2


fashion, which is


Table 1. Relative energies for the process [CpM(PH3)]� alkane!agostic
complex!transition state!product.[a]


Metal Substrate Compound Orientation Energy


Ir[b] 18 propane reactants 0
Cpx-1 ÿ 6.56
TS-1 sCH2


ÿ 5.78
SOSP-1 sCH2


ÿ 4.47
SOSP-2 pCH2


ÿ 2.39
TOSP-1 pCHC2H5


ÿ 4.31
TOSP-2 pCH2


ÿ 2.88
TOSP-3 sCHC2H5


ÿ 1.04
Pro-1 ÿ 34.6


28 propane Cpx-2 ÿ 6.02
TS-2 sCH2


ÿ 4.13
SOSP-3 sCHCH3


ÿ 0.688
SOSP-4 sCHCH3


ÿ 0.377
TOSP-4 pCHCH3


ÿ 2.01
TOSP-5 pCHCH3


ÿ 1.32
TOSP-6 pCH2


� 0.590
Pro-2 ÿ 31.7


28 cyclopropane reactants 0
Cpx-3 ÿ 6.07
TS-3 sCH2


ÿ 5.77
TOSP-7 pCH2


� 0.703
Pro-3 ÿ 37.7


Rh[c] 18 propane reactants 0
Cpx-4 ÿ 10.9
TS-4 sCH2


ÿ 1.97
SOSP-5 sCH2


ÿ 0.924
SOSP-6 sCHC2H5


� 1.21
TOSP-8 pCHC2H5


ÿ 0.0481
TOSP-9 pCH2


� 0.677
TOSP-10 pCH2


� 0.850
Pro-4 ÿ 15.6


28 propane SOSP-7 sCH2
� 0.127


SOSP-8 sCHCH3
� 2.61


SOSP-9 pCHCH3
� 2.64


SOSP-10 pCHCH3
� 2.85


SOSP-11 pCH2
� 4.40


TOSP-11 sCHCH3
� 2.40


28 cyclopropane reactants 0
Cpx-5 ÿ 10.4
TS-5 sCH2


ÿ 2.81
TOSP-12 pCH2


� 2.79
Pro-5 ÿ 17.5


[A] At the B3LYP/LANL2DZ level; in kcal molÿ1. [b] The DEst of
[CpIr(PH3)] is ÿ16.9 kcal molÿ1. [c] The DEst of [CpRh(PH3)] is
ÿ13.2 kcal molÿ1.
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consistent with the above findings for the transition state in
which the sCH2


orientation is favored over other approaches.
Thus, the reaction trajectory for C ± H insertion suggested by
this FMO model appears to be applicable in both the agostic
complex and the product.


Fifthly, the activation barrier from the precursor complex to
the transition state at the B3LYP/LANL2DZ level increases
in the order (Table 1): 28 cyclopropane (0.306 kcal molÿ1)< 18
propane (0.786 kcal molÿ1)< 28 propane (1.89 kcal molÿ1).
Likewise, their order of exothermicity follows the same
trend as the activation energy: 28 cyclopropane
(ÿ37.7 kcal molÿ1)< 18 propane (ÿ34.6 kcal molÿ1)< 28 pro-
pane (ÿ31.7 kcal molÿ1). Our computational results provide
strong evidence that the ease of oxidative addition is in the
order 28 cyclopropane> 18 propane> 28 propane, which is in
good agreement with the experimental trends.[2a] It is note-
worthy that the secondary insertion of cyclopropane is highly
preferred compared to that of propane, even though the
former only contains secondary carbon centers (vide infra).


Sixthly, we next examined the preferred orientation of the
breaking C ± H bond with respect to the [CpML] lone pair
(HOMO in 1). Intuitively, hydrogen migration to the larger
lobe of the HOMO of [CpML] should have a lower activation
barrier since this can result in a good overlap between the
migrating hydrogen and the central metal and would stabilize
the transition state. Thus, the stabilization energy of the
transition state should depend upon the M ± C bond length
and the M-C-H bond angle (C ± H represents the breaking C ±
H bond). In other words, both the smaller M ± C distance and
the larger M-C-H angle should enhance the activation of
alkane C ± H bonds by [CpML]. As shown in Figures 3 ± 5, the
Ir ± C distance increases in the order 28 cyclopropane (2.36 �,
TS-3)< 18 propane (2.37 �, TS-1)< 28 propane (2.39 �, TS-
2), while the Ir-C-H angle decreases in the order 28 cyclo-
propane (45.78, TS-3)> 18 propane (43.78, TS-1)> 28 propane
(42.68, TS-2). This structural evidence is again consistent with
the above prediction. We shall discuss the origin of barrier
heights in more detail after consideration of the Rh case.


[CpRh(PH3)] insertion into propane and cyclopropane : The
fully optimized geometries of the agostic complex, transition
state, and product for the insertion of [CpRh(PH3)] into
primary and secondary C ± H bonds of propane and cyclo-
propane are shown in Figures 6 ± 8, respectively.[8] Their
relative energies at the B3LYP/LANL2DZ level are present-
ed in Table 1.


Three points are noteworthy: Firstly, the computational
results of the reaction with [CpRh(PH3)] are, in principle,
similar to those noted above for the [CpIr(PH3)] system in
many aspects. For instance, our theoretical investigations
suggest that the sCH2


orientation for [CpRh(PH3)] insertion
into saturated C ± H bonds will be preferred to other
approaches which will lead to high-order saddle points, a
characteristic three-center pattern for the transition state, and
hydrogen migration to the larger lobe of HOMO of the
attacking [CpRh(PH3)]. In addition, as shown in Table 1,
DFT calculations predict that the insertion of [CpRh(PH3)],
from the agostic complex through the transition state
to the product, is thermodynamically exothermic by


Figure 6. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-4), the transition state (TS-4), and the product (Pro-4) for
[CpRh(PH3)] insertion into the primary C ± H bond of propane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
SOSP and TOSP represent second-order (two imaginary frequencies) and
third-order (three imaginary frequencies) saddle points, respectively.


ÿ17.5 kcal molÿ1 (28 cyclopropane) and ÿ15.6 kcal molÿ1 (18
propane) with an activation energy of 7.57 kcal molÿ1 (28
cyclopropane) and 8.96 kcal molÿ1 (18 propane), respectively,
from the agostic complex. Again, our results strongly indicate
that the secondary insertion of cyclopropane is more favor-
able than the primary insertion of propane (vide infra).


Secondly, according to the B3LYP/LANL2DZ results, it is
interesting to point out that the transition state for secondary
insertion of propane has never been found (see Figure 7). Of
the six possible routes for secondary C ± H activation, the
most promising one is SOSP-7 (sCH2


-attack), which has the
lowest energy compared to the other five approaches.
Calculations of the energy Hessian revealed two imaginary
frequencies for SOSP-7: that at nÄ � 906i cmÿ1 is a vibrational
mode corresponding to the reaction coordinate insertion into
the secondary C ± H bond of propane, the other at nÄ �
78.7i cmÿ1 is, however, a major rotation of the sec-propyl
fragment. A distortion along the second imaginary mode was
attempted and was followed by a geometry optimization
without any symmetry constraints. This led directly to
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Figure 7. B3LYP/LANL2DZ-optimized geometries of the transition state
for [CpRh(PH3)] insertion into the secondary C ± H bond of propane.
TOSP represents a third-order (three imaginary frequencies) saddle point.
See the text.


Figure 8. B3LYP/LANL2DZ-optimized geometries of the agostic complex
(Cpx-5), the transition state (TS-5), and the product (Pro-5) for
[CpRh(PH3)] insertion into the C ± H bond of cyclopropane. The bold
arrows indicate the main atomic motions in the transition state eigenvector.
TOSP represents a third-order (three imaginary frequencies) saddle point.


TOSP-11 (sCHCH3
) with three imaginary frequencies. The


reduction of the optimization convergence criteria by an
order of magnitude still did not alter the situation. Moreover,
attempts to find any transition state for secondary insertion of
propane were unsuccessful. It seems likely that the potential
energy surface for [CpRh(PH3)] insertion into secondary
propane is fairly flat and the problem is simply one of
insufficient numerical accuracy in Hessian.[12] Nevertheless,
the secondary insertion product of cyclopropane can be
detected experimentally.[2] Our theoretical investigations
support this experimental observation. As shown in Figure 8,
we obtained its transition state (TS-5) with a single imaginary
frequency (nÄ � 836i cmÿ1). Animation of this imaginary fre-
quency clearly shows a rocking motion of the entire sCH2


fragment, as indicated by the bold arrows. Consequently, in
contrast to [CpIr(PH3)] insertion, [CpRh(PH3)] insertion
should result in the following trend: 28 cyclopropane> 18
propane > > 28 propane. In other words, the rhodium
complex is significantly more discriminating than the iridium
complex. This has been confirmed experimentally,[2] as
mentioned in the Introduction.


Thirdly, the energy of the transition state for cyclopropane
insertion is below that of its corresponding reactants
([CpRh(PH3)]� cyclopropane) (Table 1). This indicates that
the rearrangement shown in 4 can occur without the


dissociation of cyclopropane from the [CpRh(PH3)] frag-
ment. Consequently, the agostic complex we found in this
work may correspond to the intermediate h2 complex
proposed by Periana and Bergman for a migration.[2b] More-
over, as shown in Figure 8, our DFT calculations suggest that
the Rh agostic complex (Cpx-5) should be a structure in which
cyclopropane is bound in an end-on fashion through two
hydrogen atoms, that is in a sCH2


fashion, which is again in
accordance with the mechanism postulated by Periana and
Bergman.[2b] For these reasons, our theoretical results provide
strong support for the existence of alkane h2-complex
intermediates, which intervene in the oxidative addition
process to saturated hydrocarbons before full C ± H bond
cleavage occurs.


Before further discussion, we shall summarize the resulting
potential energy profiles at the B3LYP/LANL2DZ level in
Figure 9. From the above discussion and Figure 9, we thus
obtained the following conclusions, all of which have been
confirmed by experimental findings:[1j, 2]


1) The reaction of [CpML] with propane and cyclopropane
must be competitive, since the energy difference between
them is small. Additionally, the order of reactivity of C ± H
bonds toward [CpML] attack is 28 cyclopropane> 18
propane> 28 propane.


2) The oxidative addition of the iridium complex is preferred
both kinetically and thermodynamically over that of the
rhodium complex. In addition, the rhodium insertion is
much more selective than the iridium insertion.
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Figure 9. Potential energy surfaces for the activation of propane and
cyclopropane C ± H bond by [CpM(PH3)] (M�Rh, Ir). The relative
energies are taken from the B3LYP/LANL2DZ values given in Table 1. For
the B3LYP-optimized structures of the stationary points see Figures 3 ± 8.


3) The 16-electron [CpML] fragment will preferentially
approach a saturated hydrocarbon in a concerted sCH2


fashion.
4) Due to some additional steric repulsions caused by the


effect of alkyl substitution, the tertiary hydrocarbons fail
to react with [CpML].


One may therefore apply the above conclusions to predict
the potential existence of regio- and stereoselective products


in oxidative addition of hydro-
carbon C ± H bonds to [CpML].
For instance, inspection of cy-
clohexane (5) suggests that a
pCH2


approach across the top of
the six-membered ring would
be sterically hindered by the
axial hydrogens. Moreover, we


predict that the 16-electron [CpML] complex would approach
cyclohexane in a sCH2


fashion as expected in point 3). In other
words, both electronic and steric effects play a decisive role in
the preference for a sCH2


approach.


The configuration mixing model : Recently, it has been shown
that the configuration mixing (CM) model, based on the work
of Pross and Shaik,[13] can be used to understand the origin of
barrier heights for carbene insertion reactions.[14] Since 16-
electron [CpML] is known to be isolobal to CH2,[15] it is, in
principle, conceivable that, with the use of the isolobal
analogy, the same predictions could also be applied to
organometallic systems.[4b] We would like to use this model
to gain a better understanding of the reactivity of the various
C ± H bonds in propane with respect to cyclopropane as well
as the selectivity of the 16-electron [CpML] (M�Rh, Ir)
complexes.


In the CM model the total energy profile is broken down
into two component curves: the one associated with the
reactant bonding situation, is denoted as the reactant config-
uration and the other, associated with the product bonding


situation, is denoted as the product configuration. The cross-
ing of the two curves detects the transition state and the
energy barrier.


In Figure 10, we represent the qualitative behavior of the
two configurations for the [CpML] oxidative addition to an
alkane C ± H bond. The reactant configuration describes a
situation in which the two electrons on the [CpML] fragment


Figure 10. Energy diagram for an oxidative addition reaction showing the
formation of a state curve (Y) on mixing two configurations: the reactant
configuration and the product configuration. It is apparent that both the
activation energy (DE=) and reaction enthalpy (DH) is proportional to DEst


(� EtripletÿEsinglet for 16-electron [CpML]) and DEss* (� EtripletÿEsinglet for
the alkane). S represents a singlet. See the text.


are spin-paired to form the lone pair, while the two electrons
on the alkane moiety are spin-paired to form a C ± H s bond.
Its valence bond (VB) configuration is labeled 1[CpML]1[CH]
(6). On the other hand, the product configuration corresponds
to a situation in which the electron pairs are coupled to allow
both M ± H and M ± C bond
formation and simultaneous
C ± H bond breaking. Note that
the spin arrangement is now
different, as seen in its VB
product configuration (7). In
order to obtain this configuration from the reactant config-
uration 6, each of the two original electron pairs needs to be
uncoupled, which requires the excitation of the electron
pairs from the singlet state to the triplet state. Hence,
this configuration is labeled 3[CpML]3[CH]. Notably
3[CpML]3[CH] is an overall singlet configuration, despite
the fact that it contains two local triplets. The MO represen-
tations of VB configurations 6 and 7 are shown in 8 and 9,
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respectively. As mentioned above, it is the avoided crossing of
these two configurations that leads to the simplest description
of the ground state energy profiles for oxidative addition
reactions of 16-electron [CpML] complexes.


As shown in Figure 10, it is apparent that the barrier height
(DE=) as well as the reaction enthalpy (DH) may be expressed
in terms of the initial energy gap between the reactant and
product configurations. In other words, this model shows that
the existence of the barrier is due to the combined effect of
two factors: the singlet ± triplet energy gap of [CpML] (DEst�
EtripletÿEsinglet for 16-electron [CpML]) and the s(C ± H)
!s*(C ± H) triplet excitation energy of the alkane (DEss*�
EtripletÿEsinglet for alkane). Accordingly, supposing DEss* is a
constant, a smaller value of DEst would lead to: i) reduction of
the reaction barrier since the intended crossing of
1[CpML]1[CH] and 3[CpML]3[CH] is lower in energy, and
ii) a larger exothermicity since the energy of the product is
now lower than that of the reactant. Likewise, if DEst of
[CpML] is a constant, then a smaller value of DEss* would also
lead to a lower barrier height and a larger exothermicity.
Bearing this CM model (Figure 10) in mind, we shall explain
the origin of the observed trends as shown previously in the
following discussion:


Why is the Ir reaction more favorable than the Rh reaction in
the activation of the C ± H bond? The reason for this can be
traced to the singlet ± triplet energy gap (DEst) of [CpML]. As
analyzed above, the smaller the value of DEst of [CpML] (if
DEss* is a constant), the lower the barrier height and the larger
the exothermicity, and, in turn, the faster the oxidative
addition reaction. Furthermore, as Siegbahn has pointed
out,[16] the Ir atom has a quartet d7s2 ground state with a high
excitation energy to the doublet d9 state (61 kcal molÿ1). The
Rh atom has a quartet d8s1 ground state but with a relatively
low excitation energy to the doublet d9 state (7.8 kcal molÿ1).
This implies that Ir would prefer to remain in a high-spin state,
whereas Rh favors a low-spin state. It is reasonable to expect
that the promotion energy from the singlet state to the triplet
state, used to form the strongest covalent bonds, should be
smaller for the Ir complex than for the Rh complex. Our
B3LYP/LANL2DZ results suggest that DEst of [CpIr(PH3)]
(ÿ16.9 kcal molÿ1) is smaller in energy than that of
[CpRh(PH3)] (ÿ13.2 kcal molÿ1), which is consistent with
the above prediction. For this reason, insertion into a C ± H
bond is more facile and more exothermic for the Ir system
than for its Rh counterpart.


Why does the reactivity of C ± H bonds decrease in the order: 28
cyclopropane> 18 propane> 28 propane? The driving force of
this may be traced to DEss*, which can be evaluated to a good
approximation from the energies of the vertical s(C ±
H)!s*(C ± H) triplet excitation in alkane. As anticipated
by the CM model, if DEst of [CpML] is a constant, then a
smaller value of DEss* leads to a lower barrier height and a
larger exothermicity. Our DFT results suggest an increasing
trend in DEss* for 28 cyclopropane (206 kcal molÿ1)< 18
propane (254 kcal molÿ1)< 28 propane (259 kcal molÿ1),[17a] in
accordance with the trend of the activation energy as well as


the enthalpy (DE=, DH) for [CpIr(PH3)] insertion which are
(0.306, ÿ37.7), (0.786, ÿ34.6), (1.89, ÿ31.7) kcal molÿ1,[17b]


respectively (Table 1). Note that the ordering of the C ± H
bond strength follows a different trend than DEss*: cyclo-
propane (106.3� 0.3 kcal molÿ1)[18]> 18 propane (100.4�
0.6 kcal molÿ1)[19]> 28 propane (98.6� 0.4 kcal molÿ1)[20] (vide
infra).


The comparison between the propane and cyclopropane
reactions provides additional insight into the dominating
electronic effects in the oxidative addition of unsaturated C ±
H bonds. One mystifying and surprising result that has
emerged from the active research on the C ± H oxidative
addition reaction is that there is a general inverse correlation
between the initial C ± H bond strength and the ease of
activation of this bond by transition metal complexes. This
is exactly opposite to what might have been predicted based
upon C ± H bond breaking alone.[1e,g, 21] For instance,
despite the fact that the C ± H bond strengths in methane,
ethylene, and acetylene are 104.8� 0.4,[22] 111.2� 0.8,[23] and
132.9� 0.7 [23, 24] kcal molÿ1, respectively, it has been shown
that the methane C ± H bond is more difficult to activate than
the ethylene C ± H bond, which in turn is more difficult to
activate than the acetylene C ± H bond.[21] The simplest
explanation of the origin of the differences in activation
barriers is a steric effect. As Siegbahn and Blomberg have
pointed out,[21] since C ± H activation requires that the central
metal efficiently interacts in a sideways orientation to the
C ± H bond, it is clear that this position is most easily reached
for acetylene. For methane, however, a substantial initial
distortion of the molecule is needed to reach a proper
interaction. For ethylene, the situation is somewhere in
between that of acetylene and methane. In other words, even
though the data is only qualitative at this point, it is apparent
that the C ± H bond with sp character is strongly favored, sp2 is
the next easiest, and sp3 is the most difficult. The C ± H
acidities, rather than bond energies, control the rate of attack
of the metal center on particular C ± H bonds.


According to this study, it is shown that the CM model
emphasized here may supplement the above results. Namely,
an understanding of singlet ± triplet splitting DEss* is crucial
for the prediction of the reactivity of different C ± H bonds of
hydrocarbons. For example, our B3LYP/LANL2DZ calcula-
tions indicate that the values of DEss* for different C ± H
bonds are in the order acetylene (101 kcal molÿ1)< ethylene
(147 kcal molÿ1)<methane (291 kcal molÿ1),[17] which follows
the same trend as the ease of the C ± H bond breaking as
mentioned above. Though we have not carried out these
calculations for different C ± H bond activations by transition
metal complexes with the same level of theory in this work,
the fact that the above DEss* trend agrees reasonably well
with the order of insertion activity reported experimental-
ly[1e,g, 25] and theoretically[21] shows that, besides the steric
effect, the electronic effect must also play a role in oxidative
addition of hydrocarbon C ± H bonds.


Why is the Rh complex much more selective than the iridium
counterpart in oxidative addition of C ± H bonds? In fact,
chemical reactivity and selectivity are generally thought to be
inversely related to each other.[13b, 26] More specifically, in a







FULL PAPER M.-D. Su and S.-Y. Chu


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0206 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1206


series of related reactions the more reactive reagents will
exhibit smaller selectivity and, conversely, that the less
reactive reagents will exhibit greater selectivity. This pattern
of behavior has been generalized into what is termed as the
reactivity ± selectivity principle.[13b, 26] In oxidative addition
reactions, the highly reactive [CpIr(PH3)] complex was found
to be less discriminate in its reaction with different C ± H
bonds of the same molecule than the less reactive
[CpRh(PH3)], as illustrated in Figure 9. This can be derived
from the Marcus theory.[27] It has been shown that, based on a
two-curve avoided-crossing model (i. e., CM model, Fig-
ure 10), an inverse relationship between reactivity and
selectivity is anticipated.[13b] Namely, it is the DEst and DEss*


factors that govern reactivity as well as the selectivity of the
16-electron [CpML] complexes. When DEst (or DEss*) is
small, the activation barrier is small, and the transition state
resembles the reactants; thus reactivity is high and selectivity
is small. On the contrary, when DEst (or DEss*) is large, the
barrier height is large and the transition state resembles the
product; so reactivity is small and selectivity is high. For
instance, since it has already been shown that DEst of
[CpRh(PH3)] is larger than that of [CpIr(PH3)] and DEss*


of 28 propane is also larger than those of 18 propane and 28
cyclopropane, it is perhaps not surprising that [CpRh(PH3)] is
hard to insert into the secondary C ± H bond of propane. Thus,
in the rhodium series, only primary products are formed from
acyclic alkanes. Moreover, according to a Marcus description
of reactivity, reactive systems with early transition states are
predicted to be less selective than unreactive ones with late
transition states.[13b, 27] The comparison of geometries of the
transition states (TS-1, TS-2, TS-3) with those of the products
(Pro-1, Pro-2, Pro-3) on one side and of the agostic complexes
(Cpx-1, Cpx-2, Cpx-3) on the other side, (Figures 3 ± 5), shows
that the highly reactive [CpIr(PH3)] complex reaches the
transition state relatively early (reactant-like). In contrast to
Ir insertion, comparison of the geometrical parameters among
the stationary points in [CpRh(PH3)] model systems (Fig-
ures 6 ± 8) shows that transition states (TS-4, TS-5) are closer
to their corresponding products (Pro-4, Pro-5) than to agostic
complexes (Cpx-4, Cpx-5), respectively, indicating that the
less reactive [CpRh(PH3)] complex arrives at the transition
state relatively late (product-like). Again, our theoretical
findings are in qualitative agreement with Marcus theory.


Conclusions


We have studied the reaction mechanisms of the insertion of
the 16-electron [CpM(PH3)] (M�Rh, Ir) fragment into the
C ± H bond of propane and cyclopropane by density func-
tional theory. Our model calculations have shown that the
B3LYP/LANL2DZ level of theory is appropriate to inves-
tigate transition-metal insertion processes since it can repro-
duce the experimental trends correctly. Moreover, this work
has represented an attempt to apply the FMO model to
predict the approximate reaction trajectory and transition
state structures for insertion reactions. Also, we have dem-
onstrated that the computational results can be rationalized
by the use of a simple CM model. Thus, not only have we


given explanations of the experimental results for those
oxidative addition reactions, but we have also made predic-
tions of the potential existence of regio- and stereoselective
products. Our study has shown that the problems concerning
reactivity as well as selectivity of the 16-electron [CpML]
systems can be reduced to pictorial considerations. In spite of
its simplicity, our approaches prove to be quite effective and
can provide chemists with mechanistic insights into the factors
controlling the activation of hydrocarbon C ± H bonds, thus
allowing a better understanding of the nature of such systems
as well as a number of predictions to be made. It is hoped that
our study will provide stimulation for further research into the
subject.


Methods of Calculation


All geometries were fully optimized without imposing any symmetry
constraints. For our DFT calculations, we used the hybrid gradient-
corrected exchange functional proposed by Becke,[28a,b] combined with the
gradient-corrected correlation functional of Lee, Yang, and Parr.[28c] This
functional is commonly known as B3LYP, and has been shown to be quite
reliable for geometries.[17, 29]


Effective core potentials (ECPs) were used to represent the 28 innermost
electrons of rhodium (up to the 3 d shell).[30] Likewise, ECPs were used to
represent the 60 innermost electrons of the iridium (up to the 4 f shell)
atom.[30] For phosphorus we also used the Hay and Wadt relativistic ECP.[31]


For these atoms, the basis set was that associated with the pseudopotential,
with a standard LANL2DZ contraction.[32] For hydrogen and carbon atoms
the double zeta basis of Dunning ± Huzinaga was used.[33] We denote our
B3LYP calculations by B3LYP/LANL2DZ. Thus, the model compounds
[CpM(PH3)] ´ C3H8 and [CpM(PH3)] ´ C3H6 (M� Ir, Rh) have 134 (86 elec-
trons) and 130 (84 electrons) basis functions, respectively.


Vibrational frequencies at stationary points were calculated at the B3LYP/
LANL2DZ level of theory to identify them as minima (zero imaginary
frequencies) or transition states (one imaginary frequency), or higher order
saddle points (two or three imaginary frequencies). All calculations were
performed with the GAUSSIAN 94/DFT package.[32]


How does one obtain the DEss* energy for the C ± H bonds in the
hydrocarbons? For instance, consider the ethylene case. Its bonding
p(C�C) and s(C ± H) molecular orbitals together with the antibonding
p*(C�C) and s*(C ± H) molecular orbitals are shown in Scheme 1. It is
clearly seen that the HOMO (p) and LUMO (p*) are localized on the
carbon atoms; both of them have no electron density associated with the
C ± H groups. On the other hand, the s(C ± H) and s*(C ± H) molecular
orbitals are localized on the four C ± H groups. Consequently, DEss* can be
easily obtained by evaluating the energies of the vertical s(C ± H)!s*(C ±
H) triplet excitation. The same situation can also be applied to CH4 and
acetylene molecules.


How does one obtain the DEss* energy for the primary and secondary C ± H
bonds in propane and cyclopropane? For simplicity, we use the orbital
contour pictures to explain how to obtain the value of DEss* . The orbital
contour pictures are based on those from reference [6a], p. 165 ± 166 (for
propane) and p. 153 ± 155 (for cyclo-
propane).


As seen in p. 165 ± 166 of referen-
ce [6a], in propane (C2v symmetry)
the HOMO (4B2) is not only largely
associated with the bonding between
carbon atoms, but also has a low
electron density associated with the
terminal 18 CH3 group. It has to be
emphasized that no electron density
at all is associated with the central 28
CH2 group since it is on the nodal
plane. Thus, we also call this orbital
s(18 C ± H). In contrast, the next two


Scheme 1. The bonding and an-
tibonding molecular orbitals of
ethylene.







Insertion of 16-Electron [CpML] Fragments into C±H Bonds 198 ± 207


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0207 $ 17.50+.50/0 207


orbitals (2B1 and 1A2) in propane are
almost degenerate and their greatest
electron density is associated with the
hydrogen atoms attached to the central
carbon atom. So we call them s(28 C ±
H). The same situation can also be
found in the unoccupied antibonding
orbitals. That is, the LUMO has two
almost degenerate orbitals (3B1 and
7A1) and their electron density deloc-
alizes on both 18 CH3 and 28 CH2


groups. Thus, we can call them s*(18
C ± H) and s*(28 C ± H), respectively.
As such, in order to obtain the DEss*


energies for the C ± H bonds in pro-
pane, we can evaluate the energies of
the vertical s(C ± H)!s*(C ± H) trip-
let excitation. As shown in Scheme 2,


there will be two excitation energies for DEss* . One is E1, which is s(18 C ±
H)!s*(18 C ± H) for the primary C ± H bond. The other is E2 , which is s(28
C ± H)!s*(28 C ± H) for the secondary C ± H bond. The same situation can
also be applied to cyclopropane. These phenomena can surely be found in
the orbitals of the current methodology.
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Scheme 2. The vertical s(C ±
H)!s*(C ± H) triplet excita-
tion of the C ± H bonds in
propane.
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Semiconductor Type A Photocatalysis: Role of Substrate Adsorption and the
Nature of Photoreactive Surface Sites in Zinc Sulfide Catalyzed C ± C
Coupling Reactions=
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Abstract: The mechanism of the photo-
dehydrodimerization of 2,5-dihydrofur-
an (2,5-DHF) by suspended zinc sulfide
powders was investigated through emis-
sion, inhibition, adsorption, and quan-
tum yield studies. Zinc and cadmium
ions influenced the emission intensity
only marginally but strongly inhibited
the reaction, so the photoreactive sur-
face sites were not identical with the
emitting states, which had lifetimes in
the 0.1 ± 24 ns range. Adsorption iso-
therms for these metal ions and 2,5-
DHF in aqueous solution indicated the
presence of mono- and multilayer ad-
sorption. Zn2� and Cd2� were both
adsorbed physically and by metal sulfide
precipitatation, but in the case of Cd2� a
lattice exchange mechanism with ZnS
afforded CdS and dissolved zinc ions
also. 13C NMR spectra and the good
agreement between the calculated num-
ber of zinc sites and the measured


amount of 2,5-DHF in the saturated
solvent ± solute surface monolayer indi-
cated that 2,5-DHF was adsorbed per-
pendicular to the surface at all the
available zinc sites. The true adsorption
constant (170� 30 L molÿ1) was consis-
tent with the pseudo-constant (260�
50 L molÿ1) obtained from the concen-
tration dependence of the reaction rate.
13C NMR signals of the a-carbon atoms
of 2,5-DHF and THF adsorbed onto ZnS
from the gas phase were downfield
shifted by 1.5 and 0.7 ppm as compared
to those of the free substrates, respec-
tively. The downfield shift of the olefinic
signals was about 0.4 ppm. It is postu-
lated that a dissociative electron transfer
from adsorbed 2,5-DHF to the reactive


hole afforded a proton and the dihydro-
furyl radical. The corresponding C ± H
bond dissociation energies were calcu-
lated by ab initio methods for various
substrates. As expected, the apparent
quantum yield of various substrates
increased linearly with decreasing C ±
H bond dissociation energy. The inter-
mediate dihydrofuryl radical dimerized
to the products in the adsorbed state, as
indicated by the linear increase of the
square root of the reaction rate with
increasing 2,5-DHF surface concentra-
tion and by competition experiments
with THF/2,5-DHF mixtures. The reac-
tion inhibition by Zn2� and Cd2� could
be analyzed in terms of the Stern ±
Volmer model only when the surface
concentration was considered. Inhibition
by Cd2� is about three times faster than
inhibition by Zn2�, in which case no zinc
metal was observed.


Keywords: ab initio calculations ´
C ± C coupling ´ photochemistry ´
surface chemistry ´ zinc sulfide


Introduction


The mechanism of semiconductor-catalyzed photoreactions
has been investigated quite thoroughly for colloidal systems[1]


since their pseudo-homogeneous nature allows application of
spectroscopic methods in situ. This is not trueÐexcept for a


few diffuse reflectance studies[2]Ðfor powder suspensions,
although these are more important for chemical synthesis.[3] In
both systems, however, two basic mechanistic questions could
not be answered. Firstly, only a very few studies have dealt
with the problem of whether emissive (eÿtr, h�tr) and reactive
(eÿr , h�r ) surface sites are identical; it has been observed, for
example, that substrates such as NHEt2 which are photo-
oxidized on ZnS powders do not affect the static emission
spectra.[4] Secondly, there is only scarce experimental evi-
dence on whether the primary redox intermediates are
transformed to the final products in an adsorbed or in a fully
solvated state; a typical example is the CdS-catalyzed photo-
dimerization of N-vinylcarbazole. From the influence of
different substrate concentrations on reaction rate it was
proposed that the intermediate radical cation reacts with both
adsorbed and solvated N-vinylcarbazole.[5] However, the
interpretation of such experiments is not straightforward[6]
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and the pseudo-adsorption constant obtained from a plot of
reciprocal rate against reciprocal initial substrate concentra-
tion may differ significantly from the true constant measured
directly, as was reported for the ad-
sorption of alcohols and imines onto
TiO2 and CdS, respectively.[7] Here we
try to answer these two questions for
the ZnS catalyzed photodehydrodi-
merization of 2,5-dihydrofuran (2,5-
DHF), a rare example of a new compound being obtained by
semiconductor photocatalysis on a preparative scale.[8] The
reaction can be classified as type A semiconductor photo-
catalysis since both a reduction and an oxidation product are
obtained.[3d] It was assumed that the photogenerated elec-
tron ± hole pair reduces water to hydrogen and OHÿ, and


oxidizes the ether to the dihydrofuryl radical and H�.
Dimerization of the former affords a statistical mixture of
regioisomeric dehydrodimers [Eq. (1)], which could be sep-


arated by preparative gas chromatography. Quantitative
measurements revealed a stoichiometric ratio of 1:1 for the
dehydrodimers and hydrogen.[8b]


However, it could not be decided whether emitting and
reactive electron ± hole pairs are identicalÐas was also the
case in the recent EPR spectroscopic observation of different
types of trapped holes and electrons on irradiated ZnS
particles[9]Ðand whether radical C ± C coupling occurs at the
surface or in solution. In order to answer these two basic
questions for this reaction, we investigated the effect of
electron scavengers on the emission and photocatalytic
activity of various ZnS powders, the influence of substrate
concentration on reaction rate, the nature of substrate
adsorption, and the variation of apparent product quantum
yield with the oxidation potential and the corresponding C ± H
bond dissociation energy of various substrates. Recently
Yanagida et al. reported on similar photodehydrodimeriza-
tions catalyzed by ZnS nanocrystallites.[10] The chemoselec-
tivity of this photocatalyst is different from that of the large
particles (�0.2 mm) employed in our studies; for example,
dioxane is dehydrodimerized by the former but not by the
latter catalyst system.


Results


Emission and activity studies : From previous work it was
known that precipitation of ZnS from aqueous ZnSO4


solutions by addition of Na2S or thiourea gave ZnS-A and
ZnS-B type powders as the most active photocatalysts.[11] To
vary the zinc/sulfur ratio of type A samples, precipitation was
also performed in the presence of a 20 mol % excess of S2ÿ


(ZnS-A/S2ÿ) and Zn2� (ZnS-A/Zn2�). For type B powders, the
hydrolysis times of 48 and 1 h afforded slightly pink ZnS-B1


and white ZnS-B2, respectively.
The initial reaction rates depend strongly on the prepara-


tion conditions (Table 1). The activity of both ZnS-A and
ZnS-A/S2ÿ reaches 85 % of that of ZnS-B1, the most reactive
sample (85 mL hÿ1), indicating that additional sulfide has a
negligible effect on the already sulfur-rich powder.[11] Corre-
spondingly, the activity of neither ZnS-B1 nor ZnS-A is
affected by the presence of sulfide ions at concentrations of
cs� 0.7 mol gÿ1.[12] ZnS-B2 still has 16 % of the ZnS-B1 activity,
but ZnS-A/Zn2� is almost inactive. This is in accord with the
action of zinc ions as recombination centers for electron ± hole
pairs.[13] Addition of ZnSO4 and CdSO4 resulted in a moderate
and strong inhibition, respectively. No hydrogen evolution
was detected with the commercial ZnS ± Ventron (purity>
99.99 %) and a ZnS colloid, prepared according to refer-
ence [14]. All samples were photostable except ZnS ± Ventron


Abstract in German: Der Mechanismus der unter Wasser-
stoffentwicklung verlaufenden Zinksulfid-katalysierten Photo-
dehydrodimerisierung von 2,5-Dihydrofuran (2,5-DHF) wur-
de durch Emissions-, Adsorptions- und Inhibierungsexperi-
mente sowie Quantenausbeutebestimmungen untersucht. Da
Zink- und Cadmiumionen die Emission nur geringfügig
beeinflussen, die Reaktion aber inhibieren, sind die photo-
reaktiven Oberflächenzustände mit den emittierenden (t�
0.1 ± 24 ns) nicht identisch. Adsorptionsisothermen dieser Me-
tallionen sowie von 2,5-DHF deuten auf Mono- und Multi-
schichtadsorption. Während Zn2� und Cd2� sowohl physisor-
bieren als auch in Form des Metallsulfids gefällt werden, wird
im Falle von Cd2� eine teilweise Umfällung zu CdS und
gelösten Zinkionen beobachtet. 13C NMR Spektren und der
Vergleich der für kubisches ZnS theoretisch verfügbaren
Anzahl von Zinkzentren mit dem Belegungsgrad in der
gesättigten Wasser-2,5-DHF-Monoschicht deuten darauf hin,
daû 2,5-DHF senkrecht zur Oberfläche über das Sauerstoff-
atom adsorbiert ist. Die wahre Adsorptionskonstante von
170� 30 L molÿ1 entspricht der aus der Konzentrationsabhän-
gigkeit der Reaktionsgeschwindigkeit erhaltenen scheinbaren
Konstante von 260� 50 L molÿ1. Werden 2,5-DHF und THF
aus der Gasphase auf ZnS adsorbiert, verschieben sich die
13C NMR-Signale der a-Kohlenstoffatome im Vergleich zur
homogenen Lösung um 1.5 bzw. 0.7 ppm zu tieferem Feld,
diejenigen der olefinischen Kohlenstoffatome dagegen nur um
0.4 ppm. Es wird angenommen, daû 2,5-DHF von einem
Defektelektron unter gleichzeitiger Deprotonierung zum Di-
hydrofurylradikal und einem Proton oxidiert wird. Die mittels
ab initio Methoden berechneten C-H - Bindungsdissoziations-
energien korrelieren mit den scheinbaren Quantenausbeuten.
Konkurrenzexperimente mit 2,5-DHF/THF und die lineare
Abhängigkeit der radizierten Reaktionsgeschwindigkeit von
der Oberflächenkonzentration an 2,5-DHF deuten auf eine
Dimerisierung der intermediären Dihydrofurylradikale im
adsorbierten Zustand. Nur bei Verwendung der Oberflächen-
konzentrationen von Cd2 und Zn2� läût sich die Inhibierung im
Rahmen des Stern-Volmer Modells quantitativ auswerten.
Danach reagiert Cd2� dreimal schneller als Zn2� und wird zu
Cd0 reduziert, wohingegen im letzteren Falle kein elementares
Zink entsteht.
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and ZnS-B2, which photocorroded to sulfur and elemental
zinc in either the presence or absence of 2,5-DHF.


The emission spectra (lexc� 320 nm) of aqueous suspen-
sions of ZnS-A and ZnS-B1 are summarized in Figure 1.


Figure 1. Emission spectra of various aqueous ZnS powder suspensions
(0.02 g in 3.5 mL of H2O, lexc� 320 nm). Irel� relative intensity in arbitrary
units.


Mutual contributions from colloidal zinc sulfide can be
excluded since no emission could be detected from a solution
obtained by filtration of the suspension through a micropore
filter (pore size� 0.2 mm). For ZnS-A and ZnS/Zn2�, in
agreement with the literature,[13] the self-activated (SA)
emission at 430 nm due to zinc centers (that is, sulfur
vacancies) is more intense than the band-gap emission
(Figure 1, upper panel), while the opposite is observed for
ZnS ± Ventron, for the type B powders, for ZnS-A/


S2ÿ(Figure 1, lower panel), and for ZnS-A in the presence of
sodium sulfide (0.16 molgÿ1, not shown). The latter results
suggest that the added sulfide ions block the zinc centers
involved in the SA emission. Correspondingly, the emission
spectrum of ZnS-B1, which shows only a very weak SA band,
is not changed upon addition of sodium sulfide. Addition of
ZnSO4 (4.4� 10ÿ4 mol gÿ1) to a suspension of ZnS-A or ZnS-
B1 increased both the SA and band-gap emissions by 25 %,
whereas a decrease of 25 % occurred at the 100-fold (4.4�
10ÿ2 mol gÿ1) zinc concentration (Table 1). In contrast, addi-
tion of CdSO4 to ZnS-A decreased the SA emission by 40 %,
already at the lower concentration, and no effect was observable
in the case of ZnS-B1, even at the higher concentration.


Time-resolved emission spectra (lexc� 306 nm) of ZnS-A
and the inactive ZnS ± Ventron revealed multiexponential
decay at all three emission wavelengths investigated (340, 389,
and 437 nm). Curve fitting for the last two afforded best
results with a four- and three-component system for ZnS-A
and ZnS ± Ventron, respectively. The corresponding calculat-
ed lifetimes were all in the 0.1 ± 24 ns range. The longest
lifetimes were 12 (ZnS ± Ventron) and 24 ns (ZnS-A), values
also found for ZnS colloids[15] and powders.[16] As noted in the
literature, apparent multiexponential behavior may arise not
only from different emitting states but also from a distribution
in particle size.[17] Addition of 2,5-DHF had no significant
effect on lifetimes.


Adsorption experiments : In dark adsorption experiments,
aqueous suspensions of ZnS-B1 with CdSO4 and ZnSO4 were
stirred overnight at ambient temperature, then the residual
concentrations of dissolved Cd2� and Zn2� ions were meas-
ured and neq, the molar amount of metal ions adsorbed per
gram of ZnS, was calculated. Both the ions behave similarly
up to a concentration cs of 0.8� 10ÿ4 molgÿ1 (Figure 2), above


Figure 2. Adsorption of ZnSO4 and CdSO4 onto ZnS-B1 (1.3 g Lÿ1).


which the zinc isotherm reaches a saturation plateau at neq�
1.3� 10ÿ4 mol gÿ1; a second adsorption step follows, with a
coverage about 15 times higher (not shown) at concentrations
above 3� 10ÿ3 mol gÿ1,[18] similarly to the adsorption of Ag�


onto TiO2.[19] In the case of cadmium the linear increase
develops into a plateau at a coverage of about 7�
10ÿ4 mol gÿ1. Analysis of the adsorption data in terms of the


Table 1. Dependence of intensity (I) of SA emission at 430 nm and initial
reaction rate (v(H2)) in the absence (v8, I8) and presence (v, I) of zinc and
cadmium ions.


Sample Additive cs [mmolgÿ1] v8(H2)/v(H2) I8/I


ZnS-A ± ± 1.0[a] 1.0[c]


Zn2� 0.44 1.3 0.8
Zn2� 44.5 3.0 1.3
Cd2� 0.44 16 1.7
Cd2� 44.5 1 2.0


ZnS-A/Zn2� ± ± 42.5 0.8
ZnS-A/S2- ± ± 1.0 9.0
ZnS-B1 ± ± 1.0[b] 1.0[c]


Zn2� 0.44 2.6 0.8
Zn2� 44.5 6.0 1.3
Cd2� 0.44 13 1.0
Cd2� 44.5 1 1.0


ZnS-B2 ± ± 6 0.5
ZnS-Ventron ± ± 1 0.5


[a] ZnS-A: v8(H2)� 72 mL hÿ1. [b] ZnS-B1: v8(H2)� 85 mL hÿ1. [c] The
ratio of SA intensities of ZnS-A to ZnS-B1 is 8:1.
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Hiemenz model (vide infra) is not possible, because the
adsorption equilibrium is too complicated.[20]


To obtain the adsorption constant of 2,5-DHF, the amount
adsorbed onto ZnS-B1 was determined as described above for
the metal ions. A plot of the equilibrium coverage against
residual substrate concentration (Figure 3) exhibits two


Figure 3. Adsorption of 2,5-DHF onto ZnS-B1 (1.3 gLÿ1) (inset: total
concentration range) (&) and Hiemenz linearization plot (*).


saturation plateaus at (neq)max� 2.8� 10ÿ3 and 65�
10ÿ3 mol gÿ1. This indicates multilayer adsorption as common-
ly observed in heterogeneous catalysis.[21] The first adsorption
plateau is therefore attributed to a filled surface monolayer.


The adsorption data were analyzed by application of the
Hiemenz model,[22] as recently reported for photoreactions
catalyzed by TiO2


[7a] or CdS.[7b] In those cases the formation of
an ideal mixed solvent ± solute surface monolayer according
to Equation (2) (where the superscripts b and s indicate bulk
solution and surface layer, respectively) is assumed.


H2Os� 2,5-DHFb >H2Ob� 2,5-DHFs (2)


Hiemenz arrived at Equation (3), where Kad is the equili-
brium constant divided by the bulk water concentration, s8
the average area occupied by the molecule in the saturated
solvent ± solute surface monolayer, Asp the specific surface
area of ZnS-B1 (170 m2 gÿ1) and NA the Avogadro number.


ceq


neq


� NAso


AspKad


�NAso


Asp


ceq (3)


A plot of ceq(neq)ÿ1 against ceq exhibits good linearity
(Figure 3; least-squares regression coefficient� 0.999). From
slope and intercept (slope� 3.56� 102 g molÿ1; intercept�
2.09 g Lÿ1) values of 170� 30 L molÿ1 and 10.2 �2 are calcu-
lated for the adsorption constant Kad and the area occupied by
2,5-DHF, respectively.


Concentration dependence : The dependence of the reaction
rates on the initial concentrations of THF and 2,5-DHF was
measured (Figure 4). The maximum rate of hydrogen evolu-
tion for THF was found to be only 10 % of that for 2,5-DHF. A
concentration of 5 mol gÿ1 of THF is required to obtain the
maximum rate, whereas only 0.4 mol gÿ1 is necessary for 2,5-


Figure 4. Dependence of initial hydrogen evolution rate on 2,5-DHF (*)
and THF (&) concentrations.


DHF. In contrast to the related CdS-catalyzed addition of 2,5-
DHF to azobenzenes and Schiff bases,[7b] no induction period
was observed.


Inhibition by Zn2� and Cd2� : A Stern ± Volmer plot of the
dependence of the reaction rate on the concentration of
added ZnSO4 and CdSO4 is depicted in Figure 5 for ZnS-B1.
Half-inhibition is found for Zn2� and Cd2� at cs� 1.80� 10ÿ4


and 0.20� 10ÿ4 mol gÿ1, respectively. In the case of Zn2� a
plateau at about 0.6� 10ÿ3 mol gÿ1 is followed by a further


Figure 5. Stern ± Volmer plots of reaction inhibition by dissolved Cd2� and
Zn2� ions.


increase and a second plateau at concentrations higher than
2� 10ÿ2 mol gÿ1 (not shown). For Cd2�, after an almost linear
increase of v8(H2)/v(H2) up to 0.5� 10ÿ4 mol gÿ1 there is an
exponential increase (see Figure 5, inset), leading to total
inhibition at cs� 6� 10ÿ4 mol gÿ1 (not shown in Figure 5).
Even at a concentration of only 3.9� 10ÿ6 mol gÿ1 this is
accompanied by the formation of elemental cadmium, as
evidenced by the reduction of added MV2� to the blue radical
cation MV.� . When a 465 nm cut-off filter was employed to
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exclude ZnS excitation, no Cd0 was produced; thus photo-
corrosion through excitation of surface-formed CdS can be
ruled out. In the case of Zn2� neither darkening of the catalyst
nor total inhibitionÐeven at a zinc ion concentration of cs�
0.8 mol gÿ1Ðcould be detected.


Discussion


Adsorption of Zn2� and Cd2� on the ZnS-B1 surface : For the
adsorption of a metal ion (M2��1�) onto a hydrous metal sulfide
surface, generally three mechanisms are discussed:
i) Precipitation as M(1)S; ii) lattice exchange, MS(s)�M2��1�)�
M(1)S(s)�M2� ; and iii) adsorption, MS(s)�M2��1� �MS(s) ±
M2��1�.[23] For Zn2� adsorption only mechanisms i and iii can
be considered, but because CdS has a much lower solubility
product (L� 2� 10ÿ28 mol2 Lÿ2) than ZnS (L� 4�
10ÿ24 mol2 Lÿ2), mechanism ii is also expected to operate for
Cd2� ions. The lattice exchange mechanism (ii) was also pro-
posed in studies concerned with emission quenching on colloidal
zinc sulfide by Ren and co-workers, although no CdS could be
detected.[24] Our results were different, and in accordance with
those of Henglein and co-workers:[25] a weak peak at 520 nm
in the excitation spectrum (lem� 540 nm) suggests the pres-
ence of CdS. More direct support was obtained by monitoring
the concentration of zinc ions in the solution upon addition of
cadmium sulfate. The relationship between the concentration
of desorbed zinc ions (cs) and the coverage of adsorbed
cadmium ions (neq) reveals that cs increases significantly only
after neq reaches a threshold of 0.8� 10ÿ4 mol gÿ1 (Figure 6).


Figure 6. Dependence of Zn2� ion desorption on Cd2� ion adsorption.


This agrees well with the concentration up to which zinc and
cadmium ions exhibit similar adsorption behavior (see
Figure 2), most probably by precipitation and adsorption
mechanisms. Since the maximum slope of the cs ± neq plot is
only about 0.6 (Figure 6), the difference from 1.0 suggests that
even above the threshold the two other mechanisms are still
important. Detailed studies indicate that mechanism iii can be
described as substitution of a proton in a surface [Zn] ± OH or
[Zn] ± SH group by Cd2� or Zn2�.[20]


Effect of Zn2� and Cd2� on SA emission and reactivity : The
weak increase in intensity of both ZnS-A and ZnS-B1


emissions at a low zinc concentration (4.4� 10ÿ4 mol gÿ1),
which corresponds to near-saturation of the first adsorption
step (Figure 2), is most probably due to an increase of the
number of surface zinc centers responsible for the SA
emission. At the higher concentration, 4.4� 10ÿ2 mol gÿ1, the
additional ions are adsorbed in a solvent ± solute multilayer
and function as recombination centers, resulting in a decrease
in intensity. This can be rationalized as a double electron
transfer quenching [Eqs. (4), (5)]. In agreement with this


eÿtr �M2�!M� (4)


h�tr �M�!M2� (5)


explanation, Mg2� and Al3� ions, which are more difficult to
reduce, have no significant effect on either the emission
spectrum or the activity of ZnS-A. In contrast to Zn2�, Cd2�


reduces the SA emission of ZnS-A even at the lower
concentrations of the monolayer regime. This stronger effect
may be due to a faster quenching by electron transfer
(E8(Cd2�/Cd)�ÿ0.40 V, E8(Zn2�/Zn)�ÿ0.78 V)[26] and the formation
of surface CdS.


Although the presence of S2ÿ (0.7 mol gÿ1) causes 90%
quenching of emission it does not affect the initial rate
induced by ZnS-A, which also remains unchanged when ZnS-
A/S2ÿ is employed. The changes in SA emission and reactivity
(Table 1) induced by the two metal ions also reveal opposite
trends. This indicates that emitting (eÿtr, h�tr) and reactive
(eÿr , h�r ) states are different (Scheme 1). The same argument
holds for the band-gap emission. In agreement with this
conclusion, 2,5-DHF does not influence the emission spectra,
even at the very high concentration (0.7 mol gÿ1) at which
surface saturation occurs.


Scheme 1. Simplified mechanism; the potentials of the valence and
conduction band edges apply to a ZnS single crystal at pH 7;[36d] values
for the reactive eÿr /h�r pair are tentative.


In the case of ZnS-B1, which has a larger surface excess of
sulfur than ZnS-A1,[11] addition of sulfide ions leaves both
emission and reactivity unchanged. However, since cadmium
ions do not influence the emission but strongly inhibit the
reaction (Table 1), for ZnS-B1 also the emitting and reacting
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states are different. The dependence of the reduced reaction
rate on the inhibitor concentration is in agreement with these
findings (Figure 5). Half-inhibition is observed even at low
concentrations of dissolved metal ions (0.20� 10ÿ4 for Cd2�


and 1.80� 10ÿ4 mol gÿ1 for Zn2�) at which the SA emission is
either unaffected or even more intense than in the absence of
the ions. The linear dependence of the reduced rate on the
concentration of metal ions adsorbed (Figure 7) within the


Figure 7. Stern ± Volmer plots of reaction inhibition by adsorbed Cd2� and
Zn2� ions.


solvent ± solute monolayer suggests that quenching can be
described by the Stern ± Volmer model.[27] From the corre-
sponding slopes, Stern ± Volmer constants (ksv) of 50�
103 L molÿ1 and 13� 103 L molÿ1 are calculated for Cd2� and
Zn2� ions, respectively.[28] Since no elemental zinc is produced
in the inhibition process, the zinc ions may prevent formation
of the photoreactive electron ± hole pair (see Scheme 1) and/
or enable its efficient radiationless recombination through
double electron transfer analogous to Equations (4), (5). The
first alternative is more likely, since at this concentration Zn2�


ions increase the SA emission. In contrast, Cd2� ions do not
influence the emission but afford elemental cadmium during
irradiation. Under conditions of total inhibition of hydrogen
evolution, small amounts of the dehydrodimers but no furan
could be detected as oxidation products, suggesting for the
first time a decoupling of substrate oxidation and water
reduction.


ZnS-B1 photocatalysis


Dependence of reaction rate on the concentration of adsor-
bed 2,5-DHF : The similarity in the dependence of rate and
amount of 2,5-DHF adsorbed (neq) on the concentration
strongly corroborates the dominant role of substrate adsorp-
tion (Figure 8). Further support stems from the quadratic
dependence of initial rate on neq, which can be linearized
(Figure 9). This corresponds to the well-known case of
heterogeneous catalytic dimerization by a modified Lang-
muir ± Hinshelwood mechanism affording easily desorbable
products.[29] It suggests that the dimerization of the inter-
mediate dihydrofuryl radicals is involved in the rate-deter-
mining step and thatÐat least for early reaction stagesÐthe
concentration of these adsorbed radicals increases linearly
with neq, the surface concentration of 2,5-DHF.


Figure 8. Dependence of amount of 2,5-DHF adsorbed (&) and initial rate
(*) on equilibrium concentration of 2,5-DHF.


Figure 9. Dependence of rate of reaction (*) and its square root (~) on the
amount of 2,5-DHF adsorbed.


Evidence that dimerization of the radicals is a surface
reaction is obtained from competition experiments with
mixtures of 2,5-DHF and THF. Although 2,5-DHF reacts
only ten times faster than THF, no THF dehydrodimers could
be detected[8b] at a THF/2,5-DHF molar ratio of 10:1,
irrespective of the catalyst concentration, but these products
did appear when the ratio was increased to 580:1. In the
presence of 0.5 and 1.5 g of ZnS-A, the percentage of
bidihydrofuryls, mixed dehydrodimers, and 2,2'-bitetrahydro-
furyl was 90, 9, and 1 % and 82, 13, and 5 %, respectively. In
contrast, the corresponding composition was 5, 10, and 15 %
when the radicals were generated by photolysis of H2O2 in a
mixture (15:1) of THF/2,5-DHF (the difference from 100 % is
balanced by hydroxylation products which are absent in the
reaction catalyzed by zinc sulfide). This difference between
the product ratio in the heterogeneous and homogeneous
systems suggests that the radical C ± C coupling occurs in the
solvent ± solute surface monolayer.


In contrast to the adsorption of imines to CdS,[7b] in the
present case the true adsorption constant Kad (170�
30 L molÿ1) is in fair agreement with the pseudo-constant
(260� 50 Lmolÿ1) obtained from the concentration depend-
ence of reaction rates by a modified Langmuir plot (v(H2)ÿ1/2


against ceq
ÿ1 , not shown). The average area of 10.2 �2


occupied by 2,5-DHF in the solvent ± solute monolayer agrees







FULL PAPER H. Kisch et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0214 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1214


with the calculated value, 3.8 �� 2.4 �� 9.1 �2, for an
unsolvated molecule adsorbed edge-on to the surface. Within
the limits of this adsorption model the average distance
between the 2,5-DHF molecules is estimated as 4 �. From the
surface density of zinc sites (11.4� 10ÿ6 mol mÿ2 as reported
for cubic ZnS[30]) and the specific surface area of ZnS-B1


(100 ± 170 m2 gÿ1) it is concluded that the surface concentra-
tion of 2,5-DHF in the saturated monolayer should be in the
(1 ± 2)� 10ÿ3 mol gÿ1 range. This fits well with the experimen-
tally observed value of 2.8� 10ÿ3 mol gÿ1 and therefore
suggests that 2,5-DHF is adsorbed onto zinc sites. This is
corroborated by the 13C NMR spectra of 2,5-DHF and other
substrates adsorbed onto ZnS-B1 from the gas phase, as
described for ZnO[31] (although comparison of the latter
results with the adsorption studies on aqueous suspensions is
reliable only in some basic aspects).


Upon adsorption of cyclohexene and cyclopentene from the
gas phase, all signals are shifted downfield (Dd� 0.3 and 0.8
compared with CDCl3 and aqueous solution) (Table 2).[32]


This suggests that adsorption, probably through p-complex
formation at an electron-deficient surface center, is rather


weak. In agreement with the more covalent character of ZnS,
the adsorption shifts are smaller than reported for ZnO (Dd�
2 ± 4).[31] For THF and 2,5-DHF the two a-carbon atoms
appear as broad singlets shifted to lower field (Dd� 0.7 and
1.5, respectively), and indicate adsorption through the oxygen
atom. In the case of 2,5-DHF the small downfield shift (Dd�
0.4) observed for the olefinic signals suggests that the C ± C
double bond is also involved, resulting in adsorption parallel
to the zinc sulfide surface. This differs from adsorption from
the aqueous solution where an orientation perpendicular to
the surface (that is, without involvement of the double bond)
is more likely (vide supra).


The enolic ethers 2,3-DHF and 3,4-DHP exhibit slightly
different behavior. While the a-CH2 signals (Dd� 0.9 for 2,3-
DHF and 1.8 for 3,4-DHP) and olefinic b-carbon atoms (Dd�
0.7 for 2,3-DHF and 1.5 for 3,4-DHP) suffer deshielding, the
signals of the olefinic a-carbon atoms are either not influ-
enced or are shifted upfield (Dd� 1.0), respectively. These
differences suggest that the enol ethers adsorb at a single zinc
atom, whereas two zinc atoms are involved in the case of allyl
ethers. A similar bridged surface complex seems to be formed
with dioxane, which exhibits only one NMR signal shifted
downfield (Dd� 1.0).


Mechanism of the oxidative step : The oxidation of 2,5-DHF
to the corresponding allylic radical may proceed by two main
reaction pathways, as discussed recently for the CdS-catalyzed
photoaddition of 2,5-DHF to benzophenone imine:[3d] direct
oxidation by the reactive hole coupled with a concerted or
stepwise deprotonation (see Scheme 1) or indirect oxidation
by H-atom abstraction from the cyclic ether by an oxidatively
produced sulfur radical. Although such radicals have been
observed on the surface of irradiated ZnS,[9, 33] the latter
process is unlikely since THF is also reactive but in homoge-
neous solution does not undergo hydrogen abstraction by
sulfur radicals such as MeS.[34] The concerted and stepwise
oxidation mechanisms can be distinguished as follows. The
actual potentials for THF and 2,5-DHF are easily determined
(2.9, 2.3 V versus NHE, MeCN),[35a] but the reduction
potential of the reactive hole can only be estimated from
the position of the valence band edge of ZnS single crystals in
contact with neutral water (Evb� 1.8 V)[36d] and the observa-
tion that the flat-band potential of a semiconductor crystal
may be shifted by about 0.4 V upon changing the nature of the
adsorbed substrates.[36] Accordingly, for the ZnS powder
employed in this study a range of 1.6 ± 2.0 V seems reasonable.
Thus, the electron transfer step of the stepwise mechanism is
endergonic by at least 0.9 and 0.3 eV for the saturated and
unsaturated ether, respectively. This makes the stepwise
mechanism unlikely although the intermediate dihydrofuryl
radical cation is a strong acid (pKa ÿ 17)[37, 38] and deprotona-
tion of radical cations is a fast process with rate constants in
the range 105 ± 1010 sÿ1.[39] Further evidence against this
mechanism stems from a plot of the apparent quantum
yields[41] for the various ethers as a function of the calculated
redox potentials (Figure 10).[35] Whereas the observed in-


Figure 10. Dependence of apparent quantum yield (lexc� 313 nm) on
substrate oxidation potential.


crease from THF to 3,6-dihydrodioxepine (3,6-DHD),
3-methyl-2,3-dihydropyran (3-MeDHP), and 2,5-DHF paral-
lels the decrease in oxidation potential, the quantum yield
decreases for the two enolic ethers 2,3-DHF and 3,4-DHP
although they are much more easily oxidized than 2,5-DHF.
This strong deviation suggests that the concerted mechanism
(dissociative electron transfer) may be operating [Eq. (6)].


Table 2. 13C NMR chemical shifts (d) of various ethers and olefins in CDCl3


solution and adsorbed onto ZnS-B1.


Substrate a-C (sp3) b-C (sp3) C (sp2)
measured ref. [32] measured ref. [32] measured ref. [32]


cyclohexene 26.0 25.4 23.3 23.0 127.9 127.4
cyclopentene 33.2 32.8 24.1 23.3 131.5 130.8
THF 69.1 68.4 26.6 26.5 ± ±
2,5-DHF 76.9 75.4 ± ± 126.8 126.4
2,3-DHF 69.5[a] 68.6[a] ± ± 145.6[c] 145.6[c]


28.8[b] 28.5[b] ± ± 99.1[d] 98.4[d]


3,4-DHP 66.7[a] 64.9[a] ± ± 144.6[c] 145.6[c]


23.5[b] 22.6[b] 19.7 19.3 100.7[d] 99.2[d]


dioxane 68.6 67.6 ± ± ± ±


[a] -CH2O-. b)�CH(CH2)-. [c]�CHO-. [d]�CH(CH2)-.
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The driving force for this process corresponds to the differ-
ence between the free enthalpy of C ± H bond homolysis and
the potential of the hydrogen electrode [Eq. (6)].[40]


RH!R .�H�� eÿ (6)


An estimate for 2,5-DHF and THF reveals that, in contrast
to the stepwise radical formation, the concerted pathway is
exergonic by at least 0.9 and 0.2 eV, as indicated by the free
enthalpy change of 0.72 and 1.38 eV, respectively.


Since no experimental data on bond dissociation energies
(BDEs) are available, ab initio calculations were performed.
The BDE is the difference between the sum of the total
energies of the R . and H . radicals and the total energy of RH
in its minimum-energy conformation. All molecules were
fully optimized by DFT methods employing the Becke three-
parameter hybrid (B3) exchange functional in combination
with the Lee ± Yang ± Parr (LYP) correlation functional.[42]


Contrary to the particularly poor predictions of the local spin
density approximation (LSDA) methods, it has been shown
that reliable bond dissociation energies (BDEs) are computed
by B3LYP.[42] The calculated heats of formation of the
compounds RH, their corresponding radicals, the BDEs,
and stabilization energies of the radicals are shown in Table 3.


A plot of the quantum yield as a function of the BDE
reveals a straight line for dioxane, THF, 3,4-DHP, 2,3-DHF,
and 2,5-DHF (Figure 11). This clearly suggests that the
quantum yield is governed by the dissociative electron
transfer; that is, in the series of five-membered compounds


Figure 11. Dependence of apparent quantum yield on calculated bond
dissociation energy (BDE).


the variation in BDE determines the quantum efficiency. The
deviations observed for six-membered 3-MeDHP and 3,6-
DHD may be due to steric hindrance of radical C ± C coupling
by the methyl group and to the presence of a second oxygen
which renders the molecular structure too different from the
other substrates.


Experimental Section


General methods : All experiments were performed under an argon
atmosphere. 2,5-DHF was purified from furan by heating it with maleic
acid anhydride for 3 h and subsequent distillation. All olefinic substrates
were commercially available. For general procedures and apparatus see
refs. [3b, 3d].


Instrumentation :


Static emission measurements : Perkin-Elmer LS 50B luminescence spec-
trometer, excitation and emission monochromator slits 5.0 nm, two scans
with speeds of 240 nm minÿ1 at lexc� 320 nm.


Time-resolved emission measurements : Frequency-doubled synchronous
pumped Rhodamine 6G dye laser (l� 306 nm); luminescence curves were
fitted to multiexponential decay according to Equation (7).


I(t)� I1(t)eÿt/t1� I2(t)eÿt/t2� ...� Ix(t)eÿt/tx (7)


Apparent quantum yield : Mülheim -type electronic integrating actino-
meter,[8b] irradiation source Osram HBO 500 W, calibration with ferriox-
alate, average of three experiments, experimental error less than �10%;
irradiation: Philips HPK 125 W high-pressure mercury lamp, unless other-
wise stated (photon flux� 10ÿ4 Einstein sÿ1 (250 nm< l< 400 nm)). ZnS-
B1 was used throughout all the experiments, unless noted otherwise.
Hydrogen evolution was measured continuously with a volumetric device.[8]


Initial rates were calculated from tangents to experimental hydrogen
evolution curves at t� 0 (experimental error �2%). It was ensured by
appropriate control experiments that the rate of H2 formation was equal to
that of the dehydrodimers. All potentials E1/2 are referred to an NHE and
were calculated for acetonitrile solution from the following ionization
potentials according to ref. [35a]: 9.14 (2,5-DHF[35b]), 8.50 (2,3-DHF[35b]),
9.70 (THF[35b]), 9.43 (dioxane[35b]), 9.02 (cyclopentene[35c]), 9.12 (cyclo-
hexene[35c]), 8.37 (3,4-DHP[35d, 35e]), 9.45 (3-methyl-2,3-dihydro-
pyran[35d, 35e]), 9.54 eV (3,6-dihydrodioxepine[35f]).


Preparation of ZnS samples :


ZnS-A : Under an argon atmosphere an aqueous solution (250 mL) of
Na2S ´ 9H2O (24.0 g, 0.1 mol) was added dropwise to a solution of ZnSO4 ´
7H2O (28.8 g, 0.1 mol) in water (250 mL). The mixture was stirred for 24 h
and filtered, then the powder was washed with H2O to neutrality and dried
over Siccapent. The specific surface area determined by the BET method
was 220 m2 gÿ1.


ZnS-A/S2ÿ, ZnS-A/Zn2� : ZnS-A/S2ÿ and ZnS-A/Zn2� were prepared in the
presence of a 20% excess of Na2S ´ 9 H2O (28.8 g, 0.12 mol) and of ZnSO4 ´
7H2O (34.6 g, 0.12 mol), respectively.


ZnS-B1, ZnS-B2 : A solution of NaOH (100.0 g, 2.5 mol) in H2O (200 mL)
was added to a solution of ZnSO4 ´ 7H2O (28.8 g, 0.1 mol) in H2O (200 mL).
After redissolution of Zn(OH)2, thiourea (15.2 g, 0.2 mol) in H2O (400 mL)
was added. For ZnS-B1 and ZnS-B2 the mixture was heated to 80 8C for 48 h
and 1 h, respectively, with occasional shaking. After filtration, the powder
was washed and dried as described for ZnS-A. Specific surface areas of 170
(ZnS-B1) and 37 m2 gÿ1 (ZnS-B2) were measured.


ZnS ± Ventron : The commercially available ZnS ± Ventron (99.99 %) was
used as obtained.


ZnS colloids : Na2S ´ 9H2O (0.48 g, 2.0 mmol), dissolved in water (20 mL),
was added dropwise to a solution of ZnSO4 ´ 7H2O (0.58 g, 2.0 mmol) in
water (20 mL )at 0 8C. Stirring was continued at this temperature for
10 min.[14]


Catalytic activity and corrosion behavior of ZnS samples : In a Pyrex
immersion lamp apparatus (l� 290 nm) the suspension of ZnS (0.1 g,


Table 3. Computed heats of formation (HF), zero-point energies (ZPE),
stabilization energies (SE), and bond dissociation energies (BDE).


HFRH [au] ZPERH
[a] HFR


. [au] ZPER
.[a] SE[a] BDE[a]


THF ÿ 232.50339 73.24 ÿ 231.84701 64.76 ÿ 13.40 89.30
2,3-DHF ÿ 231.27644 58.14 ÿ 230.63810 49.34 ÿ 25.04 77.67
2,5-DHF ÿ 231.27042 57.91 ÿ 230.63810 49.34 ÿ 28.59 74.12
3,4-DHP ÿ 270.60715 76.86 ÿ 269.96701 68.19 ÿ 23.79 78.91
3-MeDHP ÿ 309.92669 94.04 ÿ 309.29467 85.58 ÿ 28.67 74.03
dioxane ÿ 307.73269 76.81 ÿ 307.07096 68.12 ÿ 10.27 92.43
3,6-DHD ÿ 345.82690 79.79 ÿ 345.19584 71.49 ÿ 29.12 73.58


[a] kcal molÿ1.
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1.3 g Lÿ1) in water (70 mL) was sonicated for 20 min under a slow argon
stream. After addition of 2,5-DHF (5 mL, 69 mmol), irradiation was
conducted for 1 h.


For colloidal ZnS, the colloid solution (18 mL) was sonicated in a 20-mL
cylindrical cuvette as described above and 2,5-DHF (1.2 mL, 18 mmol)
was added before irradiation on an optical train (Osram HBO 500 W,
l� 290 nm).


The photostability of the various catalysts was tested in the absence of a
sacrificial substrate. Formation of elemental zinc and cadmium was made
evident by the appearance of the blue radical cation MV.� upon addition of
solid (MV)Cl2. Elemental sulfur was detected as an anodic photocorrosion
product by extraction of the reaction mixture with CS2 and subsequent
measurement of the absorbance at 350 nm.


ZnS emission and quenching : The corresponding ZnS sample (5 mg,
1.4 g Lÿ1) was suspended in H2O (3.5 mL); for sulfide quenching Na2S
(0.16 mol gÿ1) was used. The emission spectra of the aqueous ZnS
suspensions were identical to those of the solid probes.[11] An apparent
emission at 390 nm was identified as scattered light by comparison with an
aqueous suspension of BaSO4 exhibiting the same peak. At an excitation
wavelength lexc of 320 nm a Raman scattering peak of H2O was observed at
363 nm. For quenching experiments the ZnS samples were suspended in an
aqueous quencher solution (3.5 mL) and sonicated under argon for 10 min
before measurement. The concentrations of the metal sulfate solutions
(Zn2�, Cd2�, Al3�, Mg2�) were 5.71� 10ÿ4 and 5.71� 10ÿ2 mol Lÿ1. Cd2�


induced a weak band at 520 nm in the excitation spectrum. The concen-
trations of the organic substrates 2,5-DHF and dioxane were 0.63 mol Lÿ1.


Inhibition experiments : For each experiment ZnS-B1 (0.1 g, 1.3 gLÿ1) was
sonicated for 15 min under Ar in a metal sulfate or sodium sulfide solution
(70 mL) of given concentration, then 2,5-DHF (5 mL, 69 mmol) was added.
Irradiations were performed in a quartz immersion lamp apparatus (l>


254 nm). In all the experiments the concentration of 2,5-DHF was set at
0.9 mol Lÿ1 (0.7 mol gÿ1). The concentrations (cs) were in the range 10ÿ5 ±
10ÿ1 and 10ÿ6 ± 10ÿ3 mol gÿ1 for Zn2� and Cd2�, respectively.


One reaction suspension, irradiated for 1 h under conditions of total
inhibition of hydrogen evolution (cs(Cd2�)� 7.8� 10ÿ3 mol gÿ1), was fil-
tered, extracted with CCl4, dried over MgSO4, and analyzed by GC ± MS to
detect organic oxidation products.[8b]


To determine whether cadmium metal formation is due to excitation of
ZnS or surface CdS, ZnS-B1 was irradiated on an optical train equipped
with an XBO 150 W lamp and a cut-off filter (l� 465 nm, cs(Cd2�)� 3.8�
10ÿ3 mol gÿ1, cs(2,5-DHF)� 0.7 mol gÿ1).


Dark adsorption experiments : Solute adsorption onto ZnS-B1 (1.3 g Lÿ1)
was followed by measuring the residual solute concentration after stirring
aliquots (10 mL) of aqueous solutions with different initial concentrations
for 20 h at room temperature in the dark (to prevent photoreactions, the
glass tubes were completely wrapped with aluminum foil). After filtration
(Millipore filter, pore size 0.2 mm), equilibrium concentrations of the metal
ions and 2,5-DHF were measured by atomic absorption spectrometry
(detection limit about 10ÿ7 mol Lÿ1) and HPLC, respectively. The differ-
ences Dc� ciniÿ ceq were normalized to neq, the number of moles of solute
adsorbed per gram of ZnS. All values reported are the average of two
measurements; observed deviations were less than �5 %. The correspond-
ing metal salt concentrations (cs) were in the range 10ÿ5 ± 10ÿ3 and 10ÿ7 ±
10ÿ3 mol gÿ1 for Zn2� and Cd2�, respectively. The 2,5-DHF concentration
was varied from 10ÿ3 to 1.2 mol gÿ1.


The HPLC calibration for aqueous 2,5-DHF solutions was performed three
times at eight concentrations; deviation was �2 %. The detector was not
sufficiently sensitive to allow reliable measurements of THF adsorption.


Dependence of rate of H2 evolution on the concentrations of 2,5-DHF and
THF : ZnS-B1 (0.1 g, 1.3 gLÿ1) was suspended and sonicated for 15 min
under argon in the corresponding substrate mixture (75 mL) (vide infra).
Irradiation (l� 254 nm) was performed for 1 h employing the immersion
lamp apparatus mentioned above. 2,5-DHF and THF concentrations were
varied from 10ÿ3 to 1.2 mol gÿ1 and from 0.5 to 9.8 mol gÿ1, respectively.


Competition experiments between 2,5-DHF and THF : In a Pyrex
immersion lamp apparatus (l> 290 nm), the suspension of ZnS-A (0.5 g,
2.3 gLÿ1 or 1.5 g, 6.9 g Lÿ1) in the substrate mixtures described below was
sonicated for 10 min under an argon atmosphere and irradiated for 20 h.
The products were obtained by extraction with diethyl ether, drying over


MgSO4, and careful removal of the solvent under reduced pressure (room
temperature, 1 Torr), then identified by GC and GC ± MS by co-injection of
the authentic dehydrodimers, as described recently.[8b] [2,5-DHF]/[THF]�
1:580; 0.38 mL (5.0 mmol) of 2,5-DHF/210 mL (2.9 mol) of THF; 10 mL
(0.6 mol) of H2O.


Homogeneous photolysis experiments were performed by irradiating a
mixture of H2O2 (8 mL, 0.3 mol), 2,5-DHF (6.7 mL, 89 mmol), and THF
(100 mL, 1.4 mol) for 10 h in the apparatus described above.
13C NMR spectra of substrates adsorbed onto ZnS-B1: A dried NMR tube
was filled with ZnS-B1 (1 g) and evacuated several times, then adsorbate
(THF, dioxane, 2,5-DHF, cyclopentene, cyclohexene, 3,4-DHP, or 2,3-
DHF) was introduced in the vapor phase and the spectra were recorded at
room temperature.[31] A susceptibility correction (Dd� 1.2) was applied to
the chemical shifts, based on the upfield shift (Dd�ÿ1.2) observed for
TMS physisorbed onto ZnS-B1.


Dependence of quantum yield on substrate structure : A stock solution was
prepared from water (10 mL), dioxane (20 mL), and the corresponding
substrate (27 mmol): 2,5-DHF (2.0 mL), 2,3-DHF (2.0 mL), 3,4-dihydro-
2H-pyran (2.5 mL), 5,6-dihydro-4-methyl-2H-pyran (2.9 mL), cyclohexene
(2.7 mL), dioxane (2.1 mL), THF (2.2 mL), or 2,5-dihydrodioxepine
(2.6 mL), respectively. The stock solution (3 mL) was used to suspend
ZnS-B1 (5 mg, 1.7 gLÿ1) in a 4-mL two-stopcock cuvette. After sonication
for 10 min under a slow stream of nitrogen, the stirred suspension was
irradiated on an optical train at l� 313 nm (HBO 500W) for 0.5 h. The
amount of hydrogen produced was measured by GC as described in detail
in ref. [8b].
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Zinc-Induced Conformational Transitions of Acidic Peptides: Charac-
terization by Circular Dichroism and Electrospray Mass Spectrometry


Odile HeÂnin, Bernard Barbier, François Boillot, and AndreÂ Brack*[a]


Abstract: A series of amphiphilic pep-
tides have been synthesized which have
a defined chain length and are based
either on the dipeptide periodicity Asp-
Leu or the tetrapeptide periodicity Leu-
Asp-Asp-Leu. Their behavior in the
presence of low concentrations of metal
ions was studied by circular dichroism
spectroscopy. In pure water, the pepti-
des adopt a random coil conformation.
The addition of Zn2� specifically induces
a b-sheet structure for (Asp-Leu)n and
an a-helix structure for (Leu-Asp-Asp-
Leu)n-Asp. The conformational transi-
tions are dependent on the chain length:


the critical main chain length for b-
sheets and a-helix formation is between
10 and 24 residues, and between 13 and
25 residues, respectively. The addition of
NH�


4 and Mg2� have no effect, whereas
Ca2� has only a slight effect on the
conformation. The peptide (Leu-Asp-
Asp-Leu)8-Asp complexed to Zn2� was
used in circular dichroism (CD) spectro-
scopic studies to investigate the self-


association of a-helices as a function of
the temperature. The Zn2� complexes
were analyzed by electrospray mass
spectrometry. As expected from the
CD studies, the binding of Zn2� is
dependent on the chain length. At
0.4 equiv Zn2�/Asp, (Leu-Asp-Asp-
Leu)8-Asp binds a maximum of five zinc
ions, which is less than the theoretical
value of eight expected from the peptide
sequence. (Leu-Asp-Asp-Leu)6-Asp and
(Leu-Asp-Asp-Leu)3-Asp bind two and
one zinc ions, respectively, without the
formation of an a-helix.


Keywords: circular dichroism ´
mass spectrometry ´ noncovalent
interactions ´ peptides ´ zinc


Introduction


Metal cations have been used to template and to stabilize
secondary structures in de novo metalloprotein design. For
example, lanthanides enhanced the capability of a disulfide-
bridged peptide containing g-carboxyglutamic acid to under-
go a transition from a random coil to a-helical coiled-coil.[1] It
has also been shown that specific geometrically restrictive
metal ± ligand interactions are required in order to obtain a
unique structure for a four-helix bundle peptide.[2] There are
several reports on the use of metal compounds as cross-
linking agents to stabilize a-helices,[3,4] b-sheets,[5] and b-
turns.[6] Most of these examples are based on a rational design
of peptides that take into account the affinity of metal ligands
for the selected metal ion and the compatibility of the metal
ion geometry and coordination sphere with the desired
conformation. Moreover, it has been demonstrated that
amino acids have various propensities to form an a-helix,[7,8]


a b-sheet,[9] or a b-turn[10] and that the sequence periodicity, in
particular, is a determinant factor generating distinct con-
formational preferences.[11]


Many enzymes take advantage of metallic ion cofactors.
Among these ions, zinc plays a special role. Alkaline
phosphatase, phospholipase C, nuclease P1, and leucine ami-
nopeptidase all belong to the family of co-catalytic zinc
enzymes.[12] Zinc ions induce the aggregation of the peptide
Ab1±40 that accumulates in the brain cortex in patients
suffering from Alzheimer�s disease.[13, 14] The zinc ions also
play an important role in stabilizing the structure of the
archaeal ferredoxin from the thermoacidophilic archaeon
Sulfolobus sp.[15±17] Zinc-finger motifs are known to exhibit
various biological activities, such as the capsid formation
around genomic RNA by the nucleocapsid protein of the
immunodeficiency virus type 1.[18] The particularity of zinc-
finger peptides was used to design peptidyl chemosensors.[19,


20]


Enzymatic activity is driven by the nature of the amino
acids associated with zinc ions. Histidine and aspartic acid are
often present in zinc-finger peptides. Recently, an extracel-
lular protease acidolysin produced by Clostridium acetobuty-
licum was purified. This enzyme contains a high level of acidic
and polar amino acids and requires zinc ions for its full
activity.[21]


For the de novo design of enzymes, model proteins with
biological activities, are synthesized without reference to any
known particular protein structure or consensus sequence. In
previous publications, we have reported that periodic basic
polypeptides such as poly(Lys-Leu) and poly(Leu-Lys-Lys-
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Leu) adopt well-defined secondary structures and exhibit a
ribonuclease activity related to their length and conforma-
tion.[22] The hydrolytic activity increases with the chain length.
The decapeptide (Leu-Lys)5 is long enough to adopt a b-sheet
conformation in the presence of oligoribonucleotides and
shows strong hydrolytic activity.[23] The dodecamer Ac-(Leu-
Lys-Lys-Leu)3-NHEt exhibits an a-helix structure in the
presence of NaClO4 and hydrolyzes oligoribonucleotides.[24]


We have generalized the conformational behavior of basic
polypeptides to simple periodic acidic oligopeptides. We have
synthesized a series of amphiphilic peptides of increasing
chain length which are based on the dipeptide periodicity
-Asp-Leu- and the tetrapeptide periodicity -Leu-Asp-Asp-
Leu-.


In aqueous solution, short amphiphilic peptides do not
generally possess a complete helical structure. Several proper-
ties of the a-helix have been utilized to force short peptides to
adopt this conformation. Physical factors, such as the action of
surfactants[25] or of liposomes,[26] help the formation of the
structures of 13- and 12-residue peptides, respectively. Helix-
dipole stabilization has been obtained by the modification of
the charged groups near the termini of the 13-residue
C-peptide of ribonuclease A.[27] The selection of specific
amino acid sequences may also favor the helical conforma-
tion. Repeats of hydrophilic amino acids every three or four
residues generate hydrophobic areas on the helix and allow
interchain aggregation as a result of hydrophobic clustering.
De Grado and Lear reported that the 14-residue peptide
(Leu-Lys-Lys-Leu-Leu-Lys-Leu)2 forms a-helical tetramers
in water.[28] Marqusee and Baldwin demonstrated on model
peptides with 16 or 17 amino acid residues that salt bridges
between Glu and Lys residues in positions i and i� 4 stabilize
the a-helix.[29] The use of salt bridges and the positioning of


hydrophobic residues enabled Eisenberg et al. to obtain four-
helix bundles with the 12-residue peptide Ac-Glu-Leu-Leu-
Lys-Lys-Leu-Leu-Glu-Glu-Leu-Lys-Gly-OH and with 16-res-
idue peptides.[30, 31] Krstenansky et al. reported that the 11-
residue peptide Suc-Leu-Leu-Glu-Lys-Leu-Leu-Trp-Leu-Lys-
amide, which combines some of the above-mentioned stabi-
lizing factors, showed a very strong tendency to form a-helices
(51 %).[32] Brack and Spach have shown that segments
containing 6 to 7 adjacent residues of the same chirality in
alternating poly(leucyl-lysyl) with varying amounts of l and d
residues in the chains, are sufficient to obtain a b-sheet
configuration.[33]


We have investigated the behavior of the synthesized acidic
peptides in the presence of low concentrations of metal ions
by means of circular dichroism spectroscopy. These peptide
models were used to study the ability of acidic peptides to
bind Zn2� ions. (Leu-Asp-Asp-Leu)8-Asp was used to study
the self-association of a-helices as a function of temperature.
Binary complexes obtained with peptides and zinc ions were
analyzed by electrospray mass spectrometry.


Results


It has been previously shown that peptides with repeats of
hydrophobic (ho) and hydrophilic (hi) amino acids adopt
well-defined secondary structures depending on their repeat-
ing pattern.[11, 34±35] Strict alternation of hydrophilic and
hydrophobic amino acids induces a b-sheet structure, while
tetrapeptide periodicity (-hi-hi-ho-ho-) induces an a-helix
conformation in basic polypeptides containing leucine and
lysine[36] and in acidic peptides based on leucine and glutamic
acid.[37±38]


We designed periodic peptides with well-defined chain
lengths based on leucine and aspartic acid with either a
dipeptide periodicity (Asp-Leu)n or a tetrapeptide periodicity
(Leu-Asp-Asp-Leu)n-Asp. Seven peptides have been synthe-
sized; their primary sequences and molecular weights are
summarized in Table 1.


The peptides exhibit CD spectra of a random coil in pure
water at pH 7; this is caused by charge repulsion. If the
charges are screened by cations, then the peptides tend to
adopt a regular conformation. The cation-induced transitions
in the peptide conformations were monitored by circular
dichroism spectroscopy. Monovalent (NH�


4 ), divalent (Mg2�,


Abstract in French: Une sØrie de peptides amphiphiles de
longueur croissante constituØs par la rØpØtition de sØquences
Asp-Leu et Leu-Asp-Asp-Leu a ØtØ synthØtisØe. Les confor-
mations obtenues en prØsence d�ions mØtalliques en faible
concentration ont ØtØ ØtudiØes par dichroisme circulaire. Dans
l�eau pure, les peptides ne sont pas structurØs. Les ions Zn2�


induisent spØcifiquement une structure en feuillets b pour (Asp-
Leu)n et une structure en hØlice a pour (Leu-Asp-Asp-Leu)n.
Les transitions conformationnelles dØpendent de la longueur
des chaînes peptidiques: la formation des feuillets b requiert
entre 10 et 24 rØsidus et celles d'hØlices a entre 13 et 25 rØsidus.
L�addition d�ions Ca2� n�agit que tr�s faiblement sur la
structure tandis que NH�


4 et Mg2� sont sans effet. L�auto-
association des hØlices a de (Leu-Asp-Asp-Leu)8-Asp induite
par les ions Zn2� a ØtØ ØtudiØe à diffØrentes tempØratures. Les
peptides complexØs aux ions Zn2� ont ØtØ analysØs par
spectromØtrie de masse en mode Ølectrospray. En prØsence de
0.4 Øquivalent d�ions Zn2� par rØsidu Asp, le peptide (Leu-Asp-
Asp-Leu)8-Asp fixe un maximum de 5 ions Zn2�, alors que la
neutralisation compl�te des rØsidus Asp nØcessite thØorique-
ment 8 ions Zn2� par peptide. (Leu-Asp-Asp-Leu)6-Asp et
(Leu-Asp-Asp-Leu)3-Asp fixent 2 et 1 Zn2� par chaîne,
respectivement.


Table 1. Molecular weights of peptides determined by ES-MS[a]


Peptides Calculated mass
(a.m.u)


Experimental
mass (a.m.u)


(Asp-Leu)5 1159.24 1158.99� 0.12
(Asp-Leu)12 2756.97 2755.77� 0.53
(Asp-Leu)15 3441.71 3441.60� 0.52
Leu-Asp-Asp-Leu-Asp 589.58 589.30� 0.1
(Leu-Asp-Asp-Leu)3Asp 1502.57 1502.23� 0.21
(Leu-Asp-Asp-Leu)6Asp 2872.06 2871.76� 0.42
(Leu-Asp-Asp-Leu)8Asp 3785.05 3784.68� 0.5


[a] Carrier solvent was water except for (Asp-Leu)12, (Asp-Leu)15, and
(Leu-Asp-Asp-Leu)8Asp which were carried by acetonitrile/water (20 %).
a.m.u.� atomic mass unit.
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Ca2�, and Zn2�), and trivalent cations (Fe3�) were used.
Cationic metal ions were expected to establish electrostatic
interactions with acidic side chains in order to inhibit charge
repulsions. Isopropyl alcohol was also added in some cases in
order to create a more hydrophobic environment.


b-Sheet structure : Alternating (Asp-Leu)5 and its higher
oligomers (Asp-Leu)12 and (Asp-Leu)15 were expected to
undergo a coil-to-b-sheet transition in the presence of metal
ions. No transition was observed if NH4Cl, CaCl2, or MgCl2


were added to (Asp-Leu)5 and (Asp-Leu)12; however, (Asp-
Leu)15 underwent a partial b-sheet transition in the presence
of 0.5 equiv Ca2�/Asp, 1 equiv Mg2�/Asp, or 0.3 equiv Fe3�/
Asp (data not shown).


Zn2� was the only salt which induced important conforma-
tional changes. Figure 1 shows the CD spectra of (Asp-Leu)15


as a function of the amount of ZnCl2. In pure water, (Asp-
Leu)15 exhibited a random coil structure. Addition of


Figure 1. CD spectra of (Asp-Leu)15 as a function of the amount of ZnCl2:
(^) in water; (&) 0.1 equiv Zn2�/Asp; (~) 0.2 equiv Zn2�/Asp; (^) 0.4 equiv
Zn2�/Asp; ( ± ) 0.5 equiv Zn2�/Asp. Experimental conditions: peptide
0.8mm (expressed as peptide bond molarity ); pH 7.0; 1 mm pathlength;
20 8C.


0.4 equiv Zn2�/Asp induced a complete coil-to-b-sheet tran-
sition, characterized by a negative maximum at 218 nm. The
isodichroic point at 207 nm is characteristic of an equilibrium
between coils and b-sheets. IR spectra of a film of (Asp-
Leu)15, obtained in the presence of 0.6 equiv Zn2�/Asp,
exhibits an amide I band at 1627 cmÿ1 with a shoulder at
1684 cmÿ1 which is characteristic of an antiparallel b-sheet.[39]


Above 0.5 equiv Zn2�/Asp, which is the amount of zinc
necessary to totally neutralize the aspartic acid side chains, the
peptide precipitates. The propensity to form b-sheets in the
presence of Zn2� decreases if the peptide chains are shorter.
In the presence of 0.4 equiv Zn2�/Asp, (Asp-Leu)5 remains as
random coil, while (Asp-Leu)12 undergoes only a partial
transition (Figure 2). Interestingly the addition of up to 50 %
isopropyl alcohol reinforced the b-sheet character. This
suggests that hydrophobic interactions in association with
ionic interactions contribute to the stabilization of the b-sheet
structure.


Figure 2. CD spectra of (Asp-Leu)15, (Asp-Leu)12, and (Asp-Leu)5 in the
presence of 0.4 equiv Zn2�/Asp: (&) (Asp-Leu)15; (~) (Asp-Leu)12; (� )
(Asp-Leu)5. Experimental conditions: see Figure 1.


a-Helical conformations : It has been previously reported that
a-helices are obtained when doublets of hydrophobic and
hydrophilic amino acids are repeated along the chain.[36±38] We
have found that the peptide series (Leu-Asp-Asp-Leu)n-Asp
with n� 1, 3, 6, and 8 had a tendency to form a-helices
specifically with Zn2� ions, whereas NH4Cl and MgCl2 had no
effect on the conformation. Figure 3 A shows the increase of


Figure 3. A: CD spectra of (Leu-Asp-Asp-Leu)8-Asp as a function of the
amount of Zn2� : (~) in water; (&) 0.1 equiv Zn2�/Asp; ( ± ) 0.2 equiv Zn2�/
Asp; (^) 0.3 equiv Zn2�/Asp; (&) 0.4 equiv Zn2�/Asp; (*) 0.5 equiv Zn2�/
Asp; (�) 0.6 equiv Zn2�/Asp. B: Ratio of V222/V212 nm as a function of equiv
Zn2� per aspartic acid for (Leu-Asp-Asp-Leu)8-Asp.


(Leu-Asp-Asp-Leu)8Asp helicity as a function of increasing
Zn2� concentration. The percentage of helicity, calculated by
the method of Zhong and Johnson[40] with a 26 protein data
set, varied linearly with the amount of ZnCl2 added. A plateau
is obtained for 0.6 equiv Zn2�/Asp (Figure 4 B). The forma-
tion of a-helices is dependent on the chain length: for
0.6 equiv Zn2�/Asp, 73 % helicity is obtained for (Leu-Asp-
Asp-Leu)8-Asp, but only 43 % helicity is observed for (Leu-
Asp-Asp-Leu)6-Asp. No a-helix formation could be obtained
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for (Leu-Asp-Asp-Leu)-Asp and for (Leu-Asp-Asp-Leu)3-
Asp (Figures 4 A and 4 B). Even at 20 equiv Zn2�/Asp, (Leu-
Asp-Asp-Leu)-Asp and (Leu-Asp-Asp-Leu)3-Asp are unor-
dered.


Figure 4. A: CD spectra of (Leu-Asp-Asp-Leu)8-Asp, (Leu-Asp-Asp-
Leu)6-Asp, and (Leu-Asp-Asp-Leu)3-Asp in the presence of 0.6 equiv
Zn2� per aspartic acid: (^) (Leu-Asp-Asp-Leu)8-Asp; (&) (Leu-Asp-Asp-
Leu)6-Asp; (~) (Leu-Asp-Asp-Leu)3-Asp. B: Percentage of helicity deter-
mined by the equation: V222 nm � (ÿ10)/3298 as a function of the amount of
Zn2�.


Zinc-induced self-association of a-helices : The highly helical
33-residue peptide (Leu-Asp-Asp-Leu)8-Asp was used to
study the self-association of a-helices. As the concentration of
ZnCl2 was increased, the molar ellipticity increased more at
222 nm than at 212 nm. The 222 nm CD band, which
corresponds to the n ± p* transition, is only related to the
helical content. The p ± p* excitation band at 212 nm, on the
other hand, polarizes parallel to the helix axis and is sensitive
to whether the a-helix is monomeric or is engaged in tertiary
contacts, as in self-aggregated a-helices. The ratio V222/V212 is
therefore characteristic of the degree of coiling.[41, 42] The ratio
V222/V212 becomes >1 when the concentration of Zn2�


exceeds 0.5 equiv Zn2�/Asp (Figure 3 B); at this concentration
all the carboxylic charges of the aspartic acid side chains are
potentially neutralized. This suggests that self-association of
the a-helices occurs at this concentration. The peptide
concentration was decreased from 0.8 mm to 0.08 mm (ex-
pressed in peptide bonds), while the Zn2�/Asp ratio was kept
constant at 0.6 (Figure 5). Below 0.32 mm, a significant
random coil contribution appeared at the expense of the a-
helices; this suggests that, as found in the case of the b-sheets,
concentration-dependent hydrophobic interactions play a role
in the conformational stability.


The self-association of a-helices was confirmed by the
thermal treatment of (Leu-Asp-Asp-Leu)8-Asp in the pres-
ence of ZnCl2 (0.8 mm, 0.6 equiv Zn2�/Asp). When the
solution was heated from 5.5 8C to 35 8C, the helicity increased
from 66 % to 71 %. It then decreased linearly to 67 % as the
temperature was raised to 82 8C (Figure 6 A). Between 5.5 8C
and 82 8C, the ratio V222/V212 decreased from 1.06 to 0.90. This
data suggests a thermal melting of the aggregates between


Figure 5. CD spectra of various concentrations of (Leu-Asp-Asp-Leu)8-
Asp with a constant ratio of Zn2�/Asp� 0.6 equiv: (^) 0.08 mm, ( ± )
0.106 mm, (&) 0.16 mm, (~) 0.32 mm, (� ) 0.8mm. Peptide concentrations are
expressed as peptide bond molarity.


Figure 6. A: Percentage of helicity versus temperature for (Leu-Asp-Asp-
Leu)8-Asp, 0.8mm, in the presence of 0.6 equiv Zn2�/Asp. B: Ratio of V222/
V212 nm versus temperature for (Leu-Asp-Asp-Leu)8-Asp, 0.8 mm, in the
presence of 0.6 equiv Zn2�/Asp.


5.5 8C and 82 8C accompanied by an alteration of the
individual helices above 35 8C (Figure 6 B).


Interhelical aggregates were subjected to analytical ultra-
centrifugation. A complete loss of the initial absorbance was
indicative of a highly associated system.[5] This was confirmed
by standard centrifugation followed by UV inspection of the
supernatants. The linear absorbances of the supernatant
decreased markedly, even at low speeds (Figure 7); this
indicates that aggregates of very high molecular weight are
formed.
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Figure 7. Optical density of the supernatant after centrifuga-
tion of (Leu-Asp-Asp-Leu)8-Asp (0.8 mm, 0.6 equiv Zn2�/Asp)
solutions at varying speeds.


Analysis of Zn complexes by electrospray mass
spectrometry : The technique of electrospray mass
spectrometry (ES-MS) was used to measure the
molecular weight of the synthetic peptides and to
study the binary complexes formed with zinc.
Increasing amounts of ZnCl2 were added to (Leu-
Asp-Asp-Leu)3-Asp, (Leu-Asp-Asp-Leu)6-Asp, and
(Leu-Asp-Asp-Leu)8-Asp solutions. The peptide
concentrations were identical to those used for the
CD experiments. The pH was fixed at 7.0 to allow
the complete ionization of the carboxylic charges of
Asp (pKa� 3). Dilutions were made in the carrier
solvent prior to the ES-MS studies. Acetonitrile/


water (20%) was used to improve the solubility of the
complexes and to preserve non-denaturating conditions. Mass
spectra were well-defined up to 0.4 equiv Zn2�/Asp. With
higher salt concentrations, no defined mass spectra could be
obtained.


As shown in Figure 8 A and Table 2, the ES-MS spectrum of
(Leu-Asp-Asp-Leu)3-Asp in the presence of 0.4 equiv Zn2�/
Asp is characterized by four major ion peaks (A) with charges
of 5, 4, 3, and 2; these are identical to those obtained in pure
water. A molecular mass of 1502 was determined. Since the


Figure 8. A: ES-MS spectrum of (Leu-Asp-Asp-Leu)3-Asp with 0.4 equiv Zn2�/Asp. B: ES-MS spectrum of (Leu-Asp-Asp-Leu)6-Asp with 0.4 equiv Zn2�/
Asp.


Table 2. Ionization states and molecular weights determined with addition of ZnCl2 to
(Leu-Asp-Asp-Leu)n-Asp.


Zn2�/Asp
(equiv)


Observed
Nmax


[a]


Observed
Nmean


[b]


Peptides Calculat-
ed mass
(a.m.u.)


Name


0 A5 A5 (Leu-Asp-Asp-Leu)3-Asp 1502 A
0.4 A5 A5 (Leu-Asp-Asp-Leu)3-Asp 1502 A


B5 B4 (Leu-Asp-Asp-Leu)3-Asp, Zn2� 1565 B


0 A10 A7 (Leu-Asp-Asp-Leu)6-Asp 2872 A
0.4 A9 A7 (Leu-Asp-Asp-Leu)6-Asp 2872 A


B9 B7 (Leu-Asp-Asp-Leu)6-Asp, Zn2� 2935 B
C9 C7 (Leu-Asp-Asp-Leu)6-Asp, 2 Zn2� 2998 C


0 A12 A8 (Leu-Asp-Asp-Leu)8-Asp 3785 A
0.4 C9 C8 (Leu-Asp-Asp-Leu)8-Asp, 2 Zn2� 3911 C


D9 D8,D7 (Leu-Asp-Asp-Leu)8-Asp, 3 Zn2� 3974 D
E9 E6 (Leu-Asp-Asp-Leu)8-Asp, 4 Zn2� 4037 E
F7 F6 (Leu-Asp-Asp-Leu)8-Asp, 5 Zn2� 4099 F


[a] Nmax is the maximum number of charges observed. [b] Nmean is the average number of
charges observed.
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mean number of charges (5) coincides with the maximum
number of charges observed, the peptide seems to be largely
ionized (charges 6 and 7 cannot be seen on the scan under the
conditions used). A series of minor peaks (B), corresponding
to a molecular mass higher by 63 a.m.u., was observed. This
indicates that two hydrogen atoms have been substituted by
one zinc ion per peptide.


In pure water, (Leu-Asp-Asp-Leu)6-Asp is characterized by
an envelope of nine peaks centered around seven charges
(Figure 8 B and Table 2) whereas the theoretical maximum
number of charges is 13. The addition of ZnCl2 up to
0.4 equiv Zn2�/Asp produced an equilibrum of three
forms (A, B, and C) which are assignable to (Leu-
Asp-Asp-Leu)6-Asp without zinc (A, [M]� 2872),
associated with one zinc ion (B, [M]� 2935), and
associated with two zinc ions (C, [M]� 2998) and a
peak shape centered around seven charges. The
number of Zn2� ions fixed to a peptide is smaller
than the theoretical value of six expected from the
peptide sequence.


(Leu-Asp-Asp-Leu)8-Asp in pure water exhibits a
series of peaks with charges of ranging from 12 to 4
centered around eight charges (Figure 9 A and
Table 2). Again, the mean number of charges is
much lower than that expected from the sequence.
The addition of ZnCl2 induces the formation of
complexes, the number of which increases with
increasing ZnCl2 concentration. At 0.4 equiv Zn2�/
Asp, four complexes were obtained (Table 3 and
Figure 9 B), (Leu-Asp-Asp-Leu)8-Asp associated


with two zinc ions (C, [M]� 3911), with three zinc ions (D,
[M]� 3974), with four zinc ions (E, [M]� 4036), and with
5 zinc ions (F, [M]� 4099). The number of Zn2� fixed to each
peptide is smaller than the theoretical value of eight expected
from the peptide sequence. Table 3 shows the variation of the
charge number as a function of the amount of ZnCl2 for (Leu-
Asp-Asp-Leu)8-Asp.


For the b-sheet-forming series (Asp-Leu)5,12,15 , no soluble
binary complexes could be obtained under the standard
conditions used for electrospray. Additions of >50 %


Figure 9. A: ES-MS spectrum of (Leu-Asp-Asp-Leu)8-Asp in pure water. B: ES-MS spectrum of (Leu-Asp-Asp-Leu)8-Asp with 0.4 equiv Zn2�/Asp.


Table 3. Variation of the charge number as a function of the concentration of ZnCl2


added to (Leu-Asp-Asp-Leu)8-Asp


Zn2�/Asp
(equiv)


Observed
Nmax


Observed
Nmean


Peptides Calculat-
ed mass
(a.m.u.)


Name


0 A12 A8 (Leu-Asp-Asp-Leu)8-Asp 3785 A
0.1 A10 A6 (Leu-Asp-Asp-Leu)8-Asp 3785 A


B10 B8 (Leu-Asp-Asp-Leu)8-Asp, 1 Zn2� 3846 B
C10 C8 (Leu-Asp-Asp-Leu)8-Asp, 2 Zn2� 3911 C


0.2 A7 A6 (Leu-Asp-Asp-Leu)8-Asp 3785 A
B10 B8 (Leu-Asp-Asp-Leu)8-Asp, 1 Zn2� 3846 B
C9 C8 (Leu-Asp-Asp-Leu)8-Asp, 2 Zn2� 3911 C


0.3 B9 B8 (Leu-Asp-Asp-Leu)8-Asp 3846 B
C10 C8 (Leu-Asp-Asp-Leu)8-Asp, 2 Zn2� 3911 C
D9 D8,D7 (Leu-Asp-Asp-Leu)8-Asp, 3 Zn2� 3974 D
E8 E7,E6 (Leu-Asp-Asp-Leu)8-Asp, 4 Zn2� 4037 E


0.4 C9 C8 (Leu-Asp-Asp-Leu)8-Asp, 2 Zn2� 3911 C
D9 D8,D7 (Leu-Asp-Asp-Leu)8-Asp, 3 Zn2� 3974 D
E9 E6 (Leu-Asp-Asp-Leu)8-Asp, 4 Zn2� 4037 E
F7 F6 (Leu-Asp-Asp-Leu)8-Asp, 5 Zn2� 4099 F
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acetonitrile were necessary in order to solubilize the com-
plexes. Under these denaturing conditions, it was not possible
to observe any ES-MS spectra of binary complexes.


Discussion


Metal ± peptide interactions intervene structurally and func-
tionally in many biological processes. As an extension of our
previous work on the enzyme mimetics by de novo design of
alternating basic polypeptides, we have synthesized two series
of acidic peptides with the dipeptide periodicity (Asp-Leu)n


and the tetrapeptide periodicity (Leu-Asp-Asp-Leu)n. As
expected, the peptides adopt a random coil conformation in
pure water, whereas addition of low concentrations of
metallic cations, specifically Zn2�, induces ordering into b-
sheets and a-helices, respectively. As previously shown,
sequential peptides containing glutamic acid and leucine
adopt a b-sheet or an a-helix structure in the presence of
various metallic cations.[37, 38] Aspartic acid side chains are
shorter than those of glutamic acid and are therefore less
flexible. The lack of flexibility of the aspartic acid side chains
has been found to be an advantage in the case of electrostatic
interactions across a b-sheet[9] and a drawback for the a-
helix.[8] In this respect, the highest helicity obtained
in our study for the 33-residue peptide (Leu-Asp-Asp-Leu)8-
Asp in the presence of 0.6 equiv Zn2�/Asp, that is
ÿ24 200 degcm2 dmolÿ1, is lower than the expected value of
ÿ35 700 degcm2 dmolÿ1 for an infinite a-helix.[43] The specif-
icity of Zn2� could also be understood by the small radius of
Zn2� (0.74 �): the higher charge density probably induces a
tighter binding of Zn2�, as observed by Hodges and co-
workers for a coiled-coil peptide.[1] The Zn2� ion has a full 3 d
orbital and can therefore form tetradentate complexes with
the 4 s and 4 p orbitals. Since its magnetic moment is 0 mB, the
complexes must also exhibit covalent character. The two
specific features of Asp and zinc could explain the high
thermal stability of the a-helices described in this study.


Electrospray mass spectrometry has become a standard
technique for the accurate determination of the molecular
weight of small proteins and peptides.[44, 45] This technique has
been recently extended to the study of noncovalent inter-
actions between proteins and their metallic cofactors.[46, 47] We
have used ES-MS to study the binary complexes obtained by
the addition of ZnCl2 to (Leu-Asp-Asp-Leu)n-Asp (n� 3, 6,
8) solutions. Although the signal is weaker in the negative
mode detection, our results show that the addition of
increasing amounts of ZnCl2 induces the formation of binary
complexes containing up to five zinc ions per peptide in the
most favorable case.


In pure water at pH 7.0, the mean peak envelope for (Leu-
Asp-Asp-Leu)6-Asp is centered around seven charges (Ta-
ble 2), whereas the maximum value expected from the
sequence is 13. The same observation can be made for (Leu-
Asp-Asp-Leu)8-Asp with a mean peak centered around
eight charges for a maximum number of charges of 17. These
shapes can be explained by the fact that seven and eight -
charges, respectively, are the most populated ionization states
on account of the electrostatic repulsive effects present


between the charges of two adjacent side chains, as was
observed for the tripeptide (Arg)3 and for protamines which
appear to be only half-protonated in the positive-ion
mode.[48,49]


The addition of 0.4 equiv Zn2�/Asp has practically no effect
on the shorter peptide (Leu-Asp-Asp-Leu)3-Asp (Table 2 and
Figure 8 A), as already observed by circular dichroism. The
longer peptides, (Leu-Asp-Asp-Leu)6-Asp (Table 2 and Fig-
ure 8 B) and (Leu-Asp-Asp-Leu)8-Asp (Table 2 and Fig-
ure 9 B), bind Zn2� ions. In the case of the latter peptide,
the complexation of Zn2� ions shifts the mean peak envelope
from eight to six charges, as a result of the neutralization of
the carboxylate charges by Zn2� ions (Table 3). Moreover,
when four and five Zn2� ions are fixed per peptide, the
theoretical remaining charges become visible, that is nine
charges and seven charges, respectively. This is probably
caused by the screening of the electrostatic repulsions by the
Zn2� ions. The addition of 0.4 equiv Zn2�/Asp should lead to a
maximum complexation of seven Zn2� ions per peptide, a
degree of complexation which was never observed. At
0.4 equiv Zn2/Asp, the extent of helicity was 45 %, as shown
by CD measurements. Ionic interactions are likely to be
established between one Zn2� ion and two aspartic acid side
chains in positions i and i� 4. Our results suggest that only
10 aspartic acid residues per peptide are able to establish such
ionic bridges, the remaining seven uncomplexed charges are
exposed to the solvent, probably at the chain ends. ES-MS
allowed us to study single-helix complexes with Zn2� and to
follow the influence of the chain length and zinc concen-
tration. Above 0.4 equiv Zn2�/Asp, CD measurements give
the V222/V212 ratios higher than 1, which suggests the
formation of high molecular weight aggregates by means of
interhelical interactions which could not be analyzed by ES-
MS. Dynamic computer modeling (Sybyl software TRIPOS,
St. Louis, MO) has been undertaken in an attempt to
understand the main factors controlling the observed con-
formations. The preliminary results are in good agreement
with the experimental data: (Leu-Asp-Asp-Leu)3-Asp is too
short to retain Zn2� in its environment, whereas (Leu-Asp-
Asp-Leu)8-Asp in the presence of 0.4 equiv Zn2�/Asp adopts
an a-helix structure with all charges exposed to the solvent.
These encouraging results will be refined further.


Conclusions


Acidic periodic peptides of well-defined chain length adopt
ordered structures specific to zinc ions, as demonstrated by
circular dichroism spectroscopy. According to their repeating
pattern, (Asp-Leu)n adopt a b-sheet structure and (Leu-Asp-
Asp-Leu)n-Asp an a-helical conformation, both structures are
dependent on the chain length. Interestingly, longer polydis-
perse (Asp-Leu)n sequences are not specific to zinc ions but
also adopt a b-sheet structure in the presence of several
different divalent cations.[38] They have been recently dem-
onstrated by Addadi et al. to be capable of specifically
inducing aragonite formation, one of the two most stable
polymorphs of calcium carbonate.[51] In our study, the a-
helices formed are thermally stable. This may support the
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suggestion by Oshima et al. that, in the course of evolution,
archea have evolved special adaptation mechanism to ex-
treme environments by means of complexes formed between
ferredoxins and zinc.[15] Since metallic cations are involved in
the catalysis of many biological reactions, a development of
this study will aim at testing these peptides as artificial
ribonucleases or inorganic pyrophosphatases and as zinc
sensors.


Experimental Section


All sequential oligopeptides were synthesized by solid-phase peptide
synthesis with a 431 Applied Biosystem synthesizer with Fmoc protec-
tion for Na-functions, dicyclohexylcarbodiimide/1-hydroxybenzotriazole
(HOBt) for the coupling steps and acid-labile preloaded Wang resins.
Fmoc-Asp(OtBu)-Wang resin was purchased from Novabiochem (Switzer-
land) and Fmoc-Leu ± Wang resin from Neosystem (France). Aspartic acid
side chains were protected by the tert-butyl group. Fmoc-Asp(OtBu)-OH
and Fmoc-Leu-OH were purchased from Senn Chemicals AC (Germany).
Unreacted amino groups were capped with acetic anhydride after each
coupling step. Fmoc groups were cleaved in piperidine/N-methylpyrroli-
done (20 %) and HOBt (0.1m) to avoid the formation of aspartimide.[50] The
peptides were deprotected and cleaved from the resin by trifluoroacetic
acid/water (95/5).


The purity of (Leu-Asp-Asp-Leu)n-Asp with n� 1, 3, and 6, was checked by
analytical reversed-phase HPLC on a HPLC Merck-Hitachi L-6200A
system equipped with a C18 (5 mm) Lichrospher Merck column, a 655 A
variable wavelength UV monitor, and a Merck Hitachi integrator D-7500.
Peptides were eluted with linear gradients of acetonitrile/water/0.1 %
trifluoroacetic acid. Peptide (Asp-Leu)5 was eluted with a linear gradient of
methanol/water/ammonium acetate (0.05m) at pH 7.6, on a C8 semiprepar-
ative Vydac column. (Asp-Leu)12, (Asp-Leu)15, and (Leu-Asp-Asp-Leu)8-
Asp were analyzed by FPLC (Pharmacia Biotech) equipped with a strong
anion exchanger column monoQHR 5/5 (Pharmacia Biotech) and a UV
detector (Gilson Holochrom). The eluant was a linear gradient of NaCl
(1m) in Tris-HCl (50 mm) at pH 7.6. Acetonitrile and methanol (HPLC
grade) were purchased from Carlo Erba, milli-Q water was obtained from a
Milli-RO 15 water purification system from Millipore. The seven peptides
were found to be pure by chromatography and did not require further
purification.


UV spectra were recorded on a Perkin ± Elmer Lambda 15 UV/Vis
spectrophotometer with 1 mm quartz cells.


Centrifugation experiments were performed in eppendorf tubes in a Sigma
Bioblock Scientific 1 K15 apparatus thermostatted at 20 8C with rotation
speeds varying from 2000 to 13000 rpm.


Circular dichroism spectra were recorded at 190 ± 280 nm on a Jobin ± Yvon
Mark IV dichrograph with quartz cells of 1 mm pathlength at 20 8C. In
order to study the effect of temperature, spectra were run between 5.5 8C
and 82 8C. At each temperature, solutions were equilibrated over a period
of 15 minutes. Peptides were obtained in their free carboxylic form after
cleavage from the resin. They were dissolved in water by the addition of a
stoichiometric amount of sodium hydroxide (0.1m). Peptide concentrations,
expressed in peptide bond molarity, were fixed at 0.8mm at pH 7. Zinc ions
were added as a solution of ZnCl2 (0.01m). Cation concentrations are
expressed as metal-ion equivalent per aspartyl residue. The solutions were
left overnight before recording the CD spectra.


The molecular weight of the peptides was determined by electrospray mass
spectrometry. Analyses were performed on a VGQuattro II quadrupole
mass spectrometer (Fison Instrument) attached to an electrospray source
and controlled with the Masslynx software (version 1.6, Micromass, UK).
Carrier delivery was fixed at 10 mLminÿ1 by means of a Harvard Syringe
pump (Harvard Apparatus, South Natick, MA). The instrument was
calibrated in the positive-ion mode with horse heart myoglobin. The source
temperature was set at 70 8C. For molecular weight determinations,
peptides were dissolved in the presence of a stoichiometric amount of
ammonium carbonate (0.1m) with concentrations ranging between 20 mm
and 50 mm in peptides. Water was used as the carrier solvent and no specific


voltage was required. The negative-ion mode was used for detection. For
the determination of binary complexes between peptides and zinc, the
peptide was dissolved in ammonium carbonate, to which increasing
amounts of ZnCl2 were then added. The samples were diluted with
acetonitrile/water (20 %) prior to injection. All experiments were per-
formed with identical voltages: a capillary voltage of 2.47 kV, an extraction
cone voltage of 0 kV, the focussing cone voltage was offset by 60 V.
Scanning was performed from m/z� 250 to 1100.
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Synthesis and In Vitro Evaluation of the Farnesyltransferase Inhibitor
Pepticinnamin E


Klaus Hinterding, Patrizia Hagenbuch, Janos ReÂtey,* and Herbert Waldmann*[a]


Abstract: The farnesyltransferase inhibitor pepticinnamin E was synthesized and
shown to have the S configuration at the central, non-proteinogenic amino acid.
Using a recombinant yeast farnesyltransferase the biological activity of the natural
product and structural analogues was determined. It was shown that pepticinnamin E
is a bisubstrate inhibitor. Furthermore, several structural parameters were identified
that decisively influence inhibition of the farnesyl transfer.


Keywords: bioorganic chemistry ´
enzyme inhibitors ´ pepticinnamin
E ´ signal transduction


Introduction


Ras proteins are critically involved in the transduction of
mitogenic signals given by external growth factors to the cell
nucleus.[1] Point mutations in the corresponding ras genes are
found in approximately 40 % of all human tumors, particularly
in over 90 % of human pancreatic carcinomas and 50 % of
human colon cancers.[2] These mutations affect the guanosine
phosphate binding site and lock the protein in its active GTP-
bound form, thereby generating a permanent signal.[2b] Ras
proteins are located within the plasma membrane; this is
achieved by posttranslational modification of the C-terminal
CAAX motif of corresponding precursor proteins (C: cys-
teine, A: aliphatic amino acid, X: methionine or serine),
which includes cysteine S-farnesylation, removal of the AAX
tripeptide, and transformation of the cysteine to the methyl
ester. The farnesylation of the CAAX cysteine, which is
catalyzed by the enzyme protein-farnesyltransferase (PFT), is
essential to proper functioning of the Ras proteins as trans-
ducers of signals in the normal as well as in the transformed
state; unlipidated Ras is cytosolic and inactive.[2, 3] Thus, the
inhibition of this covalent protein modification has become a
promising target in the development of new classes of
antitumor agents.[2, 4, 5]


Recent results[5] suggest that inhibitors of farnesyltransfer-
ase reduce the growth of transformed cells[6] by preventing not
only the lipidation of Ras proteins but also other cellular
targets,[7] which hitherto have not been unequivocally iden-
tified. Alternative PFT inhibitors are of pivotal interest in the


study of these biological phenomena and in the development
of new therapeutic agents. Modular inhibitors allow the
efficient and rapid variation of their structure and their
biological activity and are therefore particularly important.[8]


Furthermore, bisubstrate inhibitors, which mimic both the
peptide and the farnesyl substrate, are expected to exhibit
better affinity and specificity for the enzyme than compounds
mimicking either substrate alone.[9]


Pepticinnamin E (1) (see Scheme 1) was isolated from
Streptomyces species and identified as a potent PFT-inhib-
itor[10] that could fulfil these requirements: it consists of five
fragments that can be assembled by peptide coupling. The
N-terminal pentenyl acrylic acid may resemble the farnesyl
moiety and is connected to an N-methylated peptide part that
may mimic the C-terminal CAAX motif of the Ras precursor
proteins. Here we describe in full the synthesis of two
diastereomers of this unusual peptidic natural product (the
absolute configuration of the central, non-proteinogenic
amino acid was unknown), as well as the evaluation of their
PFT inhibitory activity using a recombinant yeast farnesyl-
transferase.[11]


Results and Discussion


A retrosynthetic analysis of pepticinnamin E is shown in
Scheme 1. It leads to the pentenyl phenyl acrylic acid 2,[12] the
amino acids 3, 4, and 5, and the diketopiperazine 6. Central to
the synthesis is the sequence of the fragment coupling. Three
possible routes were considered: sequential addition of
segments to the C-terminal diketopiperazine 6 (route a),
synthesis of the central tripeptide 7 followed by C- and
N-terminal modification (route b), and the more convergent
coupling of two fragments 8 and 9 (route c). The last-
mentioned strategy is hampered by the fact that an amide is
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Institut für Organische Chemie der Universität
Richard Willstätter Allee 2, D-76128 Karlsruhe (Germany)
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Scheme 1. Structure and retrosynthetic analysis of pepticinnamin E (1).


formed in the central step in which racemization of the
tyrosine derivative may occur. Scheme 2 shows the retrosyn-
thetic analysis of the fragments 2, 5 a, and 5 b. The pentenyl
side chain of acid 2 was to be synthesized by using a cis-
selective Wittig reaction, whereas the acrylic acid should be
formed by a trans-selective Knoevenagel condensation from
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Scheme 2. Retrosynthetic analysis of pentenyl phenyl acrylic acid 2 and
amino acids 5a and 5b.


the disubstituted aromatic compound 10. In order to deter-
mine the absolute configuration of the central stereogenic
center in the natural product 1 it was planned to synthesize
both enantiomers of a suitably protected amino acid deriva-
tive (5 a and 5 b) by using the Schöllkopf method.[13] The
retrosynthetic analysis therefore led to the bis ethyl lactim
ether 11 and the appropriately substituted benzylic bromide
12, to be synthesized from aromatic aldehyde 13.


Thus chlorination of aldehyde 13 with liquid chlorine in
CH2Cl2


[14] gave 14 in 68 % yield (Scheme 3). A directing effect
of the free hydroxyl function in 13 may be responsible for this
highly regioselective aromatic substitution. The phenol was
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18a: R,S config.
18b: S,R config.


19a: S config.
19b: R config.


20a: S config.
R1 = H, R2 = H
20b: R config.
R1 = H, R2 = H
21a: S config.
R1 = H, R2 = Me
21b: R config.
R1 = H, R2 = Me


Scheme 3. Synthesis of benzyl bromide 12 and amino acids 21 a and 21b in
both enantiomeric forms; a) Cl2, CH2Cl2, 68 %; b) BzlBr, K2CO3, DMF,
85%; c) NaBH4, then H2O, 99 %; d) CBr4, PPh3, Et2O, 85 %; e) 12, THF,
83%, 90 % de; f) 0.5n HCl, THF, H2O; g) Boc2O, MeOH, NEt3,
88%; h) LiOH ´ H2O, THF, H2O, 99 % (! 20a, b); i) NaH, MeI, THF,
96% (! 21 a, b).


protected as benzyl ether 15 (93% yield) by standard
methodology and reduced to benzyl alcohol 16 (99 % yield)
by using sodium borohydride. The addition of mineral acid
during the workup had to be avoided, otherwise unwanted
side products, for example, the benzyl chloride, were formed.
The alcohol 16 was transformed to benzyl bromide 12 in 85 %
yield by using PPh3 and CBr4 in diethyl ether.[15] Addition of
this alkylating reagent to either one of the enantiomers of the
lithiated bis ethyl lactim ether 17 yielded the enantiomeric
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adducts 18 a (R,S configuration) and 18 b (S,R configuration)
in 83 % yield with a diastereomeric excess of 90 %. The
desired stereoisomers were easily separated from unwanted
diastereomers by flash chromatography. The removal of the
chiral auxiliary (19 a and 19 b) with one equiv of LiOH ´ H2O
(99 % yield) gave acids 20 a (S configuration) and 20 b (R
configuration). N-Methylated amino acids 21 a (S configura-
tion) and 21 b (R configuration) were formed by using NaH
and MeI in THF in 96 % yield.[16] In DMF, however, the
corresponding methyl ester was obtained as the main product.
By this five-step sequence both amino acids 21 a (S config-
uration) and 21 b (R configuration) were obtained in enantio-
merically pure form from benzylic bromide 12 with an overall
yield of 69 %.


The synthesis of pentenyl phenyl acrylic acid 2 (Scheme 4)
started with the esterification of benzoic acid 10 by using MeI
in the presence of K2CO3 as a base.[17] Reaction of aldehyde 22
with nPrCH�PPh3 gave diastereomerically pure cis-olefin 23
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210: R1= COOH, R2 = CHO
22: R1= COOMe, R2 = CHO
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25: R1= CHO, R2 = n-1-pentenyl


a-e)


2 26


f)


Scheme 4. Synthesis of pentenyl phenyl acrylic acid 2 and derivative 26 ;
a) MeI, K2CO3, acetone, 76%; b) nPrCH�PPh3, THF, ÿ100 8C, 77%;
c) LiAlH4, Et2O, 97 %; d) PCC, CH2Cl2, 96%; e) CH2(COOH)2, piper-
idine, pyridine, 70%; f) HOAt, EDC, CH2Cl2, 75%.


after distillation in 77 % yield (de� 84 %). To achieve this
result the addition had to be performed at ÿ100 8C and the
ylide had to be formed by deprotonation with NaNH2 and
((CH3)3Si)2NH to avoid the use of lithium salts. Transforma-
tion of ester 23 to aldehyde 25 was performed in a two-step
sequence involving reduction with LiAlH4 to the benzyl
alcohol 24 and selective oxidation with pyridinium chloro-
chromate (PCC). The synthesis of acid 2 was completed by a
trans-selective Knoevenagel condensation of aldehyde 25
with malonic acid and decarboxylation in the presence of a
catalytic amount of piperidine. By using this five-step
sequence diastereomerically pure acrylic acid 2 was synthe-
sized on a multigramm scale with an overall yield of 38 %.
Furthermore, this acid could be transformed into activated
esters such as hydroxyazobenzotriazole (HOAt) ester 26.


Initial efforts to sequentially add further fragments to the
C-terminal diketopiperazine 6[18] (route a) were unsuccessful.
Therefore, in accord with route b, the central tripeptide 7 was
synthesized in both diastereomeric forms by using hydrox-
yazobenzotriazole (HOAt) and N,N-dimethylaminopropyl
ethyl carbodiimide (EDC) as coupling reagents (Scheme 5).
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*


7a: R,S,S config., R = All
7b: R,R,S config., R = All
30a: R,S,S config., R = H
30b: R,R,S config., R = H
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31a: R,S,S,R config.
31b: R,R,S,R config.


1a: R,S,S,R config. pepticinnamin E
1b: R,R,S,R config. epi-pepticinnamin E


f, g)


Scheme 5. a) 18 a or 18 b, EDC, HOAt, DMF, 77% (S,S), 81% (R,S);
b) HCl, Et2O, quant.; c) Z-(R)-Tyr(Z), EDC, HOAt, DMF, 77 % (R,S,S),
75% (R,R,S); d) Pd(PPh3)4, morpholine, CH2Cl2, 89 % (R,S,S), 88%
(R,R,S); e) 6, DEAD, PPh3, DMF, 55 % (R,S,S,R), 53% (R,R,S,R); f) H2,
Pd/C, EtOH, EtOAc,HOAc; g) for epi-pepticinnamin E: 2, EDC, HOAt,
NEt3, DMF, 23%; for pepticinnamin E: 26, NEt3, DMF, 33 %.


To this end, the suitably protected N-methylated S-configured
Phe derivative 27 was coupled with both enantiomers 21 a (S
configuration) and 21 b (R configuration) to give the diaster-
eomeric dipeptides 28 a (S,S configuration) and 28 b (R,S
configuration) in a yield of about 80 %. The Boc group was
cleaved quantitatively with a saturated solution of HCl in dry
diethyl ether to yield 29 a (S,S configuration) and 29 b (R,S
configuration). Subsequently, the fully protected diastereo-
meric tripeptides 7 a (R,S,S configuration) and 7 b (R,R,S
configuration) were built up by coupling of the corresponding
secondary amine with bis-Z-protected (R)-Tyr. To complete
the synthesis of the natural product, the C-terminal allyl ester
protecting group had to be removed first by Pd0-catalyzed
transfer of the allyl group to morpholine as an accepting
nucleophile to give 30 a (R,S,S configuration) and 30 b (R,R,S
configuration). Attempts to form the esters 31 a (R,S,S,R
configuration) and 31 b (R,R,S,R configuration) by using
DMAP-mediated activation of the carboxylic acids (e.g., the
use of DMAP and carbodiimide[19 a] or the alcoholysis of
mixed anhydrides[19 b]) failed or gave yields below 20 %. In
these transformations DMF had to be used as a solvent for the
highly polar diketopiperazine 6, but DMAP is catalytically
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inactive in polar solvents.[19 a] However, activation of the
alcohol by means of the Mitsunobu reagent[20] yielded an
electrophilic species, which was attacked by the nucleophilic
carboxylate to give the desired esters 31 a (R,S,S,R config-
uration) and 31 b (R,R,S,R configuration) in yields higher than
50 %. Finally all three benzyl protecting groups present in
peptide 31 could be removed by Pd/C-catalyzed hydrogenol-
ysis in the presence of acetic acid. The compounds formed
thereby were immediately transformed into both epimers of
the natural product to avoid decomposition. epi-Pepticinna-
min E was thus synthesized by treatment of the deprotected
amine 31 b (R,R,S,R configuration) with pentenyl phenyl
acrylic acid 2 in the presence of EDC and HOAt in 23 % yield.
In an improved procedure, the natural product pepticinnamin
E was obtained by coupling of the deprotected amine 31 a
(R,S,S,R configuration) with the preactivated HOAt ester 26
in 33 % yield. Pepticinnamin E embodies the S-configured
enantiomer of the central amino acid. The use of the active
ester thus reduced the formation of an unwanted acetamide
and simplified the purification of the final product. The
identity of compound 1 (R,S,S,R configuration) as the natural
product was confirmed by comparison of HPLC retention
times in four different solvents, specific optical rotation
values, and 500 MHz 1H NMR spectra with that of an
authentic sample.[21]


Inhibition of PFTase by the pepticinnamin E isomers was
studied by using an in vitro assay described by Pompliano et
al.[22] In this analytical procedure the enzyme-catalyzed
reaction between a fluorescence-labeled substrate peptide
(Dans-GCVLS) and farnesyl pyrophosphate (FPP) is moni-
tored by taking advantage of the hypsochromic shift of the
fluorescence emission of the dansylated substrate peptide
upon enzyme catalyzed farnesylation (Scheme 6). A recombi-
nant Ras-farnesyltransferase from S. cerevisiae,[23] that was
expressed in the pT7-7/E. coli BL21 system, was used as target
enzyme.[24]


The Michaelis ± Menten analysis of the kinetic data yielded
KM (the concentration of substrate at which the reaction rate v
is half that of the maximum value) of the enzyme with respect
to the FPP substrate (KM� 14 mm) and the Dans-GCVLS
substrate (KM� 9 mm).[25] A Lineweaver ± Burk plot (see
Figure 1 for variation of peptide substrate and Figure 2 for
variation of FPP substrate) gave straight lines crossing in one
point on the y axis and therefore indicating that the natural
product is a competitive inhibitor with respect to both the
peptide and FPP substrate. Table 1 shows the values of KM


and KI (KI : concentration of inhibitor at which the KM value
of the enzyme for the corresponding substrate is doubled). A
rationalization for the observation that the natural product is
a bisubstrate analogue is depicted in Figure 3: the pentenyl
phenyl acrylic acid part of pepticinnamin E may mimic the
FPP moiety of the transition state of farnesyl transfer,
whereas the CAAX-peptide part is imitated by the N-methy-
lated peptidic fragment of the natural product. To examine
which structural features are necessary for inhibitory activity
the IC50 values (concentration of inhibitor at which 50 %
activity of the enzyme is observed) of pepticinnamin E (1 a),
epi-pepticinnamin E (1 b), allyl esters 7 a and 7 b, and acids
30 a and 30 b were determined. The data compiled in Table 2
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Scheme 6. In vitro farnesylation assay: upon farnesylation the fluores-
cence emission of the dansylated substrate peptide shifts to shorter
wavelengths.


Figure 1. Lineweaver ± Burk plot of reciprocal activity versus reciprocal
peptide substrate concentration; the different straight lines correspond to
variing inhibitor concentrations (cInh� 0mm, 5.5mm, 27.5mm).


demonstrate that the absolute configuration of the central
amino acid is essential for biological activity. On the one hand
the natural product 1 a is six times more active than its
unnatural epimer 1 b. On the other hand, only the (R,S,S)-
configured acid 30 a is an inhibitor, whereas the diastereo-
meric acid 30 b is not active under the assay conditions.
Furthermore, the C- and N-terminal modifications, namely
the pentenyl phenyl acrylic acid and the diketopiperazine, are
not necessary for inhibitory activity (Table 2, entry 2) and that
the exact aromatic substitution pattern of the central amino
acid does not play a key role for inhibition. Based on this
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Figure 2. Lineweaver ± Burk plot of reciprocal activity versus reciprocal
FPP substrate concentration; the different straight lines correspond to
different inhibitor concentrations (cInh� 0 mm, 13.75 mm).
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Figure 3. Pepticinnamin E is a bisubstrate inhibitor. As a rationalization
the pentenyl phenyl acrylic acid may imitate FPP and the peptide part may
mimic the CAAX motif.


information a more detailed investigation of the structure ±
activity relationships, for example, by combinatorial synthesis
of pepticinnamin E analogues, will be possible.


Experimental Section


General : Melting points were determined in open capillaries using a
Büchi 535 apparatus and are uncorrected. 1H and 13C NMR spectra were
recorded on a Bruker AC 250, AM 400, or DRX 500 spectrometer at room
temperature. IR spectra were recorded on a Bruker IFS 88 spectrometer.
Mass spectra and high-resolution mass spectra (HRMS) were measured on
a Finnigan MAT MS70 spectrometer. Elemental analyses were performed
on a Heraeus CHN-Rapid apparatus. An LS50B spectrometer from Perkin-
Elmer was used for the fluorimetric observation of the enzymatic reaction.
The rections were run in precision cuvettes 115F-OS from Hellma,
Germany.


Materials : Solvents were dried by standard methods and stored over
molecular sieves. For column chromatography silica gel (40 ± 60 mm, Baker)
was used. Commercial reagents were used without further purification.
FPP (Sigma) was used as a 2.3mm solution in MeOH. The Dans-GCVLS
substrate peptide was obtained from ZMBH, Heidelberg. Where indicated
reactions were performed under nitrogen or argon.


Several compounds were prepared according to literature methods:
2-chloro-3-hydroxy-4-methoxy benzaldehyde (14);[14] (3R)- and (3S)-bis
lactim ether 11;[13] 2-methoxycarbonylbenzaldehyde (22);[26] (S)-N-tert-
butyloxycarbonyl-N-methylphenylalanine;[29] N-benzyloxycarbonyl-(O-
benzyloxycarbonyl)-(R)-tyrosine:[30] m.p. 88 8C; 117 8C [30]; [a]20


D�ÿ2.1
(c� 0.5, HOAc); [a]20


D��5 (c� 10, HOAc).[30] Various values for specific
rotation and melting points are described in the literature; cyclo-glycyl-(R)-
serine 6 ;[18] m.p. 225 8C; ref. [18] 227 8C; [a]20


D�ÿ44.8 (c� 0.58, MeOH).


3-Benzyloxy-2-chloro-4-methoxy benzaldehyde (15):[28] Benzyl bromide
(4.5 mL, 38 mmol) was added to a solution of phenol 14 (5 g, 27 mmol) and
K2CO3 (5.19 g, 52 mmol) in DMF (50 mL). After stirring for 2 d at room
temperature water (500 mL) was added. The precipitate was filtered off
and recrystallized from ethyl acetate/hexane to yield colorless crystals.
Yield: 6.97 g, 25 mmol, 93%; m.p. 88 8C, ref. [28]: 86 ± 87 8C; 1H NMR
(CDCl3, 250 MHz): d� 3.95 (s, 3H, OCH3), 5.08 (s, 2 H, PhCH2O), 6.93 (d,
3J� 9 Hz, 1 H, arom. CH), 7.39 (m, 3H, arom. CH), 7.53 (m, 2H, arom. CH),
7.75 (d, 3J� 9 Hz, 1H, arom. CH), 10.35 (s, 1H, CHO).


3-Benzyloxy-2-chloro-4-methoxybenzyl alcohol (16):[28] NaBH4 (400 mg,
10.6 mmol) was added to a solution of aldehyde 15 (1 g, 3.6 mmol) in a
mixture of THF (40 mL) and MeOH (60 mL). After stirring for 5 h at 40 8C
water (100 mL) was added and stirring was continued for another 30 min
The reaction mixture was extracted with CH2Cl2 (3� 100 mL) and the
combined organic layers were dried with Na2SO4. Evaporation of the
solvent in vacuo yielded a slowly crystallizing oil, which was used without
further purification. Yield: 1 g, 3.6 mmol, 99%; Rf� 0.30 (ethyl acetate/
hexane� 1/1 (v/v)); m.p. 54 8C (ref. [28]: 55 ± 57 8C); 1H NMR (CDCl3,
250 MHz): d� 1.92 (t, 3J� 7 Hz, 1H, OH), 3.89 (s, 3H, OMe), 4.72 (d, 3J�
7 Hz, 2H, CH2OH), 5.05 (s, 2H, PhCH2O), 6.85 (d, 3J� 8 Hz, 1 H, arom.
CH), 7.17 (d, 3J� 8 Hz, 1H, arom. CH), 7.38 (m, 3H, arom. CH), 7.55 (m,
2H, arom. CH).


3-Benzyloxy-2-chloro-4-methoxy benzyl bromide (12): PPh3 (1.62 g,
6.2 mmol) was added to a solution of alcohol 16 (1 g, 3.6 mmol) in diethyl
ether (30 mL) followed by CBr4 (2.05 g, 6.2 mmol). After 20 h at room
temperature the precipitate was filtered off, the solvent was evaporated in
vacuo and the residue was purified by chromatography on silica gel (ethyl
acetate/hexane� 1/4 (v/v), Rf� 0.35) to yield white crystals. Yield: 1.04 g,
3.05 mmol, 85 %; m.p. 76 8C; 1H NMR (CDCl3, 250 MHz): d� 3.88 (s, 3H,
OMe), 4.61 (s, 2 H, CH2Br), 5.05 (s, 2 H, CH2O), 6.82 (d, 3J� 8 Hz, 1H,
arom. CH), 7.17 (d, 3J� 8 Hz, 1H, arom. CH), 7.37 (m, 3H, arom. CH), 7.54
(m, 2H, arom. CH); 13C NMR (CDCl3, 100.5 MHz): d� 31.59 (CH2Br),
56.15 (OCH3), 74.87 (OCH2Ph), 110.54, 126.25 (arom. CH), 128.19 (quart.
C), 128.35, 128.40, 128.45, 128.71 (arom. CH), 129.39, 137.05, 144.79, 154.29
(quart.C); IR (KBr): nÄ � 3421, 3035, 2946, 2887, 2844, 1863, 1592, 1491, 1367,
1278, 1047, 809, 696 cmÿ1; MS (70 eV): m/z (%): 340/342/344 (7/10/5) [M�],
261/263 (37/12) [M�ÿBr], 170/172 (23/7) [M�ÿBrÿCH2Ph], 141 (6), 107
(10), 91 (100), 65 (8); HRMS (70 eV): calcd for C15H14BrClO2: 339.9866,


Table 1. KM values of the recombinant yeast PFTase for the Dans-GCVLS-
peptide and the FPP-substrate as well as KI values of pepticinnamin E with
respect to both substrates.


KM [mm] for Dan-
syl-GCVLS


KM [mm] for FPP KI [mm] with re-
gard to Dansyl-
GCVLS


KI [mm] with
regard to FPP


9 14 30 8


Table 2. IC50 values of pepticinnamin E (1 a), the unnatural epimer 1b, and
further analogues.


Entry Structure Compound IC50 value


1


7a (R,S,S) no inhibition


7b (R,R,S) no inhibition


2


30a (R,S,S) 67 mm


30b (R,R,S) no inhibition


3 pepticinnamin E 1a 42 mm
4 epi-pepticinnamin E epi-1 237 mm
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found: 339.9857; elemental analysis: calcd C 52.83, H 4.14, found C 53.09 H
4.18.


(3S,6R)- and (3R,6S)-3-(3-Benzyloxy-2-chloro-4-methoxy)benzyl-6-iso-
propyl-2,5-bisethyl lactim ether (18 a,b): To a solution of the (3R)- or
(3S)-bislactim ether 11[13] (1 g, 4.71 mmol) in dry THF (15 mL) was added
dropwise at ÿ78 8C a solution of nBuLi in hexane (2.2m, 2.26 mL,
4.95 mmol). After stirring for 20 min a cooled solution (ÿ78 8C) of benzyl
bromide 12 (1.61 g, 4.71 mmol) in dry THF (15 mL) was added dropwise.
The mixture was stirred for 5 h at ÿ78 8C and then allowed to warm to
room temperature. Addition of water (10 mL) was followed by extraction
with diethyl ether (3� 30 mL). The combined organic layers were dried
with Na2SO4 and after evaporation of the solvent in vacuo the product was
purified by chromatography on silica gel (ethyl acetate/hexane� 1/8 (v/v),
Rf� 0.25 (main diastereomer), Rf� 0.19 (side product)). Overall yield:
1.93 g, 4.08 mmol, 87%; diastereomeric ratio� 95/5; [a]20


D�ÿ12.06 (c�
0.94, EtOH for the (3R,6S) enantiomer); [a]20


D��12.05 (c� 0.94, EtOH
for the (3S,6R) enantiomer); 1H NMR (CDCl3, 250 MHz): d� 0.67 (d, 3J�
7 Hz, 3 H, Val-CH3), 1.00 (d, 3J� 7 Hz, 3 H, Val-CH3), 1.24 (t, 3J� 7 Hz, 3H,
Et-CH3), 1.30 (t, 3J� 7 Hz, 3H, Et-CH3), 2.22 (m, 1 H, Val-CH), 2.99 (dd,
2J� 14 Hz, 3J� 6 Hz, 1 H, benz. CH2), 3.38 (dd, 2J� 14 Hz, 3J� 5 Hz, 1H,
benz. CH2), 3.54 (dd, 3J� 6 Hz, 3J� 5 Hz, 1 H, NCH), 3.84 (s, 3H, OCH3),
3.95 ± 4.32 (m, 5H, 2Et-CH2, Val-CH), 5.00 (s, 2 H, PhCH2O), 6.75 (d, 3J�
8 Hz, 1 H, arom. CH), 6.93 (d, 3J� 8 Hz, 1 H, arom. CH), 7.37 (m, 3H, arom.
CH), 7.55 (m, 2H, arom. CH); 13C NMR (CDCl3, 100.5 MHz): d� 14.38
(2Val-CH3), 16.55 (Et-CH3), 19.14 (Et-CH3), 31.33 (Val-CH), 37.22 (benz.
CH2), 56.06 (OCH3), 56.24 (NCH), 60.27 (NCH), 60.56 (Et-CH2), 60.63
(Et-CH2), 74.68 (PhCH2O), 110.05, 126.34, 127.98, 128.28, 128.40 (arom.
CH), 129.18, 129.71, 137.38, 144.12, 152.33 (quart.C), 162.67 (C�N), 163. 43
(C�N); IR (KBr): nÄ � 2972, 2899, 2870, 2838, 1692, 1597, 1490, 1238, 1046,
698 cmÿ1; MS (70 eV): m/z (%): 474/472 (12/38) [M�], 437 (12) [M�ÿCl],
429 (8) [M�ÿCH(CH3)2], 381 (3), 263 (25) [arom. fragment], 261 (80)
[arom. fragment], 211/210 (60/37) [bis-lactim ether fragment], 170 (12), 169
(93) [arom. fragment], 141 (14) [arom. fragment], 91 (100) [PhCH2


�], 43 (3)
[CH(CH3)2]; HRMS (70 eV): calcd for C26H33ClN2O4: 472.2129, found.:
472.2111; elemental analysis: calcd C 66.01, H 7.05, N 6.92, found: C 66.28,
H 7.08, N 6.70.


(R)- and (S)-N-tert-Butyloxycarbonyl-(3-benzyloxy-2-chloro-4-methoxy)-
phenylalanine ethyl ester (19 a, 19b): A solution of bis lactim ether adduct
18a (3S, 6R-config.) or 18b (3R, 6S-config.)(1.82 g, 3.82 mmol) in a mixture
of THF (15 mL) and 0.5m HCl (25 mL, 12.5 mmol) was stirred for 16 h at
room temperature. After evaporation of the solvent in vacuo the residue
was dissolved in MeOH (100 mL). Boc2O (2.50 g, 11.46 mmol) and NEt3


(1.07 mL, 7.64 mmol) were added and the solution was stirred for another
15 h at room temperature. Addition of diethyl ether (200 mL) was followed
by washing with 0.5m HCl (2� 20 mL). The organic layer was dried with
Na2SO4 and the solvent was removed in vacuo. Chromatography on silica
gel (ethyl acetate/hexane� 1/2 (v/v), Rf� 0.51) yielded white crystals.
Yield: 1.56 g, 3.36 mmol, 88 %; [a]20


D�ÿ12.4 (c� 0.5, CH2Cl2 for the R
enantiomer); [a]20


D��12.5 (c� 0.6, CH2Cl2 for the S enantiomer;
m.p. 80 8C; 1H NMR (CDCl3, 250 MHz): d� 1.20 (t, 3J� 7 Hz, 3 H,
Et-CH3), 1.39 (s, 9 H, Boc-CH3), 3.07 (dd, 2J� 14 Hz, 3J� 6 Hz, 1H,
b-CH2), 3.21 (dd, 2J� 14 Hz, 3J� 6 Hz, 1 H, b-CH2), 3.82 (s, 3 H, OCH3),
4.14 (q, 3J� 7 Hz, 2H, Et-CH2), 4.55 (t, 3J� 6 Hz, 1H, a-CH), 5.00 (s, 2H,
PhCH2), 6.76 (d, 3J� 8 Hz, 1H, arom. CH), 6.91 (d, 3J� 8 Hz, 1 H, arom.
CH), 7.36 (m, 3 H, arom. CH), 7.51 (m, 2 H, arom. CH); 13C NMR (CDCl3,
100.5 MHz): d� 14.08 (Et-CH3), 28.28 (Boc-CH3), 35.71 (Et-CH2), 53.74
(a-CH), 56.09 (OCH3), 61.38 (b-CH2), 74.73 (PhCH2), 79.77 (quart. C,
Boc), 110.47, 125.91 (arom. CH), 127.31 (quart. C), 128.06, 128.23, 128.42
(arom. CH), 129.47, 137.17, 144.37, 152.92, (quart. C), 155.03 (C�O), 172.03
(C�O); MS (70 eV): m/z (%): 463 (3) [M�], 407 (5) [M�ÿC(CH3)3], 390
(3), 311 (2), 263 (5), 261 (18), 256 (26), 221 (15), 171 (23), 91 (100), 57 (28);
HRMS (70 eV): calcd for C24H30NClO6: 463.1762, found: 463.1774;
elemental analysis: calcd C 62.12, H 6.53, N 3.02 found C 61.96, H 6.56,
N 2.86.


(R)- and (S)-N-tert-Butyloxycarbonyl-(3-benzyloxy-2-chloro-4-methoxy)-
phenylalanine (20a, 20b): LiOH ´ H2O (185 mg, 4.4 mmol) was dissolved in
water (35 mL) and added to a solution of the enantiomeric ethyl ester 19a
or 19b (1.96 g, 4.2 mmol) in THF (80 mL). After stirring for 3 h at room
temperature the pH was adjusted to 4 ± 5 by addition of 0.5m HCl.
Extraction with CH2Cl2 (3� 80 mL) and drying of the combined organic
layers with Na2SO4 was followed by evaporation of the solvent in vacuo.


Chromatography on silica gel (ethyl acetate/hexane� 2/1 (v/v), Rf� 0.32)
yielded a white foam. Yield: 1.86 g, 4.1 mmol, 99%; m.p. 46 8C; [a]20


D�
�15.7 (c� 0.94, EtOH for the R enantiomer); [a]20


D�ÿ15.3 (c� 0.7, EtOH
for the S enantiomer); 1H NMR (CDCl3, 250 MHz): d� 1.40 (s, 9H, Boc-
CH3), 2.80 ± 3.15 (m, 1H, b-CH2), 3.28 ± 3.48 (m, 1 H, b-CH2), 3.84 (s, 3H,
OCH3), 4.59 (m, 1H, a-CH), 5.02 (s, 2 H, PhCH2), 6.80 (d, 3J� 8 Hz, 1H,
arom. CH), 6.96 (d, 3J� 8 Hz, 1 H, arom. CH), 7.36 (m, 3 H, arom. CH),
7.54 (m, 2H, arom. CH); MS (70 eV): m/z (%): 435 (2) [M�], 379 (17)
[M�ÿC(CH3)3], 261 (16), 225 (3), 171 (45), 91 (100), 57 (20); HRMS
(70 eV): calcd for C22H26NClO6: 435.1449, found: 435.1437; elemental
analysis: calcd C 60.31, H 6.02, N 3.21 found C 60.11, H 6.04, N 2.93.


(R)- and (S)-N-tert-Butyloxycarbonyl-N-methyl-(3-benzyloxy-2-chloro-4-
methoxy)phenylalanine (21a, 21 b): NaH (320 mg, 13.2 mmol) was added
under nitrogen at 0 8C to a solution of the enantiomeric urethane 20 a or
20b (1.92 g, 4.4 mmol) and MeI (1.12 mL, 17.6 mmol) in dry THF (100 mL).
Within 16 h the mixture was allowed to warm to room temperature. After
addition of ethyl acetate (20 mL) and NH3 (25 %, 3 mL) it was stirred for
another 30 min The pH was adjusted to 3 ± 4 by addition of 2m HCl and
extraction with ethyl acetate (3� 80 mL) was followed by washing of the
combined organic layers with a concentrated solution of Na2SO3 in water
(30 mL). Drying of the organic layer with Na2SO4, evaporation of the
solvent in vacuo, and chromatography (ethyl acetate/hexane� 3/2 (v/v),
Rf� 0.33) yielded a white solid. Yield: 1.90 g (4.2 mmol), 96 %; m.p. 48 8C;
[a]20


D��82.3 (c� 0.35, CH2Cl2 for the R enantiomer); [a]20


D�ÿ82.0 (c�
0.35, CH2Cl2 for the S enantiomer); 1H NMR (CDCl3, 250 MHz): d� 1.37,
1.45 (s, 9H, Boc-CH3), 2.70 (s, 3H, N-CH3), 3.05 (m, 1H, b-CH2), 3.35 (m,
1H, b-CH2), 3.85 (s, 3H, OCH3), 4.62 (m, 1H, a-CH), 5.04 (s, 2H, PhCH2),
6.78 (d, 3J� 8 Hz, 1H, arom. CH), 6.86 (d, 3J� 8 Hz, 1 H, arom. CH), 7.38
(m, 3H, arom. CH), 7.51 (m, 2 H, arom. CH); 13H NMR (CDCl3,
100.5 MHz): d� 28.20 (Boc-CH3), 28.30 (N-CH3), 33.17 (b-CH2), 56.08
(OCH3), 59.59 (a-CH), 74.71 (PhCH2), 80.76 (Boc-quart. C), 110.59, 126.16,
128.10, 128.30, 128.48 (arom. CH), 137.07, 144.22, 152.75, 152.87 (quart. C),
154.98 (COOH), 176.26 (C�O); MS (70 eV): m/z (%): 449 (2) [M�], 393 (8)
[M�ÿC(CH3)3], 320 (3) [M�ÿN(CH3)COOC(CH3)3], 318 (8), 261 (16),
178 (6), 171 (22), 91 (100), 57 (56); HRMS (70 eV): calcd for C23H28NClO6:
449.1605, found: 449.1587; elemental analysis: calcd C 60.48, H 6.29, N 3.11,
found C 60.74, H 6.27, N 2.99.


Methyl 2-(1-Z-pentenyl)benzoate (23):[27] NaNH2 (2.1 g, 53.8 mmol) and
((CH3)3Si)2NH (850 mg, 5.3 mmol) were added unter nitrogen to a solution
of nBu3PPh3Br (21.4 g, 53.6 mmol) in dry THF (170 mL). The suspension
was stirred at 40 8C for 6 h, filtered under nitrogen, and the residue washed
with dry THF (2� 15 mL). The mixture was cooled to ÿ100 8C and a
solution of aldehyde 22 (8 g, 48.7 mmol) in dry THF (40 mL) was added
dropwise within 1 h. After stirring for another 30 min at ÿ100 8C the
reaction mixture was poured into warm THF (200 mL, 40 8C). Evaporation
of the solvent in vacuo was followed by the addition of hexane (100 mL).
The white precipitate was filtered off and after evaporation of the solvent in
vacuo distillation under reduced pressure yielded the diastereomerically
pure product as colorless oil. Yield: 7.35 g, 35.9 mmol, 74%; b.p. 62 8C/
2.7� 10ÿ1 mbar) (ref. [27]: b.p. 66 8C (p� 3� 10ÿ1 mbar)); 1H NMR
(CDCl3, 250 MHz): d� 0.88 (t, 3J� 7 Hz, 3 H, CH3), 1.43 (sext, 3J� 7 Hz,
2H, CH2CH3), 2.10 (quart, 3J� 7 Hz, 2H, CHCH2), 3.88 (s, 3 H, OMe), 5.72
(dt, 3J� 7 Hz, 3Jcis� 12 Hz, 1H, CHCH2), 6.87 (d, 3Jcis� 12 Hz, 1H,
CHCHCH2), 7.30 (m, 2 H, arom. CH), 7.45 (m, 1 H, arom. CH), 7.94 (m,
1H, arom. CH).


2-(1-Z-Pentenyl)-benzyl alcohol (24):[27] LiAlH4 (1.85 g, 50 mmol) was
added to a solution of ester 23 (6.62 g, 30.6 mmol) in dry THF (250 mL).
After stirring at room temperature for 3 h water (20 mL) was added
carefully followed by 1m HCl (30 mL). The solution was extracted with
diethyl ether (3� 100 mL) and the combined organic layers were dried with
MgSO4. Evaporation of the solvent in vacuo yielded a colorless oil which
was used without further purification. Yield: 5.24 g (29.7 mmol), 97%;
1H NMR (CDCl3, 250 MHz): d� 0.88 (t, 3J� 7 Hz, 3 H, CH3), 1.41 (sext,
3J� 7 Hz, 2 H, CH2CH3), 1.77 (br, 1 H, OH), 2.11 (quart, 3J� 7 Hz, 2H,
CHCH2), 4.66 (d, 3J� 6 Hz, 2H, CH2OH), 5.78 (dt, 3J� 7 Hz, 3Jcis� 12 Hz,
1H, CHCH2), 6.55 (d, 3Jcis� 12 Hz, 1H, CHCHCH2), 7.18 ± 7.45 (m, 4H,
arom. CH).


2-(1-Z-Pentenyl)-benzyl aldehyde (25): PCC (2.45 g, 11.4 mmol) was added
at room temperature to a solution of alcohol 24 (1 g, 5.7 mmol) in CH2Cl2


(20 mL). After stirring for 2 h the suspension was filtered over celite and
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the solvent was evaporated in vacuo. Chromatography on silica gel (ethyl
acetate/hexane� 1/10 (v/v), Rf� 0.33) yielded a colorless oil. Yield:
948 mg, 5.4 mmol, 96%; 1H NMR (CDCl3, 250 MHz): d� 0.87 (t, 3J�
7 Hz, 3 H, CH3), 1.41 (sext, 3J� 7 Hz, 2H, CH3CH2), 2.05 (qd, 3J� 7 Hz,
3J� 1 Hz, 2H, CH3CH2CH2), 5.95 (dt, 3Jcis� 13 Hz, 3J� 7 Hz, 1 H,
CH2CH�), 6.82 (dd, 3Jcis� 13 Hz, 3J� 1 Hz, 1 H, CH2CH�CH), 7.28 (d,
3J� 6 Hz, 1 H, arom.CH), 7.40 (t, 3J� 6 Hz, 1H, arom.CH), 7.55 (q, 3J�
6 Hz, 1H, arom.CH), 7.90 (d, 3J� 6 Hz, 1 H, arom.CH), 10.28 (s, 1H,
CHO); 13C NMR (CDCl3, 100.5 MHz): d� 13.90 (CH3), 22.78 (CH2), 30.64
(CH2), 125.51 (CH), 127.38 (CH), 128.67 (CH), 130.62 (CH), 132.32
(quart.C), 133.72 (CH), 136.33 (CH), 141.20 (quart.C), 192.64 (CHO); IR
(KBr): nÄ � 2959, 2931, 2872, 1696, 1597, 1198, 765 cmÿ1; MS (70 eV): m/z
(%): 174 (9) [M�], 145 (17) [M�ÿCHO], 132 (30), 131 (100) [M�ÿ
CH3CH2CH2)], 117 (10) [M�ÿCH3CH2CH2CH], 115 (21), 103 (9) [M�ÿ
CH3CH2CH2ÿCHO], 91 (11), 77 (7); HRMS (70 eV) calcd for C12H14O :
174.1045, found: 174.1029.


3-(2-(1-Z-Pentenyl)phenyl)-E-acrylic acid (2):[12] Malonic acid (3.18 g,
31 mmol) was dissolved in pyridine (15 mL) and the solution was stirred
for 10 min at room temperature. Aldehyde 25 (4.31 g, 25 mmol) and
piperidine (215 mL) were added and the solution was heated for 4 h at
100 8C. After cooling to room temperature the mixture was poured onto a
mixture of ice (10 mL) and concentrated HCl (5 mL) and diluted with
water (30 mL). The precipitate was filtered off, dissolved in diethyl ether
(100 mL), and washed with 1n HCl (2� 20 mL). The aqueous filtrate was
extracted with diethyl ether (3� 70 mL) and the combined organic layers
were dried with Na2SO4. The solvent was evaporated in vacuo and the
residue crystallized from hexane. Yield: 3.75 g, 17 mmol, 70%, white
crystals; m.p. 72 8C; 1H NMR (CDCl3, 250 MHz): d� 0.87 (t, 3J� 7 Hz, 3H,
CH3), 1.41 (sext, 3J� 7 Hz, 2 H, CH2CH3), 2.02 (quart, 3J� 7 Hz, 2H,
CH2CH), 5.88 (dt, 3J� 7 Hz, 3Jcis� 12 Hz, 1H, CHCH2), 6.40 (d, 3Jtrans�
15 Hz, 1H, CHCOOH), 6.56 (d, 3Jcis� 12 Hz, 1 H, CHCHCH2), 7.20 ± 7.41
(m, 3H, arom. CH), 7.65 (d, 3J� 6 Hz, 1 H, arom. CH), 8.02 (d, 3Jtrans�
15 Hz, 1 H, CHCHCOOH).


3-(2-(1-Z-Pentenyl)phenyl)-E-acrylic acid hydroxyazo benzotriazolyl ester
(26): Ethyl dimethylaminopropyl carbodiimide (170 mg, 0.92 mmol) was
added to a solution of acid 2 (100 mg, 0.46 mmol) and hydroxyazobenzo-
triazole (124 mg, 0.92 mmol) in CH2Cl2 (10 mL). After stirring at room
temperature for 3 h the solvent was evaporated in vacuo. Chromatography
on silica gel (ethyl acetate/hexane� 1/2 (v/v), Rf� 0.29) yielded a colorless
oil. Yield: 123 mg, 0.35 mmol, 75 %; 1H NMR (CDCl3, 250 MHz): d� 0.89
(t, 3J� 8 Hz, 3H, CH3), 1.44 (sext. , 3J� 8 Hz, 2H, CH3CH2), 2.04 (dq, 3J�
8 Hz, 3J� 0.7 Hz, 2 H, CH3CH2CH2), 5.90 (dt, 3J� 6 Hz, 3Jcis� 12 Hz, 1H,
CH2CH�CH), 6.59 (d, 3Jcis� 12 Hz, 1 H, CH�CHCH2), 6.76 (d, 3Jtrans�
16 Hz, 1H, COCH�CH), 7.28 (d, 3J� 8 Hz, 1 H, arom. CH), 7.38 ± 7.46
(m, 3H, arom. CH), 7.76 (d, 3J� 8 Hz, 1 H, arom. CH), 8.32 (d, 3Jtrans�
16 Hz, 1 H, COCH�CH), 8.46 (d, 3J� 7 Hz, 1 H, arom. CH), 8.75 (d, 4J�
2 Hz, 1 H, arom. CH); MS (70 eV): m/z (%): 334 (0.1) [M�], 200 (14), 199
(100) [M�ÿC5H3N4O], 171 (7) [M�ÿC5H3N4OÿCH3CH2], 157 (20)
[M�ÿC5H3N4OÿCH3CH2CH2], 128 (22), 115 (16), 55 (18); HRMS
(70 eV) calcd for C19H18N4O2: 334.1430, found: 334.1442.


(S)-N-tert-Butyloxycarbonyl-N-methylphenylalanine allyl ester : Diisopro-
pylcarbodiimide (0.67 mL, 8.6 mmol) was added to a solution of (S)-N-tert-
butyloxycarbonyl-N-methylphenylalanine (1.14 g, 4.3 mmol), allyl alcohol
(1.2 mL, 17.2 mmol), and DMAP (105 mg, 0.86 mmol) in dry CH2Cl2


(30 mL). After stirring for 2 h at room temperature the solvent was
evaporated in vacuo and the residue was purified by chromatography (ethyl
acetate/hexane� 1/5 (v/v), Rf� 0.30). Yield: 1.13 g, 3.7 mmol, 85%, color-
less oil; [a]20


D�ÿ67.7 (c� 0.75, CH2Cl2); 1H NMR (CDCl3, 250 MHz): d�
1.30 [1.34] (s, 9H, Boc-CH3), 2.70 [2.75] (s, 3 H, NCH3), 3.05 (m, 1 H, b-
CH2), 3.30 (m, 1 H, b-CH2), 4.64 (m, 2H, allyl. OCH2), 4.94 (m, 1H, a-CH),
5.29 (m, 2H, allyl. CH�CH2), 5.90 (m, 1 H, allyl. CH�CH2), 7.10 ± 7.35
(m, 5 H, arom. CH); MS (70 eV): m/z (%): 319 (7) [M�], 246 (8)
[M�ÿ (CH3)3CO], 188 (23) [M�ÿ (CH3)3COCONCH3], 178 (52), 134
(63), 128 (100), 57 (89); HRMS (70 eV): calcd for C18H25NO4: 319.1784,
found: 319.1772.


(S)-N-Methylphenylalanine allyl ester hydrotrifluoro acetate (27):
CF3COOH (3 mL) was added dropwise to a solution of (S)-N-tert-
butyloxycarbonyl-N-methylphenylalanine allyl ester (1.02 g, 3.3 mmol) in
dry CH2Cl2 (20 mL). After stirring for 1 h at room temperature the solvent
was evaporated and the residue was dried for 3 d in vacuo. The slowly
formed crystals were used without further purification. Yield: quantitative.


[a]20


D��28 (c� 0.8, EtOH); 1H NMR (CD3OD, 250 MHz): d� 2.75 (s, 3H,
NCH3), 3.20 (dd, 2J� 15 Hz, 3J� 7 Hz, 1H, b-CH2), 3.48 (dd, 2J� 15 Hz,
3J� 7 Hz, 1 H, b-CH2), 4.34 (t, 3J� 7 Hz, 1 H, a-CH), 4.65 (d, 3J� 8 Hz, 2H,
allyl. OCH2), 5.25 (d, 3Jtrans� 10 Hz, 1H, allyl. CH�CH2), 5.30 (d, 3Jcis�
8 Hz, 1 H, allyl. CH�CH2), 5.82 (m, 1 H, allyl. CH�CH2), 7.25 ± 7.40 (m, 5H,
arom. CH); MS (70 eV): m/z (%): 220 (0.1) [M�], 199 (0.3), 136 (6), 135 (64)
[M�ÿCOOAll], 129 (100), 120 (4), 92 (7), 42 (12); HRMS (70 eV): calcd
for C13H18NO2: 220.1338, found: 220.1347.


N-tert-Butyloxycarbonyl-N-methyl-(3-benzyloxy-2-chloro-4-methoxy)-(R)-
phenylalanyl-N-methyl-(S)-phenylalanine allyl ester (28 b): To a cooled
(0 8C) solution of amine 27 (54 mg, 0.21 mmol), acid 21b (100 mg,
0.21 mmol), HOAt (50 mg, 0.32 mmol), and NEt3 (28 mL, 0.21 mmol) in
dry DMF (2 mL) was added EDC (70 mg, 0.32 mmol). After 15 min the
mixture was allowed to warm to room temperature and was stirred for 14 h.
After addition of ethyl acetate (50 mL) and washing with 0.5m HCl (2�
10 mL) and water (10 mL) the organic layer was dried with Na2SO4. The
solvent was evaporated in vacuo and the residue was purified by
chromatography (ethyl acetate/hexane� 1/2 (v/v), Rf� 0.30) to yield a
colorless oil. Yield: 110 mg, 0.17 mmol, 81%; [a]20


D��113 (c� 0.5,
CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 1.15 [1.30] (s, 9H, Boc-CH3),
2.75 ± 3.08 (m, 11 H, 2 NCH3, 3�b-CH2), 3.48 (m, 1 H, b-CH2), 3.81 [3.82]
(s, 3H, OCH3), 4.63 (d, 3J� 7 Hz, 2H, allyl. OCH2), 5.03 (m, 3 H, PhCH2, a-
CH), 5.24 (d, 3Jcis� 9 Hz, 1H, allyl-CH�CH2), 5.25 (m, 1H, a-CH), 5.30 (d,
3Jtrans� 16 Hz, 1H, allyl-CH�CH2), 5.88 (m, 1H, allyl. CH), 6.65 ± 6.85 (m,
2H, arom. CH), 7.25 (m, 8H, arom. CH), 7.55 (m, 2H, arom. CH); 13C NMR
(CDCl3, 100.5 MHz): d� 28.00 [28.21] (Boc-CH3), 28.99 (NCH3), 31.89
(NCH3), 32.95 [34.63] (b-CH2), 37.79 (b-CH2), 54.77 (a-CH), 56.15 (OCH3),
58.52 (a-CH), 66.00 [65.88] (allyl. OCH2), 74.73 (PhCH2), 80.09 [79.82]
(Boc-quart. C), 110.44 [110.29] (arom. CH), 118.96 (allyl. CH2), 125.74,
126.25, 128.08, 128.34, 128.43, 128.53, 128.82, 129.25 (arom. CH), 131.62
(allyl. CH), 135.52, 136.80, 137.31, 144.35, 152.62, 152.84, 154.52 (quart. C),
170.28 (C�O), 170.37 [170.91] (C�O); MS (FAB, NBA) m/z (%): 651 (1)
[M�], 633 (5), 611 (7) [M�ÿCH2CH�CH2], 597 (8) [M�ÿ
OCH2CH�CH2], 555 (20) [M�ÿCOOC(CH3)3], 511 (60) [M�ÿ
OCH2CH�CH2-COO-C(CH3)3], 304 (63), 154 (69), 91 (100); HRMS
(FAB): calcd for C36H43ClN2O7 651.2837, found: 651.2560; elemental
analysis: calcd C 66.39, H 6.67, N 4.30, found C 66.05, H 6.59, N 3.99. The
S,S diastereomer was prepared following the same protocol in 77% yield.


N-tert-Butyloxycarbonyl-N-methyl-(3-benzyloxy-2-chloro-4-methoxy)-(S)-
phenylalanyl-N-methyl-(S)-phenylalanine allyl ester (28 a): [a]20


D�ÿ306
(c� 0.1, CH2Cl2); 1H NMR (CDCl3, 250 MHz): d� 1.13 [1.25] (s, 9H,
Boc-CH3), 2.31 (s, 3 H, NCH3), 2.50 ± 3.25 (m, 6 H, 3� b-CH2), 2.75 (s, 3H,
NCH3), 3.40 (m, 1 H, b-CH2), 3.81 [3.82] (s, 3 H, OCH3), 4.62 (m, 2 H, allyl-
OCH2), 4.75 ± 5.39 (m, 6H, 2�a-CH, allyl-CHCH2 , PhCH2O), 5.87 (m,
1H, allyl. CH), 6.68 (d, 3J� 8 Hz, 1 H, arom. CH), 6.78 (d, 3J� 8 Hz, 1H,
arom. CH), 7.05 ± 7.45, 7.53 (m, 10 H, arom. CH).


(R)-N-Methyl-(3-benzyloxy-2-chloro-4-methoxy)phenyl-alanyl-N-methyl-
(S)-phenylalanine allyl ester hydrochloride (29 b): The Boc-protected
dipeptide 28b (280 mg, 0.43 mmol) was dissolved in a saturated solution
of HCl in dry diethyl ether (30 mL) and stirred for 90 min at room
temperature. The solvent was evaporated under reduced pressure and the
residue was used without further purification. Yield: 252 mg, 0.43 mmol,
quantitative; m.p. > 105 8C, decomp.; [a]20


D�ÿ53.7 (c� 0.36, MeOH);
1H NMR (CDCl3, 400 MHz): d� 2.58 (s, 3H, NCH3), 2.67 (s, 3H, NCH3),
2.68 ± 2.94 (m, 3H, b-CH2), 3.35 (m, 1H, b-CH2), 3.88 [3.90] (s, 3 H, OCH3),
4.55 (t, 3J� 8 Hz, a-CH), 4.66 (d, 3J� 7 Hz, 2H, allyl-OCH2), 5.03 [5.04] (s,
2H, PhCH2), 5.20 ± 5.98 (m, 3H, allyl-CH2, a-CH), 5.94 (m, 1 H, allyl-CH),
6.78 [7.00] (s, 2H, arom. CH), 7.30 (m, 8H, arom. CH), 7.45 (m, 2H, arom.
CH); 13C NMR (CDCl3, 100.5 MHz): d� 31.30 (NCH3), 31.86 (NCH3),
34.36 (b-CH2), 34.66 (b-CH2), 56.09 (OCH3), 57.55 (a-CH), 58.18 (a-CH),
65.92 (allyl-OCH2), 74.71 (PhCH2), 111.06 (arom. CH), 118.96 (allyl-CH2),
127.00, 128.10, 128.28, 128.48, 128.74, 129.05, 129.11 (arom. CH), 131.51
(allyl-CH), 128.59, 129.23, 136.33, 137.02, 144.30, 153.58 (quart. C), 167.77
(C�O), 169.04 (C�O); MS (70 eV): m/z (%): 551 (100) [M�], 517 (5), 304
(45), 289 (8), 220 (15), 214 (8), 134 (18), 91 (46); elemental analysis: calcd C
63.47, H 6.03, N 4.78, found C 63.24, H 6.26, N 4.46;C31H35Cl2N2O5. The S,S
diastereomer was prepared following the same protocol in quantitative
yield.


(S)-N-Methyl-(3-benzyloxy-2-chloro-4-methoxy)phenyl-alanyl-N-methyl-
(S)-phenylalanine allyl ester hydrochloride (29a): [a]20


D�ÿ9.5 (c� 1.05,
MeOH); 1H NMR (CDCl3, 250 MHz): d� 2.32 (s, 3H, NCH3), 2.65-3.50
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(m, 6 H, NCH3, 3� b-CH2), 3.52 (m, 1 H, b-CH2), 3.78 [3.81] (s, 3H, OCH3),
4.58 (m, 3H, allyl-OCH2, a-CH), 5.00 [4.92] (s, 2H, PhCH2O), 5.25 (m, 3H,
allyl-CHCH2, a-CH), 5.82 (m, 1 H, allyl. CH), 6.32 (d, 3J� 7 Hz, 1 H, arom.
CH), 6.45 (d, 3J� 7 Hz, 1 H, arom. CH), 7.10 ± 7.55 (m, 10H, arom. CH).


N-Benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosyl-N-methyl-(3-
benzyloxy-2-chloro-4-methoxy)-(R)-phenylalanyl-N-methyl-(S)-phenylala-
nine allyl ester (7b): EDC (146 mg, 0.76 mmol) was added under
nitrogen at 0 8C to a solution of hydrochloride 29b (220 mg,
0.38 mmol), N-benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosine
(255 mg, 0.56 mmol), HOAt (103 mg, 0.76 mmol), and NEt3 (53 mL,
0.38 mmol) in dry DMF (10 mL). The solution was stirred for 16 h and
allowed to warm to room temperature. After addition of ethyl acetate
(60 mL) the mixture was washed with 0.5m HCl (2� 10 mL), and water
(10 mL). The organic layer was dried with Na2SO4 and after evaporation of
the solvent in vacuo the residue was purified by chromatography (ethyl
acetate/hexane� 2/3 (v/v), Rf� 0.35). Yield: 280 mg, 0.29 mmol, 75%,
colorless oil; [a]20


D��62.2 (c� 0.05, CH2Cl2); 1H NMR (CDCl3, 400 MHz):
d� 2.38 (s, 3H, NCH3), 2.70 ± 3.01 (m, 8H, 5� b-CH2, NCH3), 3.38 (dd,
2J� 14 Hz, 3J� 7 Hz, 1 H, b-CH2), 3.61 (s, 3 H, OCH3), 4.58 (d, 3J� 8 Hz,
2H, allyl. OCH2), 4.80 (dd, 3J� 13 Hz, 3J� 6 Hz, 1 H, a-CH), 4.95 (s, 2H,
PhCH2), 5.05 (d, 2J� 3 Hz, 2H, PhCH2), 5.22 (d, 3Jcis� 8 Hz, 1H, allyl-
CH�CH2), 5.25 (s, 2 H, PhCH2), 5.28 (d, 3Jtrans� 14 Hz, 1H, allyl-CH�CH2),
5.37 (dd, 3J� 7 Hz, 3J� 11 Hz, 1 H, a-CH), 5.53 (dd, 3J� 7 Hz, 3J� 9 Hz,
1H, a-CH), 5.81 (m, 1 H, allyl. CH�CH2), 6.50 (d, 3J� 8 Hz, 1 H, arom.
CH), 6.65 (d, 3J� 8 Hz, 1 H, arom. CH), 7.00 (d, 3J� 8 Hz, 2H, Tyr-arom.
CH), 7.13 (d, 3J� 8 Hz, 2H, Tyr-arom. CH), 7.10 ± 7.55 (m, 20H, arom. CH);
13C NMR (CDCl3, 100.5 MHz): d� 30.58 (NCH3), 31.53 (NCH3), 32.28
(b-CH2), 34.18 (b-CH2), 38.10 (b-CH2), 51.72 (a-CH), 52.40 (a-CH), 55.78
(OCH3), 57.86 (a-CH), 65.91 (allyl-OCH2), 67.07 (PhCH2), 70.29 (PhCH2),
74.55 (PhCH2), 109.90 (arom. CH), 118.78 (allyl-CH�CH2), 121.08, 125.57,
126.70, 127.57, 127.93, 128.21, 128.28, 128.35, 128.44, 128.53, 128.62, 128.69,
128.78 (arom. CH), 129.45 (quart. C), 130.46 (arom. CH), 131.71 (allyl-CH),
134.05, 134.76, 136.12, 136.67, 137.29, 144.23, 149.99 (quart. C), 152.65,
153.56, 155.32, 170.00, 170.32 (C�O); MS (FAB, NBA), m/z (%): 898 (1)
[M�ÿCOOAll], 746 (1) [M�ÿCOOAllÿBnOCOO], 599 (7), 447 (5), 403
(16), 256 (23), 120 (11), 91 (100); elemental analysis: calcd for
C56H55ClN3O11 : C 68.52, H 5.66, N 4.28, found: C 68.52, H 5.93, N 4.41.
TheR,S,S diastereomer was prepared following the same protocol in a yield
of 77 %.


N-Benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosyl-N-methyl-(3-
benzyloxy-2-chloro-4-methoxy)-(S)-phenylalanyl-N-methyl-(S)-phenylala-
nine allyl ester (7a): [a]20


D�ÿ72.4 (c� 0.21, CH2Cl2); 1H NMR (CDCl3,
250 MHz): d� 2.32 [2.40](s, 3 H, NCH3), 2.63 (s, 3 H, NCH3), 2.65 ± 2.95 (m,
5H, 5�b-CH2), 3.32 (dd, 2J� 14 Hz, 3J� 5 Hz, 1H, b-CH2), 3.80 (s, 3H,
OCH3), 4.60 (m, 3H, allyl-OCH2, a-CH), 5.00 [4.95] (s, 2H, PhCH2O), 5.10
[5.05] (d, 2J� 2 Hz, 2H, PhCH2O), 5.21 (d, 3Jcis� 8 Hz, 1H, allyl-CH�CH2),
5.25 (m, 3H, PhCH2O, a-CH), 5.28 (d, 3Jtrans� 15 Hz, 1H, allyl-CH�CH2),
5.81 (m, 1 H, allyl-CH�CH2), 6.63 (d, 3J� 8 Hz, 1H, arom. CH), 6.71 (d,
3J� 8 Hz, 1 H, arom. CH), 7.00 (d, 3J� 8 Hz, 2H, Tyr-arom. CH), 7.13 (d,
3J� 8 Hz, 2H, Tyr-arom. CH), 7.10 ± 7.55 (m, 20H, arom. CH).


N-Benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosyl-N-methyl-(3-
benzyloxy-2-chloro-4-methoxy)-(S)-phenylalanyl-N-methyl-(S)-phenylala-
nine (30a): To a solution of allyl ester 7a (210 mg, 0.21 mmol) in dry
CH2Cl2 (20 mL) were added under nitrogen successively Pd(PPh3)4 (5 mg)
and morpholine (22 mL, 0.25 mmol). After stirring for 4 h at room
temperature the solvent was evaporated in vacuo and the residue was
purified by chromatography (ethyl acetate/hexane� 2/1 (v/v), Rf� 0.33) to
yield a light yellow solid. Yield: 176 mg, 0.19 mmol), 89 %; [a]20


D�ÿ88.2
(c� 0.10, CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 2.35 (s, 3H, NCH3),
2.65 ± 3.05 (m, 8 H, 5� b-CH2, NCH3), 3.35 (dd, 2J� 14 Hz, 3J� 7 Hz, 1H,
b-CH2), 3.66 (s, 3 H, OCH3), 4.92 (m, 3 H, PhCH2, a-CH), 5.05 (s, 2H,
PhCH2), 5.30 (m, 3 H, PhCH2, a-CH), 5.48 (m, 1H, a-CH), 6.58 (d, 3J�
8 Hz, 1H, arom. CH), 6.70 (d, 3J� 8 Hz, 1H, arom. CH), 7.00 ± 7.53 (m,
24H, arom. CH); 13C NMR (CDCl3, 100.5 MHz): d� 30.76 (NCH3), 31.45
(NCH3), 32.24 (b-CH2), 33.88 (b-CH2), 38.24 (b-CH2), 51.86 (a-CH), 52.52
(a-CH), 55.82 (OCH3), 57.15 (a-CH), 67.12 (PhCH2), 70.23 (PhCH2), 74.61
(PhCH2), 110.04, 121.18, 125.49, 126.72, 127.33, 128.00, 128.22, 128.28,
128.42, 128.45, 128.60, 128.65, 128.73, 128.88 (arom. CH), 129.24 (quart. C),
130.49 (arom. CH), 134.15, 134.50, 134.83, 136.15, 136.69, 137.29, 144.26,
149.87, 152.74 (quart. C), 154.16, 155.56, 169.95, 171.33, 172.94 (C�O); MS
(FAB, NBA): m/z (%): 942 (6) [M�], 763 (15) [M�ÿN(Me)ÿPhe], 391


(18), 307 (30), 154 (100), 91 (70); HRMS (FAB): calcd for C53H51ClN3O11:
942.3369, found: 942.3090; elemental analysis: calcd C 67.61, H 5.47, N 4.46,
found: C 67.90, H 5.67, N 4.25. The R,S,S diastereomer was prepared
following the same protocol in a yield of 88%.


N-Benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosyl-N-methyl-(3-
benzyloxy-2-chloro-4-methoxy)-(R)-phenylalanyl-N-methyl-(S)-phenylala-
nine (30b): [a]20


D��28.7 (c� 0.12, CH2Cl2); 1H NMR (CDCl3, 250 MHz):
d� 2.50 (s, 3 H, NCH3), 2.67 ± 3.00 (m, 8 H, 5b-CH2, NCH3), 3.31 (dd, 2J�
14 Hz, 3J� 6 Hz, 1 H, b-CH2), 3.59 (s, 3 H, OCH3), 4.88 (m, 1 H, a-CH), 4.98
(s, 2 H, PhCH2O), 5.09 (s, 2H, PhCH2O), 5.27 (s, 2 H, PhCH2O), 5.35 ± 5.58
(m, 2H, 2a-CH), 6.49 (d, 3J� 8 Hz, 1H, arom. CH), 6.65 (d, 3J� 8 Hz, 1H,
arom. CH), 7.00 (d, 3J� 8 Hz, 2 H, Tyr-arom. CH), 7.21 (d, 3J� 8 Hz, 2H,
Tyr-arom. CH), 7.08 ± 7.55 (m, 20H, arom. CH).


N-Benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosyl-N-methyl-(3-
benzyloxy-2-chloro-4-methoxy)-(S)-phenylalanyl-N-methyl-(S)-phenylala-
nine-(R)-(piperazine-2,5-dione)-methyl ester (31a): DEAD (54 mL,
0.34 mmol) was added under nitrogen to a solution of acid 30 a (160 mg,
0.17 mmol), alcohol 6 (49 mg, 0.34 mmol), and PPh3 (89 mg, 0.34 mmol) in
dry DMF (5 mL). After stirring for 24 h at room temperature the solvent
was evaporated in vacuo and the residue was purified by chromatography
(ethyl acetate/hexane� 2/1 (v/v), Rf� 0.06). Yield: 97 mg, 0.09 mmol, 53%,
white crystals; [a]20


D�ÿ85.4 (c� 0.5, CH2Cl2); 1H NMR (CDCl3,
400 MHz): d� 2.46 [2.52] (s, 3H, NCH3), 2.86 [2.99] (s, 3H, NCH3),
2.86 ± 3.00 (m, 4H, b-CH2), 3.07 (dd, 2J� 14 Hz, 3J� 6 Hz, 1 H, b-CH2), 3.23
(dd, 2J� 14 Hz, 3J� 6 Hz, 1H, b-CH2), 3.76 [3.77] (s, 3 H, OCH3), 3.90 (d,
2J� 9 Hz, 1 H, Gly-CH2), 4.05 (d, 2J� 9 Hz, 1H, Gly-CH2), 4.26 (m, 1H,
Ser-a-CH), 4.43 (dd, 2J� 11.4 Hz, 3J� 3 Hz, 1H, Ser-OCH2), 4.50 (m, 1H,
a-CH), 4.53 (dd, 2J� 11.4 Hz, 3J� 5 Hz, 1H, Ser-OCH2), 4.98 (m, 5H, 2�
PhCH2, a-CH), 5.23 [5.24] (s, 2 H, PhCH2), 5.69 (dd, 3J� 9 Hz, 3J� 5 Hz,
1H, a-CH), 6.73 (d, 3J� 8 Hz, 1 H, arom. CH), 6.80 (d, 3J� 8 Hz, 1H, arom.
CH), 6.87 (d, 3J� 8 Hz, 2H, Tyr-arom-CH), 7.00 ± 7.75 (m, 22 H, arom. CH);
13C NMR (CDCl3, 100.5 MHz): d� 30.93 (NCH3), 33.33 (b-CH2), 34.51
(NCH3), 35.13 (b-CH2), 37.69 (b-CH2), 45.44 (Gly-b-CH2), 53.64 (a-CH),
55.57 (a-CH), 56.65 (OCH3), 62.95 (a-CH), 67.48 (Ser-OCH2), 71.31
(2PhCH2), 75.81 (PhCH2), 111.86, 122.17, 127.89, 128.11, 128.67, 128.99,
129.05, 129.28, 129.32, 129.46, 129.69, 129.93, 130.02, 130.32, 131.42 (arom.
CH), 132.25 (quart. C), 133.12, 133.79 (arom. CH), 136.09, 136.69, 138.24,
138.44, 138.68, 145.44, 151.56, 154.31, 155.11 (quart. C), 158.01, 167.67,
168.52, 171.21, 171.58, 173.45 (C�O); elemental analysis: calcd for
C58H57ClN5O13: C 65.24, H 5.39, N 6.56, found C 65.11, H 5.57, N 6.36.
The R,R,S,R diastereomer was prepared following the same protocol in a
yield of 55%.


N-Benzyloxycarbonyl-(O-benzyloxycarbonyl)-(R)-tyrosyl-N-methyl-(3-
benzyloxy-2-chloro-4-methoxy)-(R)-phenylalanyl-N-methyl-(S)-phenylala-
nine-(R)-(piperazine-2,5-dione)-methyl ester (31b): [a]20


D��56.3 (c�
0.32, CH2Cl2); 1H NMR (CDCl3, 250 MHz): d� 2.37[2.30] (s, 3H, NCH3),
2.98 (s, 3 H, NCH3), 2.70 ± 3.00 (m, 6 H, b-CH2), 3.67 (s, 3 H, OCH3), 3.87 (d,
3J� 8 Hz, 1 H, Gly-CH2), 4.02 (d, 2J� 8 Hz, 1H, Gly-CH2), 4.21 (m, 1H,
Ser-a-CH), 4.37 (dd, 2J� 11.5 Hz, 3J� 3 Hz, 1H, Ser-OCH2), 4.47 (dd, 2J�
11.5 Hz, 3J� 5 Hz, 1H, Ser-OCH2), 4.57 (m, 1H, a-CH), 4.92 [4.93] (s, 2H,
PhCH2), 5.03 (s, 2 H, PhCH2), 5.25 (m, 1H, a-CH), 5.27 (s, 2H, PhCH2),
5.44 (m, 1 H, a-CH), 6.61 (d, 3J� 8 Hz, 1H, arom. CH), 6.75 (d, 3J� 8 Hz,
1H, arom. CH), 7.03 (d, 3J� 9 Hz, 2H, Tyr-arom-CH), 7.15 ± 7.50 (m, 22H,
arom. CH).


3-(2-(1-Z-Pentenyl)phenyl)-E-acryloyl-(R)-tyrosyl-N-methyl-(3-benzyl-
oxy-2-chloro-4-methoxy)-(R)-phenylalanyl-N-methyl-(S)-phenylalanine-
(R)-(piperazine-2,5-dione)-methyl ester, epi-pepticinnamin E (1b): Pd/C
(10 mg, 10%) was added to a solution of Z-protected peptide ester 31 b in a
mixture of ethyl acetate (10 mL), EtOH (1 mL), and HOAc (1 mL). The
suspension was stirred for 18 h under an atmosphere of hydrogen. Filtration
over celite, washing with EtOH, and evaporation of the solvent in vacuo
yielded a yellowish solid (ca. 14 mg), which was dissolved together with
acid 2 (4.3 mg, 0.02 mmol), HOAt (4 mg, 0.022 mmol), and NEt3 (2.8 mL,
0.02 mmol) in dry DMF (1.5 mL). EDC (6 mg, 0.03 mmol) was added under
nitrogen at 0 8C and the mixture was stirred for 16 h at room temperature.
After addition of ethyl acetate (20 mL) and successive washing with 1m
HCl (5 mL), concentrated NaHCO3 solution (5 mL), and water (5 mL), the
organic layer was dried with MgSO4. Evaporation of the solvent in vacuo
was followed by chromatography (ethyl acetate/EtOH� 10/1 (v/v)) to yield
a white solid. Yield: 4 mg, 0.004 mmol, 23 %; [a]20


D��57 (c� 0.20,
MeOH); TLC: Rf� 0.22 (ethyl acetate/EtOH� 25/1 (v/v)); Rf� 0.33
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(CHCl3/MeOH� 20/3 (v/v)); Rf� 0.50 (ethyl acetate/EtOH� 10/1 (v/v));
Rf� 0.13 (ethyl acetate); HPLC (Bischoff, Spherisorb ODS II, RP 18, 5 mm ;
flow rate: 0.6 mL minÿ1): tR� 15.45 min (CH3CN/water� 50/50); tR�
10.44 min (MeOH/water� 75/25); separation of synthetic product and
authentic natural product was observed after coinjection; the UV spectra
are identical; 1H NMR (CD3OD, 500 MHz): d� 0.86 (t, 3J� 7.5 Hz, 3H,
CH2CH3), 1.41 (sext., 3J� 7.5 Hz, 2H, CH2CH3), 2.03 ( dq, 3J� 7.5 Hz, 3J�
1.5 Hz, 2 H, CH2CH2CH3), 2.38 [2.55] (s, 3 H, NCH3), 3.04 [3.00] (s, 3H,
NCH3), 2.70 ± 3.08 (m, 6 H, b-CH2), 3.60 (s, 3 H, OCH3), 3.91 (d, 2J� 17 Hz,
1H, Gly-CH2), 4.05 (d, 2J� 17 Hz, 1H, Gly-CH2), 4.26 (m, 1H, Ser-a-CH),
4.43 (dd, 2J� 11.4 Hz, 3J� 3 Hz, 1H, Ser-OCH2), 4.53 (dd, 2J� 11.4 Hz,
3J� 5 Hz, 1H, Ser-OCH2), 5.18 (t, 3J� 7.5 Hz, 1 H, a-CH), 5.36 (dd, 3J�
5.6 Hz, 3J� 10.5 Hz, 1H, a-CH), 5.48 (dd, 3J� 6.1 Hz, 3J� 8.7 Hz, 1 H, a-
CH), 5.87 (dt, 3Jcis� 11.4 Hz, 3J� 4 Hz, 1H, CH2CH�CH), 6.45 (d, 3J�
8.5 Hz, 1H, arom. CH), 6.51 (d, 3J� 8.5 Hz, 1 H, arom. CH), 6.52 (d,
3Jtrans� 15.7 Hz, 1H, CH�CHC�O), 6.68 (d, 3J� 8.4 Hz, 2 H, Tyr-arom.
CH), 7.03 (d, 3J� 8.4 Hz, 2H, Tyr-arom. CH), 7.18-7.36 (m, 8H, arom. CH),
7.71 (d, 3J� 8.2 Hz, 1H, arom. CH), 7.78 (d, 3Jtrans� 15.7 Hz, 1 H,
CH�CHCO); MS (FAB, glycerol): m/z (%): 908 (2) [M�], 737 (1.5), 645
(2), 603 (5), 547 (8), 461 (10), 185 (100); HRMS-FAB: calcd for
C49H55ClN5O10: 908.3637, found: 908.3419.


3-(2-(1-Z-Pentenyl)phenyl)-E-acryloyl-(R)-tyrosyl-N-methyl-(3-benzyl-
oxy-2-chloro-4-methoxy)-(S)-phenylalanyl-N-methyl-(S)-phenylalanine-
(R)-(piperazine-2,5-dione)-methyl ester, pepticinnamin E (1): Pd/C (5 mg,
10%) was added to a solution of Z-protected peptide ester 31 a in a mixture
of ethyl acetate (1 mL), EtOH (1 mL), and HOAc (0.5 mL). This
suspension was stirred for 18 h under an atmosphere of hydrogen. Filtration
over celite, washing with EtOH, and evaporation of the solvent in vacuo
yielded a yellowish solid (ca. 5 mg), which was dissolved in dry DMF
(0.5 mL). At 0 8C a mixture of NEt3 and dry DMF (10 mL NEt3 and 90 mL
DMF, 12 mL thereof, 0.008 mmol NEt3) was added followed by a solution of
ester 26 in dry DMF (27 mg 26 in 50 mL dry DMF; 5 mL thereof, 2.7 mg,
0.008 mmol). The mixture was allowed to warm to room temperature and
after 16 h the solvent was evaporated in vacuo and the residue purified by
preparative TLC (Merck, PSC plates, silica gel 60 F254 , 1 mm). Yield:
2.3 mg, 0.003 mmol, 33%, white solid; TLC: Rf� 0.33 (CHCl3/MeOH� 20/
3 (v/v)); Rf� 0.50 (ethyl acetate/EtOH� 10/1 (v/v)); Rf� 0.13 (ethyl
acetate); HPLC (Bischoff, Spherisorb ODS II, RP 18, 5mm ; flow rate:
0.6 mL minÿ1): tR� 18.10 min (CH3CN/water� 50/50); tR� 11.15 min
(CH3CN/water� 55/45); tR� 5.95 min (MeOH/water� 80/20); tR�
7.95 min (MeOH/water� 75/25); no separation of synthetic and authentic
natural product was observed after coinjection; the UV spectra are
identical; [a]20


D�ÿ156 (c� 0.05, MeOH), authentic natural product:
[a]20


D�ÿ164 (c� 0.05, MeOH); 1H NMR (CD3OD, 500 MHz): d� 0.84
(t, 3J� 7.4 Hz, 3 H, CH2CH3), 1.39 (sext. , 3J� 7.4 Hz, 2 H, CH2CH3), 2.01
(dq, 3J� 7.4 Hz, 3J� 1.1 Hz, 2H, CH2CH2CH3), 2.29 (s, 3 H, NCH3), 2.46 (s,
3H, NCH3), 2.62 (dd, 2J� 13 Hz, 3J� 7 Hz, 1H, b-CH2), 2.72-3.02 (m, 4H,
b-CH2), 3.09 (dd, 2J� 15 Hz, 3J� 4.8 Hz, 1H, b-CH2), 3.57 (s, 3 H, OCH3),
3.91 (d, 2J� 17.9 Hz, 1 H, Gly-CH2), 4.03 (d, 2J� 17.9 Hz, 1H, Gly-CH2),
4.27 (m, 1H, Ser-a-CH), 4.40 (dd, 2J� 11.4 Hz, 3J� 3.2 Hz, 1 H, Ser-OCH2),
4.55 (dd, 2J� 11.4 Hz, 3J� 4.3 Hz, 1H, Ser-OCH2), 5.01 (t, 3J� 8.2 Hz, 1H,
a-CH), 5.20 (dd, 3J� 4.5 Hz, 3J� 12.1 Hz, 1 H, a-CH), 5.56 (dd, 3J� 4.6 Hz,
3J� 9.9 Hz, 1H, a-CH), 5.87 (dt, 3Jcis� 11.4 Hz, 3J� 7.6 Hz, 1 H,
CH2CH�CH), 6.44 (d, 3Jtrans� 15.7 Hz, 1 H, CH�CHC�O), 6.50 (s, 1H,
arom. CH), 6.60 (d, 3Jcis� 11.4 Hz, 1H, CH2CH�CH), 6.61 (d, 3J� 7.1 Hz,
1H, arom. CH), 6.72 (d, 3J� 8.4 Hz, 2H, Tyr-arom. CH), 7.03 (d, 3J�
8.4 Hz, 2 H, Tyr-arom. CH), 7.04 (m, 2H, arom. CH), 7.18 ± 7.36 (m, 6H,
arom. CH), 7.67 (d, 3J� 7.7 Hz, 1 H, arom. CH), 7.77 (d, 3Jtrans� 15.7 Hz,
1H, CH�CHCO); MS (FAB, glycerol): m/z (%): 909 (0.3) [M��H], 908
(0.5) [M�], 737 (0.2), 645 (0.5), 603 (2), 547 (1.5), 461 (2), 369 (5), 277 (17),
185 (100), 93 (95); HRMS-FAB: calcd for C49H55ClN5O10: 908.3637, found:
908.3450.


Determination of biological activity : A buffer solution (1 mL) was
prepared using aqueous solutions of Tris HCl (pH� 7.5, 1m, 0.5 mL),
dithiothreitol (DTT) (1m, 0.05 mL), MgCl2 (1m, 0.05 mL), ZnCl2 (1 mm,
0.1 mL), and water (0.3 mL). The enzymatic reactions were run in a total
volume of 0.4 mL. Therefore the buffer solution (0.04 mL) was placed in a
cuvette, followed by the calculated amount of water, the enzyme
preparation (0.002 mL), and the calculated amount of methanolic inhibitor
solution. After preincubation at 25 8C for 10 min the calculated amounts of
aqueous Dans-GCVLS solution and methanolic FPP solution were added


and the fluorescence emission was observed spectroscopically for 10 min at
30 8C. No preincubation was performed in cases where no inhibitor was
added (see below); in these cases the enzyme preparation was added last.


Determination of KM for Dans-GCVLS : The final concentration of peptide
in the reaction mixture was varied between 0.9mm and 23.4 mm, that of FPP
was constant at 75.0 mm. The value of KM was determined as KM� 9 mm.


Determination of KI with respect to Dans-GCVLS : The final concentration
of peptide in the reaction mixture was varied between 0.9mm and 28.1 mm,
that of FPP was constant at 75.0 mm. The concentration of inhibitor was
constant at 5.5mm and 27.5mm. The KI value was determined as KI� 31.9 mm
and KI� 28.6 mm.


Determination of KM for FPP : The final concentration of FPP in the
reaction mixture was varied between 2.9 mm and 115.1 mm, that of Dans-
GCVLS was constant at 84.3 mm. The KM value was determined as KM�
14mm.


Determination of KI with respect to FPP : The final concentration of FPP in
the reaction mixture was varied between 2.9 mm and 115.1 mm, that of Dans-
GCVLS was constant at 84.3 mm. The concentration of inhibitor was
constant at 13.8 mm. The KI value was determined as KI� 7.64mm.


Determination of IC50 values : The final concentration of FPP in the
reaction mixture was constant at 75mm, that of the substrate peptide
constant at 42.1 mm.


Determination of IC50 value of pepticinnamin E (1a): The concentration of
inhibitor was varied between 0 and 68.8 mm. The enzymatic activity varied
between 100 % and 40%. The IC50 value was determined by extrapolation
as 42 mm.


Determination of IC50-value of epi-pepticinnamin E (1b): The concen-
tration of inhibitor was varied between 0 and 264 mm. The enzymatic
activity varied between 100 % and 29 %. The IC50 value was determined by
extrapolation as 237 mm.


Determination of IC50 value of acid 30a : The concentration of inhibitor was
varied between 0 and 89 mm. The enzymatic activity varied between 100 %
and 31 %. The IC50 value was determined by extrapolation as 67 mm.
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Complex Interwoven Polymeric Frames from the Self-Assembly of Silver(i)
Cations and Sebaconitrile


Lucia Carlucci, Gianfranco Ciani,* Piero Macchi, Davide M. Proserpio, and Silvia
Rizzato[a]


Abstract: Interesting interwoven poly-
meric frames have been obtained from
the self-assembly of the flexible long-
chain bidentate sebaconitrile (sebn,
1,10-decanedinitrile) and different silver
salts. Out of the eight products isolated
and characterized, six present a metal-
to-ligand ratio of 1:2 and contain inter-
penetrated three-dimensional (3D) or
two-dimensional (2D) structural motifs,
that is [Ag(sebn)2](BF4) (1), [Ag(sebn)2]-
(ClO4) (2), [Ag(sebn)2](PF6) (3), [Ag-


(sebn)2](SbF6) (4), [Ag(sebn)2](AsF6)
(5 b) and [Ag(sebn)2](CF3SO3) (6 b).
The remaining two derivatives, [Ag-
(sebn)](AsF6) (5 a) and [Ag(sebn)]-
(CF3SO3) (6 a), present one-dimensional
(1D) polymeric chains. Depending on
the counterions and on the conforma-


tion of the ligands, different frameworks
are obtained. These include the eight-
fold interpenetrated diamondoid frame
of 1 and 2, the fourfold interwoven 3D
four-connected frame topologically re-
lated to the prototypical SrAl2 of 3 and
5 b, and the first example of an infinitely
catenated 2D multiple layer in 4 and 6 b.
A unique example of self-organization
of 1D chains, propagating in three
directions to form a 3D entangled array,
is observed in 5 a.


Keywords: coordination polymers ´
crystal engineering ´ N ligands ´
sebaconitrile ´ silver


Introduction


Metal-based supramolecular self-assembly[1] has produced in
recent times both fascinating molecular devices, such as
rotaxanes, catenanes, knots, and helicates,[2, 3] and interesting
2D and 3D networks.[4, 5] Flexible ligands are typical building
elements of the former species, while in the second class of
compounds essentially rigid rodlike organic units are usually
employed to connect the metal center. However, long
flexible-chain bidentate ligands have shown the ability to
produce unique interwoven extended structural motifs, such
as polycatenanes,[6] polyrotaxanes,[7] double helixes,[8] and
other uncommon species.[9]


One of the first examples of diamondoid coordination
networks (sixfold interpenetrated), reported many years ago,
was based on CuI ions and the flexible bidentate adiponitrile
ligand.[10] Since then few studies on polymeric coordination
compounds assembled with aliphatic dinitriles have been
described, all containing NC(CH2)nCN ligands with n� 4 but
one, the 2D polymer [Cu{NC(CH2)10CN}3](SbCl6)2.[11] In the


course of a systematic investigation on the reactions of long-
chain dinitriles with silver cations we have obtained partic-
ularly interesting polymers with 1,10-decanedinitrile (sebaco-
nitrile, sebn). The aim of these studies was essentially to
ascertain the networking ability of the flexible sebaconitrile,
which can assume a variety of conformations, and the
preferred topologies of the self-assembled frames on changing
the counterions, in order to obtain information at the basic
structural level, which should be of interest for the crystal
engineering of novel coordination networks and devices.


We describe here the products obtained on reacting
sebaconitrile with the salts AgBF4, AgClO4, AgPF6, AgAsF6,
AgSbF6, and Ag(CF3SO3), which include remarkable poly-
meric motifs and unprecedented examples of interwoven
networks.


Results and Discussion


All the derivatives were obtained by slow evaporation of
ethanolic solutions of sebn and the appropriate AgI salt in
molar ratios of 1:1 or 2:1. The solutions, left to concentrate in
the dark for some days, gave in all cases colorless crystals of
the adducts, which were characterized by single-crystal X-ray
analyses. The reactions with AgBF4, AgClO4, AgPF6, and
AgSbF6 led in each case to one product, of stoichiometry
[Ag(sebn)2]X, also using a 1:1 reagent ratio, that is
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[Ag(sebn)2](BF4) (1), [Ag(sebn)2](ClO4) (2), [Ag(sebn)2](PF6)
(3), and [Ag(sebn)2](SbF6) (4).


On the other hand, with AgAsF6 and Ag(CF3SO3) the
equimolar reactions gave the [Ag(sebn)](AsF6) (5 a) and
[Ag(sebn)](CF3SO3) (6 a) derivatives, respectively, and only
on using a twofold excess of the sebn ligand the [Ag(sebn)2]X
species were isolated, that is [Ag(sebn)2](AsF6) (5 b) and
[Ag(sebn)2](CF3SO3) (6 b).


All the products are air stable for long times. They dissolve
in the common organic solvents and are poorly thermal
resistant because of their low melting points. Nevertheless
they are interesting model compounds in coordination
polymer chemistry, due to the variety and novelty of their
structural motifs.


The [Ag(sebn)2]X derivatives belong to three classes:
interpenetrated diamondoids (compounds 1 and 2), inter-
penetrated four-connected 3D networks topologically related
to SrAl2 (compounds 3 and 5 b), and infinitely catenated 2D
layered frames (compounds 4 and 6 b). The [Ag(sebn)]X
species form 1D polymeric chains with different spatial self-
organization (compounds 5 a and 6 a).


Interpenetrated diamondoid nets : Compounds 1 and 2 are
isomorphous and their structures consist of diamondoid
cationic frameworks, containing large adamantanoid cages
(Ag ´´ ´ Ag separations of 17.79 and 15.17 � in 1 and 17.78 and
15.30 � in 2). A single cage is illustrated in Figure 1 (left) for
1. Eight independent equivalent networks are interpenetrat-
ed within the crystals (eightfold diamondoids), and are related
by a translation vector corresponding to the crystallographic b
axis (5.703(1) � in 1 and 5.780(2) � in 2) (Figure 1 right). The


Figure 1. A view of the single diamondoid frame of 1 (left), showing the
ligand conformations (only one of the two models for the GTTTTTG'
chains is reported), and a schematic drawing of the eightfold interpene-
trated net (right).


adamantanoid cages are very compressed in one direction,
and exhibit maximum dimensions (corresponding to the
longest intracage Ag ± Ag distances) of 2 a� 8 b� 2 c (that is
21.03� 45.62� 42.71 � in 1, 21.15� 46.24� 42.48 � in 2).
This is clearly illustrated by the sphere packing diagram down
b given in Figure 2, which shows also the compressed channels


Figure 2. A packing view of the eight interpenetrated diamondoid cages
down vector b.


occupied by the anions. Distortions of the cages can arise from
different factors, including the varied ligand conformations,
the bent Ag-N-C interactions (161 ± 1638 in 1 and 2) and the
versatility of the coordination geometry of the silver cations.
The two independent sebn ligands assume in both compounds
a TTTTTTT conformation (N-to-N mean distance of 13.29 �)
and a GTTTTTG' one (N-to-N mean distance of 11.15 �).
The AgI cations display a somewhat distorted tetrahedral
geometry (mean Ag ± N 2.26 � (1) and 2.28 � (2); N-Ag-N
102.3(6) ± 113.8(5)8 (1) and 102.5(4) ± 114.5(3)8 (2)]. Though
many diamondoid coordination networks are presently
known, almost all exhibiting interpenetration, up to a
maximum of nine nets in [Ag(bpcn)2]X (bpcn� 4,4'-biphe-
nyldicarbonitrile; X�PFÿ6 , AsFÿ6 , SbFÿ6 ),[12] the eightfold
interpenetration of 1 and 2 is rather surprising in the presence
of the flexible sebn ligands (see below). To our knowledge,
within coordination polymers only one other example of an
eightfold diamondoid has been previously reported, that is
[Ag(3,3'-dcpa)2]ClO4 ´ H2O (3,3'-dcpa� 3,3'-dicyanodiphenyl-
acetylene); the ligand is in a transoid conformation (Ag ´´´ Ag
separation of 17.02 �).[13]


Interpenetrated 3D nets with the SrAl2 topology : The
structure of [Ag(sebn)2](PF6) (3), as well as that of the
isomorphous [Ag(sebn)2](AsF6) (5 b),[14] represents a possible
alternative to the diamond topology for a M(ligand)2 frame. It
consists of four interpenetrated 3D networks of four-con-
nected metal centers linked by sebn ligands, which display
three distinct conformations (TTTTTTT, N-to-N 13.42 �,
Ag ´´´ Ag 17.95 �; GTTTTTG', N-to-N 10.44 �, Ag ´´ ´ Ag
11.96 �; GTTGTTG, N-to-N 8.24 �, Ag ´´´ Ag 10.72 �). The
metal atoms present a distorted tetrahedral geometry [Ag ± N
2.253(4) ± 2.299(4) �; N-Ag-N 106.1(1)-116.4(1)8]. The Ag-N-
C angles are scattered in the range 150.7(3) ± 175.2(4)8. The
topology of a single frame can be rationalized by considering
that the shortest circuits starting and ending at each silver ion
are tetragons, hexagons, and octagons (Figure 3) in the ratio
2:3:1, that is this is a 42638 net (the 42638-a net described by
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Figure 3. The three types of circuits and the ligand conformations in 3.


Wells[15]). More specifically, this topological type is related to
the prototypical structure of SrAl2 (or of other binary
inorganic phases like CeCu2 and KHg2),[16] and, according to
Smith,[17] it is the same as that observed in (NH4)LiSO4,
RbAlSiO4, and in the synthetic zeolite Li ± A(BW). We have
previously observed the same topology in a framework
assembled from CuI ions and an anionic acetonyl derivative
of tetracyanoethylene.[18] A schematized view of a single
frame of 3 and of the fourfold interpenetration is shown in
Figure 4. The single network can be described in the mono-
clinic space group C2/c with cell vectors a''� 2a, b''� 2b, c''�
a� c (a'� 42.119, b'� 20.985, c'� 30.422 �, b'� 129.48). The
interpenetration law produces from a single net three
identical ones generated by the translation vectors [0 1 0],
[1/2 1/2 0] and [1/2 ÿ1/2 0]. This is, to our knowledge, the first
example of interpenetration for this type of network.


Though a single net contains large channels, these are
mainly filled by the other interpenetrated nets, leaving only
isolated cavities to host the anions, in contrast to the
diamondoid nets where the parallel interpenetration leaves
large empty channels.


Infinitely catenated 2D multiple layers : Another completely
different structural motif is that found for the two species
[Ag(sebn)2](SbF6) (4) and [Ag(sebn)2](CF3SO3) (6 b), which
are isomorphous in spite of the different shape of the anions.
Their structure contains 2D complex layers based on distorted
tetrahedral silver(i) centers disposed on four different levels
(Ag ± N mean 2.28 � in 4 and 2.27 � in 6 b, N-Ag-N and Ag-
N-C range 102.1(5) ± 118.0(10) and 165(5) ± 174(2)8 in 4,
101.4(5) ± 118.1(5) and 162(2) ± 174(1)8 in 6 b). A single layer,
of thickness 31.5 � for 4 and 32.1 � for 6 b (measured as the
distance between the two limiting planes passing through the
outmost carbon atoms of the GTTGTTG chains) is illustrated
in Figure 5. All the shortest circuits at each metal center are
hexagons ,and the short topological symbol of the net is 66. It is
surprising that, in spite of the presence of two different types
of silver ions in these layers (the internal ones and the surface
ones), all the centers exhibit an identical topology.[19] Incom-
plete open adamantanoid-like units can be envisaged (Figure
5, bottom), but the layers contain channels rather than finite
cages. The sebn ligands present three different conformations:
TTTTTTT (N-to-N 13.18, Ag ´´ ´ Ag 17.60 � in 4, N-to-N
13.20, Ag ´´´ Ag 17.64 � in 6 b), GTTTTTG' (N-to-N 10.69,
Ag ´´´ Ag 14.18 � in 4, N-to-N 10.66, Ag ´´ ´ Ag 13.97 � in 6 b)
and GTTGTTG (N-to-N 9.01, Ag ´´ ´ Ag 11.53 � in 4, N-to-N
8.94 Ag ´´´ Ag 11.48 � in 6 b).


These layers are intertwined by translation (translation
vector corresponding to the b axis) in such a manner that each
one is interpenetrated by the two adjacent (the upper and the
lower ones) identical motifs. The resulting 3D array is,
therefore, an infinite catenane of 2D architectures (Figure 6),
an intertwining type never observed before. While polycaten-
ated ladderlike 1D polymers are known, producing infinite
2D[6c] or 3D[6b] arrays, no example of an infinite catenane of
2D motifs has been previously described, to our knowledge,
neither in inorganic nor in coordination polymer chemistry.


Besides the interpenetration with the two nearest layers
(translated by �b) on the two opposite sides of the polymeric
plane, each layer exhibits also interdigitation with the second


Figure 4. A schematic view of a single frame in 3 (top left) and the interpenetration process leading to the fourfold interwoven SrAl2 type nets.
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Figure 5. Two side views of a single 2D layer in 4, with the ligands
conformations. Top, down [1 0 0], bottom, down [1 0 1].


Figure 6. A schematic view of the infinite interpenetration of the 2D
catenane 4, the green layer is interwoven with the two nearest neighboring
blue and red layers, and interdigitated with the two dashed layers.


nearest neighboring layers (translated by �2b). The anions
are hosted in parallel channels extending along a and,
alternately, along c.


It is noteworthy that this species contains sebn ligands with
the same conformations as those in the SrAl2 type frames. The
structural difference is related to the number of independent
silver centers: only one in the SrAl2 nets (with 2� TTTTTTT,


GTTGTTG and GTTTTTG' ligands); two in 4 and 6 b (the
first with 2� TTTTTTT and 2� GTTGTTG, and the second
with 2� TTTTTTT and 2� GTTTTTG' ligands).


One-dimensional polymers: Compounds [Ag(sebn)](AsF6)
(5 a) and [Ag(sebn)](CF3SO3) (6 a) contain 1D polymeric
-sebn-Ag-sebn-Ag- chains, which, however, display a quite
different spatial arrangement. In compound 6 a the chains are
disposed in pairs, connected at the silver ions through triflate
bridges (Ag-O-S-O-Ag), all running in the c direction with a
period equal to two successive Ag-sebn-Ag steps (24.21 �;
Figure 7). The sebn ligands display a GTTTTTT conforma-
tion. (N-to-N 10.87 �, Ag ´´ ´ Ag 12.34 �). The silver ions show
a quite distorted tetrahedral coordination with two sebn N
atoms and two O atoms of the triflates.


Figure 7. A part of the double 1D chain in 6a, showing the bridging at the
silver ions.


In 5 a the sebn ligands display a TGTTTG'T conformation
(N-to-N 12.33 �, Ag ´´´ Ag 16.43 �) and a period of the
polymer corresponding again to a couple of successive Ag-
sebn-Ag steps (32.84 �). Due to two weak interactions of
each silver ions with anionic F atoms (Ag ± F 2.56(1) �) the
metal coordination shows a certain deviation from linearity
(Ag ± N 2.085(7) �, N-Ag-N 165.3(4)8). The peculiar struc-
tural feature of this compound consists in the unique self-
organization of the polymeric chains which extend in three
non coplanar directions (generated by the threefold crystallo-
graphic axes), as schematized by the rod-packings of Figure 8.
Two views of the resulting 3D array are given in Figure 9. The


Figure 8. Two rod-packing pictures of the three entangled 1D polymers for
5a (top). The directions of the three rods are [ÿ1 ÿ2 1], [2 1 1], and [ÿ1 1
1], with angles between each others of 53.758 and with the threefold axis of
31.478. A view of the ligand conformation is shown at the bottom.
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Figure 9. Two schematic views of the entangled 1D polymers in 5a,
approximately down [ÿ1 1 1] (top) and [0 0 1] (bottom), with silver atoms
represented by full circles and nitrogen atoms by small empty circles.


packing of 1D polymers usually occurs with parallel orienta-
tion of all chains (as in 6 a); less commonly they can span two
different directions on alternate layers. The recently reported
complex [Ag(pytz)](NO3) [pytz� 3,6-di(4-pyridyl)-1,2,4,5-
tetrazine][20] consists of linear polymers (presenting weak
interactions among the chains through the NOÿ


3 ions)
arranged on parallel layers, rotated by 608 on passing from
one to any successive layer. However, compound 3 differs
from all other 1D species in that there is no plane that can
separate the whole array into two halves without breaking
bonds, and only on slipping the chains the 3D arrangement
can be disentangled.


Conclusion


The reactions of sebaconitrile with different silver salts have
shown that the use of such long-chain flexible ligands can
afford a variety of fascinating self-assembled polymeric
architectures. New topologies and interpenetration phenom-
ena have been observed that are of interest at the basic
structural level. Four-connected frames for M(ligand)2 poly-
mers alternative to the more common diamondoid nets can be
achieved thanks to the conformational nonrigidity of the
ligands. Indeed, a number of different conformations for the
versatile sebn ligands, giving quite different metal ± metal


separations, have been observed. The role of the counterions
of the silver cations in orienting the self-assembly processes
has been investigated. A variation of the structural type of the
networks is observed with the progressive increase of the
dimensions of the anions (smaller� interpenetrated diamond,
intermediate� interpenetrated SrAl2, larger� catenated 2D
multilayer), but it is still difficult to rationalize this trend
further. While isomorphism was to be expected for pairs of
anions of the same shape and similar dimensions (as BFÿ4 and
ClOÿ


4 for the diamond eightfold, and PFÿ6 and AsFÿ6 for the
SrAl2 fourfold), more surprising was finding the same
structure (2D catenane) for the pair SbFÿ6 and CF3SOÿ


3 , the
two largest, but different in shape, anions.


The structural types here reported can serve as models for
other more robust polymeric systems. Attempts are in
progress to test the possibility of introducing suitable guest
molecules, instead of having interpenetration, in the large
cavities and channels of these frames and to clarify, by using
other dinitriles, the relationship between topological type and
length of the aliphatic chains.


Experimental Section


Materials : All reagents and solvents employed were commercially
available high-grade purity materials (Aldrich Chemicals), used as
supplied, without further purification. Elemental analyses were carried
out at the Microanalytical Laboratory of this University.


Synthesis of the polymers : All the compounds were prepared by treating at
room temperature the silver salts [AgBF4, AgClO4, AgPF6, AgAsF6,
AgSbF6 and Ag(CF3SO3)] dissolved in ethanol with ethanolic solutions of
the sebn ligand in molar ratios of 1:1 or 1:2. For example, [Ag(sebn)2](SbF6)
(4) was obtained on layering an ethanolic solution (4 mL) of sebn
(0.023 mL, 0.134 mmol) on a solution of AgSbF6 (0.023 g, 0.067 mmol) in
ethanol (4 mL). The mixtures were left for 10 ± 15 days in the dark and then
allowed to concentrate by slow evaporation in the air. The crystals were
recovered in good yield except for 5 a ; they were filtered and washed with
hexane. All the products are air and light stable for long periods. 1: M.p.
75 ± 77 8C; elemental analysis calcd for C20H32AgBF4N4: C 45.91, H 6.16, N
10.71; found C 45.50, H 6.00, N 10.55. 2 : M.p. 71 ± 74 8C; elemental analysis
calcd for C20H32AgClN4O4: C 44.83, H 6.02, N 10.46; found C 45.01, H 6.00,
N 10.40. 3 : M.p. 91 ± 92 8C; elemental analysis calcd for C20H32AgF6N4P:
C 41.32, H 5.55, N 9.64; found C 41.02, H 5.51, N 9.72. 4 : M.p. 99 ± 104 8C,
elemental analysis calcd for C20H32AgF6N4Sb: C 35.74, H 4.80, N 8.34;
found C 36.02, H 4.95, N 8.28. Compound 5 a was obtained in very low yield
and its nature was established only on the basis of the single-crystal X-ray
analysis. 5 b : M.p. 96 ± 99 8C; elemental analysis calcd for C20H32AgAsF6N4:
C 38.42, H 6.16, N 8.96; found C 38.58, H 5.01, N 9.05. Compounds 6a and
6b were always affected by some impurities that were difficult to
completely eliminate; this gave rise to particularly low melting points
(ca. 30 8C for 6a and ca. 40 8C for 6b). 6a : elemental analysis calcd for
C11H16AgF3N2O3S: C 31.37, H 3.83, N 6.65; found C 31.93 H 4.08,N 6.91. 6b :
elemental analysis calcd for C21H32AgF3N4O3S: C 43.08, H 5.51, N 9.57;
found C 42.68, H 5.35, N 9.78.


Crystallography : The crystal data for all the compounds are listed in
Table 1. The data collections were performed at 293 K (MoKa l�
0.71073 �) on a Siemens SMART CCD area-detector diffractometer for
3 and 5 a, and an Enraf-Nonius CAD4 for 1, 2, 4, 5 b, 6a, 6b, by the w-scan
method, within the limits 3< q< 208 (5 b), 3<q< 258 (2, 4, 6a), 3< q< 268
(1, 6 b), 2< q< 288 (3, 5 a). An empirical absorption correction was applied
(SADABS[21] for 3 and 5a, y scan for the others). The structures were
solved by direct methods (SIR97)[22] and refined by full-matrix least-
squares (SHELX97).[23] Anisotropic thermal parameters were assigned to
all the non-hydrogen atoms but to the disordered ones that were refined
isotropically (for 5 b, only Ag and As were treated anisotropically).
Disordered anions were found in all compounds but in 4, 5 b, and 6 a and
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suitable disorder models were refined in those cases, as well as for a few C
atoms of some aliphatic chains in 1, 2, 4, and 6b. All the diagrams were
obtained by using SCHAKAL97 program.[24] Crystallographic data (ex-
cluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication nos. CCDC-101892 to CCDC-101899. 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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2D Catenane 2D Catenane 1D Entangled 1D Coupled
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space group P2/c (no. 13) P2/c (no. 13) P3Åc1 (no. 165) C2/c (no.15)
a [�] 11.533(6) 11.481(3) 9.900(1) 14.240(5)
b [�] 10.134(6) 10.262(6) 9.900(1) 9.554(3)
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The Structure of Iron Oxide Implanted Zeolite Y, Determined by High-
Resolution Electron Microscopy and Refined with Selected Area Electron
Diffraction Amplitudes


Anna Carlsson,[a] Takeo Oku,[a] Jan-Olov Bovin,*[a] Gunnel Karlsson,[b]


Yasuaki Okamoto,[c] Naoyuki Ohnishi,[d] and Osamu Terasaki[e]


Abstract: It has been shown for the first
time that iron atom positions can be
determined inside the framework of
zeolite crystals, such as the FAU struc-
ture of zeolite Y [Na48(Fe2O3)38][Al48-


Si144O384], by means of electron crystal-
lographic methods for three-dimension-
al reconstruction from high-resolution
electron micrographs and selected area
electron diffraction. The iron-containing
zeolite with the FAU structure type was


refined in the space group Fd3m (a�
24.7 �) with 42 unique reflection ampli-
tudes from electron diffraction. The
Fe6On molecule is situated in the soda-
lite cage with the iron atoms facing the


square windows of the cage. The FeÿFe
distance is 3.6 � and the FeÿO distances
to the nearest oxygen atoms in the
sodalite cage are close to 2.2 �. As a
verification and a comparison, the struc-
ture of [Na48][Al48Si144O384] without iron
was also determined by the same meth-
od, and the atom positions of the Si/Al
network were found to coincide with
those of the structure determined from
single-crystal X-ray diffraction methods.


Keywords: clusters ´ electron dif-
fraction ´ electron microscopy ´ iron
´ structure elucidation ´ ultramicro-
tomy ´ zeolites


Introduction


Zeolites are framework aluminosilicate materials with well-
defined channels and cavities that are of a suitable size for
incorporation of small molecules and clusters. Iron-containing
zeolite crystals of the FAU type are of great interest, because
they show interesting catalytic properties. The process for the
catalytic reduction of NOx in exhaust gases involves, for
example, the use of iron-containing zeolite Y (FAU).[1]


Catalytic synthesis of carbon nanotubes, with a fullerene-like


structure, has been reported with the use of a zeolite Y
catalyst which contains iron or cobalt.[2]


In order to understand the properties of zeolites with
incorporated molecules or clusters, the location of these must
be determined. Often, single-crystal X-ray diffraction, the
most common technique for structure determination, cannot
be employed because of the small crystal size of the zeolites. A
combination of high-resolution transmission electron micro-
scopy (HRTEM), image processing, and selected area elec-
tron diffraction (SAED) is more suitable for small crystals.
Recent developments in image recording, such as slow-scan
CCD cameras and imaging plates suitable for low dose
imaging and linear recording of diffraction patterns, have
made it possible to use these techniques for beam-sensitive
materials, such as zeolites. Ultramicrotomy of embedded
crystalline samples provides large, even and thin (less than
200 �) areas suitable for SAED. Most structure determina-
tions by HRTEM have been derived from two-dimensional
data recorded along a short unit cell axis.[3, 4] The atom
positions along the short axis were then deduced from
geometrical and chemical considerations. This method is not
suited for most zeolites, which have three long unit cell axes.
Instead a full three-dimensional reconstruction,[5] combining
HRTEM data from several crystallographic directions, is
preferable.


In this work HRTEM images and SAED amplitudes have
been used to determine the positions of small iron oxide
clusters in a zeolite Y with the formula [Na48(Fe2O3)38][Al48-
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Si144O384] (in the following text called (Na,Fe)Y). The same
compound without implanted iron oxide, [Na48][Al48Si144O384]
(in the following text called NaY) was subjected to the same
procedures and the structure was determined as a control
experiment. A three-dimensional least-square structural re-
finement was performed with the observed diffraction ampli-
tudes.


Results and Discussion


For the first time, a crystal structure determination of a partly
unknown zeolite structure has been performed with HRTEM
images and SAED data to evaluate the amplitude and phases.
The preliminary atom positions determined from the inverse
Fourier transform were then used in a three-dimensional
least-squares refinement of F 2


o from the diffraction intensities.
The results from the two steps of the structure determination
are given here.


The structures from inverse Fourier synthesis: In the inverse
Fourier determination of the structure of NaY, the silicon
(aluminium) atoms were placed on the 192(i) position at x�
0.310, y� 0.125, z� 0.036, which deviated only about 0.16 �
from the position at x� 0.3034, y� 0.1254, z� 0.0363 from the
X-ray structure determination.[6] The two shortest SiÿSi
distances were 2.9 and 3.1 �, which can be compared with
3.1 � in the X-ray structure determination, and 3.1 � in
quartz.[7] The SiÿSi distance of 2.9 � was unusually short, and
indicated a larger uncertainty in the position determination
than in the X-ray case. The resolution of the images was not
high enough to give clear oxygen positions, even if there was
some weak electron density at the expected positions.


For the (Na,Fe)Y structure, the silicon (aluminium) atoms
were located on the same position, 192(i), with x� 0.318, y�
0.130, z� 0.033; a deviation of 0.39 � from the X-ray
structure of NaY. The two shortest SiÿSi distances here were
2.4 and 3.0 �, which again indicated the larger uncertainty in
the determination of the silicon position. The iron atoms were
located on the position 48(f) at x� 0.125, y� 0.125, z� 0.021,
and thus formed an octahedron in the sodalite cage (Figure 1).
The FeÿFe distances within the octahedron were close to
3.6 �, in reasonable agreement with the value of 2.8 ± 3.3 �
obtained by EXAFS before phase shift,[8] but considerably
longer than 2.7 ± 3.1 � present in bulk iron oxides.[9±12] The
oxygen positions within the cluster could not be determined
from the inverse Fourier transform. If the framework oxygen
atoms were assumed to be in the same position as for NaY, the
closest iron-framework oxygen distance would be 2.2 �. The
ionic radius of eight-coordinated Fe3� in a perovskite type
structure has been calculated to be 0.90 �,[13, 14] which gives an
FeÿO distance of 2.3 �, in good agreement with the 2.2 �
obtained above.


Refinement of the structures NaY and (Na,Fe)Y: The refine-
ment converged for a silicon atom position (Table 1) in NaY,
which was 0.16 � from the position obtained from the inverse
Fourier transform (used as the starting point in the refine-


Figure 1. The location of the Fe6On clusters inside a sodalite cage.
Perspective view close to [100].


ment) and 0.12 � from the refined X-ray position. The oxygen
atom positions differed by between 0.18 and 1.2 � from the
X-ray positions. The large deviations for the oxygen atoms can
be explained by the low resolution and the perturbation in the
diffraction amplitudes caused by multiple diffraction as
discussed in the Experimental Section.


For the (Na,Fe)Y structure, the refined silicon atom
position (Table 1) deviated by 0.29 � from the position
determined from the inverse Fourier transform, and 0.45 �
from the positions determined by X-ray diffraction in NaY.
The oxygen atoms deviated by between 0.21 and 1.40 � from
the X-ray coordinates for NaY. The iron atom position
(Table 1) refined to a value of 0.25 � away from the starting
point taken from the inverse Fourier transform. The location
of the remaining iron atoms (28, when full occupancy at the
48(f) position is assumed) in the unit cell could not be
determined.


The structure of the lead/lead oxide implanted NaX,
[(Pb4�)14(Pb2�)18(Pb4O4)8][Si100Al92O384], was recently deter-
mined by X-ray analysis.[15] In this case the lead oxide cluster
Pb4O4 was located inside the sodalite cage (with the lead on
the 32(e) position), with the remaining lead ions distributed
over the normal cation positions with low occupancies. It is


Table 1. Positions and isotropic temperature factors for NaY and (Na,Fe)Y
as determined by the refinement.


Atom Wyckoff
position


x y z U [�2]


NaY
Si 192(i) 0.3055(7) 0.1296(9) 0.0365(9) 0.33(5)
O(1) 96(g) 0.173(8) 0.173(8) 0.975(9) 0.8(2)
O(2) 96(g) 0.201(7) 0.201(7) 0.356(9) 0.6(1)
O(3) 96(g) 0.259(12) 0.259(12) 0.153(13) 1.0(2)
O(4) 96(h) 0.095(5) 0.905(5) 0 0.6(1)


(Na,Fe)Y
Si 192(i) 0.3125(4) 0.1368(4) 0.0252(4) 0.44(8)
O(1) 96(g) 0.180(9) 0.180(9) 0.971(13) 0.7(2)
O(2) 96(g) 0.186(7) 0.186(7) 0.268(9) 0.6(1)
O(3) 96(g) 0.274(12) 0.274(12) 0.129(15) 0.7(3)
O(4) 96(h) 0.134(21) 0.866(21) 0 0.8(3)
Fe 48(f) 0.125 0.125 0.011(9) 1.2(5)
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possible that the remaining iron in the structure studied here
was similarly distributed, with occupancies too low to show up
in the electron microscopy images or the limited electron
diffraction data recorded here.


Conclusions


The iron oxide cluster is hexanuclear, with the iron atoms in
an octahedron located inside the sodalite cage. The position of
the framework silicon atoms is consistent with the known
X-ray structure of NaY, and thus supported the results for the
unknown location of the Fe6On clusters. The distances within
the cluster are in reasonable agreement with EXAFS
measurements published previously.[8] The refined oxygen
positions are very uncertain, despite the low standard devia-
tions in the refinement.


Ultrathin sectioning of zeolite crystals gives large areas of
even thickness, which is important both for recording the
HRTEM images and electron diffraction of beam-sensitive
materials, where a large number of unit cells from areas of
comparable thickness are required to give a high signal-to-
noise ratio. The ultrathin sections can be made sufficiently
thin to avoid severe multiple scattering, and enable electron
crystallography of materials with low or medium atomic
weight.


Combination of HRTEM and SAED is a possible way to
determine the structure of small crystals of inorganic materi-
als.[4, 16] The accuracy is not as good as in single crystal X-ray
structure refinement and care must be taken with the
evaluation of the results, especially for bond lengths and
angles. This paper shows that it is possible to obtain atomic
positions from electron microscopy, even for zeolites which
are very sensitive to electron beams.


Experimental Section


After they were degassed at 673 K, crystals of zeolite NaY were exposed at
room temperature to Fe(CO)5 vapour at 273 K, followed by evacuation at
room temperature for 10 min. The oxidation of Fe(CO)5 encaged in NaY
was carried out at 10 Torr of oxygen in a circulation system (200 cm3).[8] The
oxidation temperature was 258 K initially and was increased at a rate of
0.3 Kminÿ1. The gas phase was frequently analysed by gas chromatography.
After consumption of the gas phase oxygen, the gas phase was evacuated
and the temperature was decreased to 258 K again, followed by introduc-
tion of oxygen. These procedures were repeated several times until no
oxygen consumption was observed at 270 K. Finally the oxidation temper-
ature was raised to 358 K and maintained for 12 h to ensure complete
oxidation of iron. The Fe(CO)5 adsorption and oxygen treatment was
repeated in order to achieve a high concentration of iron inside the crystals.
The maximum concentration reached was about 76 FeO1.5 per unit cell,
according to energy dispersive X-ray spectroscopy (EDX) analysis of
several crystals. Crystals of (Na,Fe)Y and NaY were dried at 300 8C for 24 h
and embedded in an epoxy resin (Spurr).[17] Polymerisation was performed
at 343 K for 16 h followed by room temperature curing for at least one
week. Ultrathin sections, less than 200 �, were prepared with an ultra-
microtome (Leica Ultracut UCT) equipped with a diamond knife and the
sections were supported on lacy carbon film on copper grids. The ultrathin
sectioned samples were investigated in a JEM-4000EX electron micro-
scope which operated at 400 kV with a structural resolution of about 1.6 �


(Cs� 1.0 mm, Cc� 2.7 mm, spread of focus about 60 � and semi con-
vergence angle 0.50 mrad). Structure images were recorded (two examples
are shown in Figure 2) at 250 000 times magnification (3.3 pixels/2 �) with a
slow-scan CCD camera (Gatan 694). The slow-scan CCD camera was also
used for focusing, which allowed very low electron doses. Diffraction
patterns from the same crystals used for the HRTEM images were also
recorded on the slow-scan CCD camera, with the smallest condenser
aperture and the smallest spot size of the microscope (Figure 3). Care was
exercised to avoid saturation of the CCD camera. Some diffraction patterns
of the NaY sample were recorded on imaging plates in a JEM-1250 HVEM
electron microscope (Tohoku University, Japan) which operated at
1250 kV with a structural resolution of 1.0 �.


Figure 2. HRTEM images of NaY (top) and (Na,Fe)Y (bottom) along
[110] recorded close to Scherzer defocus with a slow-scan CCD camera.
The bar represents 100 �


Figure 3. SAED pattern of NaY along [110] recorded with a slow-scan
CCD camera. The logarithm of the original intensity is shown and the
centre spot is attenuated, and half the image has inverted contrast, in order
to show the weak spots.
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Structure determination : NaY is cubic, space group Fd3m (a� 24.7 �) if no
Si/Al ordering is assumed.[6] The iron-containing zeolite was assumed to
have the same space group, which was consistent with the symmetry of the
images and recorded diffraction patterns. For NaY crystals, two different
directions, [110] and [111], were imaged, which resulted in 57 reflections
out of 101 unique reflections and extended to a resolution of 1.7 �. For
crystals of (Na,Fe)Y only the [110] direction was recorded, to give 38
reflections out of 67 unique reflections and extended to a resolution of 2 �.
The lower resolution in the latter case is due to the higher sensitivity of
(Na,Fe)Y to the electron beam, which gave a lower signal-to-noise ratio in
the images, and thus fewer of the weak reflections could be extracted from
the slow-scan CCD-recordings.


The image processing was performed with the Semper software (Synoptics,
Ltd.). The images were Fourier transformed in each case and corrected for
the effect of the contrast transfer function (CTF) of the objective lens. The
focus was estimated from the Fourier transform of the amorphous material
present on the surface of the zeolites. Both the amplitudes and the phases of
the diffraction peaks were affected by the CTF. In areas where the CTF was
positive, atoms were imaged as white, and in areas where the CTF was
negative, atoms were imaged as black. Amplitudes were dampened by
multiplication with the value of the CTF. Only the position of the zeros in
the CTF, and not its actual shape influenced the final result in this case,
since the image amplitudes were replaced with measured diffraction
amplitudes in the reconstruction and only the phases of the reflections were
extracted from the images. Nevertheless, full correction with a Wiener


filter[18] was performed to check that all images gave comparable results.
Amplitudes and phases of the diffraction peaks with a signal-to-noise ratio
of more than three were extracted from the focus-corrected Fourier
transform. The origin was shifted to the correct phase-origin of the
projection and the symmetry of the projection was imposed on the
amplitudes and phases, and the phases (0 or p) extracted. Amplitudes were
then measured from the SAED patterns. The background was subtracted
from the recorded patterns, the integrated intensities in the whole
diffraction spots were measured, the amplitudes (square root of intensity)
calculated and the correct space group symmetry imposed. The amplitudes
from different SAED patterns were scaled to each other by use of common
reflections and the average was calculated. The extracted diffraction
amplitudes were combined with image phases (Table 2).


Simulations[19] performed for NaY and (Na,Fe)Y showed that multiple
diffraction in these zeolites starts to alter the relative amplitudes of the
reflections at thicknesses above 200 ± 300 � for 400 kV accelerating
voltage. Calculations for the zeolite mordenite give comparable values
for thickness.[20] The section thickness was estimated to be around 150 � for
the samples used in the structure determination, based on the settings of
the ultramicrotome and the relative intensities of the reflections in the
diffraction patterns. Diffraction patterns recorded at 400 kV and 1250 kV,
where multiple diffraction should be less noticeable, showed a similar
intensity distribution with around 30 % difference after scaling between the
most affected diffraction peaks, which further supports the observation that
the influence of multiple diffraction is small. Images of several crystals


Table 2. Observed and calculated structure factors for NaY and (Na,Fe)Y.


(Na,Fe)Y NaY
h k l F2


obs F2
calc Pobs [8] h k l F2


obs F2
calc Pobs [8]


1 1 1 342 646 273413 180 1 1 1 209 398 171 719 180
1 1 3 39069.5 26163.1 180 0 2 2 159 464 58704.4 0
1 3 3 24894.5 21438.8 180 2 2 2 902 883.278 180
3 3 3 19477 42308.4 0 1 1 3 15245 24749.6 0
0 0 4 2204.3 1843.84 0 1 3 3 14933 25201.6 180
2 2 4 11466.1 11255.1 180 3 3 3 2147 1525.68 180
0 4 4 82374.7 77095.1 180 0 0 4 1634 1356.45 180
2 4 4 5809.49 4135.78 180 2 2 4 2178 2090.32 0
4 4 4 3900 4719.69 180 0 4 4 48470 37353.3 180
1 1 5 140 63.6 17849 180 2 4 4 14.8 18.0625 180
3 3 5 36637.8 9700.28 0 4 4 4 2666 1658.93 180
1 5 5 3103.6 7366.79 0 1 1 5 6969 1427.5 0
3 5 5 4208.12 1179.92 0 3 3 5 14047 1299.2 180
5 5 5 87302.5 57955.7 180 1 5 5 1964 479.62 0
2 2 6 6112.11 4202.93 180 3 5 5 466 68.632 180
4 4 6 176.093 224.101 0 5 5 5 43966 3358.8 180
0 6 6 61946.2 9759.46 0 2 2 6 1640 180.43 180
2 6 6 335.256 333.428 180 2 4 6 10747 353.56 180
4 6 6 4304.67 20494.8 180 4 4 6 340 407.636 0
6 6 6 1966.92 2095.81 0 0 6 6 7041 4116.51 0
3 3 7 4511.82 3374.45 0 2 6 6 135 110.04 0
5 5 7 4919.62 6098.05 0 4 6 6 4750 6689.6 180
1 7 7 512.117 834.054 0 6 6 6 794 536.386 0
3 7 7 5238.86 534.534 1 1 7 977 784.56 0
0 0 8 4120.36 5314.41 180 3 3 7 2832 3152.82 180
2 2 8 5345.07 8152.28 0 5 5 7 5256 2158.53 180
4 4 8 2907.37 5262.05 0 1 7 7 155 198.246 180
6 6 8 1565.78 1977.58 3 7 7 422 232.563 0
0 8 8 5563.67 1613.63 5 7 7 93.1 199.092 0
8 8 8 298.944 299.29 7 7 7 42.4 60.0625 0
1 1 9 82.81 77.44 0 0 0 8 515 371.333 180
3 3 9 843.902 842.322 0 2 2 8 1894 1863.65 0
5 5 9 324.72 223.802 0 4 4 8 1734 2439.37 0
3 9 9 469.156 425.597 2 6 8 746 1002.36 0
2 2 10 803.156 1551.57 0 6 6 8 385 37.21 0
1 1 11 894.608 1440.96 180 0 8 8 2517 1156 0
3 3 11 827.138 910.229 0 2 8 8 137 76.7376
0 0 12 8952.94 5102.25 180 4 8 8 249 689.063 180
2 2 12 279.224 260.177 6 8 8 7.73 7.29 0
4 8 8 428.49 402.805 8 8 8 137 128.823 180
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(eight different crystals for NaY and five for (Na,Fe)Y) from different
sections and recorded at different defoci showed the same measured phases
(0 or p since the structure is centrosymmetric) after focus correction. The
only exceptions were four weak reflections for NaY, and two for (Na,Fe)Y.
This consistency is important since a phase reversal for a single strong
reflection can change the appearance of the calculated crystal structure
completely. The maximum difference in diffraction intensities between
crystals in different ultramicrotomy sections was 26% after scaling. The
known structure of the zeolite framework for NaY also provides a method
to determine the reliability of the structure analysis by comparison of the
silicon atom positions from the inverse Fourier transform with those from
the X-ray determination. The three-dimensional crystal potential (struc-
ture) was finally calculated by an inverse Fourier transform. The position of
the atoms, both iron and silicon (aluminium and silicon are disordered and
cannot be distinguished), were directly determined from the positions of
the peak intensities in the three-dimensional images for both the structures
NaY and (Na,Fe)Y (Figure 4). The resolution in the images is not good
enough to show the oxygen positions.


In an attempt to determine the oxygen positions, a least square refinement
was initiated with the SAED intensities, with the SHELXTL crystallo-
graphic software system refining on F2


o.[21] The SAED data extended out to
a resolution of 1.3 � for NaY (87 unique reflections) and 1.8 � for
(Na,Fe)Y (42 unique reflections). The atomic scattering factors for
electrons[22] were used in the refinement. The atomic parameters for the
framework (silicon and oxygen atoms) for NaY and for the framework and
the iron atoms of the iron-containing (Na,Fe)Y were refined with isotropic
temperature factors. The atomic positions from the inverse Fourier
transform model were used as the starting coordinates for the silicon and
iron atoms, and the X-ray coordinates were used for the oxygen atoms.
Both the models converged with R values of 0.22 for NaY and 0.26 for
(Na,Fe)Y. These R values are high compared with the values from the
X-ray structure refinement, but quite typical of electron diffraction
refinements.[23] Some attempts were made to refine the iron atom
occupancy, but although a lower occupancy reduced the R value somewhat,
the refinement was not stable. A subsequent difference Fourier synthesis
revealed several residual peaks. Because only 60 % of the iron atoms were
found and no sodium positions were localised, several attempts to refine
the residual positions were performed, but the refinements were unstable.
The observed diffraction intensities were used without Lorentz correction
(as indicated by Dorset[24]), and without correction for absorption, multiple
scattering or the curvature of the Ewald sphere. The final structural
parameters for NaY and (Na,Fe)Y are presented in Table 1. The observed
and calculated squared structure factors together with the observed phases
from the images are given in Table 2.
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Factors Influencing Ligand-Binding Properties of Heme Models:
A First Principles Study of Picket-Fence and Protoheme Complexes


Carme Rovira and Michele Parrinello*[a]


Abstract: Two prototype heme models,
protoporphyrin-IX [Fe(PPIX)] and
picket fence [Fe(TpivPP)(2-meIm)], are
analyzed by density functional theory
(DFT) combined with molecular dy-
namics within the Car ± Parrinello
scheme (CPMD). The fully optimized
structures agree with experiments, help
to clarify the structure of the FeÿXY
bonds (XY�O2, CO), and reveal new
features like the small displacements of
the TpivP substituents to accommodate
the bent FeO2 unit (aFeÿOÿO� 1218).
Structural predictions for [FeTpivPP-
(2-meIm)CO] and [Fe(PPIX)] com-


plexes are also provided. A cis confor-
mation of the vinyl groups of [Fe-
(PPIX)] is favored by 3 kcal molÿ1. Elec-
tronic and structural properties of the
central iron porphyrin are not affected
either by the presence of the porphyrin
substituents or by the vinyl conforma-
tion. Also no change is found with
respect to O2, CO, and NO binding.


Structure-energy ± spin relations associ-
ated with Fe-O-O bending in [Fe-
(TpivPP)(2-meIm)(O2)] are analyzed.
Different orientations of the FeÿO2


bond obtained from the X-ray structure
are found to have the same energy. In
contrast to protoheme, the picket-fence
environment stabilizes the binding of O2


and CO dramatically, due to electro-
static interactions of the ligand with the
polar-binding pocket. The likely influ-
ence of a solvation shell on the energetic
properties is discussed.


Keywords: carbonyl complexes ´
density functional theory ´ dioxygen
complexes ´ heme models ´ molec-
ular dynamics


Introduction


The oxygen-carrying proteins, hemoglobin (hb) and myoglo-
bin (mb), have often been used as examples of protein
conformation, dynamics, and function.[1] The biological func-
tion of these proteins (i.e. , the binding and release of O2)
takes place in the heme active center and is modulated by a
large polypeptide framework.[1] The latter is engineered so as
to control the binding of O2 and discriminate against the
binding of endogenous ligands like CO. The interest in
elucidating the mechanisms of the protein function has led to
a large number of investigations, mainly by means of X-ray,
kinetic, thermodynamic, and spectroscopic techniques.[2, 3] As
a consequence, many properties of the active center have now
been clarified. For example, the FeO2 bond is bent,[2] whereas
FeCO is nearly linear.[3b,c, 10d] It is known that O2 binding to
iron induces significant structural changes, which are closely
related to crucial electronic rearrangements.[2]


A parallel line of research has developed involving experi-
ments on synthetic analogues of the active center. A number


of iron-porphyrin-containing novel compounds have been
synthesized and characterized since the first heme model that
reversibly binds oxygen (i.e. the picket-fence oxygen complex
[Fe(TpivPP)(1,2-MeIm)(O2)]) was obtained in the early 1970�s
by Collman and co-workers.[5a±c, 6] The picket strategy is one of
the most successful approaches to build heme models.[7] In this
approach, the porphyrin is functionalized with bulky groups in
order to ensure the selective binding of an axial base (usually
an alkyl imidazole or pyridine) and a diatomic molecule (O2,
CO) to the iron atom. In so doing these models mimic the
stereochemical properties of myoglobin and hemoglobin[8]


and have oxygen affinities similar to the values measured
for heme proteins.[4, 7, 9]


An important area of research based on synthetic models is
devoted to investigating the factors that determine its ligand-
binding affinities. Several studies have shown that structural
differences among heme models are able to vary the
equilibrium constant (Keq) of the O2- and CO-binding
reaction. These changes have been attributed mainly to
hydrogen bonding and polar interactions,[10, 11] but steric
interactions, porphyrin distortions and the interplay of various
factors have also been proposed.[7, 13, 14]


As an aid to understand these variations, it would be useful
to know the structure and strength of the iron ± ligand bonds,
and how they can be affected by different changes in the axial
ligand, porphyrin substituents, solvent, or temperature. Our
theoretical study is intended to clarify these aspects.


[a] Prof. M. Parrinello, Dr. C. Rovira
Max-Planck Institut für Festkörperforschung, Heisenbergstrasse 1
D-70569 Stuttgart, (Germany)
Fax: (�49) 711-6891702.
E-mail : parrinello@prr.mpi-stuttgart.mpg.de
E-mail : rovira@prr.mpi-stuttgart.mpg.de, rovira@meiga.qf.ub.es
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To date, most of the attempts to model heme by theoretical
quantum chemistry methods have been limited to semi-
empirical studies on small [FeP] complexes, whose structure
has been obtained from the experimental one by setting a
planar D4h porphyrin and reorienting the axial ligands along
symmetry directions.[16] A few first principles studies on CO
and CN complexes of [FeP] have been performed with some
degree of structural relaxation,[17b±e] although the fixed
structure approximation is still commonly used.[18] We re-
cently reported a study of small heme models without
symmetry restrictions, in which binding energies of the Fe ±
ligand bonds could be also obtained.[19] It was shown that the
use of the frozen approximation can lead to serious energetic
errors (for instance, geometry optimization of the different
spin states of an isolated [FeP] decreases the triplet ± quintu-
plet energy splitting by as much as 20 kcal molÿ1).


In this article, we present a first principles study, with no
symmetry restrictions, of two systems often used as prototypes
of heme models in the literature: iron protoporphyrin IX and
iron picket-fence porphyrin. The molecular structures are
depicted in Figure 1. [Fe(PPIX)], also called protoheme IX or
heme b, is the prosthetic group of hemoglobin and myoglobin,
as well as other heme proteins such as catalase, peroxidase,
and cytochromes. On the other hand, iron picket-fence
porphyrin is the most studied heme model from an exper-
imental point of view and it is representative of a large
number of molecules based on the same synthetic strategy.[4, 5c]


Its O2 complex, [FeTpivPP(2-meIm)(O2)], is of major interest
as a model for oxymyoglobin. Different chemical groups
surround the central iron porphyrin of these systems; this
allows us, as a first objective, to investigate the influence of
these environments on the ligand-binding properties. Our
second objective is to provide precise structural information
for these complex systems.


Computational Details


The Car ± Parrinello method, based on a combination of a molecular
dynamics (MD) algorithm with electronic structure calculations from the
density functional theory (DFT),[21a] has already been used with success in
the study of systems of biological interest.[20] Our computations were made
by means of the generalized gradient-corrected approximation of the spin-
dependent density functional theory (DFT-LSD), following the prescrip-
tion of Becke and Perdew.[21b,c] This choice is consistent with our previous


Abstract in Catalan: En aquest treball s�ha analitzat dos
sistemes sovint emprats com a models per l�hemo: protoporfi-
rina-IX i picket-fence, mitjançant la Teoria del funcional de
la densitat combinada amb dinàmica molecular, segons
l�esquema de Car ± Parrinello (CPMD). Les estructures total-
ment optimitzades d�ambdoÂs sistemes es corresponen amb les
dades experimentals. A mØs, ajuden a clarificar l�estructura dels
enllaços FeÿXY (XY�O2, CO) i posen de manifest detalls
com ara els petits desplaçaments dels substituents TpivP per tal
d�acomodar el fragment FeO2 (aFe-O-O� 1218). TambØ
presentem prediccions estructurals per a FeTpivPP(2-meIm)CO
i els complexos de [Fe(PPIX)]. D�entre les dues conforma-
cions, cis o trans, dels grups vinil de [Fe(PPIX)], la primera Øs
3 kcal molÿ1 mØs estable. Tanmateix, les propietats estructurals i
electroÁniques de la porfirina de ferro, així com les propietats
d�enllaç respecte a O2, CO i NO, no es veuen afectades per la
pres�ncia dels substituents de la porfirina. TambØ hem analitzat
les relacions estructura/energia/espín respecte al bending del
fragment Fe-O-O en [Fe(TpivPP)(2-meIm)(O2)]. Les diferents
orientacions de l�enllaç FeÿO2 provinents de l�estructura de
raigs X tenen la mateixa energia. Al contrari que la mol�cula de
protoporfirina, la picket-fence estabilitza dràsticament l�enllaç
d�O2 i CO, a causa d�interaccions electrostàtiques que s�esta-
ableixen entre el lligand i una cavitat d�enllaç fortament polar.
TambØ es discuteix sobre la possible influ�ncia d�una capa de
solvatacioÂ en les propietats energ�tiques.


Abstract in Italian: Nell�ambito della teoria del funzionale
densità combinata col metodo di dinamica molecolare di Car ±
Parrinello (CPMD) vengono studiati due modelli prototipo per
l�eme: la protoporfirina IX ed il cosidetto picket fence. Le
strutture vengono completamente ottimizzate e sono in buon
accordo con gli esperimenti. I risulati aiutano a chiarire la
struttura del legame FeÿXY (XY� O2, CO) e rivelano nuovi
dettagli, come il piccolo spostamento del sostituente TpivP per
far posto al gruppo FeO2 che � piegato (aFe-O-O� 1218).
Vengo fatte delle predizioni per la struttura dei complessi
[FeTpivPP(2-meIm)CO] e [Fe(PPIX)XY] (XY�O2, CO,
NO). La conformazione cis del gruppo vinilico � energetica-
mente favorita di 3 kcal molÿ1. Le proprietà elettroniche della
ferro-porfirina centrale non sono influenzate nØ dai sostituenti
della porfirina nØ dalla conformazione del vinile. Rimangono
anche inalterate le energie di legame con O2, CO e NO. Viene
esaminata la relazione struttura-
energia-spin in funzione dell�angolo
Fe-O-O in [Fe(TpivPP)(2-meIm)-
(O2)]. Le differenti orientazioni
del legame FeÿO2 rivelate dalla
struttura a raggi X hanno la stessa
energia. Le interazioni elettrostati-
che del legante con la cavità polare
di legame aumentano nel picket
fence. Il legame di O2 e CO diventa
drammaticamente piuÂ grande che
nel protoeme. Viene discussa la
possibile influenza della solvatazio-
ne sulla energetica di questi sistemi. Figure 1. Schematic representation of the two heme models studied. a) Iron-protoporphyrin-IX [Fe(PPIX)].


b) Iron-tetrapivalaminophenyl-2-methyl-imidazole [Fe(TpivPP)(2-meIm)].
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work. However, we have verified in selected cases that the use ofthe BLYP
functional[21d] leads to very similar results. The relevance of the gradient
corrections (GC) for a quantitative understanding of the Fe ± ligand-
bonding properties (i.e., structure and energy) is given in reference [20f].
Only valence electrons were explicitly included in our computation, and
their interaction with the ionic cores was described by norm-conserving, ab
initio pseudopotentials generated by means of the scheme developed by
Troullier and Martins.[21e] The angular nonlocality was taken into account
by the Kleinman ± Bylander construction.[21f] The pseudopotential for Fe
was supplemented by nonlinear core corrections to enhance the trans-
ferability with respect to magnetic excitations.[21g] A previous work on iron
porphyrin systems[19] showed that this scheme gives accurate results when
compared with all electron DFT calculations. The molecules under study
were enclosed in an orthorhombic box periodically repeated in space (box
sizes: a� 14 �, b� 16 �, and c� 12 � for the PPIX complexes, a� c�
19 �, b� 17 � for the PF complexes[6]). Single-electron Kohn ± Sham (KS)
orbitals were expanded in a plane wave basis, with kinetic energy cut-off of
70 Ry (for the computations of PF complexes, this corresponds to 2� 105


plane waves per KS state, 1.6� 106 plane waves for the density). Additional
computations with larger boxes and cut-off values (80 ± 90 Ry) were
performed for selected cases in order to verify the convergence of
structures and binding energies.


Results and Discussion


Protoporphhyrin-IX-based systems


1.A. Iron protoporphyrin IX : We performed a complete
structural relaxation of the [Fe(PPIX)] molecule in
three different spin states: singlet, triplet, and quintuplet
([xFe(PPIX)], x� 1, 3, 5). The initial [Fe(PPIX)] structure
(see Figure 2) was taken from our previous [FeP] optimized


Figure 2. Atom-numbering convention used to define the [Fe(PPIX)]
structure.


structure, with the substituent PPIX groups attached in the
same orientation as found in the crystal structure of myoglo-
bin.[26] In this structure, the vinyl C�C atoms a cis conforma-
tion with respect to the C2ÿC3 porphyrin bond, pointing
towards the nearest CH3 substituent.[24] However, the results
of resonance Raman measurements for a complex of [Fe-
(PPIX)] and other vinylhemins have suggested that two
torsional isomeric forms of each vinyl are in thermal
equilibrium at room temperature.[25] DFT-LDA calculations
in small vinyl-substituted molecules and in a ZnII complex of
1,5-dimethyl-2,6-divinylporphyrin support this conclusion,
and they give an estimated energy difference between the
two isomers of less than 1.28 kcal molÿ1.[25]


In order to explore conformational flexibility of the vinyl
substituents, additional optimization was performed with one
vinyl group with the C7�C8 double bond rotated 1808 with
respect to the C3ÿC7 bond (trans conformation, as depicted in
Scheme 1). The triplet state [3Fe(PPIX)] turns out to have the


Scheme 1. Vinyl isomerism in [Fe(PPIX)].


lowest energy, as was found for [FeP],[19] and this result is
independent of the orientation of the vinyl substituents. Both
initial structures converged to a minimum, with the cis
conformation being more stable by 2.9 kcal molÿ1. This energy
difference is similar to that found by Kalsbeck et al.[25] in
related vinyl-substituted molecules, indicating that this con-
formational flexibility of the vinyl substituents is a character-
istic property of a pyrrolic system.


Table 1 lists the main structural parameters of the opti-
mized [3Fe(PPIX)] structure. For the sake of comparison, the
structure of [FeP], computed with the same method,[19] and
the structure of the myoglobin heme group[26] are also listed.
To the best of our knowledge, no X-ray structure has been
reported for a synthetic model based on [FeII(PPIX)]. Thus,
the data in Table 1 is useful as a good approximation for the
structure of these synthetic models for which structural
information is not yet available.[9, 27] On the other hand, our
optimized structure is in good agreement with the structure of
the myoglobin prosthetic group. The symmetric pattern of
porphyrin CÿC bond lengths reflects the aromaticity of the
ring (e.g., C2ÿC3�C2'ÿC3'� 1.38 �). The CÿC and C�C bond
lengths of the vinyl substituents are 1.45 � and 1.35 �,
respectively. The nearly D4h iron-porphyrin core of [Fe-
(PPIX)] has a very similar structure to that when substituent
groups are not present. There is a slight out-of-planarity of the
porphyrin atoms (the maximum ± minimum displacement is
0.1 � in the outer pyrrolic carbon atoms).


Concerning the electronic structure, there is no direct
experimental information available on the ground state of a
[Fe(PPIX)] molecule. Nevertheless, related four-coordinate
FeII complexes like FeII-tetraphenyl-porphyrin ([FeTPP]) are
known to have a triplet ground state.[4, 28] The gas-phase [FeP],
for which first principles calculations are available, is also in a
triplet ground state.[20e, 29] We found that the change in spin
state affects only the FeÿN distances, with values of 1.98 �
(triplet and singlet states) and 2.04 � (quintuplet state). These
values are the same as those found for [FeP].[19] The d-orbital
occupation of the triplet ground state is (dxy)2(dz2)2(dxz)1(dyz)1


(independently of the vinyl conformation), which was also
found for [3FeP]. The computed Mulliken charges of [Fe-
(PPIX)] and [FeP] are also very similar (qFe� 1.0, qN�ÿ0.4,
qC1� 0.2, qC5�ÿ0.2, qH� 0.3) except for the outer pyrrolic
carbon atoms (qC2�ÿ0.2 in [FeP] and 0.0 in [Fe(PPIX)], due
to a change in one of the covalently attached atoms). Overall,
our analysis of the [Fe(PPIX)] molecule reveals that vinyl,
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propionate, and methyl substituents do not cause any
significant structural distortion and do not affect the elec-
tronic structure of its central iron-porphyrin ring.


1.B. Complexes with O2, CO, and NO : Table 2 lists the main
structural parameters of the [Fe(PPIX)] complexes we have
studied, in comparison with the nonporphyrin-substituted
complexes computed with the same method. Binding energies
of the diatomic molecule are also reported. Table 3 displays
the computed charges on the atoms, which will be used later
on. According to Table 2, neither structural parameters nor
binding energies show any significant change with respect to
the nonporphyrin-substituted complexes.


The similarity among both [FeP(AB)] and [Fe(PPIX)-
(AB)] systems (AB�O2, CO, NO) is also apparent in the
electronic structure. Figure 3 shows the distribution of the


Kohn ± Sham orbitals of both [FeP(CO)] and [Fe(PPIX)-
(CO)] systems. The two orbital-level distributions share
similar features. The molecular levels associated with covalent
bonds (sXY; X, Y�C, O, H, N) appear in the low-energy
region. Those corresponding to lone pairs of the oxygen atoms
(nO orbitals) and C�O double bonds (pCO) appear in an
intermediate energetic region between the first and d-Fe
orbitals, which are mixed with p* orbitals of CO (Fe!CO p


back-bonding). However, the p levels of the vinyl substituents
(pC�C) appear close to the HOMO region, but only weakly
mixed with the d-Fe levels.


Table 1. Calculated minimum structure (LSD�GC) of the ground state
iron-protoporphyrin ([FePPIX]). The iron porphyrin ([FeP]) and the
myoglobin (X-ray) structures are also included. Values in parenthesis refer
to the trans vinyl group. Distances are in � and angles in degrees.


[FePPIX] [FeP][19] Myoglobin[26]


iron porphyrin structure[a]


FeÿN 1.99 1.98 1.90 ± 1.97[b]


NÿC1 1.39 1.39 1.33 ± 1.40
C1ÿC2 1.44 1.44 1.37 ± 1.50
C2ÿC3 1.38 1.36 1.32 ± 1.39
C4ÿC5 1.38 1.38 1.36 ± 1.42
C5ÿH 1.09 1.09 ±
aFeNC1 127.1 ± 128.4 127.6 125.4 ± 130.9
aNC4C5 124.1 ± 125.3 125.3 123.4 ± 126.1
aNC1C2 111.1 ± 111.5 110.7 111.4 ± 112.8
aC1C2C3 105.9 ± 106.3 106.9 102.1 ± 110.6
aC4C5C4' 125.0 ± 125.3 123.8 119.9 ± 126.2
aC4C5H 116.8 ± 117.9 117.8 ±


methyl structure
C2ÿC6 1.50 1.52 ± 1.55
C6ÿH 1.10 ±
aC3C2C6 128.5 (127.5) 127.3 ± 130.4
aC2'C3'C6' 128.5 128.1 ± 129.7
aC2C6H 111.2 ± 111.9 ±


vinyl structure
C3ÿC7 1.45 1.41
C7�C8 1.35 1.36 ± 1.39
C7ÿH 1.10 ±
C8ÿH 1.09 ±
aC4C3C7 123.1 (129.7) 120.1 ± 121.5
aC3C7C8 129.0 (130.4) 129.7 ± 130.0
aC3C7H 115.0 (113.5) ±
aC7C8H 123.4 (123.4) ±


119.9 (120.1) ±
t C5C4C3C7 4.4 ( 1.4) 4.6 ± 8.2
t C4C3C7C8 170.6 (ÿ27.4) 149.2 ± 178.8


propionate structure
C2ÿC9 1.51 1.53
C9ÿC10 1.56 1.53
C10ÿC11 1.51 1.52
C11ÿO1 1.22 1.25
C11ÿO2 1.37 ±
O1ÿH 0.99 ±
C9,10ÿH 1.10 ±


[a] Note that because of the ªnearlyº D4h symmetry of the iron porphyrin,
atoms with the same number are equivalent with respect to the internal
[FeP] geometry (e.g., C2ÿC3�C2'ÿC3'). [b] Lowest-highest value found
among all distances of this type.


Table 2. Main structural parameters and binding energies computed for
the O2, CO, and NO complexes of [Fe(PPIX)]. Distances are given in �,
angles in degrees, and energies in kcal molÿ1.


[Fe(PPIX)(AB)] [FeP(AB)]


AB�O2


FeÿNp 2.01 2.01
FeÿO 1.74 1.74
OÿO 1.28 1.28
aFe-O-O 124 123
CTN


[a] 0.30 0.30
binding energy 9 9


AB�CO
FeÿNp 1.99 1.99
FeÿC 1.69 1.69
CÿO 1.17 1.17
aFe-C-O 180 180
CTN 0.25 0.33
binding energy 29 26


AB�NO
FeÿNp 2.03 2.03
FeÿN 1.69 1.69
NÿO 1.19 1.19
aFe-N-O 155 150
CTN 0.38 0.36
binding energy 34 35


[a] Displacement of the Fe atom (towards the diatomic molecule) with
respect to the mean plane defined by the porphyrin nitrogens.


Table 3. Calculated atomic charges of the [Fe(PPIX)(AB)] complexes
(AB�O2, CO).[a]


atom Mulliken ESP atom Mulliken ESP


PPIX[b]


N ÿ 0.40 ÿ 0.12 C8 ÿ 0.48 ÿ 0.50
C1 0.18 0.05 C9 ÿ 0.45 ÿ 0.05
C2 0.04 0.14 C10 ÿ 0.47 ÿ 0.25
C2' 0.01 ÿ 0.06 C11 0.74 0.67
C3 0.01 ÿ 0.10 O1 ÿ 0.63 ÿ 0.56
C3' 0.03 0.16 O2 ÿ 0.49 ÿ 0.56
C4 0.18 0.08 Hp 0.27 0.17
C4' 0.18 0.02 Hm 0.27 0.14
C5 ÿ 0.21 ÿ 0.20 Hv 0.28 0.15
C6 ÿ 0.70 ÿ 0.51 Hpr 0.30 0.10
C7 ÿ 0.22 ÿ 0.01 H(O1) 0.54 0.38


CO complex O2 complex
Fe 1.00 0.10 Fe 1.15 0.13
C 0.34 0.27 Oa ÿ 0.11 ÿ 0.23
O ÿ 0.39 ÿ 0.30 Ob ÿ 0.15 0.07


[a] Because of the similarity among all complexes, only the list of charges
on the PPIX atoms is reported. [b] Notation: Hp� porphyrin hydrogen;
Hm�methyl hydrogen; Hpr� hydrogen attached to propionate carbons (C9


or C10).
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Figure 3. Orbital distribution in [Fe(PPIX)(CO)] (upper pannel) and
[FeP(CO)] (lower pannel).


Therefore, we observe that protoheme type of substitution
does not change either the properties of an isolated [FeP], nor
the main properties of its O2, CO, and NO complexes. In view
of the insensitivity of the coordinated ligand to this type of
environment, we have not extended our study to the
complexes with an imidazole (Im) ligand. The properties of
[Fe(PPIX)(Im)(AB)] are expected to be invariant with
respect to the already studied [FeP(Im)(AB)] complexes.[19]


On the other hand, the structure of the porphyrin substituents
is likely to be very similar to the one reported in Table 1.


2. Picket-fence based systems


2.A. The unligated species : Five-coordinate [FeTpivPP-
(n-meIm)] complexes (n� 1, 2) are of interest as synthetic
models for deoxymyoglobin. The 2-meIm complex, in partic-
ular, is used as a model for the T-form of hemoglobin,[34] since
it lowers the O2- and CO-binding affinities by a power of 10
with respect to the 1-meIm analogue.[7] Our theoretical
analysis is based on the former complex, for which a more
recent X-ray structure is available.[5d] The molecular structure
of [FeTpivPP(2-meIm)] (see Figure 1b) is characterized by the
Fe atom being out-of-plane by 0.4 � with respect to the the
mean-plane defined by the four porphyrin nitrogens (here-
after referred as the Np plane), resulting in large Fe ± Np


distances (2.07 �). The 2-meIm ligand is disordered
between two equivalent positions. Concerning the electronic
properties, there is general agreement that the iron
atom of five-coordinate FeII models is in a high-spin
state (S� 2), as Mössbauer,[30] NMR,[10f, 31] and magnetic
susceptibility measurements have demonstrated.[5d, 32, 33c]


We started our study by per-
forming a single-point calcula-
tion with the experimental
X-ray structure of the [FeTpiv-
PP(2-meIm)] molecule consid-
ering different spin states. The
most stable spin state was found
to be a quintet (S� 2), which is
in agreement with experiments.
Its corresponding spin density is
practically localized on the iron
atom, with only a slight amount


of s-spin transfer with the porphyrin ring. Complete relaxa-
tion of the molecular structure from CPMD orients the
2-meIm ligand in such a way that its projection on the Np


plane forms an angle of 22.58 with one of the FeÿNp bonds,
which agrees with the experimental value of 22.98. However,
structural relaxation also decreases the iron out-of-planarity
(0.1 � from the experimental value) and, as a consequence,
brings the energy of a triplet state below (6 kcal molÿ1) that of
the quintet. This triplet state exhibits a significant s-spin
transfer between the Fe atom and the porphyrin ring (the spin
distribution is Fe2.6" ± P0.6#).


The CPMD electronic structure thus differs from from the
well-established S� 2 state of several five-coordinate ferrous
heme models. This surprising discrepancy may arise from
several factors. First there is the possibility that the level of
theory is not accurate enough. Usually DFT performs well on
iron complexes,[17a,d, 18a, 35a] although no calculations on similar
five-coordinate FeII systems have been reported. More
intriguing, and of course at this stage more speculative, is
the possibility that the structural and electronic properties of
the molecules vary when going from the gas to the condensed
phase. This effect might arise from the fact that the splitting
between the two spin states in the 0 K calculation is rather
small. The sensitivity of the spin state to small changes in the
Fe out-of-planarity (D) was already noted in our previous
work, in which slight variations of D were found to signifi-
cantly affect the triplet ± quintet energy splitting.[19] Similar
spin-structure relations have been discussed for myoglobin,
whose Mössbauer spectrum has been interpreted as the
mixing of two spin states when the Fe atom undergoes an
anharmonic out-of-plane motion of large mean amplitude.[37]


2.B. The complex with oxygen


2.B.1. Electronic and structural properties; dependence on the
Fe-O-O angle : We started the structural optimization of the
PFO2 molecule by taking its X-ray structure as a reference.[5d]


In order to investigate the orientational preferences of the O2


ligand, we initially set a linear Fe-O-O angle. The computa-
tion was performed on an S� 0 state within the LSD�GC
approximation, which allows either FeIIIÿOÿ


2 or FeIIÿO2


bonding to occur. After optimizing the structure for a linear
Fe-O-O angle (a), we relaxed the axial ligands, keeping the
rest of the molecule fixed (b). In a third step, we optimized the
structure with respect to all degrees of freedom (c). Scheme 2
illustrates the main structural changes that occur during this
process. A quick Fe-O-O bending takes place during step


Scheme 2. Main structural changes taking place with O2 bending in PFO2.
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a!b ; the structure evolves rapidly towards a bent Fe-O-O
(1218) with the O2 axis projection in the same porphyrin
quadrant as the imidazole. This orientation, defined in more
detail in Figure 4, corresponds to one of the four positions


Figure 4. Atom-numbering convention and parameters used to define the
[FeTpivPP(2-meIm)(O2)] structure. a) Iron-porphyrin structure (top view).
b) TpivP substituent. c) Orientation of the axial O2 and imidazole ligands
(side view). d) Same as c), view from top.


found experimentally (see Scheme 3) and suggests that
orientation 1 could be the global minimum of the system.


The relative stability of other
minima will be discussed in
section 2.B.2.


A small displacement of the
porphyrin substituents away
from the O2 molecule occurs
during the full relaxation of
the molecular structure (step
b!c). This opening of the
picket cage, is not equivalent
for the four TpivP substituents,
but is more pronounced for the


one closer to the terminal oxygen, as depicted in Scheme 3.
The energetic cost of bending the Fe-O-O angle is very large
(26 kcal molÿ1 in the a!b step), which indicates that a
significant change in FeÿO2 bonding is involved. In contrast,
the energetic cost for the cage opening (b!c) is very small
(6 kcal molÿ1). Other changes that occur upon bending are an
increase in the OÿO bond length (from 1.28 � in a to 1.30 � in
b, c) and in the FeÿNe bond length (from 2.03 � in a to 2.11 �
in b, c). As a consequence of a longer FeÿNe bond, the steric
interaction between the imidazole methyl and the porphyrin
ring is partially relieved, which decreases the tilting of the


imidazole (d) and the F angle by 38 (see the definition of these
parameters in Figure 4).[41] Our calculations indicate that
changes in the FeÿNe bond length are closely related to
changes in the Fe-O-O angle and, in turn, to the energy of the
FeÿO bond. Before discussing this aspect in detail, it is useful
to analyze the changes in the electronic structure of the
system.


The origin of the small structural differences we observe
when changing the Fe-O-O angle are related to changes in the
electronic structure. The d-orbital configuration of Fe in the
bent structure (b or c) is the same as found for a small
[FeP(Im)(O2)] system:[19] an open-shell singlet whose filling of
the higher occupied orbitals can be written schematically as
(dxy)"#(dp1)"#(p*g;s)"#(dp2)"(p*g;a)# (A).


This electron distribution follows the semiempirical model
proposed by Hoffman et al. in the late 1970�s,[42] with some
variation due to the spin polarization.[43] In this case one can
clearly differentiate these orbitals as having either iron or
oxygen character[44] (although a small dz2 component appears
in the third orbital, p*g;s, its relative contribution is very small).
It follows from the above orbital assignment (A) that the
FeÿO2 bond can be formally described as FeIIIÿOÿ


2 .
The electron distribution in the Fe-O-O linear conforma-


tion instead follows the scheme (dxy)"#(dxz�p*g;1)"#(dyz�
p*g;2)"#(dxzÿp*g;1)"(dyzÿp*g;2)# (B).


Because of the strong Fe/O2 mixing, the classification of
these orbitals as Fe or O2 character is not straightforward.
Hence, neither the formal description FeIIIÿOÿ


2 nor FeIIÿO2 is
applicable here. The change in electronic configuration
(A!B), with the total dissapearance of dz2 contribution in
the orbitals of B, is the cause of the shorter FeÿNe distance in
the linear structure. The charge transfer into oxygen also
disappears, as evidenced by the shorter OÿO distance.


All the structure-energy changes discussed up to this point
refer to the S� 0 state. However, additional calculations have
been performed for higher spin states. The relative energy of
these states with respect to Fe-O-O bending is illustrated in
Figure 5. It turns out that triplet (S� 1) is the ground state for
a linear Fe-O-O conformation, with the same electronic


Figure 5. Qualitative picture of the energy among different spin states of
[Fe(TpivPP)(2-meIm)(O2)] as a function of the Fe-O-O angle. Small energy
differences are enlarged to improve the visualization (see exact values in
the text).


Scheme 3. Different orienta-
tions the O2 and 2-meIm li-
gands obtained from the X-ray
structure.
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configuration found for the open-shell singlet, (dxy)"#(dxz�
p*g;1)"#(dyz�p*g;2)"#(dxzÿp*g;1)"(dyzÿp*g;2)", thus following
Hund�s rule.[45] The structural features of this linear Fe-O-O
triplet state are the same as those described for the linear Fe-
O-O open-shell singlet state (B). In the case of the bentaFe-
O-O, the lowest triplet state lies only 3 kcal molÿ1 above the
open-shell singlet. Its electronic configuration is very similar
to the open-shell singlet state (A), with a small mixing of the
dp2 orbital with dxy as a consequence of the loss of symmetry
by bending. The total energetic cost of distorting the FeO2


moiety from the bent global minimum (S� 0, open-shell)
structure to the linear Fe-O-O conformation (S� 1) involves
15 kcal molÿ1. Because of this quite high value and the change
in spin associated with it, a linear Fe-O-O is unlikely to occur
with the room temperature fluctuation of the atomic posi-
tions. This excludes it as a transition state for the mechanism
of O2 internal motion among the porphyrin quadrants.


The minimum of the triplet state corresponds to a larger Fe-
O-O angle (1318) than that in the singlet state (1218), as we
also found in a small [FeP(Im)(O2)] system.[20f] On the other
hand, an S� 0 closed-shell state is well-separated in energy in
the linear conformation (22 kcal molÿ1 with respect to the
ground triplet state), but becomes very close to the ground
state in the bent conformation (1.4 kcal molÿ1). Its electronic
configuration can be schematized as (dxy)"#p*g;s)"#(dp1)"#(dp2)"#


(C) in both conformations. For such a large system, a
difference of 1.4 kcal molÿ1 is at the limit of the accuracy of
the method used. Moreover, there is a strong experimental
evidence of a diamagnetic state over a wide range of
temperatures.[4, 7, 11e,g] Together with the fact that solvation or
condensed-matter effects are not not included in our treat-
ment, we cannot differenciate between the two singlet states
as being the ground state of the bent FeO2.


In summary, three spin states (S� 0 open-shell, S� 0 closed
shell and S� 1) are in competition as the Fe-O-O angle bends.
Although well-separated in energy for a linear Fe-O-O angle,
the three spin states become very close (within 3 kcal molÿ1),
and two of them reverse in energetic order, when the Fe-O-O
angle bends. Therefore, there should be a spin crossing region
along the Fe-O-O reaction coordinate, in which the three spin
states could be mixed by spin ± orbit interaction. Since these
energy-spin relations are shared with the small [FeP(Im)(O2)]
complex, the existence of these three energetically close spin
states seems to be a peculiarity of O2 binding to a FeP(Im)
derivative. On the other hand, our results show that variations
in the Fe-O-O angle and FeÿNe bond lengths, weakening the
FeÿO bond, are closely related to changes in the spin state of
the system: a triplet state is favored by a short FeÿNe distance
and large Fe-O-O angle, while the opposite favors a singlet
state. In the context of the protein, this suggests that an
appropriate tension through the proximal histidine and/or a
steric hindrance opening the Fe-O-O angle could change the
spin state of heme.


2.B.2. Minimum-energy structure : The minimum-energy struc-
ture parameters of the [FeTpivPP(2-meIm)(O2)] molecule
(i.e., corresponding to a bent Fe-O-O angle) is reported in
Tables 4 and 5 (see Figure 4 for the geometry definition).
Table 4 lists the most important structural parameters, defin-


Table 4. Main structural parameters computed for the O2 and CO
complexes of [FeP(TpivPP)(2-meIm)]. Distances are given in � and angles
in degrees.


Calculated Experimental[5d, 33a]


PFO2 [FeP(Im)(O2)]
FeÿNp 2.01 2.01 1.996(4)
FeÿNe 2.11 2.08 2.107(4)
FeÿO 1.78 1.77 1.898(7)
OÿO 1.30 1.30 > 1.22(2)[a]


aFe-O-O 121.0 121.0 < 129(2)
q 42.6 40 45
d 4.5 0.0 7.1
CTN[b] 0.04 ÿ 0.07 0.086
NaÿH ´´´ O2 3.09 ± ±


PFCO [FeP(Im)(CO)]
FeÿNp 2.01 2.02 2.02(3)[c]
FeÿNe 2.11 2.07 2.10(1)
FeÿC 1.72 1.72 1.77(2)
CÿO 1.17 1.17 1.12(2)
aFe-C-O 180 180 179(2)
d 3.8 0.0 ±
CTN 0.02 ÿ 0.08 ÿ 0.02


[a] aFe-O-O angle and OÿO distance are given as an upper and lower
bound respectively. [b] A positive value of CtN indicates a displacement
towards the imidazole ligand. [c] Data corresponding to [Fe(TPP)(py)-
(CO)].[33a]


Table 5. Calculated minimum structure (LSD�GC) of the ground state
PFO2. The isolated [FeP(Im)(O2)][19] and TpivP structures and the
experimental structure of PFO2 are also included.[5d] Distances are given
in � and angles in degrees.


parameter[a] PFO2 [FeP(Im)(O2)]
calculated exp[b]


iron porphyrin[c]


FeÿN 2.01 1.997(4)/1.995(4) 2.01
NÿC1 1.39 1.363(6) ± 1.392(6) 1.39
C1ÿC2 1.44 1.424(6) ± 1.453(6) 1.44
C2ÿC3 1.36 1.339(7)/1.315(7) 1.36
C4ÿC5 1.40 1.385(6)/1.399(6) 1.38
C2ÿH 1.09 ± 1.09
aFeNC1 127.8 127.0(3) ± 127.8(3) 127.6
aNC4C5 124.7 125.4(4)/124.9(4) 125.3
aNC1C2 111.3 110.0(4) ± 109.8(4) 110.7
aC1C2C3 106.1 106.6(4) ± 108.1(4) 106.9
aC4C5C4' 125.1 124.5(4)/123.9(4) 123.8
aC4C5C6 117.8 ± 117.8


axial imidazole
Ne
ÿC12 1.34 1.33 1.39


NeÿC13 1.39 1.33 1.39
NdÿC12 1.36 1.32 1.35
Nd
ÿC14 1.38 1.36 1.38


C13ÿC14 1.37 1.32 1.37
C12ÿC15 1.49 1.54 ±
C13ÿH 1.08 ± 1.08
C14ÿH 1.08 ± 1.08
C15ÿH 1.10 ±
NdÿH 1.02 1.02
f,d 20.7,5.2 22.2,7.1 11.5,0.0
aFeNeC12 132.5 127.8
aC12NeC13 106.2 101.6 106.2
aC12NdC14 109.3 105.4 108.5
aC13C14Nd 105.1 105.3 105.6
aNeC12C15 130.3 122.3 ±
aC12C15H 110.5 ± ±
aNeC13H 121.4 ± 121.6
aC13C14H 132.1 ± 132.3
aC12NdH 124.4 ± 125.8
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ing the orientation of the O2 and 2-meIm ligands. Table 5
reports the internal geometry of the fragments that form the
PFO2 molecule (iron porphyrin, 2-meIm ligand and TpivP
substituents). The computed values are compared with the
experimental X-ray structure and with the structure of
[FeP(Im)(O2)] and TpivP molecules, computed with the same
method. Because of the C2 symmetry of the X-ray structure,
two experimental values are reported in Table 5 for each
structural parameter. The computed structure is in good
agreement with experimental results. Only slight discrepan-
cies arise in some parts of the structure not precisely known
like the FeO2 internal geometry [OÿO (exp) >1.22, Fe-O-O
(exp)<1298] and the C(CH3)3 groups of the TpivP substituents,
which are affected by thermal motion and/or irresolvable
disorder.[5d] Our results reflect a substantial expansion of the
OÿO distance (1.30 �) from its gas phase value (1.21 �), as a
consequence of the charge transfer associated with the p back
bonding d(Fe)!p*(O2). Figure 6 contrasts the experimental
structure (all positions of the disordered O2 are displayed)
with the calculated one. The experimental effective C2


symmetry structure for the Fe(TpivPP) fragment results from
an average over the different orientations of the O2 ligand


Figure 6. Comparison of the computed [FeTpivPP(2-meIm)(O2)] structure
(black line) with the X-ray structure (white line). The four and two
equivalent positions, respectively, for the O2 and 2-meIm ligands of the
crystal structure are shown. Hydrogen atoms of the computed structure
have been omitted for clarity.


(see Scheme 3). As a consequence, the displacement of one of
the TpivP substituents when the terminal oxygen gets close is
not accounted for. This explains why the differences between
calculation and experiment are larger for one of the TpivP
substituents, as well as for the tilting of the 2-meIm axial
ligand. In order to know the relative stability of other minima
with respect to O2 rotation (see Scheme 3), we have per-
formed a structural optimization starting from the PF
structure at the first minimum (1) and rotating the O2


molecule according to orientation (2).[38] A second local
minimum is in fact found at q� 1358 (see Figure 4). The
energy of this minimum lies only 0.2 kcal molÿ1 higher in
energy than the first minimum (f� 458). This small energy
difference is at the limit of the accuracy of our method, and we
conclude that both minima are energetically equivalent.
Disregarding the O2 orientation, the structure of the second
minimum (OÿO� 1.30 �, FeÿO� 1.78 �, aFe-O-O� 1208,
FeÿNp� 2.01 �, FeÿNe� 2.14 �) is very similar to the first (1
in Scheme 3). We have performed additional calculations
considering an orientation of the oxygen molecule in such a
way that its OÿO axis projection onto the Np plane overlaps
one of the FeÿNp bonds. This computation was done by fixing
the Np-Fe-O1-O2 dihedral angle and optimizing the structure
with respect to all other degrees of freedom. The correspond-
ing optimized structure was found to be only 1.8 kcal molÿ1


higher in energy than the first minimum (1 in Scheme 3).
Given this small energy difference, rotation of the O2 ligand
around the FeÿO bond (see
Scheme 4) at room temperature
probably takes place on a short
time scale. Temperature effects
on the dynamics of O2 motion
will be addressed in a separate
publication.[46]


Table 5. Continued.


parameter[a] PFO2 [FeP(Im)(O2)]
calculated exp[b]


porphyrin TpivP
Ca
�O 1.23 1.190(7)/1.279(8) 1.23


Na
ÿCa 1.38 1.314(7)/1.254(8) 1.38


CaÿCb 1.55 1.505(9)/1.479(9) 1.55
NaÿH 1.02 ± 1.02
Cb
ÿCg 1.55 1.42(5)/1.66(5)[d] 1.54


Cg
ÿH 1.10 ± 1.10


NaÿC7 1.41 1.42
C6ÿC7 1.42 1.41
C7ÿC8 1.41 1.40
C8ÿC9 1.39 1.40
C9ÿC10 1.40 1.40
C10ÿC11 1.40 1.40
C6ÿC11 1.40 1.40
aC5C6C7 122.9 121.2(5)/120.6(5) 119.7
aC8C7Na 122.9 121.1(6)/123.0(6) 122.2
aC7NaCa 128.6 128.7(5)/134.1(6) 127.5
aNaCaO 123.2 120.6(7)/120.6(7) 122.8
aNaCaCb 116.8 118.3(6)/123.5(7)
aC7NaH 115.0 ± 115.5
aCaCbC1


g 114.7 118.0(7)/110.3(7) 114.9
aCaCbC2


g 106.7 110.5(7)/110.7(7) 107.2
aCaCbC3


g 106.7 108.2(13)/104.1(10) 106.4
aC11C6C7 118.5 118.1(5)/119.7(5) 120.4
aC11C10C9 119.0 119.5(7)/120.8(6) 119.2
aC9C8C7 120.4 119.0(7)/119.6(6) 119.6
aC7C8H 118.5 ± 119.4
t CaNaC7C8 4.9* ± 15.0 14.8/28.7 24.0
t CbCaONa 179.5 175.4 180.3


[a] Covalent distances and angles do not show significant differences
among the four TpivP substituents (the report value corresponds to the
average). Values indicated with an asterisk correspond to the TpivP
substituent closer to the terminal oxygen atom. [b] Values in parenthesis
correspond to the standard deviation. [c] Note that because of the effective
D4h symmetry of the iron porphyrin, atoms with the same number are
equivalent with respect to the internal [FeP] geometry (e.g., C2ÿC3�
C2'ÿC3'). [d] The large range of values is due to thermal and/or irresolvable
disorder.


Scheme 4. Most likely mecha-
nism of O2 motion in PFO2.
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The possibility of the O2 being hydrogen bonded to the
amino group of TpivP is supported by several experimental
studies. In particular the NMR chemical shift of the amide
hydrogen has been taken as an indication of a hydrogen
bond.[11e] The computed H ´´´ O distance (3.09 � and 2.93 �
for the first and second minimum, respectively) is too large to
be classified as a hydrogen bond. However, as will be
discussed in section 2.D, a significant electrostatic stabiliza-
tion of the ligand occurs.


In summary, the computed PFO2 structure is in good
agreement with the X-ray structure, and complements it in the
determination of several details, like the subtle structural
deformations induced by O2 motion, the structure of the
FeÿO2 and FeÿIm bonding, and the position of hydrogen
atoms.


2.C. The complex with carbon monoxide : The picket-fence
complex with carbon monoxide, [FeTpivP(2-meIm)(CO)]
(hereafter abbreviated as PFCO), is of interest as a synthetic
model for the CO complex of myoglobin (mbCO). In this
respect, several experimental data for the CO-binding reac-
tion with this picket-fence complex are available.[4] However,
unlike its O2 analogue, the X-ray structure of the PFCO
complex has not yet been obtained. The most closely related
CO complex for which an X-ray structure has been reported is
[FeTPP(py)(CO)], which contains a pyridine molecule in-
stead of imidazole as the axial ligand and lacks the pivalamino
substituents.[33a]


The initial structure of the PFCO complex in our study is
taken from the minimum-PFO2 structure, substituting the
axial ligand by CO. The calculation is performed with the
LDA�GC approximation, since CO heme models are typical
examples of low-spin ferrous complexes.[33c] Table 4 reports
the main structural parameters defining the equilibrium
PFCO structure, in comparison with its O2 analogue and with
the nonsubstituted complex [FeP(Im)(CO)]. The computed
data are also compared with the experimental X-ray structure
of [FeTPP(py)(CO)]. Despite the structural differences
between both molecules, there is a good agreement between
the computed structure of PFCO and the experimental
structure of [FeTPP(py)(CO)]. The agreement in the FeÿNe


bond length, however, is likely to be fortuitous. Since pyridine
is less basic than imidazole,[11c] the bond should be shorter for
imidazole. However the steric hindrance of the 2-me sub-
stituent makes it similar to that of pyridine. As in the case of
the PFO2 system, the main [FeP(Im)(CO)] structure is found
to be insensitive with respect to the addition of the TpivP
substituents (again the only difference is in the FeÿNe bond
length, which is a consequence of the 2-me group). The main
discrepancy between our computed PFCO structure and the
experimental [FeTPP(py)(CO)] structure concerns the FeÿC
and CÿO bond lengths, which are 3 % larger and 4 % shorter,
respectively, in the experimental structure (the experimental
CÿO bond length, 1.12 �, is, surprisingly, shorter than the
value for an isolated CO molecule, 1.13 �). However, room
temperature CPMD simulations showed oscillations of 188
and 128 in the FeÿCO bend and tilting angles, respectively, for
a [FeP(Im)(CO)] model.[46] This large librational motion
could complicate the structural analysis and lead to an


apparently shorter CO bond, reflecting the projection of the
CO bond on the librational axis and not its true bond length.
A linear Fe-C-O bond is found in the experimental [FeTPP-
(py)(CO)] structure and in the three CO complexes of [FeP]
that we have studied to date (PFCO, [FeP(Im)(CO)], and
[FeP(CO)]). Related heme ± CO synthetic models also show a
linear CO.[33b] The detailed structure of the PFCO complex is
reported in Table 6. Although the data show little change with
respect to the PFO2 system, it can be useful as an approx-
imation to the unknown structure of this CO complex.


2.D. Strength of Fe diatomic bonds : The computed binding
energy of the picket-fence complexes with CO and O2 is
reported in Table 7. We also include the results obtained, with
the same method, for the nonsubstituted systems ([FeP-
(Im)(AB)] and [FeP(AB)], AB�O2, CO). The values of
Table 7 show that the strength of ligand binding is significantly
enhanced by the TpivP substituents. The energy increase
(32 kcal molÿ1 for O2 and 28 kcal molÿ1 for CO) is larger that
observed with the addition of an imidazole axial ligand
(6 kcal molÿ1 and 9 kcal molÿ1, respectively) and contrasts with
the results obtained for protoheme complexes (Table 2), in
which the binding energy is not affected by this particular
porphyrin substitution.


The origin of the different behavior between the picket
fence and protoheme is probably related to the polarity of the
porphyrin substituents. In the case of the picket fence, the
dipole moment of the amide groups of each TpivP is oriented
towards the diatomic ligand, which results in a stabilizing
interaction with the dipole of the FeO2 or FeCO fragments. In
the case of [Fe(PPIX)], the polar acidic groups (see
Figure 1a) are far from the ligand position (5 ± 7 � from
the terminal atom of the diatomic ligand). Moreover, due
to their relative position (on opposite sides of the porphyrin)
the total electrostatic interaction with the diatomic would
vanish.


An estimation of the electrostatic interaction between the
diatomic molecule and the porphyrin substituents can be
obtained from the computed charges on the atoms (Table 8).
Using a simple formula, U�Sqi ´ qj/Rij, we obtained a large
stabilizing interaction of the ligand in the picket-fence
complexes (21 kcal molÿ1 for O2 and 15 kcal molÿ1 for CO),
but almost negligible in the protoheme complexes. Since we
did not observe changes in the FeÿO and FeÿC bond orders
on attaching the picket substituents, we conclude that electro-
static interactions are the responsible for the large increase in
binding energy. That the environment could play a major role
in controlling the ligand binding to iron in heme models and,
probably, also in myoglobin is in agreement with the
conclusions of site-directed mutagenesis experiments[3a] and
the recent evidence for the high oxygen affinity of Ascaris
hemoglobin.[15] The stabilizing effect of a polar environment is
also consistent with measurements of ligand-binding affinities
in heme models.[4, 7, 10, 14] Although there is a wide range of
measurements in the literature, low affinities are found, in
general, for binding pockets of low polarity.[10, 14] An example
of the significant influence of the binding-pocket polarity and
stereochemistry is provided by the high O2 affinity recently
found in dendrite porphyrins.[10e]
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The computed values show the same trend as the experi-
ments, although a quantitative comparison with our gas-phase
results is not possible. The large energy increase[47] we observe
with the polar picket environment (Table 7) can be regarded
as an extreme situation in which electrostatic effects play an
exaggerated role in the strength of ligand binding. However,
additional factors would contribute to this strength in a
protein environment and in solution. Once the molecules are
embedded in a solvent, it is likely that the large electrostatic
effect of the immediate environment that we find for the gas-
phase PF complexes is reduced (the large values of the dipole
moment we found for the gas-phase molecules, 10 ± 16 D,
gives support to this assumption).[48] Inspection of the
computed electrostatic potential of the PFCO molecule
(Figure 7) shows that regions of maximum positive potential
are localized in the CÿC and CÿN bonds, whereas a large
region of maximum negative potential (red) is located
around each amide oxygen atom. This outer negative
region would act as a good proton acceptor in the interaction
with the solvent molecules (the oxygen atom of the CO
ligand, located in a region of weak negative potential, is
expected to be a poorer acceptor than the amide oxygens).
Specific TpivP ± solvent interactions will probably screen the


Table 6. Calculated minimum structure (LSD�GC) of the ground state
[FeP(TpivPP)(2-meIm)(CO)] (PFCO). The isolated [FeP(Im)(CO)][19] is
also included. Distances are given in � and angles in degrees.


parameter[a] [Fe(TpivPP)(2-meIm)(CO)] [FeP(Im)(CO)]


iron porphyrin[b]


FeÿN 2.01 2.02
NÿC1 1.38 1.39
C1ÿC2 1.45 1.44
C2ÿC3 1.36 1.36
C4ÿC5 1.40 1.38
C2ÿH 1.09 1.09
aFeNC1 127.0 127.6
aNC4C5 126.0 125.3
aNC1C2 110.2 110.7
aC1C2C3 107.0 106.9
aC4C5C4' 123.4 123.8
aC4C5C6 118.8 117.8


axial imidazole
NeÿC12 1.34 1.39
Ne
ÿC13 1.39 1.39


NdÿC12 1.37 1.35
NdÿC14 1.38 1.38
C13ÿC14 1.38 1.37
C12ÿC15 1.49 ±
C13ÿH 1.08 1.08
C14ÿH 1.08 1.08
C15ÿH 1.10 ±
Nd
ÿH 1.02 1.02


q, d 22.8,3.8 11.5,0.0
aFeNeC12 133.8 127.8
aC12NeC13 106.1 106.2
aC12NdC14 109.2 108.5
aC13C14Nd 105.1 105.6
aNeC12C15 130.2 ±
aC12C15H 110.5 ±
aNeC13H 121.6 121.6
aC13C14H 132.1 132.3
aC12NdH 124.4 125.8


TpivP
Ca�O 1.23 1.23
Na
ÿCa 1.38 1.38


Ca
ÿCb 1.55 1.55


NaÿH 1.02 1.02
CbÿCg 1.54 1.54
Cg
ÿH 1.10 1.10


NaÿC7 1.41 1.42
C6ÿC7 1.42 1.41
C7ÿC8 1.41 1.40
C8ÿC9 1.39 1.40
C9ÿC10 1.40 1.40
C10ÿC11 1.40 1.40
C6ÿC11 1.40 1.40
aC5C6C7 122.5 119.7
aC8C7Na 121.8 122.2
aC7NaCa 128.4 127.5
aNaCaO 123.2 122.8
aNaCaCb 116.8
aC7NaH 114.8 115.5
aCaCbC1


g 114.7 114.9
aCaCbC2


g 107.1 107.2
aCaCbC3


g 106.4 106.4
aC11C6C7 118.6 120.4
aC11C10C9 119.1 119.2
aC9C8C7 120.4 119.6
aC7C8H 118.7 119.4
t CaNaC7C8 15.4 24.0
t CbCaONa 178.5 180.3


[a,b] See footnotes [a] and [c] of Table 5.


Table 7. Binding energies (kcal molÿ1) of the picket-fence complexes
investigated and related nonporphyrin-substituted complexes,[21] with
respect to O2 and CO dissociation.


O2 complex DE CO complex DE


[Fe(TpivPP)(2-meIm)(O2)] 47 [Fe(TpivPP)(2-meIm)(CO)] 63
[FeP(Im)(O2)] 15 [FeP(Im)(CO)] 35
[FeP(O2)] 9 [FeP(CO)] 26


Table 8. Calculated atomic charges of the [Fe(TpivPP)(2-meIm)(AB)]
complexes (AB�O2, CO).[a]


Atom Mulliken ESP Atom Mulliken ESP


porphyrin[b]


Np ÿ 0.40 ÿ 1.10 C4 0.17 0.04
C1 0.17 0.04 C5 ÿ 0.04 ÿ 0.25
C2 ÿ 0.22 ÿ 0.20 H 0.31 0.13
C3 ÿ 0.22 ÿ 0.20


TpivP[c]


Na ÿ 0.55 ÿ 0.70 C7 0.17 0.31
Ca 0.70 0.54 C8 ÿ 0.22 ÿ 0.21
O ÿ 0.66 ÿ 0.60 C9 ÿ 0.22 ÿ 0.24
Ha 0.53 0.28 C10 ÿ 0.23 ÿ 0.10
Cb 0.00 0.92 C11 ÿ 0.21 ÿ 0.34
Cg ÿ 0.72 ÿ 0.50 Hv 0.31 0.18
C6 0.00 0.28 Hm 0.29 0.14


imidazole
Ne ÿ 0.37 ÿ 0.70 C14 ÿ 0.13 ÿ 0.16
Nd ÿ 0.47 ÿ 0.18 C15 ÿ 0.68 ÿ 0.77
C12 0.38 0.49 H 0.35 0.22
C13 ÿ 0.08 ÿ 0.14 Hm 0.29 0.20


FeÿCO bond FeÿO2 bond
Fe 1.00 2.80 Fe 1.20 3.04
C 0.45 ÿ 0.63 Oa ÿ 0.11 ÿ 0.50
O ÿ 0.52 ÿ 0.10 Ob ÿ 0.15 0.25


[a] Because of the similarity among both complexes, the charges on the
atoms of TpivP, porphyrin, and axial imidazole are reported only once.
[b] See atom labeling in Figure 5. [c] Notation: Hm�methyl hydrogen;
Hv�methylene hydrogen.
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charges on the TpivP substituents and thus reduce their
electrostatic interaction energy with the coordinated O2 and
CO ligands.


In summary, our results show a dramatic stabilization of the
diatomic ligand due to the polarity of the binding pocket.
However, an important contribution to the binding energy is
likely to be due to solvation effects, and including these effects
is therefore essential to calculate binding energies comparable
with experimental values in solution. This calculation is
not yet possible by ab initio methods, but the problem would
be well suited for approaches based on mixed ab initio/force-
field MD methods, which we are currently starting to
apply.


Conclusion


The study reported here constitutes a quantitative analysis of
the interplay between energetic, structural, and electronic
properties of iron-protoporphyrin IX (protoheme) and [Fe-
(TpivPP)] (picket fence) heme models, and comparison with
simpler [FeP(Im)(AB)] and [FeP(AB)] models by means of
DFT-based MD within the Car ± Parrinello scheme. The
analysis of [Fe(PPIX)] (i.e. , the myoglobin active center)
and its complexes with O2, CO, and NO reveals that the local
environment provided by this particular type of porphyrin
substitution does not affect the main chemical properties of
ligand binding to the iron porphyrin. The porphyrin ring is
practically undistorted, with bond lengths and angles un-
changed compared with the calculation of [FeP] alone.
Binding energies of the diatomic molecule (FeÿO2�
9 kcal molÿ1; FeÿCO� 26 kcal molÿ1, and FeÿNO�
36 kcal molÿ1) do not show variation with respect to the
corresponding [FeP(AB)] complexes. The orbitals centered
on the porphyrin vinyl substituents are found to be near
the HOMO region, but are not strongly mixed with the d-Fe
orbitals. Each vinyl substituent prefers a cis conformation
with respect to its neighboring methyl substituent (with a
3 kcal molÿ1 difference with respect to its trans isomer). Our


optimized structures for [Fe-
(PPIX)] and its complexes can
be used as a prediction for the
structures of FeII-protoheme
heme models.


Picket-fence complexes have
been more thoroughly studied
due to the larger amount of
experimental information
available. The optimized struc-
tures of [FeTpivP(2-meIm)-
(AB)] (AB�O2, CO) are in
agreement with the available
X-ray structures. In the case of
the CO complex, our results
can also be used to predict the
structure of the [Fe(TpivPP)-
(2-meIm)(CO)] model, whose
X-ray structure its not known.
In the case of the O2 complex,


our structural results (FeÿO� 1.78 �, OÿO� 1.30 �, and
aFe-O-O� 1218, independently of the presence of the TpivP
substituents) help to clarify the structure of the FeO2 fragment
(OÿO (exp)> 1.22, Fe-O-O (exp)< 1298). The TpivP substitu-
ents are found to undergo small movements to accommodate
the diatomic ligand. Two energetically equivalent local
minima are found, with the OÿO axis projection either in
the same quadrant of the projection of the axial imidazole or
in a different quadrant. This explains the statistical equiv-
alence of both orientations in the X-ray crystal structure.
Since the orientation in which OÿO eclipses one of the FeÿNp


bonds is found to be only 1.8 kcal molÿ1 higher in energy, easy
rotation of the axial ligand at room temperature is predicted.
Analysis of the Fe-O-O bending in PFO2 reveals interesting
features linking its structural, energetic, and electronic
properties. While a singlet ground state is found for the
minimum-bent structure, a triplet state (with a different
orbital configuration) is stabilized as the Fe-O-O opens and,
simultaneously, the bond length to the axial imidazole (FeÿNe)
decreases. These properties, which are found to be com-
mon in the O2 binding to a [FeP] derivative, underline the
sensitivity of the spin state to subtle structural changes.
The strength of O2 and CO binding to iron in a picket-fence
type of environment is enhanced significantly (28 ±
30 kcal molÿ1) with respect to the nonsubstituted com-
plexes, in contrast with the situation in the protoheme
environment. This is due mainly to electrostatic interactions
of the ligand with the polar-binding pocket, as evidenced
by the estimation of the electrostatic interaction using
the computed atomic charges. Thus, while structures are
maintained with respect to environmental changes (even
in the presence of the bulky TpivP substituents), binding
energies are extremely sensitive to the polarity of the
binding pocket. The huge electrostatic effect provided by
the picket-fence cage is expected to be reduced once solvation
effects are taken into account. We are currently completing a
study of the O2 dynamics in the [FeTpivP(2-meIm)(O2)]
molecule and planning the modeling of the solvent ± picket
interaction.


Figure 7. Electrostatic potential map (au) for a [FeTpivPP(2-meIm)(CO)] molecule. The plot corresponds to a
slice along z which contains, approximately, two of the TpivP groups.
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Abstract: Crystal structure, packing behavior, and solid-state activity of the cyclic
dimer 1 of ortho-diethynylbenzene are described. When crystallized in the presence
of TCNQ or hexafluorobenzene, 1 forms novel 1:1 molecular complexes in the solid
state. The flat guests are inserted between the disklike molecules of 1 so that mixed
stacks are formed.
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Introduction


Forty years ago, Galbraith and Eglinton reported that the
copper-mediated oxidative coupling of ortho-diethynylben-
zene furnished the strained yellow macrocycle 1 a (Scheme 1)
as the sole isolable product.[1] They noted that crystals of 1 a
exploded upon heating or turned black and insoluble when
kept under ambient conditions. This reactivity of 1 a was
attributed to its highly strained character, expressed by the
considerable bending observed in the butadiyne bridges. The
identification of 1 a as strained dimer was supported by a low-
resolution single-crystal X-ray study by Grant and Speak-
man.[2] Due to understandable technical problems, the pack-
ing behavior of 1 a stayed obscure while its molecular
structure could be established.


Surprisingly enough, parent 1 a was never again the target
of a structurally oriented study, perhaps due to its purported
instability. However, the groups of Swager, Rubin, and Tobe[3]


recently reported the synthesis of various substituted deriv-
atives of 1. Swager undertook a single-crystal X-ray structure
analysis of 1 b : the presence of the four butyl groups decidedly
stabilizes the cycle; the butyl groups are accommodated best
in the packing of 1 b, and dominate the packing pattern. This
leads to a molecular packing in which the benzo groups are


Scheme 1.


superimposed and the butyl substituents fill the space above
and below the delicate 12-membered octadehydroannulene.
This packing arrangement specifically prohibits interactions
between the diyne units in different macrocycles by sufficient
separation. The substituents thus result in a considerable
increase in stability, so that 1 b can be handled under ambient
conditions without decomposition. It polymerizes only above
120 oC. The crosslinked material obtained showed a strong per
signal, but it could not be identified by single-crystal
diffractometry. Taking into account the substituents in 1 b, it
is clear that intermolecular reactions are attenuated owing to
the separation of the butadiyne units by the butyl substituents.
It therefore seemed important to examine the packing of 1 a in
the light of potential access to crystalline sheet or ladder
structures: the synthesis of single-crystalline polymeric mate-
rials still represents a major challenge, particularly if two- or
three-dimensional covalently linked organic networks are the
ultimate targets. These are still unknown, with the exception
of Müllen�s ladder polymers and Stupps� 2D phases.[4-6]


It would be of great interest if 1 a, as a bisdiyne, would
display a packing which could lead, by a double topochemical
polymerization, to novel sheet and/or ladder polymers.[7a]


With these facts in mind, and the hope of solving a classic
problem, we undertook the elucidation of the structure and
packing of 1 a.
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Results and Discussion


Compound 1 a was synthesized by Swager�s method.[3] The
yield of 1 a varied between 28 and 37 % after chromatography
over flash silica gel with a pentane/dichloromethane (9:1)
mixture as eluent. The cycle thus obtained was canary yellow
and microcrystalline. It could be handled for periods of up to
two hours under ambient conditions without apparent de-
composition. However, when rubbed vigorously with a metal
spatula it exploded.[8] Crystalline needles suitable for single-
crystal diffraction could be obtained by slow evaporation of a
concentrated solution of 1 a in dichloromethane at 4 oC over
several days. When the yellow needles of 1 a were stored at
4 oC for several weeks under exclusion of light, they turned
shiny black and insoluble (chloroform, acetone) under con-
siderable macroscopic bending. According to diffraction
experiments, these specimens have lost all single-crystalline
order. The reaction product exhibits only broad Debye ±
Scherrer rings. At room temperature the crystal decomposi-
tion occurs within hours after an initial induction period of
approximately 12 hours.


In order to prevent thermal decomposition and reaction in
the primary X-ray beam, the data collection for 1 a was carried


out at 150 K. However, the
room-temperature structure
could be determined when the
data collection time was re-
stricted to 3 hours using a
CCD area detector.[9] In Fig-
ure 1 the low-temperature mo-
lecular structure of 1 a is
shown. The butadiyne bridges
are bent in accordance with the
expected molecular geometry;
bond lengths and angles are in
excellent agreement with the
values described in the litera-
ture.[3] The packing of 1 a is
shown in Figure 2. The flat
molecules are stacked parallel
and form columns. These are
staggered with respect to each


other and form a brick wall motif in the remaining two
dimensions, looking straight down the stacks (Figure 2b).
Figure 2a depicts the parallel ordering of 1 a in the pillars and
shows several independent short intermolecular contacts of
the flat molecules in one stack (see dashed lines). The flat,
elongated molecular disks pack in a way which would be


Figure 2. a) Packing of 1 a and close intra-stack distances [�]: C13 ± C14'
3.59, C14 ± C15' 3.69, C15 ± C16' 3.76, C16 ± C19' 3.77, C17 ± C14' 3.80, C17 ±
C18' 3.79, C18 ± C19' 3.69, C19 ± C20' 3.58; b) the brick wall motif.


expected for macroscopic objects of the same shape, indicat-
ing that no specific interactions other than van der Waals
forces are operative. This packing behavior naturally deviates
considerably (vide supra) from that of the bulky 1 b (R�
butyl), as the molecules of 1 a pack as in a stack of coins.
The analysis of the intermolecular contacts shows that the
solid-state reaction is not unique in giving rise to the
formation of a disordered crosslinked material.[7c]


Following this train of thought, we reasoned that it would
be interesting to exclude the unwanted intra-stack interac-
tions. This was achieved by separating the molecules by
suitable guests. A recent publication by Grubbs and Dough-
erty[10] describes the successful engineering of interactions
between phenyl and perfluorophenyl groups.[11] They seem to
interact favorably by ordering parallel to each other due to an
advantageous orientation of their quadrupole moments. If this
idea is applied to 1 a, cocrystallization with hexafluoroben-
zene (3) should give a layered structure with the composition
1 a ´ (C6F6)2, where the benzo part of 1 a would interact with
C6F6.


Abstract in German: Einkristallstrukturanalyse, Packung und
Polymerisationsaktivität des cyclischen Dimers von ortho-
Diethinylbenzol werden vorgestellt. Die Kristallisation des
Dimers 1a in Gegenwart von Hexafluorbenzol oder TCNQ
führt zu neuartigen 1:1-Komplexen im Kristall, deren Struktur
ermittelt werden konnte. Die planaren Gastverbindungen sind
dabei zwischen die scheibchenförmigen Moleküle von 1 inser-
tiert, so daû gemischte Stapel entstehen.


Figure 1. Molecular structure
of 1 a at 150 K.
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The cocrystallization of 1 a with 3 indeed yields light yellow
platelets which are distinctly different from the needles
obtained for pure 1 a. Upon isolation from the mother liquor
in the atmosphere, these platelets lose 3 with immediate
darkening and disintegration. However, if isolated in a sealed
capillary under a sufficient partial pressure of 3, the platelets
are stable for extended periods at ambient temperature, even
under exposure to X-rays, showing no sign of darkening or
loss of crystalline order. The crystal structure of this complex
is shown in Figure 3. Surprisingly, the composition is 1 a ´
(C6F6). Each of the two types of molecule is located on a


Figure 3. a) Molecular structure of 1a ´ hexafluorobenzene; b) electro-
static potentials of 1 a ´ hexafluorobenzene; dark: positively charged atoms;
light: negatively charged atoms.


symmetry center forming mixed stacks in which 3 is located
centrally over the dehydroannulene, and not over the benzo
portion of 1 a. No unusual bond lengths and angles are
observed. The butadiyne groups are separated by the
insertion of 3 so that no intermolecular reaction is possible.
Several examples where hexafluorobenzene forms complexes
with substituted benzenes have been characterized by X-ray
crystallography.[11] In all of the reported cases, the substituted
benzenes interact with hexafluorobenzene so that the overlap
between the two aromatic nuclei is maximized. A parallel
orientation between the two aromatic moieties is always
observed. When viewed from top, the molecular images of
hexafluorobenzene and the other participating aromatic
nucleus, such as mesitylene, appear superimposed. The reason
for the unexpected packing behavior of 1 is not entirely
clear.[12] In order to shed some light on the packing behavior
and its dependence on the electrostatic potentials in 1 a ´
(C6F6), we performed a semiempirical calculation (MOPAC,
AM1 Hamiltonian) on both compounds to extract the partial
charges on the constituent rings (Figure 3b; dark is positively
charged, light is negatively charged). In hexafluorobenzene,


the ring is positively charged, while the fluorine substituents
carry some negative charge, as expected. In the cyclic bisdiyne
the situation is more interesting, insofar as the alkyne-
carrying carbons are positively charged, while all other
carbon atoms in 1 a are negatively charged. As is visible in
Figure 3b, the observed packing does satisfy the electrostatic
potentials to a certain extent. The naive packing arrangement
suggested in 2 would create considerably more electrostatic
repulsion because of the required match of the negatively
charged fluorine substituents with the likewise negatively
charged alkynyl arms of 1 a.


After the successful complexation of 1 a by 3 we tried to
form CT complexes[13] of the Eglinton dimer with the
anhydride of pyromellitic acid (4) and tetracyanoquinodi-
methane (TCNQ). While 4 did not form a molecular complex
with 1 a upon cocrystallization, slow evaporation of a solution
of 1 a and TCNQ in acetone/dichloromethane at 4 oC gave rise
to small, blue-green, single-crystalline needles suitable for
X-ray diffraction. When 1 a and TCNQ were mixed together,
a light yellow solution formed; the blue-green color is only
observed in the solid state. The crystals were surprisingly
stable and did not show any sign of solid-state polymerization
or crosslinking under ambient conditions. Neither were they
sensitive towards loss of the guest, due to the negligible vapor
pressure of TCNQ.


As in the case of the C6F6 solvate, the structure is a 1:1
complex consisting of mixed stacks of the reaction partners.
The insertion of the TCNQ molecules separates the butadiyne
groups so that no reaction is possible. The packing diagram is
shown in Figure 4; TCNQ is inserted between two molecules


Figure 4. Packing arrangement of 1a ´ TCNQ.


of 1 a in a perfectly symmetric way, so that the aromatic
nucleus of TCNQ is positioned directly over the dehydroan-
nulene, while the cyano groups are positioned over the benzo
rings.[12] To a good approximation the thermal motion of the
molecules can be described in all structures by a rigid-body
vibration model.[14] The eigenvalues of the L tensors are given
in Table 1. While the librational amplitudes for 1 a and TCNQ
are fairly small and decrease with temperature in the expected
manner, C6F6 exhibits an appreciably higher motion. The
mean-square librational amplitude of 108 at room temper-
ature suggests that hexafluorobenzene performs 608 rota-
tional jumps at this temperature.
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Conclusion


We have been able to solve the structure of the Eglinton ±
Galbraith dimer 1 a. We showed that its solid-state reactivity is
not, as assumed initially, a property of the individual molecule
due to the strained nature of the bent butadiyne bridges, but is
merely guided by the packing arrangement of the diyne
groups.[15] In the course of this study we have learned that 1 a
readily forms cocrystals with 3 or TCNQ which are robust
under ambient conditions. The guests can be envisioned as
molecular insulating sheaths for 1 a. This behavior should be
general and not restricted to 3 or TCNQ and should give rise
to novel organic layered hybrid materials.[16]


In future we will look for novel packing arrangements in
other cyclic and acyclic bisdiynes and examine their ability to
form sheet-like solid-state structures and/or solid-state com-
plexes with other guests.
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Table 1. Eigenvalues of the librational tensor (82).


Structure T [K] L1 (1 a) L2 (1 a) L3 (1 a) L1
(guest)


L2
(guest)


L3
(guest)


1a RT 1.75 4.11 25.21 ± ± ±
1a 150 0.56 2.28 12.43 ± ± ±
1a ´ TCNQ RT[a] 3.79 6.32 30.91 0.77 3.85 42.87
1a ´ TCNQ RT[b] 3.44 6.35 30.25 0.53 3.53 41.83
1a ´ (C6F6) RT 2.55 4.50 20.97 20.71 28.18 104.5
1a ´ (C6F6) 165 1.35 2.40 14.17 10.48 11.99 36.24


[a] Structure determination CAD4 (CuKa radiation). [b] Structure determina-
tion KCCD (MoKa radiation).
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Abstract: The molecular structures of
bonellin-dimethylester isomers and
transition states, for the hydrogen mi-
gration of the inner hydrogens, have
been optimized at density functional
level by the use of split-valence basis
sets augmented with polarization func-
tions. Accurate values for the relative
energies of the six isomers and the eight
transition states have been obtained by
performing second-order Mùller ± Ples-
set calculations. The isomer energies
obtained at density functional level are


2 ± 5 kcal molÿ1 smaller than second-or-
der Mùller ± Plesset values, while the
isomer energies calculated at Hartree ±
Fock level are typically 1 kcal molÿ1 too
small compared with second-order Mùl-
ler ± Plesset values, except for one iso-
mer whose Hartree ± Fock energy is


7 kcal molÿ1 larger. Compared with the
second-order Mùller ± Plesset values, the
energy barriers for the transition be-
tween the isomers calculated at density
functional level are 3 ± 7 kcal molÿ1 too
small, whereas those obtained at Har-
tree ± Fock level are 6 ± 8 kcal molÿ1 too
large. Nuclear magnetic shielding con-
stants calculated at Hartree ± Fock level
are also reported. The calculated nucle-
ar magnetic shieldings are used for
analyzing the aromaticity and the aro-
matic pathway of the porphyrin nucleus.


Keywords: ab initio calculations ´
aromaticity ´ porphyrin ´ proton
migration ´ tautomerism ´
transition states


Introduction


The tautomeric exchange involving inner hydrogen migration
is a fundamental property of porphyrins; this has been the
subject of extensive experimental and computational stud-
ies.[1±13] Computational studies at ab initio level have so far
mostly been restricted to unsubstituted free-base porphyrins
(PorH2) and monodeprotonated free-base porphyrin (PorHÿ).
A number of studies have focused on computational method
assessment,[14±16] spectral details,[17±20] force fields,[21±23] and
substituent effects[24±28] of porphyrins. Recently Ghosh and
Jynge have made extensive local density functional (LDF)
calculations on the cis ± trans isomerism in porphyrin iso-
mers[29] and they also compared free-base porphyrin with
various chlorins.[30]


In this work we apply ab initio methods on bonellin-
dimethylester, which is a multiply substituted free-base
porphyrin possessing C1 symmetry. Since all substituents are
different, six nondegenerate isomers are obtained by permut-


ing the inner hydrogens and the eight transition states (with
one imaginary vibrational frequency) of the migration of the
inner hydrogens. Bonellin is the green pigment of Bonellia
viridis (a marine animal in the Mediterranean[31]) that is
secreted upon irritation. Bonellin stunts the growth of the
sexually undifferentiated larvae and is responsible for their
development into the male gender. It exhibits antibiotic[32] and
antitumour[33] characteristics in vitro, and has therefore
captured the interest of both chemists and biologists.[31±37]


The absolute configuration of bonellin has recently been
established experimentally and its dimethylester has been
synthesized from four monocyclic building blocks.[35, 36] Bone-
llin-dimethylester has also been the subject of extensive
nuclear magnetic resonance studies.[37] The NMR spectrum
possesses fine structure at low temperature due to non-
equivalent free-base hydrogens, while at room temperature
only one free-base hydrogen NMR resonance is found. These
intriguing observations led to the present calculations as a
means of predicting possible isomers.


Computational methods


In density functional theory (DFT) methods, the exchange correlation term
is approximated by a function of the electron density [1(r)] and its gradient
[D1(r)]. In this way one achieves a separation of the evaluation of the
Coulomb and exchange-correlation terms, which opens the way to a more
efficient treatment of the Coulomb energy. In the resolution of the identity
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approach (RI), 1(r) is approximated by an expansion in atom-centered
auxiliary basis sets [Eq. (1)] which avoids the evaluation of four-center two-
electron integrals.[38]


1(r)�
X


a


caa(r)� 1Ä(r) (1)


The RI-DFT approach reduces, depending on the size of the molecule, the
computational costs by a factor of four to ten.[38] In this work, the molecular
structures of the isomers and transition states have been optimized at the
RI-DFT level with the Becke ± Perdew (B ± P) parametrization[39] as
implemented in TURBOMOLE.[40]


Accurate values for the isomer and transition-state energies have been
obtained by performing single-point second-order Mùller ± Plesset (MP2)
calculations. Computational savings of one order-of-magnitude without any
loss of accuracy, when compared with conventional MP2 calculations, can
be achieved by the use of auxiliary basis sets to short-cut the evaluation of
two-electron integrals.[41±43]


The molecular structures of the tran-
sition states were obtained by fixing
one RNH bond length and optimizing
all other degrees of freedom. This
procedure was repeated for a number
of RNH and the stationary point was
obtained by interpolation. The final
energies of the transition states were
obtained by optimizing the molecule
with the interpolated RNH bond length
fixed and all the other degrees of
freedom fully optimized.


Due to the large size of the molecule it
was not possible to check whether the
found minima and transition points
are true minima and saddle points,
respectively. The zero-point energies
(ZPE) were assumed to be of the same
order of magnitude as obtained at the
semiempirical level for unsubstituted
porphyrins.


The present RI-MP2 calculations are
approximatively as time consuming as
the Hartree ± Fock calculation. For
smaller systems the RI-MP2 calcula-
tions are often even faster than the
corresponding Hartree ± Fock calcula-
tion. A single-point RI-MP2 calcula-
tion on bonellin-dimethylester takes
approximatively 20 hours of CPU time
on a DEC Alpha 500/500 MHz work-
station. All semiempirical calculations were performed on a 133 MHz
Pentium PC with the HYPERCHEM program package, version 5.01.[44]


Basis sets : In this study we employed split-valence basis sets augmented
with polarization functions. The sp parts (s part for hydrogen) of the basis
sets were optimized for atoms at the self-consistent field (SCF) level.[45, 46]


Two different basis sets were employed. The molecular optimizations were
performed at DFT level with split-valence-quality basis set augmented with
polarization functions on C, N, and O.[47] This basis set is denoted SV(P).
However, in the final single-point DFT, SCF, and MP2 calculations, the
basis set was augmented with polarization functions on H. The larger basis
set we denote SVP. The exponents of the polarization functions were 0.8,
0.8, 1.0, and 1.2 for H, C, N, and O, respectively. In calculations of nuclear
magnetic shielding constants for unsubstituted free-base trans-porphyrin
and pyrrole, triple-zeta-quality basis sets augmented with polarization
functions (TZVP) were employed.[48]


Different auxiliary basis sets were used in the RI-MP2 and RI-DFT
calculations. In the RI-MP2 calculations, the auxiliary basis sets are
constructed by decontracting the standard triple-zeta-quality basis sets[46, 48]


and augmenting them with higher angular-momentum functions. The RI-
MP2 auxiliary basis set for H consisted of 5s 2p1d contracted to 3s2p1d
(5s 2p1d/3s 2p1d), while for C, N and O we used 11s 6p2d1f/6s 4p 2d 1f
auxiliary basis-sets. The optimized auxiliary basis sets used in the RI-DFT


calculations[46] consisted of 4s 2p/2s 1p for H and of 8s3p 3d 1f/6s 3p 3d1f for
C, N, and O.
The SV(P) basis set for bonellin-dimethylester resulted in 650 spherical
Gaussians, while the SVP basis-set consisted of 764 spherical Gaussian
basis functions. In the MP2 calculations, the core orbitals (1sC, 1sN, and 1sO)
were uncorrelated, which yielded 214 correlated electrons and 616 virtual
orbitals, and since the calculations were performed in C1 symmetry, the
number of MP2 amplitudes became formally 4.3� 109.


Results and Discussion


The structures of the six isomers of bonellin-dimethylester
obtained by permuting the two inner hydrogens are shown in
Figure 1. The migration paths between the isomers are


schematically shown in Figure 2. For the discussion of the
results the numbering scheme for the most relevant atoms is
given in Figure 3. The pyrrole
rings are numbered clockwise
starting from the pyrrole ring
with N1. Since most computa-
tional studies of substituted
porphyrins have so far been
performed at semiempirical
and molecular mechanical lev-
els of theory, the energies and
structures are compared with
semiempirical values. The most
significant differences between present DFT, MP2, and
semiempirical values are emphasized.


A. Energetics : The relative energies of the bonellin-dimethy-
lester isomers are given in Table 1. Isomer 1, which is the
energetically lowest isomer, is chosen to be the reference


Figure 1. The optimized molecular structures of isomers 1 to 6.


Figure 2. Transition paths be-
tween isomers of bonellin-di-
methylester.
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Figure 3. Numbering scheme for the atoms.


structure. As seen in Table 1, the isomer energies calculated at
DFT level are 2 ± 5 kcal molÿ1 smaller than MP2 energies,
while the SCF energies are at most 1 kcal molÿ1 smaller than
MP2 values except for isomer 6, whose energy at Hartree ±
Fock level is 7 kcal molÿ1 too large compared with the MP2


value. Calculations at semiempirical unrestricted Hartree ±
Fock (UHF) AM1[49] and PM3[50] levels provide approximate-
ly the same energy differences between the isomers as
obtained at MP2 level. Since Crossley et al.[8] found in their
NMR study of 5,10,15,20-tetraphenylporphyrins that the
electronic structure of the substituents did not significantly
affect the transition barriers, we did not consider it necessary
to study the effect of different conformations of the side
chains on the isomer and transition energies.


As seen in Table 1, isomer 4 is at MP2 level 7.6 kcal molÿ1


above isomer 1, while isomers 2 and 6 are 9 kcal molÿ1 above 1.
Isomers 3 and 5 are both significantly (16 ± 17 kcal molÿ1)
higher in energy than the other isomers.


Unsubstituted porphyrin with the inner hydrogens in trans
position have been found to be energetically lower than cis-


porphyrin.[4, 5, 29, 30] For bonellin-dimethylester there are two
nondegenerate trans-isomers (isomer 1 and 6). Isomer 1 is
lower in energy, since its aromatic resonance pathway is not
affected by the substituents. For isomer 6, the two methyl
groups connected to C24 destroy the aromatic resonance
pathway of the porphyrin nucleus; this is also reflected in the
bond lengths. In all isomers, the CaÿCb bonds in the fourth
pyrrole ring are 5 ± 10 pm longer than the CaÿCb bonds of the
other pyrrole rings. The CbÿCb' bonds are 15 ± 20 pm longer
than the corresponding bonds of the other pyrrole rings (see
Table 2). Isomers 2 and 4 with the inner hydrogens in cis
position lie lower in energy than isomers 3 and 5, since their
resonance pathways are not affected by the two methyl groups
at C24. The aromaticity of the porphyrin nucleus and the
aromatic resonance pathways of the isomers will be discussed
in section C.


The same rule can also be applied for the transition states.
The transition state between isomers 1 and 2 (TS1$2) and
TS1$4 are the lowest transition states, since they do not involve
any hydrogens connected to N13. The energies of the other
transition states are considerable higher in energy. The
energies of the transition states calculated at DFT level are
all 3 ± 7 kcal molÿ1 too small, while the SCF energies are about
6 ± 8 kcal molÿ1 too large when compared with the MP2 values
(see Table 3). At semiempirical level (UHF PM3) similar
energies (ca. 29 kcal molÿ1) are obtained for both the TS1$2


and TS1$5 transition barriers; this is not in agreement with
MP2 results. The reason for the discrepancy might be the fact
that HYPERCHEM[44] was not able to find a true transition
state; instead the PM3 calculations located hill tops on the
energy surface with two imaginary frequencies. This finding
might indicate an asynchronous hydrogen migration.[4] Alter-
natively semiempirical methods within HYPERCHEM are
unable to provide reliable energy barriers for the hydrogen
migration. Asynchronicity for the migration of hydrogens 25
and 26 (see Figure 3) was also indicated by the way the DFT
optimization of the transition states was done. Since all other


Table 1. The total energy of isomer 1 (in au) and isomer energies (in
kcal molÿ1) relative to isomer 1 calculated at DFT, SCF, MP2, PM3, and
AM1 levels of theory.


Basis
set


1 2 3 4 5 6


DFT SV(P)ÿ 1799.081780 5.90 13.66 5.41 13.29 6.39
DFT SVP ÿ 1799.170417 5.39 13.03 4.69 12.68 6.36
SCF SVP ÿ 1787.673624 8.92 16.90 8.52 16.25 1.99
MP2 SVP ÿ 1793.542316 9.06 16.56 7.64 17.29 9.00
UHF PM3[a] ± 7.01 17.72 7.03 17.56 11.36
UHF AM1[a] ± 6.33 17.35 6.06 17.15 9.59


[a] By courtesy of Juho Helaja.[37]


Table 2. The skeleton bond distances of the pyrrole rings[a] (in pm) as
obtained for isomer 1. The bond lengths are reported clockwise for each
ring.


NaÿCa CaÿCb CbÿCb' Cb'ÿCa' Ca'ÿN


Ring 1 137.4 145.2 138.9 143.8 138.3
Ring 2 137.2 147.3 137.5 146.0 137.0
Ring 3 138.4 144.8 139.6 145.0 137.2
Ring 4 135.8 153.8 156.7 154.7 135.6


[a] The pyrrole rings are numbered clockwise starting from the pyrrole ring
with N1.


Table 3. The energy barriers (in kcal molÿ1) of the transition states relative to isomer 1 calculated at DFT, SCF, MP2, and PM3 levels of theory.


Basis set TS1$2 TS1$3 TS1$4 TS1$5 TS2$6 TS3$6 TS4$6 TS5$6


DFT SV(P) 10.0 15.2 9.7 15.5 14.5 16.4 13.9 16.7
DFT SVP 9.3 14.2 8.8 14.8 13.7 15.3 12.9 15.9
SCF SVP 22.9 29.0 22.8 28.6 26.8 30.4 26.2 29.7
MP2 SVP 13.5 20.8 12.1 20.8 20.6 18.7 18.3 21.6
MP2�ZPE SVP 8.5 15.8 7.1 15.8 15.6 13.7 13.3 16.6
UHF PM3 29.0 ± ± 29.5 ± ± ± ±
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degrees of freedom were relaxed except the HÿN distance of
the migrating hydrogen, a synchronous motion of the other
hydrogen would have been noted.


The difference in zero-point energy for unsubstituted cis-
porphyrin relative to trans-porphyrin have previously been
calculated at PM3 level to be ÿ1 kcal molÿ1,[5] while the ZPE
contribution to the activation barrier at PM3 level is
ÿ5 kcal molÿ1.[5] The estimated zero-point energy corrected
activation energies given in Table 3 are obtained by adding a
ZPE contribution of ÿ5 kcal molÿ1 to the MP2 results.


In their calculation on PorHÿ, Vangberg and Ghosh[7] found
an activation barrier of 12.0 kcal molÿ1 which is 4.7 kcal molÿ1


lower than the activation barrier obtained for PorH2.[5]


However, since the PorH2 energies were calculated at MP2
level,[5] while PorHÿwas studied at DFT level[7] the difference,
which is of the same size as obtained for bonellin-dimethyl-
ester, is probably due to the fact that DFT calculations
provide somewhat lower activation barriers than MP2 calcu-
lations. At DFT level polarization functions at the hydrogens
reduce the energy differences between the isomers by 0.0 ±
0.7 kcal molÿ1 and the energy barriers by 0.7 ± 1.1 kcal molÿ1.


B. Structures : The superposition of isomer 1 optimized at
DFT level and at semiempirical UHF PM3 level, respectively,
showed that the ring structures are almost identical whereas
the flexible side chains differ slightly in their orientations. A
notable difference between the semiempirical structures of
the other isomers and those found at the DFT level is that the
NÿN distances differ considerably for all isomers except 1 and
6. For isomers 1 and 6, the superposition of the DFT and
semiempirical structures yields an RMS deviation of the order
0.4 pm, whereas for the other isomers the deviation is about
an order of magnitude larger. Where DFT finds strong
deformation of the porphyrin skeleton, semiempirical meth-
ods largely underestimate this deformation.


The proton migration is strongly coupled to deformation of
the porphyrin skeleton. The deformation can be illustrated by
the NÿN distances. As seen in Table 4, the distances between
the nitrogens depend on the position of the inner hydrogen
atoms. For isomer 1, the distance between N1 and N5 is
294 pm. For isomer 2, it is 270 pm (290 pm semiempirically),
while for the transition state between the two isomers the


RN1N5 distance is only 252 pm. Generally, for cis isomers the
distance between the pyrrole nitrogens, to which the inner
hydrogens are connected, is up to 50 pm longer than the
distance to the two adjacent nitrogens without hydrogens; this
reflects the size of the hydrogens inside the ring. The distance
between the nitrogens without any hydrogens is about as large
as the distance between the nitrogens with the inner hydro-
gens (see Table 4).The porphyrin skeleton remains approx-
imately planar for all the isomers and transition states. A
qualitative look at the semiempirically calculated IR normal
modes indicates that although the lowest frequency modes
may be assigned to motion of atoms in the side chains, low-
frequency modes exist that translate into breathing modes of
the porphyrin skeleton. These modes increase the NÿN
distances and open up the meso angles.


In Table 5, the Ca-Cmeso-Ca bond angles are given. The
values of the angles vary between 1218 and 1338 depending on
the position of the inner hydrogens. This flexibility of the


porphyrin nucleus causes large movements of the ester
groups. Such cooperative movement may not be unimportant
in biosystems. For isomer 4, the distance between the end
carbons of the ester groups (C29 and C30) is only 517 pm, while
for isomer 1 the distance is 769 pm and for the TS1$2 it is
863 pm (see the last column of Table 5). Ghosh and Almlöf[6]


found significant differences for unsubstituted porphyrin in
the Ca-Cmeso-Ca bond angles for cis and trans porphyrin. The
Ca-N-Ca angles have previously been found to be significantly
wider in the N-protonated pyrrole rings[6] and this is often
used for experimental determination of the connectivity of
the inner hydrogens.


For N-protonated pyrrole rings, the Ca-N-Ca bond angles of
the first three pyrrole rings of the isomers are around 1108,
while the angle for the fourth N-protonated pyrrole ring it is
about 1148 (see Table 6). The corresponding values for
nonprotonated pyrrole rings are 1058 ± 1068 and 1098 ± 1118.
For transition states, the Ca-N-Ca bond angles of the partly
protonated pyrrole rings are 1068 ± 1078 and 1108 ± 1118, while
the two remaining Ca-N-Ca angles are not significantly
affected by the hydrogen migration. The fourth pyrrole ring


Table 4. Distance between nitrogen atoms (in pm) for bonellin-dimethyl-
ester isomers and transition states.


RN1N5 RN1N13 RN5N9 RN9N13


1 294.0 301.4 294.9 302.1
2 269.6 321.2 326.7 277.0
3 319.4 269.6 268.3 334.9
4 326.6 276.7 270.0 321.8
5 267.2 334.8 320.2 269.9
6 294.7 299.5 296.4 298.8
TS1$2 252.1 331.2 331.1 271.7
TS1$3 328.2 254.3 263.2 339.8
TS1$4 331.1 271.3 252.3 331.8
TS1$5 262.8 338.9 328.4 254.4
TS2$6 263.7 332.1 333.3 254.0
TS3$6 328.6 265.5 251.7 339.5
TS4$6 333.1 254.0 264.1 332.7
TS5$6 251.4 338.9 328.7 265.7


Table 5. The Ca-Cmeso-Ca bond angles (in degrees) and the distance
between the end carbons of the ester groups (in pm) for bonellin-
dimethylester isomers and transition states.


C2-C3-C4 C6-C7-C8 C10-C11-C12 C14-C15-C16 RC29C30


1 127.3 127.7 129.0 128.7 768.7
2 123.7 132.1 125.2 132.4 838.9
3 131.7 124.0 134.1 123.8 678.9
4 132.0 123.8 132.6 125.0 516.9
5 123.7 131.9 123.9 133.9 852.0
6 127.5 127.8 128.3 128.3 750.7
TS1$2 121.1 132.9 124.2 133.8 863.2
TS1$3 132.8 123.1 135.0 121.5 500.9
TS1$4 132.9 121.1 134.1 124.1 509.5
TS1$5 122.9 133.1 121.5 134.7 869.8
TS2$6 122.9 133.5 121.4 133.9 869.6
TS3$6 133.0 121.3 134.9 123.1 503.0
TS4$6 133.2 122.9 134.1 121.4 496.8
TS5$6 121.3 133.0 123.2 134.7 852.8
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behaves differently, since it has two methyl groups connected
to C24 which actually makes it nonaromatic.


As seen in Table 7, the pyrrole structures optimized at DFT
and MP2 levels are relatively similar for PorH2


[5, 6, 43] and
PorHÿ,[7] and for the DFT structure of bonellin-dimethylester


isomers. Since the structures of the pyrrole units differ slightly,
the average bond lengths of the pyrroles and the maximum
deviation from the average values are given in Table 7. The
fourth pyrrole ring is not considered in the bond-length
averages. Though the deviations from the average values are
up to 3 pm, the averages are remarkable equal for the isomers
and transition states. At SCF level PorH2 possesses a
symmetry-broken structure with alternating bonds,[43, 51±53]


while symmetry-imposed (D2h) SCF calculations result in a
pyrrole structure in which the bond lengths differ by �3 pm
from MP2 values.[5] The isomers with one inner hydrogen
connected to the fourth pyrrole ring have alternating bond
lengths that indicates that the aromatic pathway is, at least
partly, destroyed. The CaÿCmeso distances are given in Table 8.


The NH bond lengths (Table 9) for the trans isomers are 2 ±
3 pm shorter than for the cis isomers or for the nonmigrating
hydrogen of the transition states. The structures of the


transition state can be explained by applying Hammonds
postulate.[54] For example in TS1$2, the migrating hydrogen is
closer to N5 than to N1, that is, the structure of the transition
state is closer to 2 than to 1. This is quite easy to understand by
assuming a simple quadratic model for the potential curve
close to the minimum of the isomers, and noting that 1 is
below 2 in energy. The same rule can be applied to explain the
structure of the transition states between the other isomers.


The complete molecular structures of the isomers and
transition states including internal coordinates can be found
on the internet page, ftp.chem.helsinki.fi/pub/people/sund-
holm/bonellin.


C. Nuclear magnetic shieldings: Nuclear magnetic shieldings
have been calculated at Hartree ± Fock level[55] with SVP basis
sets. The absolute shieldings for the inner and outer hydrogens
are given in Table 10. For comparison, the absolute shieldings
of pyrrole and unsubstituted free-base trans-porphyrin have
been calculated at Hartree ± Fock level with triple-zeta


Table 6. The Ca-N-Ca bond angles (in degrees) for bonellin-dimethylester
isomers and transition states.


C16-N1-C2 C4-N5-C6 C8-N9-C10 C12-N13-C14


1 110.8[a] 105.3 110.8[a] 109.1
2 106.1 110.3[a] 110.4[a] 109.8
3 105.8 106.1 110.2[a] 114.0[a]


4 110.5[a] 110.4[a] 106.0 109.9
5 110.3[a] 106.1 105.8 114.0[a]


6 105.3 110.6[a] 105.2 114.5[a]


TS1$2 107.0 107.1 110.6[a] 109.9
TS1$3 106.4 106.3 110.4[a] 111.3
TS1$4 110.6[a] 107.1 106.9 109.9
TS1$5 110.5[a] 106.2 106.4 111.1
TS2$6 106.3 110.5[a] 106.4 110.8
TS3$6 105.9 107.0 107.2 114.3[a]


TS4$6 106.4 110.6[a] 106.2 111.0
TS5$6 107.4 106.9 105.9 114.2[a]


[a] An inner hydrogen is connected to the nitrogen.


Table 7. Comparison of the pyrrole structure of bonellin-dimethylester with
those of unsubstituted porphyrins (in pm). Only the three aromatic rings are
considered.


Method NÿCa CaÿCb CbÿCb CaÿCmeso


1 DFT/SV(P)[a] 137.1� 1.5 145.4� 1.5 138.7� 1.2 140.6� 0.8
TS1$2 DFT/SV(P)[a] 137.3� 2.4 145.3� 2.2 138.5� 1.1 140.6� 1.0
2 DFT/SV(P)[a] 137.1� 1.7 145.5� 3.0 138.7� 1.3 140.8� 1.1
TS1$4 DFT/SV(P)[a] 137.3� 2.3 145.4� 2.4 138.5� 0.5 140.6� 0.7
4 DFT/SV(P)[a] 137.1� 1.7 145.6� 3.1 138.6� 0.8 140.8� 1.2
trans-PorH2 DFT/DNP[b] 136 142 137 139
cis-PorH2 DFT/DNP[b] 137 143 137 139
trans-PorH2 SCF/DZ(P)[c] 134.6 146.1 134.5 138.9
PorHÿ DFT/TZDP[d] 138 143 137 140
PorH-TS DFT/TZDP[d] 138 144 137 140
trans-PorH2 MP2/SVP[e] 136.8 143.6 137.9 139.9


[a] This work. Average value including maximum deviation. [b] Ref. [6].
[c] Imposed D2h symmetry. No polarization functions on C.[5] [d] Ref. [7].
[e] Ref. [43]


Table 8. Ca
ÿCmeso bond lengths for bonellin-dimethylester isomers (in pm).


RC2C3 RC3C4 RC6C7 RC7C8 RC10C11 RC11C12 RC14C15 RC15C16


1 140.1 141.2 141.4 140.0 141.2 140.0 140.2 141.0
2 140.7 140.9 141.0 140.1 141.1 140.4 140.1 141.9
3 140.2 141.7 141.1 140.5 142.4 138.6 138.3 142.9
4 140.4 140.7 141.1 140.5 142.0 140.1 140.4 141.1
5 140.7 140.9 142.0 140.0 142.9 138.3 138.6 142.3
6 140.2 140.9 141.2 139.9 142.8 138.2 138.2 142.8


Table 9. Distance between NÿH for bonellin-dimethylester isomers and
transition states (in pm).


RN1H25 RN5H25 RN9H25 RN13H25 RN1H26 RN5H26 RN9H26 RN13H26


1 102.9 228.5 322.5 242.9 322.6 228.7 102.9 243.9
2 185.3 105.4 286.3 332.6 318.1 282.9 104.0 199.7
3 182.8 330.8 293.4 106.7 320.5 184.5 105.5 296.9
4 104.1 283.9 317.2 199.2 285.0 105.3 186.2 334.0
5 105.7 183.0 321.5 297.0 293.4 330.0 183.3 106.6
6 229.9 103.2 233.4 331.4 234.3 330.8 233.2 103.8
TS1$2 135.6 128.3 318.9 325.3 322.5 284.4 104.0 194.4
TS1$3 140.8 326.4 319.0 125.8 323.2 178.5 105.7 301.1
TS1$4 104.0 285.5 321.4 193.9 318.0 128.5 135.6 326.5
TS1$5 105.8 178.1 324.7 299.4 319.7 324.5 140.8 125.9
TS2$6 179.8 105.4 289.3 334.5 313.9 328.7 135.2 131.0
TS3$6 316.0 135.6 128.2 329.7 178.3 334.6 295.4 106.9
TS4$6 287.7 105.3 180.7 336.4 135.2 330.2 312.8 131.0
TS5$6 127.9 135.6 317.4 328.0 295.5 332.7 178.8 106.8


Table 10. The absolute nuclear magnetic shieldings for the inner and outer
hydrogens of the six isomers (in ppm).


1 2 3 4 5 6


N1ÿH 34.8 ± ± 32.6 25.5 ±
N5ÿH ± 30.6 ± 30.4 ± 28.0
N9ÿH 34.9 33.2 26.0 ± ± ±
N13ÿH ± ± 26.6 ± 26.6 29.5
C3ÿH 21.8 22.7 23.2 22.2 22.8 23.4
C7ÿH 21.9 22.1 22.8 22.9 23.3 23.4
C11ÿH 23.2 23.4 24.4 23.3 24.4 24.6
C15ÿH 23.4 23.6 24.4 23.6 24.6 24.7
C18ÿH 22.4 22.9 23.2 22.5 23.3 23.4
C20ÿH 23.0 22.8 23.5 23.3 24.0 23.9
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valence-quality basis sets augmented with polarization func-
tions (TZVP).[48] The absolute shielding for the inner hydro-
gens of trans porphyrin is 39.7 ppm. For the outer hydrogens
the obtained shieldings are about 21 ± 22 ppm. The correlation
contribution to the shieldings of the inner hydrogens obtained
at MP2 level [56, 57] with the SV(P) basis sets is ÿ2.6 ppm,
yielding an extrapolated MP2 value of 37.1 ppm for the inner
hydrogens of trans porphyrin. The large value for the
shielding of the inner hydrogens is due to the induced ring
current in the aromatic pathway. The shieldings of the outer
hydrogens are significantly smaller, since they lie outside the
conducting ring system. For pyrrole, the absolute shielding of
the NH hydrogen calculated at Hartree ± Fock level is
24.5 ppm, while at MP2 level the obtained shielding is
24.0 ppm. In the shielding calculations on pyrrole the TZVP
basis sets were employed.


Possibly the nuclear independent chemical shifts
(NICS)[58, 59] correlate with ring aromaticity, but the obtained
NICS values for unsubstituted trans porphyrin do not prove
that the NH units are integral parts of the aromatic pathway as
recently suggested by CyranÄ ski et al.[60] The observation that
the pyrrole rings with the inner hydrogens have larger NICS
values than the two remaining ones may be due to the fact that
three of their bonds belong to the aromatic pathway, while
only two bonds of the two other pyrrole rings incorporate this
path. Since the fourth pyrrole ring of bonellin-dimethylester is
nonaromatic, the position of the inner hydrogen significantly
affects the aromatic pathway of the porphyrin nucleus. At the
fourth pyrrole ring, the aromatic pathway is forced to take the
inner route regardless of the position of the inner hydrogens.
The lowest isomer (1) and isomers 2 and 4 have no hydrogen
connected to the nitrogen of the fourth pyrrole ring. As seen
in Table 10, for isomers 1, 2 and 4, the shieldings of the inner
hydrogens are larger than 30 ppm indicating the existence of
an aromatic pathway around the porphyrin nucleus analogous
to that of unsubstituted free-base trans porphyrin. For isomers
3 and 5, which are cis isomers with one inner hydrogen
connected to the fourth pyrrole ring (N13), the shieldings of
the inner hydrogens are about 25 ± 26 ppm indicating the
absence of an aromatic pathway around the porphyrin
nucleus. Hydrogen shieldings of 25 ± 26 ppm are typical for
unsaturated, nonaromatic hydrocarbons. For all isomers with
an inner hydrogen connected to the fourth pyrrole ring, the
CaÿCmeso bonds on both sides of the fourth pyrrole ring
alternate (see Table 8), showing that the aromatic resonance
is weaker or even absent. For isomers with an inner hydrogen
connected to N13, the shieldings of the outer hydrogens are
always larger than for the other isomers indicating a weaker
aromaticity for these isomers. Note that isomers 3 and 5 are
the energetically highest isomers. Finally, isomer 6 has the
inner hydrogens in trans position and one of them is
connected to N13. Their shieldings are 28.0 and 29.5 ppm,
respectively, which must be considered to be outside the
aromatic range.


Judging from these observations we conclude that the
preferred aromatic pathway does not include the NH bridge
as recently suggested by CyranÄ ski et al;[60] instead a classical
[18]annulene structure is formed, with the NH groups as
relatively inert bridging units. The carbon and nitrogen


shieldings did not provide any easily interpretable informa-
tion about the aromatic pathways.


Conclusions


* The molecular structures for six bonellin-dimethylester
isomers and the transition states of the inner-hydrogen
migration have been optimized at DFT level with SV(P)-
quality basis sets.


* Accurate values for the energies of the isomers and
transition states have been calculated at MP2 level with
the DFT structures and SVP-quality basis sets.


* The lowest isomer (isomer 1) has the inner hydrogens
connected in the trans position to N1 and N9.


* A hydrogen at N13 destroys the aromatic p-electron
pathway resulting in high-energy isomers and transition
states.


* The second isomer with the inner hydrogen in the trans
position (isomer 6) is 9 kcal molÿ1 above isomer 1, since the
two methyl groups connected to C24 prevent the aromatic
pathway from taking take the outer route at the fourth
pyrrole ring.


* Isomers 3 and 5 lie high in energy since they both are cis
isomers with a hydrogen connected to N13.


* The transition states TS1$3 , TS1$5, TS2$6 , TS3$6, TS4$6 ,
and TS5$6 lie significantly higher in energy than TS1$2 and
TS1$4, since they all have a hydrogen connected to N13.


* The hydrogen migration is found to involve a significant
deformation of the porphyrin skeleton mainly through a
change in the bond angle at Cmeso.


* The distance between the ester groups of the side chains
depends strongly on the positions of the inner hydrogens.


* The porphyrin skeleton remains approximatively planar
for all isomers and transition states.


* The present calculations of nuclear magnetic shielding
constants do not support the recent notion that the inner
NH groups are integral parts of the aromatic pathway in
porphyrins.[60] It therefore seems as if the traditional
[18]annulene picture of the porphyrin nucleus still holds.
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From 2-Phosphino-2H-Phosphirene to 1-Phosphino-1H-Phosphirene,
1l5,2l3-Diphosphete, and 1,2-Dihydro-1l3,2l3-Diphosphete:
an Experimental and Theoretical Study


Muriel Sanchez,[a] ReÂgis ReÂau,[a] Colin J. Marsden,*[b]


Manfred Regitz,[c] and Guy Bertrand*[a]


Abstract: The [bis(diisopropylamino)-
phosphino](trimethylsilyl)carbene 4 re-
acts cleanly with tert-butylphosphaal-
kyne 2 to give 2-phosphino-2H-phos-
phirene 5, which was spectroscopically
characterized. Heterocycle 5 is thermal-
ly unstable and quantitatively rearrang-
es after 3 h at room temperature into the
1l5,2l3-diphosphete 3. Irradiation of 5 at
room temperature (l� 254 nm) with a
Rayonnet photochemical reactor produ-


ces 1-phosphino-1H-phosphirene 6
(10 %), 1,2-dihydrodiphosphete 7
(3 %), and diphosphete 3 (87 %). Irradi-
ation of 3 with a high pressure mercury
lamp at l� 254 nm affords the dihydro-


diphosphete 7, which was isolated in
69 % yield. Calculations carried out on
heterocycles 3 and 5 ± 7 emphasize the
crucial effect the amino substituents
have on the stability of l5-phosphacy-
clobutadiene derivatives, and show that
the intrinsic difference in the thermody-
namic stability between 1H and 2H-
phosphirenes is rather small
(68 kJ molÿ1).


Keywords: carbenes ´ diazo com-
pounds ´ phosphaalkynes ´
phosphorus heterocycles ´
rearrangements


Introduction


[2�2] Dimerization of alkynes and ring-expansion reactions
involving transient cyclopropenyl carbenes are well-known
methods for the synthesis of cyclobutadienes A, the archetype
of four-p-electron four-membered ring systems.[1] Similarly, in
the phosphorus series, transition metal-coordinated 1l3,3l3-
and 1l3,2l3-diphosphetes B and C[2] have been prepared by
inner-sphere dimerization of l3-phosphaalkynes, while it has
been shown that 2-phosphino-2H-azirines D rearrange into
1,2l5-azaphosphetes E[3] (Scheme 1).


We have already reported that the photolysis of [bis(diiso-
propylamino)phosphino](trimethylsilyl)diazomethane (1) in
the presence of tert-butylphosphaalkyne 2 afforded the
1l5,2l3-diphosphete 3 as the major product (90 % yield).[4]


Since under photolysis conditions, derivative 1 is a precursor
of the l3-phosphinocarbene 4, which can also be regarded as
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Scheme 1. Synthesis of unsaturated four-membered ring systems.


the l5-phosphaalkyne 4'',[5] two mechanisms can account for
the formation of the non-antiaromatic four-p-electron four-
membered heterocycle 3 :[6] the head-to-tail codimerization
(governed by steric factors) of the l5-phosphaalkyne 4'' with
the l3-phosphaalkyne 2, or the [1�2] cycloaddition of the l3-
phosphinocarbene 4 with 2, followed by a ring-expansion
reaction of the initially formed 2-phosphino-2H-phosphirene
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5. Here we report a detailed experimental study of the
reaction leading to 3, as well as ab initio calculations on
different cyclic isomers of 3.


Results and Discussion


A careful examination of the 31P NMR spectrum of the crude
reaction mixture obtained by photolysis of the diazo deriva-
tive 1 with the phosphaalkyne 2 showed the presence of two
minor products 6 (3 %) and 7 (6 %), along with diphosphete 3
(90 %). The 1-phosphino-1H-phosphirene structure of 6 was
established by comparison of its 31P NMR spectrum [d�
ÿ171.5 (PC2), 85.4 (PN2) (J(P,P)� 291.2 Hz)] with that of
the analogous compound 6 a [d�ÿ164.6 (PC2), 83.3 (PN2)
(J(P,P)� 290.1 Hz)], prepared by addition of the bis(diiso-
propylamino)trimethylstannylphosphine to the chlorophos-
phirene 8 (Scheme 2). The 1,2-dihydro-1l3,2l3-diphosphete
structure of 7 was established by comparison of its spectro-
scopic data with those of an authentic sample prepared by
another route described below.
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Scheme 2. Reaction scheme for the preparation of 3, 6, 6 a, and 7.


In order to prove whether l3-phosphinocarbene 4 or l5-
phosphaalkyne 4'' was the precursor of products 3, 6, and/or 7,
we first checked that the diazo derivative 1 did not react with 2


in the absence of UV light, even on heating a toluene solution
at 50 8C for 10 h. Note, that in marked contrast, the
corresponding nonsilylated diazophosphine 9 reacted with 2
at room temperature to afford the diazaphosphole 10 in
quantitative yield. All attempts to remove dinitrogen from 10,
by photolysis or thermolysis, failed (Scheme 3).
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Scheme 3. Reaction of diazo derivatives 1 and 9 in the absence of UV light.


We then prepared the stable phosphinosilylcarbene 4/4'' by
photolysis of 1. The reaction of 4/4'' with a slight excess of 2
was monitored by multinuclear NMR spectroscopy atÿ30 8C.
After a few minutes the signals corresponding to both starting
materials disappeared, and new signals corresponding to only
one new compound, the 2-phosphino-2H-phosphirene 5, were
observed. The absence of a direct P ± P bond was indicated by
the small P ± P coupling constant [J(P,P)� 26.6 Hz], while the
presence of a phosphaalkene moiety was apparent from a low
field doublet in the 13C NMR spectrum [d� 195.6 (J(P,C)�
38.6 Hz)]. The spectroscopic data for 5, as a whole, compared
well with those reported for the only other known stable 2H-
phosphirene 5 a [13C NMR: d� 215.4 (J(P,C)� 50.9 Hz)].[7]


Therefore, the l3-phosphinocarbene 4 had reacted with the
phosphaalkyne 2 by a [1�2]-cycloaddition process and not by
a [2�2]-cycloaddition mechanism, as expected for the l5-
phosphaalkyne structure 4''. Indeed, the formation of 5 is
strictly analogous to that of 2H-phosphirene F, obtained by
reacting transient halogenocarbenes with 2[8] (Scheme 4).
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Scheme 4. Reaction scheme for the formation of 5.


The 2-phosphino-2H-phosphirene 5 appeared to be rather
unstable and quantitatively rearranged after 3 h at room
temperature into the 1l5,2l3-diphosphete 3 ; no trace of the
1H-phosphirene 6 and dihydrodiphosphete 7 was detected.
Interestingly, irradiation (l� 254 nm) at room temperature of
a toluene solution of the 2H-phosphirene 5 afforded diphos-
phete 3 (87 %), in addition to small amounts of the 1H-
phosphirene 6 (10 %) and 1,2-dihydrodiphosphete 7 (3 %)
(according to 31P NMR spectroscopy). Therefore, in contrast
to most of 2H-phosphirenes, which isomerize thermally into


Abstract in French: Le [bis(diisopropylamino)phosphino]-
(trimØthylsilyl)carb�ne (4) rØagit avec le tert-butylphosphaacØ-
tyl�ne (2) en donnant le 2-phosphino-2H-phosphir�ne 5 qui a
ØtØ caractØrisØ par les mØthodes spectroscopiques usuelles.
L�hØtØrocycle 5 est instable thermiquement et se rØarrange
quantitativement apr�s 3 h à tempØrature ambiante en 1l5,2l3-
diphosph�te 3. L�irradiation de 5 à tempØrature ambiante avec
un rØacteur photochimique Rayonnet (l� 254 nm) conduit
aux 1-phosphino-1H-phosphir�ne 6 (10 %), 1,2-dihydrodi-
phosph�te 7 (3 %) et diphosph�te 3 (87 %). L�irradiation de
3 avec une lampe à mercure à haute pression à l� 254 nm
donne le dihydrodiphosph�te 7 qui a ØtØ isolØ avec un
rendement de 69 %. Des calculs menØs sur les hØtØrocycles 3
et 5 ± 7 mettent en Øvidence le roÃle dØterminant jouØ par les
substituants amino sur la stabilitØ des dØrivØs l5-phosphacy-
clobutadiØniques et montrent que la diffØrence intrins�que de
stabilitØ thermodynamique entre les 1H- et 2H-phosphir�nes
est relativement faible (68 kJ molÿ1).
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1H-phosphirenes,[8, 9] 5 only rearranges into 6 under UV
irradiation. In order to confirm that the 1H-phosphirene 6 was
not an intermediate in the rearrangement of 5 to diphosphete
3, 1H-phosphirene 6 a was heated and photolyzed under
various conditions; however, no trace of the ring-expansion
product, namely the 1l5,2l3-diphosphete 3 a, was detected.
Lastly, it was of interest to explain the formation of 1,2-
dihydrodiphosphete 7 in the photolysis of 5. We found that
irradiation of the 1l5,2l3-diphosphete 3 with a high-pressure
mercury lamp at l� 254 nm afforded the dihydrodiphosphete
7, which was isolated in 69 % yield (Scheme 5).
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Scheme 5. Reaction scheme for the formation of 7.


To summarize, it is clear that 2-phosphino-2H-phosphirene
5 is a rather unstable species, which thermally rearranges into
1l5,2l3-diphosphete 3, and photochemically into the 1-phos-
phino-1H-phosphirene 6. Compound 6 does not undergo a
thermal or photochemical ring-expansion reaction to give 3.
Finally, irradiation of diphosphete 3 gives rise to the isomeric
1,2-dihydrodiphosphete 7 (Scheme 6).
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Scheme 6. Rearrangement of 5.


Since, as mentioned above, there is only one known
example of a stable 2H-phosphirene,[7] we attempted to
isolate 5 as a thiophosphoranyl derivative or a BH3 adduct;
instead, new diphosphete derivatives 11 and 12, were isolated
in 51 and 87 % yield, respectively. The same adducts 11 (90 %
yield) and 12 (95 % yield) were also prepared directly from
the diphosphete 3 (Scheme 7).


In order to gain more insight into the rearrangement
processes of Scheme 6, theoretical calculations were carried
out on model derivatives. The optimized geometry at the SCF/
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Scheme 7. Reaction scheme for the formation of 11 and 12.


DZP level of derivatives 3 b, 5 b, 6 b, and 7 b (where R�H2N
instead of iPr2N used in the experimental work) is shown in
Figure 1,[10] and the relative energies (kJ molÿ1) at the B3LYP/
DZP level of these isomers, as well as those of the parent


Figure 1. Optimized geometry at the SCF/DZP level for derivatives 3b,
5b, 6b, and 7 b with selected bond lengths [�] and angles [8].


compounds 3 c, 5 c, 6 c, and 7 c (R�H), are given in Scheme 8.
Not surprisingly, in both series, dihydrodiphosphetes 7 b and
7 c are by far the most stable isomers. However the order of
stability of the three other isomers is dependent on the nature
of the substituents. The NH2 substituents dramatically stabi-
lized the diphosphete 3 b, which is in agreement with the
postulated structure of four-p-electron four-membered ring
systems containing a l5-phosphorus and where a positive
charge is located on the phosphorus.[6] Because derivatives 7
are substantially more stable than 3, it might appear surprising
that 3 can be prepared and that it is kinetically stable. A
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Scheme 8. The relative energies (kJ molÿ1) at the B3LYP/DZP level of
derivatives 3 b, 5b, 6 b, and 7 b (where R�H2N instead of iPr2N used in the
experimental work) as well as those of the parent compounds 3 c, 5c, 6c,
and 7 c (R�H).


search for the transition state linking 3 c and 7 c showed that it
lies 85 kJ molÿ1 above 3 c at the B3LYP/DZP level of theory.
While this value should not, of course, be taken as accurate to
within 1 kJ molÿ1, we are confident that it is sufficiently large
to show that kinetic stability for 3 is to be expected. The
geometries of 3 c, 7 c, and the intermediate transition state
(TS) are shown in Figure 2. Interestingly, although the 2H-
phosphirene 5 c appears to be higher in energy by 10 kJ molÿ1


than the isomeric 1H-phosphirene 6 c, the P-amino analogues


Figure 2. Optimized geometry and selected bond lengths [�] at the
B3LYP/DZP level of theory for 3c, 7c, and the transition state (TS) 7c.


present an inverse order of stability: 5 b is lower in energy by
14 kJ molÿ1 than 6 b. As the instability of 2H-phosphirenes
towards their isomerization into 1H-phosphirene was be-
lieved to be the result of to the disappearance of the P�C
double bond in favor of the more thermodynamically stable
C�C double bond,[9] the later result was rather surprising. We
therefore investigated the relative energy of simple 1H- and
2H-phosphirenes 5 d, 5 e, 6 d, and 6 e. The CÿCl and PÿCl
bond energies are almost identical (326 kJ molÿ1 and
331 kJ molÿ1, respectively), so that the relative stability of
the two isomers 5 d and 6 d indicates the intrinsic stabilities of
the respective ring systems. Because the 1H-phosphirene 6 d is
only some 68 kJ molÿ1 more stable than the 2H-isomer 5 d, it is
evident that if the CÿX bond energy is stronger than the
corresponding PÿX bond by at least this amount, 2H-
phosphirenes will be stable towards isomerization.
Indeed, for the parent compound, 5 e is more stable


than 6 e by 36 kJ molÿ1 [D(CÿH)� 414 kJ molÿ1; D(PÿH)�
326 kJ molÿ1). Therefore, with regard to the difference in the
order of stability of 5 b and 6 b versus 5 c and 6 c, it can be
concluded that amino substituents on the P atom strongly
increase the stability of the PÿC bond compared with a PÿP
bond.


Conclusion


The formation of the 2-phosphino-2H-phosphirene 5 demon-
strates that the phosphinosilylcarbene 4 reacts as a normal
transient singlet carbene, although it is known that it features
a PÿC multiple bond. The rearrangement of 5 into diphos-
phete 3 illustrates the broad range of application of the ring-
expansion reaction method for the preparation of four-p-
electron four-membered heterocyles. The calculations em-
phasize the crucial role played by the amino substituents on
the stability of l5-phosphacyclobutadiene derivatives. More-
over, they show that the intrinsic difference in the thermody-
namic stability between 1H- and 2H-phosphirenes is rather
small (68 kJ molÿ1) and can be overcome by the appropriate
choice of substituents.


Experimental Section


All experiments were performed under an atmosphere of dry argon.
Melting points are uncorrected. 1H, 13C, 11B, and 31P NMR spectra were
recorded on Brucker AC 80, AC 200, WM 250, or AMX 400 spectrometers.
1H and 13C chemical shifts are reported relative to Me4Si as an external
standard. 11B and 31P NMR downfield chemical shifts are expressed relative
to external BF3, Et2O, and 85 % H3PO4, respectively. Infrared spectra were
recorded on a Perkin ± Elmer FT-IR Spectrometer 1725 X. Mass spectra
were obtained on a Ribermag R10 10E instrument. Conventional glassware
was used.


Photolysis of diazophosphine 1 with phosphaalkyne 2 : A solution of
[bis(diisopropylamino)phosphino](trimethylsilyl)diazomethane (1,[5a]


1.09 g, 3.15 mmol) in ether (30 mL) and tert-butylphosphaalkyne (2,[11]


0.35 g, 3.47 mmol) was irradiated at l� 254 nm for 5 h at room temper-
ature. According to the 31P NMR spectrum of the resulting mixture, two
other products 6 (3 %) and 7 (6%) were present in addition to the 1l5,2l3-
diphosphete 3 (90 %). The major product 3 was isolated and characterized
as already reported.[4, 12] The 1H-phosphirene 6 and 1,2-dihydrodiphos-
phete 7 were identified by 31P NMR.


1H-Phosphirene 6 : 31P NMR (CDCl3, 81.015 MHz): d�ÿ171.5 (d,
J(P,P)� 291.2 Hz, PC2), 85.4 (d, J(P,P)� 291.2 Hz, PN2).


Dihydrodiphosphete 7: 31P NMR (CDCl3, 81.015 MHz): d� 3.0 (d,
J(P,P)� 144.1 Hz, J(P,H)� 13.6 Hz), 11.2 (d, J(P,P)� 144.1 Hz).


1-Phosphino-1H-phosphirene (6 a): A solution of [bis(diisopropylami-
no)](trimethylstannyl)phosphine[13] (0.94 g, 2.37 mmol) in ether (3 mL)
was added, at ÿ78 8C, to a solution of 1-chloro-1H-phosphirene (8,[14]


0.53 g, 2.37 mmol) in ether(2 mL). The solution was allowed to warm to
room temperature then the solvent and Me3SnCl were removed under
vacuum at 40 8C. Derivative 6 a was obtained as a very viscous pale yellow
oil. Yield: 0.92 g (92 %); 31P NMR (C6D6, 162.000 MHz): d�ÿ164.6 (d,
J(P,P)� 290.1 Hz, PC2), 83.3 (d, J(P,P)� 290.1 Hz, PN2); 1H NMR (C6D6,
400 MHz): d� 1.09 (d, J(H,H)� 6.6 Hz, 6 H, CH3CHN), 1.23 (d, J(H,H)�
6.6 Hz, 6H, CH3CHN), 1.31 (d, J(H,H)� 6.8 Hz, 6H, CH3CHN), 1.43 (s,
9H, CH3C), 1.47 (d, J(H,H)� 6.8 Hz, 6 H, CH3CHN), 3.55 (septd,
J(H,H)� 6.8 Hz, J(P,H)� 8.8 Hz, 2 H, CH3CHN), 3.94 (sept d, J(H,H)�
6.6 Hz, J(P,H)� 7.7 Hz, 2H, CH3CHN), 7.14 (t, J(H,H)� 7.2 Hz, 1H,
CHarom.), 7.27 (dd, J(H,H)� 7.2, 8.1 Hz, 2H, CHarom.), 7.75 (d, J(H,H)�
8.1 Hz, 2H, CHarom.); 13C NMR (C6D6, 100.630 MHz): d� 24.80 (d,
J(P,C)� 5.7 Hz, CH3CHN), 24.85 (d, J(P,C)� 5.7 Hz, CH3CHN), 25.87 (d,
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J(P,C)� 9.7 Hz, CH3CHN), 25.95 (d, J(P,C)� 10.2 Hz, CH3CHN), 30.20 (d,
J(P,C)� 1.5 Hz, CH3C), 34.53 (dd, J(P,C)� 1.0, 8.9 Hz, CH3C), 49.34 (dd,
J(P,C)� 1.0, 8.2 Hz, CH3CHN), 51.93 (dd, J(P,C)� 6.5, 9.9 Hz, CH3CHN),
116.17 (dd, J(P,C)� 10.1, 47.0 Hz, PhC), 128.35 (s, Carom.), 128.78 (s,
CHarom.), 130.82 (d, J(P,C)� 1.5 Hz, CHarom.), 131.24 (dd, J(P,C)� 2.4,
7.1 Hz, CHarom.), 134.56 (dd, J(P,C)� 15.3, 50.7 Hz, C-tBu); C24H42N2P2


(420.56): C 68.54, H 10.06, N 6.66; found: C 69.10, H 10.34, N 6.90.


(Phosphino)diazaphosphole (10): Neat tert-butylphosphaalkyne (2, 0,18 g,
2.00 mmol) was added at room temperature to a solution of bis(diisopro-
pylamino)phosphinodiazomethane (9,[5a] 0.54 g, 2.00 mmol) in ether
(30 mL). The solution was allowed to stand for 1 h at room temperature
and then the solvent was removed under vacuum. Derivative 10 was
obtained as an orange oil. Yield: 0.73 g (98 %); 31P NMR (CDCl3,
81.015 MHz): d� 76.5 (d, J(P,H)� 42.0 Hz, PC), 93.7 (br s, PN); 1H NMR
(CDCl3, 200.133 MHz): d� 1.05 (d, J(H,H)� 6.7 Hz, 12H, CH3CHN), 1.24
(d, J(H,H)� 6.7 Hz, 12H, CH3CHN), 1.39 (s, 9 H, CH3C), 3.36 (septd,
J(H,H)� 6.7 Hz, J(P,H)� 12.8 Hz, 4H, CH3CHN), 8.73 (dd, J(P,H)�
42.0 Hz, J(P,H)� 5.9 Hz, 1 H, NH); 13C NMR (CDCl3, 20.149 MHz): d�
23.16 (d, J(P,C)� 8.8, CH3CHN), 23.94 (d, J(P,C)� 6.9, CH3CHN), 32.03
(d, J(P,C)� 6.6 Hz, CH3C), 36.20 (d, J(P,C)� 17.3 Hz, CH3C), 47.16 (d,
J(P,C)� 13.7 Hz, CH3CHN), 159.05 (dd, J(P,C)� 51.2, 21.7 Hz, PCH),
192.06 (d, J(P,C)� 63.7 Hz, PC-tBu); C18H38N4P2 (372.47): C 58.04, H 10.28,
N 15.04; found: C 57.85, H 10.14, N 15.27.


2-Phosphino-2H-phosphirene (5): A solution of [bis(diisopropylamino)]-
(trimethylsilyl)diazomethane (1, 0.25 g, 0.73 mmol) in ether (30 mL) was
irradiated at l� 254 nm for 3 h at room temperature. The solvent was
removed under vacuum, and the residue then dissolved in [D8]toluene
(0.5 mL). This solution was transferred to a NMR tube, and neat tert-
butylphosphaalkyne (2, 0.115 mL, 0.81 mmol) was added dropwise at
ÿ30 8C. Derivative 5 was characterized in solution. 31P NMR ([D8]toluene,
162.003 MHz, 243 K): d� 48.1 (d, J(P,P)� 26.6 Hz, s2-P), 94.4 (d, J(P,P)�
26.6 Hz, s3-P); 13C NMR ([D8]toluene, 50.323 MHz, 243 K): d� 1.68 (d,
J(P,C)� 5.9 Hz, CH3Si), 27.53 (m, CH3CHN), 29.01 (m, CH3CHN), 31.00
(d, J(P,C)� 1.0 Hz, CH3C), 38.96 (s, CH3C), 45.90 (m, CH3CHN), 195.56 (d,
J(P,C)� 38.6 Hz, PC-tBu), the PCSi carbon atom was not observed.


Thermal rearrangement of 5 : A solution of 5 in [D8]toluene, prepared as
indicated above, was allowed to warm to room temperature. After 3 h, the
diphosphete 3 was the only product formed, according to 31P NMR
spectroscopy. After work up, 3 was isolated in 70% yield.


Photochemical rearrangement of 5 : A solution of 5 in [D8]toluene,
prepared as indicated above, was irradiated at l� 254 nm at room
temperature for 3 h. According to 31P NMR spectroscopy, diphosphete 3
(87 %), 1H-phosphirene 6 (3%), and 1,2-dihydrodiphosphete 7 (10 %)
were formed.


1,2-Dihydro-1l3,2l3-diphosphete (7): A solution of 1l5,2l3-diphosphete (3 ;
0.75 g, 1.80 mmol) in ether (50 mL) was irradiated with a mercury vapor
lamp for 4 h at room temperature. The solvent was removed under vacuum
and the 1,2-dihydro-1l3,2l3-diphosphete 7 was isolated by column chro-
matography. Yield: 0.52 g (69 %), colorless crystals; m.p. 121 8C; 31P NMR
(CDCl3, 81.015 MHz): d� 3.0 (d, J(P,P)� 144.1 Hz, J(P,H)� 13.6 Hz), 11.2
(d, J(P,P)� 144.1 Hz); 1H NMR (CDCl3, 200 MHz): d� 0.51 (s, 9H,
CH3Si), 1.05 (d, J(H,H)� 6.7 Hz, 6 H, CH3CHN), 1.23 (d, J(H,H)� 6.5 Hz,
6H, CH3CHN), 1.43 (d, J(H,H)� 6.8 Hz, 6H, CH3CHN), 1.46 (d, J(H,H)�
6.7 Hz, 6 H, CH3CHN), 1.49 (s, 9H, CH3C), 2.90 ± 3.15 (m, 4H, CH3CHN);
13C NMR (CDCl3, 50.323 MHz): d� 2.25 (d, J(P,C)� 2.8 Hz, CH3Si),
18.94 ± 26.38 (m, CH3CHN), 31.20 (s, CH3C), 38.21 (t-like, J(P,C)� 13.0 and
13.0 Hz, CH3C), 44.19 ± 53.87 (m, CH3CHN), 142.09 (dd, J(P,C)� 38.1,
34.3 Hz, PCSi), 171.75 (dd, J(P,C)� 36.6, 26.7 Hz, PC-tBu); C21H46N2P2Si
(416.64): C 60.54, H 11.13, N 6.72; found: C 59.80, H 10.90, N 6.80.


1l5,2l5-Diphosphete (11): A suspension of elemental sulfur (0.16 g,
0.63 mmol) in ether was added at ÿ78 8C to a solution of 5 (0.26 g,
0.63 mmol) in ether (1 mL). The solution was allowed to warm to room
temperature, the solvent was removed under vacuum, and the residue
treated with ether (3� 5 mL). Derivative 11 was isolated as a pale yellow
powder (0.15 g, 51% yield). By means of the same experimental procedure
but starting from 3, derivative 11 was obtained in 90% yield. M.p. 54 8C
(decomp); 31P NMR (CDCl3, 101.256 MHz): d� 87.3 (q d, J(P,H)� 10.2 Hz,
J(P,P)� 23.9 Hz, N2P), 127.3 (d, J(P,P)� 23.9 Hz, PS2); 1H NMR (CDCl3,
250 MHz): d� 0.42 (s, 9 H, CH3Si), 1.40 (d, J(H,H)� 6.8 Hz, 12 H,
CH3CHN), 1.47 (d, J(H,H)� 6.8 Hz, 12H, CH3CHN), 1.56 (s, 9 H,


CH3C), 4.11 (septd, J(H,H)� 6.8 Hz, J(P,H)� 10.2 Hz, 4 H, CH3CHN);
13C NMR (CDCl3, 62.896 MHz): d� 3.85 (s, CH3Si), 24.70 (d, J(P,C)�
4.3 Hz, CH3CHN), 25.34 (d, J(P,C)� 3.8 Hz, CH3CHN), 31.54 (d, J(P,C)�
4.1 Hz, CH3C), 41.47 (dd, J(P,C)� 12.9, 48.1 Hz, CH3C), 50.00 (d, J(P,C)�
3.5 Hz, CH3CHN), 136.31 (dd, J(P,C)� 21.6, 24.5 Hz, PCSi), 200.31 (dd,
J(P,C)� 37.6, 64.8 Hz, PC-tBu); CIMS(CH4): m/e� 481 [M�];
C21H46N2P2S2Si (480.77): C 52.46, H 9.64, N 5.83; found: C 52.54, H 9.77,
N 5.79.


Diphosphete ´ BH3 adduct 12 : A solution of BH3 ´ SMe2 (0.08 mL,
1.70 mmol) in THF (2.0m) was added dropwise, at ÿ78 8C, to a solution
of 5 (0.71 g, 1.70 mmol) in ether (1 mL). The solution was allowed to warm
to room temperature, then it was filtered, the solvent removed under
vacuum, and the residue was washed with pentane (3� 5 mL). Derivative
12, along with another unidentified product (<5 % according to 31P NMR
spectroscopy), was isolated as a light brown powder from a CH2Cl2/pentane
solution at ÿ30 8C. Yield: 0.62 g, (87 %). By means of the same
experimental procedure, but starting from 3, derivative 12 along with the
same unidentified product observed previously was obtained in 95% yield.
31P NMR (CDCl3, 162.000 MHz): d� 61.8 (d q, J(P,P)� 17.6 Hz, J(P,H)�
11.2 Hz, N2P), 123.7 (br d, J(P,P)� 17.6 Hz, PBH3); 1H NMR (CDCl3,
200 MHz): d� 0.41 (s, 9 H, CH3Si), 1.39 (s, 9H, CH3C), 1.44 (d, J(H,H)�
6.4 Hz, 12H, CH3CHN), 1.45 (d, J(H,H)� 6.4 Hz, 12 H, CH3CHN), 4.09
(sept d, J(H,H)� 6.4 Hz, J(P,H)� 11.2 Hz, 4 H, CH3CHN), BH3 was not
observed; 13C NMR (CDCl3, 50.323 MHz): d� 3.69 (d, J(P,C)� 2.4 Hz,
CH3Si), 24.68 (d, J(P,C)� 3.8 Hz, CH3CHN), 25.20 (d, J(P,C)� 3.8 Hz,
CH3CHN), 30.94 (dd, J(P,C)� 3.3, 2.6 Hz, CH3C), 42.24 (dd, J(P,C)� 13.0,
47.2 Hz, CH3C), 49.78 (d, J(P,C)� 5.5 Hz, CH3CHN), 143.07 (dd, J(P,C)�
3.2, 37.4 Hz, PCSi), 199.42 (dd, J(P,C)� 8.6, 13.7 Hz, PC-tBu); 11B NMR
(CDCl3, 128.379 MHz): d�ÿ30.6 (br s).


Computational details : We have used standard, well-calibrated computa-
tional methods incorporated into the Gaussian 92 program.[15] In view of the
size of the molecules concerned, typical approximations were made so that
the computations were actually performed on model compounds in which
the SiMe3, tBu, and iPr substituents were all replaced by hydrogen atoms.
While these substituents are, no doubt, very important in a practical, kinetic
sense, we do not think that their electronic role is crucial for the bonding or
thermodynamic stabilities of the various isomers. Geometries were
optimized at the SCF level, initially with the compact 3-21G* basis set[16]


and subsequently with a more complete DZP basis.[17] Vibrational
frequencies were calculated for the various stationary points located, to
check that these are indeed true minima. Better estimates of relative
energies were then obtained by the use of a hybrid form of DFT theory,
usually known as B3LYP,[18] with the DZP basis in order to optimize the
geometries of those conformers of 3, 5, 6, and 7 which are most stable at the
SCF level. This method is generally thought to incorporate dynamic
correlation effects very effectively, and any nondynamic effects are at least
partially included, so that the relative energies will certainly be more
reliable than those obtained at the SCF level of theory.


Acknowledgements


We are grateful to the CNRS and the Centre National Universitaire Sud de
Calcul (project irs1013) for financial support of this work.


[1] For reviews on cyclobutadienes see: a) G. Maier, Angew. Chem. 1988,
100, 317; Angew. Chem. Int. Ed. Engl. 1988, 27, 309; b) M. Regitz, H.
Heydt, U. Bergsträsser, Adv. Strain Org. Chem. 1996, 5, 161; c) V. L.
Minkin, M. N. Glukhovtsev, B. Y. Simkin, Aromaticity and Antiaro-
maticity, Wiley, New York, 1994.


[2] For reviews on l3,l3-diphosphetes see: a) P. Binger, in Multiple Bonds
and Low Coordination in Phosphorus Chemistry (Eds.: M. Regitz,
O. J. Scherer), Thieme, Stuttgart, 1990, p. 90; b) J. F. Nixon, Coord.
Chem. Rev. 1995, 145, 201; c) R. Streubel, Angew. Chem. 1995, 107,
478; Angew. Chem. Int. Ed. Engl. 1995, 34, 436; d) J. F. Nixon,
Endeavour 1991, 15, 49; d) M. Regitz, Chem. Rev. 1990, 90, 191; See
also: e) M. D. Francis, D. E. Hibbs, M. B. Hursthouse, C. Jones,
K. M. A. Malik, Chem. Commun. 1996, 631; f) P. Binger, G. Glaser, S.
Albus, C. Krüger, Chem. Ber. 1995, 128, 1261.







Phosphorus Heterocycles 274 ± 279


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0279 $ 17.50+.50/0 279


[3] a) G. Alcaraz, U. Wecker, A. Baceiredo, F. Dahan, G. Bertrand,
Angew. Chem. 1995, 107, 1358; Angew. Chem. Int. Ed. Engl. 1995, 34,
1246; b) V. Piquet, A. Baceiredo, H. Gornitzka, F. Dahan, G.
Bertrand, Chem. Eur. J. 1997, 3, 1757.


[4] R. Armbrust, M. Sanchez, R. ReÂau, U. Bergsträsser, M. Regitz, G.
Bertrand J. Am. Chem. Soc. 1995, 117, 10785.


[5] a) A. Igau, H. Grützmacher, A. Baceiredo, G. Bertrand, J. Am. Chem.
Soc. 1988, 110, 6463; b) A. Igau, A. Baceiredo, G. Trinquier, G.
Bertrand, Angew. Chem. 1989, 101, 617; Angew. Chem. Int. Ed. Engl.
1989, 28, 621; c) M. Soleilhavoup, A. Baceiredo, O. Treutler, R.
Ahlrichs, M. Nieger, G. Bertrand, J. Am. Chem. Soc. 1992, 114, 10959;
d) M. T. Nguyen, M. A. McGin, A. F. Hegarty, Inorg. Chem. 1986, 25,
2185; e) D. A. Dixon, K. D. Dobbs, J. A. Arduengo, III, G. Bertrand, J.
Am. Chem. Soc. 1991, 113, 8782; f) G. Bertrand, R. Reed, Coord.
Chem. Rev. 1994, 137, 323.


[6] For reviews on four-p-electron four-membered phosphorus hetero-
cycles see: a) L. Weber, Angew. Chem. 1996, 108, 2779; Angew. Chem.
Int. Ed. Engl. 1996, 35, 2618; b) G. Bertrand, Angew. Chem. 1998, 110,
282; Angew. Chem. Int. Ed. 1998, 37, 270.


[7] O. Wagner, G. Maas, M. Regitz, Angew. Chem. 1987, 99, 1328; Angew.
Chem. Int. Ed. Engl. 1987, 26, 1257.


[8] a) O. Wagner, M. Ehle, M. Regitz, Angew. Chem. 1989, 101, 227;
Angew. Chem. Int. Ed. Engl. 1989, 28, 225; b) H. Memmesheimer, M.
Regitz, Rev. Heteroat. Chem. 1994, 10, 61.


[9] F. Mathey, Chem. Rev. 1990, 90, 997


[10] It is interesting to note that 3 adopts C1 symmetry with two NH2


substituents on P2, though the parent PH2 derivative has Cs symmetry.
Conversely, 6, which has two NH2 substituents, adopts Cs symmetry,
whereas its parent, which contains the PH2 group, has no symmetry.


[11] G. Becker, G. Gresser, W. Uhl, Z. Naturforsch. B 1981, 36, 16.
[12] M. Sanchez, R. ReÂau, H. Gornitzka, F. Dahan, M. Regitz, G. Bertrand,


J. Am. Chem. Soc. 1997, 119, 9720.
[13] H. R. G. Bender, E. Niecke, M. Nieger, H. Westermann, Z. Anorg.


Allg. Chem. 1994, 620, 1194.
[14] A. Marinetti, F. Mathey, J. Fischer, A. Mitschler, J. Chem. Soc. Chem.


Commun. 1984, 45.
[15] Gaussian 92, M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M. W.


Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H. B. Schlegel, M. A.
Robb, E. S. Replogle, R. Gomperts, J. L. Andres, K. Raghavachari,
J. S. Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. Defrees, J.
Baker, J. J. P. Stewart, S. Topiol, J. A. Pople, Gaussian, Pittsburgh, PA,
1992.


[16] M. S. Gordon, J. S. Binkley, J. A. Pople, W. J. Pietro, W. J. Hehre J.
Am. Chem. Soc. 1982, 104, 2797.


[17] T. H. Dunning, P. J. Hay, in Modern Quantum Chemistry (Ed.: H. F.
Schaefer), Plenum, New York, 1976, Vol. 3, chapter 1.


[18] a) A. D. Becke, J. Chem. Phys. 1993, 98, 1372 and 5648; b) C. Lee, W.
Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.


Received: May 28, 1998 [F1175]








Influence of Substituents, Reaction Conditions and Central Metals on the
Isomer Distributions of 1(4)-Tetrasubstituted Phthalocyanines


Christine Rager, Gabriele Schmid, and Michael Hanack*[a]


Abstract: The 1(4)- and 2(3)-tetraalk-
oxy-substituted nickel (5), copper (6),
and metal-free phthalocyanines 7 and 8
were synthesized from the correspond-
ing substituted phthalonitriles 2 and 4,
respectively, and the four structural
isomers formed for each phthalocyanine
were separated by HPLC. In the case of
1(4)-tetraalkoxy-substituted phthalo-
cyanines, the ratio of the four isomers
was found to be different from the
expected statistical distribution of
D2h:Cs :C2v:C4h� 12.5:50:25:12.5. For
the 1(4)-substituted metal-free phthalo-
cyanine 7 a very high proportion of the
C4h isomer (87 %) is formed. In the case


of the 1(4)-substituted metal phthalo-
cyanines 5 and 6 the strikingly low
proportion of the D2h isomer (found:
2 ± 4 % compared to statistical distribu-
tion: 12.5 %) is interpreted by a tem-
plate mechanism (given in Scheme 2) in
which strong steric hindrance of the
respective neighboring groups prevent
the formation of the D2h isomer. To
investigate further the mechanism of
formation of phthalocyanines the syn-
thesis of 1(4)- and 2(3)-tetraalkoxy-sub-


stituted metal phthalocyanines contain-
ing chiral alkoxy groups (13 ± 17) was
studied under different reaction condi-
tions starting from the corresponding
alkoxy-substituted phthalonitriles 10
and 11. In all investigated cases the
chiral alkoxy groups in the starting
phthalonitrile again affect the distribu-
tion of the structural isomers of the
formed phthalocyanines, leading to a
higher proportion of the C4h isomer in
comparison with the 1(4)-tetraalkoxy-
substituted phthalocyanines with race-
mic alkoxy groups.Keywords: chirality ´ dyes ´ isomer


separation ´ phthalocyanines


Introduction


Phthalocyanines, commonly used as dyes or catalysts, have
recently undergone an enormous renaissance.[1a] This is
mainly due to the fact that phthalocyanines, metal phthalo-
cyanines, and many of their substituted derivatives exhibit
properties that are interesting for many applications, espe-
cially in material science.[1] Phthalocyanines, metal phthalo-
cyanines, and peripherally substituted, for example tetra-,
octa-, and hexadeca-substituted, phthalocyanines are normal-
ly synthesized starting from the appropriate phthalonitriles or
diiminoisoindolines.[1a] In spite of the large number of differ-
ent phthalocyanines and metal phthalocyanines, which have
been synthesized in recent years, the mechanism of formation
of phthalocyanines and their derivatives starting from phtha-
lonitriles or diiminoisoindolines is still not clear and under
debate. Several mechanistic pathways which depend upon the
reaction conditions have been proposed.[2±5]


Herein, we report on a new approach to study the
mechanism of formation of phthalocyanines by investigating
the different ratios of structural isomers of tetrasubstituted
phthalocyanines and metal phthalocyanines that are formed
from substituted phthalodinitriles or substituted diiminoiso-
indolines[6] depending upon the reaction conditions (solvent,
temperature, and metal salt). The separation of structural
isomers of formed phthalocyanines and the study of the
influence of the substituents on the distribution of the
structural isomers are important factors for gaining more
information about the mechanism of the phthalocyanine
formation.


These investigations were possible because we were
recently able for the first time to separate the four structural
isomers of 1(4),8(11),15(18),22(25)-[7, 8] and 2(3),9(10),
16(17),23(24)-tetraalkoxy-substituted[8] nickel phthalocya-
nines[6] (Figure 1), which are formed from the corresponding
1(4)- and 2(3)-alkoxy-substituted phthalonitriles and nickel
salts. Their characterization in terms of their symmetry was
carried out by 1H NMR and UV/Vis spectroscopy.


From this work[6, 7] it became clear that in the case of the
formation of 2(3)-substituted nickel phthalocyanines (Fig-
ure 1) the mechanism follows a strong statistically controlled
route irrespective of the size of the substituents. In other
words, in the investigated examples the structural isomers
D2h, Cs, C2v, and C4h were always formed in a ratio of
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12.5:50:25:12.5. This was not the case for the 1(4)-tetrasub-
stituted nickel phthalocyanines (Figure 1). In this case, a
strong influence of the substituents on the isomer distribution
was observed for the formation of the corresponding 1(4)-
tetrasubstituted nickel phthalocyanines.[6] This was explained
with the specific interactions of the substituents in the process
of formation of the nickel phthalocyanines from the substi-
tuted phthalonitriles.


In the present work, we report more detailed studies about
the formation and distribution of the structural isomers of
1(4)- and 2(3)-tetraalkoxy-substituted metal and metal-free
phthalocyanines starting from the corresponding respectively
substituted phthalonitriles (see Scheme 1). The synthesis of
the alkoxy-substituted phthalocyanines was carried out by
reacting the corresponding alkoxyphthalonitrile 2 with differ-
ent metal salts. The corresponding metal-free phthalocyanines
7, 8 were obtained by reacting the alkoxyphthalonitriles 2 and
4 with lithium in pentanol. The influence of chiral substituents
in the starting phthalonitriles on the product distribution of
the tetrasubstituted phthalocyanines was also studied for the
first time.


Results and Discussion


For a systematic study of the structural isomer distribution in
tetrasubstituted phthalocyanines, we started with appropri-
ately substituted phthalonitriles such as 2 (Scheme 1) and
studied the formation of the corresponding phthalocyanines
such as 5 from them depending upon the reaction conditions
and the use of the metal salt. The substituted phthalodinitrile
2 was prepared by nucleophilic substitution of the nitro group
in 1,2-dicyano-2-nitrobenzene (1) with 2-ethylhexyl alcohol in


DMF in the presence of K2CO3. 1,2-Dicyano-3-(2-ethylhex-
yloxy)benzene (2) was treated with NiCl2 and CuSO4 ´ 5 H2O,
respectively, in 2,2-dimethylaminoethanol for 6 hours at
140 8C to yield 1(4)-tetra-(2-ethylhexyloxy)phthalocyaninato-
nickel (5) and 1(4)-tetra-(2-ethylhexyloxy)phthalocyaninato-
copper (6), respectively (Scheme 1). In contrast, the metal-
free 1(4)-tetra-(2-ethylhexyloxy)phthalocyanine (7) was ob-
tained from the phthalocyaninatodilithium compound 3. The
dilithium compound 3 was prepared from 2 by treatment with
lithium in 2-ethylhexanol for 6 h at 130 8C (2-ethylhexanol was
used as the solvent to avoid an ether ligand exchange). The
metal-free macrocycle 7 was prepared by treating 3 with
water. All products were purified by column chromatography
and afterwards subjected to HPLC chromatography. All
experiments were carried out at least three times. The
determined isomer ratios differ only within the experimental
error of the HPLC analyses. As we have described earlier, the
structural isomers (see Figure 1) of the substituted phthalo-
cyanines 5 ± 7 were separated by using our earlier described
HPLC phases.[6] The symmetry of the separated phthalocya-
nine isomers was determined by the number of signals in the
aromatic region of the 1H NMR spectra and by UV/Vis
spectroscopy.[6, 7] The distribution of structural isomers of the
1(4)-tetrasubstituted phthalocyanines 5 ± 8 found for the
respective reactions given in Scheme 1 is listed in Table 1.
The phthalocyaninatonickel and -copper complexes 5 and 6
were formed with comparable distribution of the respective
structural isomers, in contrast to the metal-free phthalocya-
nine 7 which is formed with a totally different pattern of
isomers. In 7 the isomer with the highest symmetry C4h, was
formed as the major component (87 %),[9] whereas the
proportion of the other isomers decreases and reaches zero
for the D2h system. These results of different distribution of


Figure 1. Structures of 1(4)- (top) and 2(3)-tetrasubstituted nickel phthalocyanines (bottom).
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the structural isomers show that in comparison to the metal
phthalocyanines 5 and 6 a different kind of mechanism is
operative in the formation of metal-free phthalocyanine 7.


Smith and Oliver[2] and Borodkin[3] demonstrated that the
initial reaction of phthalonitrile with sodium alkoxide leads to
the sodium salt of 1-imido-3-alkoxyindoline I (Figure 2). If the
substituted phthalonitrile 2 is treated with lithium in 2-ethyl-
hexanol, two types of substituted precursors I a and I b could
be formed (Figure 2). Semiempirical calculations[10] show that
the two cyano groups in 2 are electronically not equivalent.
They carry different positive charges on their carbon atoms
(Figure 3) and therefore the nucleophilic attack of an 2-ethyl-
hexanolate anion at the CN groups in the 2-position in 2
would lead preferentially to the formation of isoindoline I a
(Figure 2). The next step in the reaction sequence is the
nucleophilic attack of Ia to another phthalonitrile,[2] again at
the 2-cyano group. A dimer is formed which can now either
react with another phthalonitrile 2 in the same way to form a
trimer, etc., or undergoes self-condensation. In both routes
the cyclization takes place stereoselectively and the isomer
with C4h symmetry is obtained, which is thermodynamically
favored.


Figure 2. Structures of proposed intermediates I, Ia, and Ib.


Figure 3. Charge distribution on substitued phthalonitriles 2 and 9.


Another mechanism must be operative for the formation of
the metal phthalocyanines 5 and 6 (Scheme 1). No strong
bases such as alcoholates are used for their synthesis and
therefore an isoindoline derivative is not necessarily formed.
The obtained distribution of structural isomers (Table 1)


Scheme 1. Synthesis of 5 ± 8. a) C8H17OH/DMF, K2CO3; b) Li/C8H17OH


Table 1. Percentage distribution of the four structural isomers in the formation
of 1(4)- and 2(3)-tetrasubstituted phthalocyanines (see Scheme 1)


Phthalo-
nitrile


Reaction conditions[a] Prod-
uct


Isomer ratio [%][b]


D2h CS C2v C4h


2 NiCl2/DMAE, 6 h/140 8C 5 4 50 31 15
2 CuSO4 ´ 5 H2O/DMAE, 6 h/140 8C 6 2 49 4 8
2 Li/C8H17OH, 6 h/130 8C 7 ± 11 2 87
4 Li/C5H11OH, 3 h/130 8C 8 9 71 20


[a] The differences in the temperature and reaction time for the synthesis of
1(4)- and 2(3)-substituted Pcs are based on monitoring of the reaction by thin-
layer chromatography. The reaction of 2(3)-substituted metal-free Pc was
complete after 3 h at 130 8C. [b] Statistical distribution; D2h :Cs :C2v :C4h�
12.5:50:25:12.5.
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points to a reaction mechanism controlled by a template
effect.[5, 11, 12] Four phthalonitrile units coordinate in the first
step to the metal ion (Scheme 2). The formation of the
phthalocyanine macrocycles can take place starting from
these template complexes. Since the phthalodinitriles 2 bind
together in a statistical manner (Scheme 2) an isomer
distribution of 5 and 6 close to the statistical values
(D2h:Cs :C2v:C4h� 12.5:50:25:12.5) would be expected. The
strikingly low proportion of the D2h isomer in 5 and 6 (4 % and
2 %, respectively, instead of 12.5 %) (Table 1) must be
explained by the strong steric hindrance of the respective
neighboring alkoxy groups (OEH) which hinders the forma-
tion of a D2h-template arrangement of the phthalonitriles 2.
The difference with respect to the ratio of the isomers for Ni
and Cu as a central metal atom in the phthalocyanines is
discussed below.


We also investigated the isomer distribution of several 2(3)-
substituted alkoxyphthalocyanines which are formed under


the reaction conditions described above. From earlier work,[6]


we already know that a statistical distribution of isomeric
2(3)-tetraalkoxyphthalocyaninatonickel compounds, such as
(C8H17O)4PcNi and (c-C6H11O)4PcNi (D2h:Cs :C2v:C4h�
12.5:50:25:12.5), was observed starting from the correspond-
ing phthalonitriles and NiCl2 in dimethylaminoethanol. Sim-
ilar to the formation of 5 and 6 (Scheme 2), we assume a
template effect. However, the amount of the D2h isomer of the
2(3)-substituted nickel phthalocyanines, such as (C8H17O)4Pc-
Ni and (c-C6H11O)4PcNi, is much higher than that of the 1(4)-
substituted phthalocyanines 5 and 6. During the synthesis of
2(3)-substituted nickel phthalocyanines no steric hindrance
takes place when the phthalodinitrile units approach the
central metal to form the template, even if this leads to a D2h


symmetry (Figure 1).
For the synthesis of a metal-free 2(3)-substituted phthalo-


cyanine under the influence of an alkoxide anion, 1,2-di-
cyano-4-pentoxybenzene (4) was treated with lithium in


pentan-1-ol to give 2(3)-tetra-
(pentoxy)phthalocyanine (8)
(Scheme 1). The work up was
carried out as described for
the metal-free 1(4)-substituted
phthalocyanine 7 and led to
an almost statistical distribution
of the separated isomers
(Table 1). In this case the for-
mation of the C4h isomer was
not preferred. There are no sig-
nificant differences in the elec-
tron density between the two
cyano groups in 4-(2-ethylhex-
yloxy)-1,2-dicyanobenzene (9)
(Figure 3). The nucleophilic at-
tack of pentan-1-ol to form the
dipolar precursors therefore
has no preferred direction and
the formation of 8 takes place
according to statistical rules.


To further investigate the
influence of substituents and
their positions on the isomer
distribution, we synthesized for
the first time 1(4)- and 2(3)-
alkoxyphthalocyanines substi-
tuted not only with racemic,
but with chiral, enantiomerical-
ly pure alkoxy groups. It was
therefore necessary to prepare
both the racemic and the chiral
phthalonitrile precursors. For
this purpose, 2-phenylbutanol,
which can be easily derived
from commercially available
R,S-2-phenylbutyric acid, and
the pure (�)-S and (ÿ)-R coun-
terparts were chosen. The cor-
responding substituted phthalo-
nitriles 10 (racemic, R and S


Scheme 2. Synthesis of 1(4)-substituted phthalocyanines. Compounds 5 and 6 are obtained as a mixture of
isomers.
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forms) were then prepared by nucleophilic substitution of the
nitro group in 1 with the appropriate optically active alcohols
(Scheme 3). Reaction of (R,S)-, (S)-, and (R)-10 with NiCl2 in
dimethylaminoethanol for 24 h at 140 8C afforded the desired
phthalocyaninatonickel compounds, 1(4)-tetra-(R,S-2-phe-
nylbutoxy)phthalocyaninatonickel [(R,S)-13], 1(4)-tetra-(S-
2-phenylbutoxy)phthalocyaninatonickel [(S)-13], and 1(4)-
tetra-(R-2-phenylbutoxy)phthalocyaninatonickel [(R)-13]
(Scheme 3). By using HPLC to determine the distribution of
the four structural isomers in these systems, the following
phenomenon was observed: under identical reaction condi-


Scheme 3. Synthesis of 1(4)-substituted phthalocyanines. a) ROH/DMF,
K2CO3; b) for 13 ± 16 : MX2 (M�Ni, Cu, Zn; X�Cl or OAc)/DMAE,
reflux; for 17: 1) Li/DMAE, reflux; 2) H2O; c) NiCl2/DMAE, reflux.


tions, the nickel phthalocyanines (S)-13 and (R)-13 on the one
hand and the racemic nickel phthalocyanine (R,S)-13 on the
other hand are again formed with different compositions of
their structural isomers (Table 2). The racemic (R,S)-13 shows


the expected distribution of the four structural isomers
analogous to the described phthalocyanines 5 and 6 which
were formed under comparable conditions. However, in
comparison to (R,S)-13 (14 %) the amount of the C4h isomer
in the phthalocyanines (S)-13 and (R)-13 increases to 21 and
23 % respectively. The increase of the C4h isomer in (S)-13 and
(R)-13 results mainly in a decrease of the Cs isomer (Table 2).
Although (R,S)-, (S)-, and (R)-13 are formed under identical
conditions and a template effect can be taken as a basis for all
of these reactions, the chiral substituents in (S)- and (R)-13
have a pronounced influence on the formation of the
respective structural isomers, particularly of the one with
the highest symmetry (C4h).


This trend in the distribution of the structural isomers is not
found in the formation of 2(3)-substituted phthalocyanines.
R,S- and S-1,2-dicyano-4-(2-methylbutoxy)benzenes [(R,S)-
and (S)-12] react with NiCl2 in dimethylaminoethanol for 6 h
at 140 8C to give 2,3-tetra-(R,S-2-methylbutoxy)phthalocya-
ninatonickel [(R,S)-18] and the corresponding (S)-18
(Scheme 3). The isomer ratios are given in Table 2 but the
effect observed in the case of the 1(4)-substituted phthalo-
cyanines 13 (and 14 ± 17, see below) is not found in the 2(3)-
substituted phthalocyanines 18. Chiral alkoxy groups in 2(3)
position do not change the isomer distribution so that
phthalocyanines (R,S)- and (S)-18 consist of the usual
percentages of isomers according to a statistical synthesis.


The results show that a chiral alkoxy substituent has a
directing effect during the formation of the 1(4)-alkoxy-
substituted phthalocyaninatonickel system 13 (also for 14 ± 17,
see below) favoring the formation of the C4h isomer, but only
in the case of 1(4)-alkoxy-substituted phthalocyanines.


At this stage, a more detailed investigation on this anomaly
between the optically active and racemic substituents on the
formation of 1(4)-substituted phthalocyanines was carried
out. For this purpose, we restricted ourselves to 1(4)-
substitution, and several 1(4)-tetra-(2-methylbutoxy)phthalo-
cyanines 14 ± 17 (Scheme 3) were prepared. The correspond-
ing precursor phthalonitriles (R,S)- and (S)-11 were synthe-
sized as described for 2 (see Scheme 1) by treating the
commercially available 2-methylbutanol (S and RS) with the
nitrophthalonitrile 1 in good yields (Scheme 3). For the
investigations on chiral compounds we restricted ourselves


Table 2. Isomer distribution in the formation of racemic and optically active
1(4)- and 2(3)-tetrasubstituted nickel phthalocyanines.


Phthalo-
nitrile


Reaction conditions Product Isomer ratio [%][a]


D2h CS C2v C4h


(R,S)-10 NiCl2/DMAE, 24 h/140 8C (R,S)-13 2 57 27 14
(S)-10 NiCl2/DMAE, 24 h/140 8C (S)-13 2.5 50.5 26 21
(R)-10 NiCl2/DMAE, 24 h/140 8C (R)-13 3 49 25 23
(R,S)-12 NiCl2/DMAE, 6 h/140 8C (R,S)-18 10 77 13
(S)-12 NiCl2/DMAE, 6 h/140 8C (S)-18 9 76 15


[a] Statistical distribution; D2h :Cs :C2v:C4h� 12.5:50:25:12.5.
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to the S isomer of 3-(2-methylbutoxy)-1,2-dicyanobenzene
[(S)-11].


The next step was to exchange the central metals under the
mentioned identical reaction conditions. For this purpose,
(R,S)- and (S)-1,2-dicyano-3-(2-methylbutoxy)benzenes
[(R,S)- and (S)-11] were treated with the corresponding
metal salts NiCl2, CuCl2, and ZnCl2, respectively, in dime-
thylaminoethanol for 6 h at 140 8C (Scheme 3) to yield 1(4)-
tetra-(R,S-2-methylbutoxy)phthalocyaninatonickel [(R,S)-
14], 1(4)-tetra-(R,S-2-methylbutoxy)phthalocyaninatocopper
[(R,S)-15)], 1(4)-tetra-(R,S-2-methylbutoxy)phthalocyanina-
tozinc [(R,S)-16], and the corresponding systems (S)-14, (S)-
15, and (S)-16 with chiral substituents. Additionally, (R,S)-
and (S)-1,2-dicyano-3-(2-methylbutoxy)benzenes [(R,S)- and
(S)-11] were heated without a metal salt in dimethylamino-
ethanol for 6 h at 140 8C to yield the metal-free 1(4)-tetra-
(R,S-2-methylbutoxy)phthalocyanine [(R,S)-17] and (S)-17.
The distributions of the HPLC separated isomers are given in
Table 3 and show that the chiral and racemic OR substituents


in 10 and 11 not only leads to different distribution of the
structural isomers but that this effect also depends on the
metal used for the preparation of the metal phthalocyanines.
In the case of nickel, the amount of C4h isomer in (S)-14
(29 %) increases clearly in comparison to the racemic
counterpart (R,S)-14 (10 %) as already seen in the substituted
phthalocyanines 13 (Table 3). This difference also appears to a
lesser extent in the copper complexes (R,S)-15 (15%) and (S)-
15 (21 %), respectively, but is absent in the zinc phthalocya-
nine (R,S)/(S)-16 (12/11 %) and in the metal-free phthalocya-
nines (R,S) and (S)-17 (21/19%). The effect runs parallel to
the ability of the respective metals to form templates[11] in the
reaction of the phthalonitriles 10 and 11 with the respective
metal ions. Ni2�, with incomplete d orbitals and its preference
for a square-planar coordination geometry is the most suitable
and common template cation, particularly for nitrogen-donor
macrocycles. Cu2� and Zn2� are less suitable for this kind of
molecular recognition. During the synthesis of the metal-free
(R,S)- and (S)-17, the mechanism shown in Scheme 2 (no
template effect) is operative.


Having demonstrated the effects of substituents and central
metal atom on the formation of 1(4)-tetrasubstituted phtha-
locyanines, we investigated the influence of the reaction
conditions on the increase of the C4h isomer of the chiral
1(4)-tetra-(S-2-methylbutoxy)phthalocyaninatonickel [(S)-14].


Nickel phthalocyanines (R,S)-14 and (S)-14 were prepared
from (R,S)- and (S)-1,2-dicyano-3-(2-methylbutoxy)benzenes
[(R,S)- and (S)-11] first in dimethylaminoethanol, but adding
an excess of urea at 140 8C for 6 h. In a second experiment, the
reaction was carried out in the same solvent, but in the
absence of urea, and finally without solvent in a melt at 140 8C
for 6 h. All three reactions were worked up in the same way
and led to the results shown in Table 4. The yield of the C4h


isomer (S)-14 increased most in the third experiment [(R,S)-


14/(S)-14� 19:48], whereas with addition of urea, this effect
disappeared [(R,S)-14/(S)-14� 8:9] (Table 4). An explanation
for this phenomenon can be found when we consider that the
reaction must enforce a template effect to obtain an increase
of the C4h isomer of (S)-14. When urea was used, most
probably urea is first coordinated to the metal ion and then
gradually exchanged by a phthalodinitrile. The template
effect is therefore not valid during the synthesis of (S)-14 in
the presence of urea. On the other hand, in a solid-state
reaction (melt) without solvent and other reagents, the
respective dinitrile units can complex with the metal ion
immediately to induce a template effect.


In summary, we have observed a difference between the
behavior of 1(4)-alkoxy-substituted phthalocyaninatonickel
systems with chiral alkoxy groups (S)- and (R)-13 and (S)-14
and the analogous systems substituted with racemic alkoxy
groups, (R,S)-13 and 14 (Table 2). Investigations of the
influence of central metals (Table 3) and reaction conditions
(Table 4) show that for those cases in which we can assume a
template effect as a basis for these reactions, the proportion of
C4h isomer in the chiral systems (S)-13/(R)-13 and (S)-14
increases significantly in comparison to the values for racemic
compounds (R,S-13 and 14).


To understand this observation, model compounds were
subjected to semiempirical calculations. They showed no
increase in thermodynamic stability in the case of the C4h


isomer substituted with chiral alkoxy groups, compared to the
C4h isomer substituted with racemic alkoxy groups. No
unusual energetic destabilization took place when two
neighboring substituents with the same configurations were
contacted. All isomers, except the C4h isomer, have at least
two of these interacting alkoxy chains (Scheme 2).


If we look at the described phenomenon from a statistical
point of view, the isomer distribution found in the case of the
phthalocyanines substituted with chiral alkoxy groups can be
explained based on the observed statistical composition of the


Table 3. Influence of central metals on the isomer distribution of
1(4)-tetrasubstituted metal phthalocyanines.


Phthalo-
nitrile


Reaction conditions Product Isomer ratio [%][a]


D2h CS C2v C4h


(R,S)-11 NiCl2/DMAE, 6 h/140 8C (R,S)-14 3 66 21 10
(S)-11 NiCl2/DMAE, 6 h/140 8C (S)-14 2 45 24 29
(R,S)-11 CuCl2/DMAE, 24 h/140 8C (R,S)-15 2 51 32 15
(S)-11 CuCl2/DMAE, 6 h/140 8C (S)-15 2 45 32 21
(R,S)-11 zinc acetate/DMAE, 6 h/140 8C (R,S)-16 2 56 30 12
(S)-11 zinc acetate/DMAE, 6 h/140 8C (S)-16 2 52 35 11
(R,S)-11 DMAE, 6 h/140 8C (R,S)-17 2 45 32 21
(S)-11 DMAE,6 h/140 8C (S)-17 1 47 33 19


[a] Statistical distribution; D2h :Cs :C2v:C4h� 12.5:50:25:12.5.


Table 4. Influence of reaction conditions on the isomer distribution of
1(4)-tetrasubstituted nickel phthalocyanines.


Phthalo-
nitrile


Reaction conditions Product Isomer ratio[%][a]


D2h CS C2v C4h


(R,S)-11 NiCl2/DMAE/urea, 6 h/140 8C (R,S)-14 3 46 43 8
(S)-11 NiCl2/DMAE/urea, 6 h/140 8C (S)-14 2 49 40 9
(R,S)-11 NiCl2/DMAE, 6 h/140 8C (R,S)-14 3 66 21 10
(S)-11 NiCl2/DMAE, 6 h/140 8C (S)-14 2 45 24 29
(R,S)-11 NiCl2/melt, 6 h/140 8C (R,S)-14 3 47 31 19
(S)-11 NiCl2/melt, 6 h/140 8C (S)-14 1 30 21 48


[a] Statistical distribution; D2h :Cs :C2v:C4h� 12.5:50:25:12.5.







FULL PAPER M. Hanack et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0286 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1286


respective racemic phthalocyanine isomers in the following
way: a racemic isomer, for example (R,S)-14 (Scheme 3) can
be formed either from four molecules of phthalonitriles, for
example 10 with R or S configuration (RRRR or SSSS) or
from a mixture of four molecules of R- and S-configurated
phthalonitriles. The phthalocyanine macrocycle can thus be
formed from one R and three S molecules of phthalonitrile or
from two R and two S molecules of phthalonitriles etc. The
lower the symmetry of the respective isomers, the more
possibilities exist to compose the isomers from R- and S-
phthalonitrile units (e.g. in the case of (R,S)-13 : for the C4h


isomer: RRRR, SSSS, RSSS, SRRR, RRSS, RSRS ; for the D2h


isomer: RRRR, SSSS, RSSS, SRRR, RRSS, RSRS, SRRS ; for
the C2v isomer: RRRR, SSSS, RRRS, SSSR, SRRR, RSSS,
RRSS, SSRR, RSRS, SRRS ; for the Cs isomer: RRRR, SSSS,
RRRS, SSRR, RRSR, SSRS, RSRR, SRSS, SRRR, RSSS,
RRSS, SSRR, RSSR, SRRS, RSRS, SRSR).


The chiral S- and R-phthalocyanines, for example (S)- and
(R)-13 consist only of the either RRRR- or SSSS-phthaloni-
trile units. As a result of this, the amount of the C4h isomer
decreases to a lesser extent than the other three isomers Cs,
C2v, and D2h. Thus, the absolute proportion of the four isomers
shows an increased amount of the C4h isomer [(S)-13/(R)-13,
(S)-14] and a strongly decreased percentage of the Cs isomer.


Experimental Section


General : All reactions were carried out under dry nitrogen and all solvents
were dried according to standard methods. Commercially available
reagents were used as purchased. NMR spectra were recorded with a
Bruker ARX 250, IR spectra with a Bruker IFS 48, mass spectra with a
Varian MAT 711, UV/VIS spectra with a Shimadzu UV-365 and UV-
3102 PC, elemental analysis with a Carlo Erba Elemental Analyser 1106
and HPLC with Beckmann System Gold (Autosampler 507, Programmable
Solvent Module 126 and Diode Array Detector Modu1e 168) and Kronlab
system (Mastercron 4 High Performance Pump, Dynamax Absorbance
Detector Module UV-1 and Gilson Fraction Collector Model 201).


1,2-Dicyanonitrobenzene and the substituted 1,2-dicyanobenzenes were
synthesized according reported procedures.[13±15] 1(4)Tetra-(2-ethylhexyl-
oxy)phthalocyaninatonickel (5) was prepared by literature methods.[7]


All reported UV/Vis, 1H NMR, 13C NMR, MS data, and elemental analyses
for 1(4)- and 2(3)-substituted phthalocyanines refer to the mixture of
structural isomers. The UV/Vis spectra of the pure isomers differ from the
UV/Vis spectra of the isomer mixture only in the halfwidth of the bands.


(R,S)-1,2-Dicyano-3-(2-ethylhexyloxy)benzene [(R,S)-2]: Anhydrous
K2CO3 (7.9 g, 0.058 mol) was added to a solution of 1,2-dicyano-3-nitro-
benzene (4 g, 0.23 mol) in anhydrous DMF (50 mL) under nitrogen. The
mixture was stirred for 30 min at room temperature and then treated with
2-ethylhexanol (9.3 mL, 0.072 mol). After stirring the mixture for two days
at 40 8C it was cooled, poured into water, and extracted with toluene. The
combined organic extracts were dried with Na2SO4 and evaporated. The
residue was purified by column chromatography on silica gel (eluent: Et2O/
toluene, 1:1). Yield: 2.9 g (49 %), pale yellow waxy solid, m.p. 80 ± 83 8C.
Elemental analysis calcd for C16H20N2O (256.4): C 74.97, H 7.86, N 10.93;
found C 75.28, H 8.16, N 10.99; MS (EI): m/z (%): 256.7 ([M�], 8), 156.9
(3), 144.0 (16), 112.1 (11), 82.9 (7), 71.0 (85), 57.0 (100), 43.0 (50); IR (KBr
disk): nÄ � 3088 (w), 2961 (vs), 2930 (vs), 2872 (vs), 2859 (vs), 2232 (m,
C�N) cmÿ1; 1H NMR (CDCl3): d� 7.60 (m, 1H), 7.20 ± 7.28 (m, 2H), 3.97
(d, 2 H, J� 5.5 Hz), 1.71 (q, 1H, J� 6.1 Hz), 1.34 ± 1.54 (m, 4 H), 1.18 ± 1.27
(m, 4 H), 0.79 ± 0.90 (m, 6H); 13C NMR (CDCl3): d� 161.61, 134.55, 124.78,
116.83, 116.76, 115.36, 112.94, 104.67, 72.23, 39.01, 30.14, 28.85, 23.48, 22.79,
10.95.


(R,S)-, (S)- and (R)-1,2-Dicyano-3-(2-phenylbutoxy)benzene [(R,S)-10,
(S)-10 and (R)-10]: 1,2-Dicyano-3-nitrobenzene (3 g, 18 mmol) was stirred


with the appropriate (R,S)-, (S)- and (R)-2-phenylbutanol (5.2 g, 35 mmol)
and anhydrous K2CO3 (6 g) in anhydrous DMF (40 mL) at 40 8C for one
week. The mixture was poured into ice ± water and extracted with toluene.
The combined organic phases were dried with Na2SO4, the solvent
evaporated, and the products purified by column chromatography on silica
gel (eluent: toluene/Et2O, 5:1). Yield: 993 mg (20 %) for (R,S)-10, 1.14 g
(23 %) for (S)-10, and 893 mg (18 %) for (R)-10 ; white solid; m.p. 76 ±
79 8C. (S)-(�)-12 : [a]25


D ��11 (c� 1, toluene). (R)-(ÿ)-10 : [a]25
D �ÿ10


(c� 1, toluene).


(R,S)-10 : MS (EI): m/z : 276.2 ([M�]), 147.1 ([M�ÿC2H5]); IR (KBr): nÄ �
3082, 3030, 2962, 2929, 2873, 2229, 1583, 1475, 1454, 1249, 1051, 800, 762,
700 cmÿ1; 1H NMR (CDCl3/TMS): d� 7.60 (t, 1H, H-a'), 7.36 (m, 6H,
H-1',2',3', H-a or H-b'), 7.19 (d, 1H, H-a or H-b'), 4.24 (m, 2 H, H-1), 3.06
(m, 1 H, H-2), 1.85 (m), 2.11 (m) (2H, H-3), 0.93 (t, 3H, h-4); 13C NMR
(CDCl3/TMS): d� 161.7 (C-b), 141.3 (C-4'), 134.3 (C-a'), 129.9/128.5 (C-1',
2'), 127.5 (C-3'), 125.4 (C-b'), 117.4 (C-C'), 117.1 (C-a), 115.2/113.7 (C-d,
C-d'), 105.0 (C-C), 74.4 (C-1), 47.5 (C-2), 25.1 (C-3), 12.5 (C-4).


(R,S)- and (S)-1,2-Dicyano-3(2-methylbutoxy)benzene [(R,S)- and (S)-
11]: (R,S)- and (S)-11 were prepared by treating (R,S)- and (S)-2-
methylbutanol with 1,2-dicyano-3-nitrobenzene in DMF in the presence
of anhydrous K2CO3 as described for the preparation of (R,S)-2.


(R,S)-11: (R,S)-2-methylbutanol (3.8 g, 43.3 mol), 1,2-dicyano-3-nitroben-
zene (3 g, 17.3 mmol), and K2CO3 (6.2 g, 44.9 mol) were allowed to react in
DMF (30 mL) to give 1.3 g (35 %) of a white solid, m.p. 114 ± 116 8C. MS
(EI): m/z (%): 214 ([M�], 6), 157.2 (4), 144.2 (80), 127.1 (2), 115.9 (40), 99.9
(15), 89.0 (9), 71.0 (100), 55.1 (12), 43.0 (90); IR (KBr disk): nÄ � 3084 (s),
2964 (s), 2936 (vs), 2878 (s), 2237 (s, C�N), 1581 (vs), 1474 (vs), 1450 (s),
1400 (m), 1381 (m), 1306 (vs), 1288 (vs), 1242 (m), 1178 (m), 1051 (vs), 993
(w), 924 (w), 901 (w), 795 (vs), 729 (w) cmÿ1; 1H NMR (250 MHz, CDCl3):
d� 7.60 (m, 1 H), 7.19 ± 7.28 (m, 2H), 3.89 (m, 2 H), 1.88 (m, 1H), 1.25, 1.52
(m, 2 H), 1.00 (d, 3H, J� 6.8 Hz), 0.92 (t, 2H, J� 7.4 Hz); 13C NMR
(62.9 MHz, CDCl3): d� 161.56, 134.56, 124.90, 116.81, 115.36, 112.96,
104.73, 74.48, 34.39, 25.76, 16.25, 11.17.


(S)-11: (S)-2-Methylbutanol (1.7 g, 19.3 mol), 1,2-dicyano-3-nitrobenzene
(3 g, 17.3 mmol), and K2CO3 (6.2 g, 44.9 mmol) were allowed to react in
DMF (40 mL) to give 1.15 g (31 %) of a white solid; m.p. 113 ± 116 8C,
[a]20


D � 9.2 (c� 1, toluene); elemental analysis calcd for C13H14N2O (214.1):
C 72.86, H 6.59, N 13.08; found C 72.56, H 7.14, N 13.11.


1(4)-Tetra-(2-ethylhexyloxy)phthalocyaninatocopper (6): A solution of 1,2-
dicyano-3-(2-ethylheyloxy)benzene (1) (racemate) (0.5 g, 1.9 mmol) in
dimethylaminoethanol (10 mL) was heated with CuSO4 ´ 5H2O (120 mg,
0.5 mmol) for 6 h at 140 8C. The crude product was precipitated by adding a
methanol/water mixture (1:1), collected, and purified by column chroma-
tography (neutral alumina, eluent: CHCl3). Yield 70 mg (13 %) as a blue-
green powder. Separation of the isomers by HPLC with (o-nitrophenyl)-
quinoline-modified silica gel;[6] eluent 70% toluene and 30 % n-hexane;
flow 1.5 mL minÿ1. MS (FD): m/z : 1087.4 ([M�]), 2176.8 ([M�])2, 3264.4
([M�])3; IR (KBr disk): nÄ � 3064 (w), 2957 (vs), 2925 (vs), 2856 (s), 1591 (s),
1489 (m), 1458 (m), 1377 (m), 1338 (s), 1271 (s), 1246 (s), 1177 (w), 1124
(w), 1082 (s), 1064 (s), 941 (w), 887 (w), 796 (w), 756 (w), 740 (s) cmÿ1; UV
(CHCl3): l �709, 678, 635, 406, 345, 317, 260 nm; elemental analysis calcd
for C64H80N8O4Cu: C 70.55, H 7.41, N 10.29; found: C 71.00, H 8.10, N 10.62.


1(4)-Tetra-(2-ethylhexyloxy)phthalocyanine (7): Lithium (540 mg,
78 mmol) was heated (100 8C) in 2-ethylhexanol (20 mL) until all of the
metal was dissolved. 1,2-dicyano-3-(2-ethylhexyloxy)benzene (2) (race-
mate) (2 g, 4 mmol) was added and heated for 3 h (130 8C). The solvent was
removed by distilling under vacuo and the green product was dissolved in
chloroform and washed with water. The organic layers were dried over
MgSO4. The solvent was evaporated and the product was purified by
column chromatography (neutral alumina, eluent: CHCl3). Yield: 847 mg
(43 %) as a blue-green powder. Separation of the isomers by HPLC with
Machery-Nagel, ET 250/8/4 Nucleosil 5NO2; eluent 50% toluene and 50%
n-hexane; flow 1 mL minÿ1. MS (FD): m/z : 1027 ([M�]), 2054.4 ([M�])2,
3264.4 ([M�])3; 1H NMR (C6D6, 250 MHz) signals of the C4h isomer: d�
9.22 (d, 4 H), 8.03 (m, 4H), 7.37 (d, 4H), 4.35-4.47 (m, 8H), 2.49-0.96 (m,
60H), ÿ1.20 (s, 2H); 13C NMR (CDCl3, 62.89 MHz): d� 155.71, 149.80,
139.61, 130.60, 123.44, 115.42, 112.33, 76.85/71.82, 40.11/39.29, 30.66, 29.41/
29.14, 23.98, 23.32, 14.26/1405, 11.34/11.00; IR (KBr disk): nÄ 3062 (w), 2954
(s), 2856 (s), 1587 (m), 1494 (m), 1462 (m); 1454 (m), 1377 (w); 1334 (s),
1309 (m), 1267 (vs), 1224 (w), 1141 (w), 1058 (s); 1012 (s), 925 (w), 869 (w),
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864 (w), 796 (w), 758 (m), 705 (w), 615 (w) cmÿ1; UV (CHCl3): l� 723, 690,
658, 624, 353, 319 nm; elemental analysis calcd for C64H82N8O4: C 74.82, H
8.05, N 10.91; found C 74.80, H 9.06, N 9.94.


2(3)-Tetra(pentyloxy)phthalocyanine (8): 1,2-dicyano-4-(pentyloxy)ben-
zene (500 mg, 2.35 mmol) was added to a hot solution of lithium (300 mg,
43 mmol) in pentanol (35 mL) and heated for 3 h (130 8C). Workup and
purification were carried out as described for 6 ; column chromatography
(silica gel, eluent: CHCl3). Yield: 237 mg (47 %) as a blue powder.
Separation of the isomers by HPLC with (p-butyldinitrophenyl)quinoline-
modified silica gel;[6] eluent 25% THF and 75 % n-hexane; flow
1.5 mL minÿ1. MS (FD): m/z : 858.2 ([M�]); 1H NMR (CDCl3, 250 MHz):
d� 8.29 (br, 4H), 7.75 (br, 4 H), 7.16 (br, 4H), 4.28 (br, 8H), 2.14 (br, 8H),
1.75 (br, 16H), 1.2 (br, 12H), ÿ4.31 (s, 2 H); 13C NMR (CDCl3,
62.89 MHz): d� 159.70, 146.87, 145.79, 136.20, 127.83, 122.16, 117.79,
103.59, 68.07, 29.35, 28.51, 22.82, 14.25; IR (KBr disk): nÄ � 3423 (w), 2958
(m), 2925 (s), 2854 (m), 1612 (s), 1502 (w), 1485 (w), 1467 (m), 1427 (w),
1386 (m), 1344 (m), 1323 (m), 1261 (vs), 1240 (s), 1097 (vs), 1053 (s), 1018
(s), 850 (w), 804 (s), 752 (m) cmÿ1; UV (CHCl3): l� 705, 668, 647, 607, 344,
300 nm; elemental analysis calcd for C52H58N8O4: C 72.73, H 6.76, N 13.05;
found C 72.21, H 6.55, N 13.84.


1(4)-Tetra-(R,S-, S-, and R-2-phenylbutoxy)phthalocyaninatonickel
[(R,S)-, (S)-, and (R)-13]: A solution of 1,2-dicyano-3-(R,S-, S-, and R-2-
phenylbutoxy)benzene (0.5 g, 1.8 mmol) in dimethylaminoethanol (10 mL)
was heated with NiCl2 (115 mg, 1.4 mmol) for 24 h at 140 8C. The crude
product was precipitated by adding a methanol/water mixture (1:1),
collected and purified by column chromatography (silica gel, eluent:
CHCl3). Yield: 115 mg (22 %) for (R,S)- and (R)-13, 94 mg (18 %) for (S)-7.
Separation of the isomers by HPLC with (o-nitrophenyl)quinoline-
modified silica gel;[6] eluent 85 % toluene and 15 % n-hexane; flow
1.5 mL minÿ1. MS (FD): m/z : 1162.1 ([M�]); 1H NMR (CDCl3,
250 MHz): (R,S)-13 : d� [8.95 (d), 8.72 (d), 8.69 (d), 8.06 (m), 7.83 (m),
7.47 (m), 6.99 (m), 6.96 (m), 6.56 (m), 6.23 (m), 5.99 (m)] 32H, [5.28 ± 5.10
(m), 4.3 (m), 4.15 (m), 3.66 (m), 3.31 (m)] 8H, [2.77 (m), 2.59 (m), 1.93 (m),
1.27 (m), 1.06 (m), 0.63 (m)] 24 H; (S)- and (R)-13 : d� [8.99 (d), 8.80 (d),
8.66 (d), 8.22 (m), 7.88 (m), 7.65 (m), 6.94 (m), 6.55 (m), 6.32 (m), 6.01 (m)]
32H, [5.31 (m), 5.01 (m), 4.44 (m), 4.26 (m), 3.65 (m), 3.40 (m)] 8 H, [2.82
(m), 2.60-2.57 (m), 1.99 ± 1.90 (m), 1.18 (m), 1.09 (m), 1.01 (m) 0.75 (m)]
24H; 13C NMR (CDCl3, 62.89 MHz): (R,S), (S)-, and (R)-13 : d� 156.31 ±
153.91, 145.11, 143.02 ± 142.13, 140.87 ± 138.02, 129.57, 128.9, 127.02, 123.49/
122.00, 117.4/116.57, 114.46 ± 133.44, 111.32, 73.23/72.23, 48.54/47.58, 26.31,
12.51; IR (KBr disk): nÄ � 3516 (m), 2954 (m), 2923 (s), 2852 (m), 1641 (m),
1595 (vs), 1529 (m), 1492 (s), 1483 (s), 1452 (s), 1431 (s), 1377 (w), 1330 (vs),
1263 (vs), 1244 (s), 1197 (m), 1128 (s), 1083 (s), 740 (w); UV (CHCl3) l 697,
670, 627, 400, 336, 299 nm; elemental analysis calcd for C72H64N8O4Ni: C
73.61, H 5.98, N 8.61; found C 72.78, H 6.52, N 8.58.


1(4)-Tetra-(R,S- and S-2-methylbutoxy)phthalocyaninatonickel [(R,S)-
and (S)-14]: A solution of 1,2-dicyano-3-(R,S and S-2-methylbutoxy)ben-
zene (0.5 g, 2.4 mmol) in dimethylaminoethanol (10 mL) was heated with
NiCl2 (115 mg, 1.4 mmol) for 6 h at 140 8C. The crude product was
precipitated by adding a methanol/water mixture (1:1), collected and
purified by column chromatography (neutral alumina, eluent: CHCl3).
Yield: 128 mg (28 %) for (R,S)-14, 260 mg (48 %) for (S)-14. Separation of
the isomers by HPLC with (o-nitrophenyl)quinoline-modified silica gel;[6]


eluent 90% toluene and 10% n-hexane; flow 1 mL minÿ1. MS (FD): m/z :
914.4 ([M�]); 1828.1 ([M�])2; 1H NMR (C6D6, 250 MHz): (R,S)-14 : d�
[9.37 (d), 9.30 (d), 9.20 (d), 8.82 (d)] 4 H, [8.10 ± 7.95 (m), 7.77 (d), 7.67 (d),
7.39 (d), 7.09 (d), 6.99 (d), 6.79 (d), 6.68 (d)] 8H, [5.15 ± 5.06 (m), 4.91 ± 4.82
(m), 4.16 ± 4.10 (m), 3.89 (m), 3.74 (m)] 8H, [2.71 ± 2.68 (m), 2.40-2.09 (m),
1.67 ± 0.97 (m)] 36 H; (S)-14 : d� [9.25 ± 9.15 (m), 8.94 (d), 8.50 (d)] 4H,
[8.18 ± 7.94 (m), 7.86 ± 7.66 (m), 7.65 ± 7.57 (m), 7.48 (d), 7.10 ± 7.00 (m), 6.94
(d), 6.78 (d), 6.45 (d), 6.29 (d)] 8 H, [5.17 ± 5.07 (m), 4.96 ± 4.86 (m), 4.06 ±
3.96 (m), 3.63 (m), 3.39 (m)] 8H, [2.75 (m), 2.29 ± 1.11 (m)] 36 H; 13C NMR
(CDCl3, 62.89 MHz): (R,S)-14 : d� 156.09-153.74, 144.6, 140.35 ± 137.49,
128.66, 125.93 ± 121.64, 115.33, 113.62 ± 109.62, 76.91/73.00, 34.79, 29.69/
26.24, 16.34, 11.39; (S)-14 : d� 156.09 ± 153.99, 144.46, 140.41 ± 137.76,
128.92, 125.93 ± 121.88, 115.42, 113.74 ± 109.89, 76.86/73.36, 34.99, 29.69/
26.44, 16.37, 11.41; IR (KBr disk): nÄ � 3070 (s), 2956 (vs), 2925 (vs), 2871
(vs), 2856 (vs), 1597 (m), 1490 (m), 1462 (m), 1377 (w), 1332 (s), 1273 (vs),
1234 (s), 1176 (w), 1126 (m), 1085 (s), 1062 (s), 952 (m), 898 (w), 794 (w),
758 (w), 740 (m) cmÿ1; UV (CHCl3): l� 699, 671, 628, 400, 375, 335,


298 nm; elemental analysis calcd for C52H56N8O4Ni: C 68.24, H 6.17, N
12.25; found C 68.29, H 6.49, N 12.16.


1(4)-Tetra-(R,S- and S-2-methylbutoxy)phthalocyaninatocopper [(R,S)-
and (S)-15]: A solution of 1,2-dicyano-3-(R,S- and S-2-methylbutoxy)ben-
zene (0.5 g, 2.4 mmol) in dimethylaminoethanol (10 mL) was heated with
CuCl2 (188 mg, 1.4 mmol) for 6 h at 140 8C. The crude product was
precipitated by adding a methanol/water mixture (1:1), collected, and
purified by column chromatography (neutral alumina, eluent: CHCl3).
Yield: 137 mg (25 %) for (R,S)-15, 121 mg (22 %) for (S)-15. Separation of
the isomers by HPLC with (p-butylnitrophenyl)quinoline-modified silica;[6]


eluent 75% n-hexane and 25% THF; flow 1.5 mL minÿ1. MS (FD): m/z :
918.9 ([M�]); IR (KBr disk): nÄ � 3060 (m), 2949 (s), 2925 (vs), 2854 (s),
1584 (m), 1489 (m), 1377 (w), 1341 (s), 1268 (vs), 1177 (w), 1124 (w), 1082
(s), 1064 (s), 941 (m), 891 (w), 740 (s) cmÿ1; UV (CHCl3): l� 708, 676, 635,
345, 318, 259 nm; elemental analysis calcd for C52H56N8O4Cu: C 67.85, H
6.09, N 12.18; found C 67.60, H 6.11, N 11.94.


1(4)-Tetra-(R,S- and S-2-methylbutoxy)phthalocyaninatozinc [(R,S)- and
(S)-16]: A solution of 1,2-dicyano-3-(R,S and S 2-methylbutoxy)benzene
(0.5 g, 2.4 mmol) in dimethylaminoethanol (10mL) was heated with zinc
acetate (307 mg, 1.4 mmol) for 6 h at 140 8C. The crude product was
precipitated by adding a methanol/water mixture (1:1), collected, and
purified by column chromatography (silica gel, eluent: toluene/ether 2:1).
Yield: 126 mg (23 %) for (R,S)-16, 104 mg (19 %) for (S)-16. Separation of
the isomers by HPLC with (o-nitrophenyl)quinoline-modified silica;[6]


eluent 60% n-hexane and 40% THF; flow 1.5 mL minÿ1. MS (FD): m/z :
919.8 ([M�]); 1H NMR (CDCl3, 250 MHz): (R,S)- and (S)-16 : d� [8.57 (d),
8.46 (d), 7.84 (m), 7.55 (m), 7.12 (m), 6.67 (m), 6.23 (m), 6.08 (m)] 12H, [4.83
(m), 4.78 (m), 3.95 (m), 3.50 (m), 3.19 (m)] 8H, [2.39 (m), 2.21 (m), 2.14
(m), 1.44 ± 0,94 (m)] 36 H; 13C NMR (CDCl3, 62.89 MHz): (R,S)- and (S)-
16 : d� 156.25 ± 154.59, 152.25, 141.74 ± 138.43, 129.73, 126.35, 117.03,
113.59 ± 112.37, 77.68, 35.44, 26.84, 16.93, 11.73; IR (KBr disk): nÄ � 3440
(w), 2958 (m), 2925 (m), 2873 (m), 1587 (m), 1488 (s), 1463 (m), 1377 (w),
1336 (vs), 1269 (vs), 1230 (vs), 1174 (m), 1120 (s), 1082 (vs), 1064 (vs), 945
(m), 798 (m), 761 (w), 740 (m) cmÿ1; UV (CHCl3): l� 695, 666, 627, 372,
319 nm; elemental analysis calcd for C52H56N8O4Zn: C 67.68, H 6.07, N
12.15; found C 65.09, H 6.03, N 11.87.


1(4)-Tetra-(R,S- and S-2-methylbutoxy)phthalocyanine [(R,S)- and (S)-
17]: A solution of 1,2-dicyano-3-(R,S- and S-2-methylbutoxy)benzene
(0.5 g, 2.4 mmol) in dimethylaminoethanol (10 mL) was heated for 6 h at
140 8C. The crude product was precipitated by adding a methanol/water
mixture (1:1), collected and purified by column chromatography (silica gel,
eluent: CHCl3). Yield: 51 mg (10 %) for (R,S)-17, 77 mg (15 %) for (S)-17.
Separation of the isomers by HPLC with Machery-Nagel, ET 250/8/4
Nucleosil 5NO2; eluent 73% n-hexane and 27% THF; flow 1.5 mL minÿ1.
MS (FD): m/z : 858.1 ([M�]); 1H NMR (CDCl3, 250 MHz): (R,S)- and (S)-
17: d� [8.99 (m), 8.65 (m), 8.44 (m), 8.06 (m), 7.93 (m), 7.85 (m), 7.66 (m),
7.39 (m), 7.11 (m), 7.01 (m) ] 12 H, [4.97 (m), 4.77 (m), 4.36 (m), 4.16 (m),
3.97 (m)] 8H, [2.52 (m), 2.32 (m), 1.69 (m), 1.48 (m), 1.33 (m), 1.16 (m), 0.95
(m)] 36 H, [ÿ1.01 (s), ÿ1.11 (s), ÿ1.24 (s)] 2 H; 13C NMR (CDCl3,
62.89 MHz): (R,S)- and (S)-17: d� 157.03, 149.74, 140.07, 130.93, 125.11,
116.15, 111.93, 73.92, 35.54/35.3, 26.34, 16.89, 11.73; IR (KBr disk): nÄ � 3438
(m), 2956 (m), 2923 (s), 2854 (m), 1742 (w), 1589 (s), 1494 (s), 1461 (s), 1377
(m), 1334 (s), 1265 (s), 1224 (s), 1110 (vs), 1089 (vs), 1060 (vs), 1012 (vs), 931
(m), 873 (m), 798 (w), 744 (s) cmÿ1; UV (CHCl3): l� 729, 695, 663, 629,
317 nm; elemental analysis calcd for C52H58N8O4: C 72.64, H 6.75, N 13.04;
found C 71.85, H 7.21, N 11.78.


2(3)-Tetra-(R,S- and S-2-methylbutoxy)phthalocyaninatonickel [(R,S)-
and (S)-18]: A solution of 1,2-dicyano-3-(R,S and S-2-methylbutoxy)ben-
zene (0.5 g, 2.4 mmol) in dimethylaminoethanol (10 mL) was heated with
NiCl2 (115 mg, 1.4 mmol) for 6 h at 140 8C. The crude product was
precipitated by adding a methanol/water mixture (1:1), collected, and
purified by column chromatography (silica gel, eluent: toluene/ether 1:1).
Yield: 192 mg (35 %) for (R,S)-18, 224 mg (41 %) for (S)-18. Separation of
the isomers by HPLC with (p-butylnitrophenyl)quinoline-modified silica
gel;[6] eluent 80% n-hexane and 20% THF; flow 1 mL minÿ1. MS (FD):
m/z : 914.4 ([M�]); 1H NMR (CDCl3, 250 MHz): (R,S)- and (S)-18 : d�
[7.70 ± 7.45 (m), 7.21 ± 6.87 (m), 6.51 ± 6.39 (m)] 12 H, 3.98 ± 3.62 (m) 8H,
[1.97 (m), 1.76 (m), 1.40 (m), 1.17 (m)] 36H; 13C NMR (CDCl3,
62.89 MHz): (R,S)- and (S)-18 : d� 159.19, 142.26, 135.91/134.20, 128.86 ±
126.89, 120.89/119.86, 116.93, 101.62, 72.69, 34.87, 26.34, 16.73, 11.59; IR
(KBr disk): nÄ � 2958 (m), 2923 (m), 2873 (w), 1610 (s), 1531 (m), 1483 (m),
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1463 (vs), 1388 (w), 1336 (m), 1274 (m), 1238 (vs), 1122 (vs), 1093 (vs), 1066
(s), 950 (w), 740 (m) cmÿ1; UV (CHCl3): l� 671, 639, 605, 379, 328 nm;
elemental analysis calcd for C52H56N8O4Ni: C 68.24, H 6.17, N 12.25; found
C 67.87, H 5.87, N 12.81.


Acknowledgements


We thank Fonds der Chemischen Industrie for the financial support of this
work.


[1] a) M. Hanack, H. Heckmann, R. Polley, Houben-Weyl: Hetarenes V,
Vol. E 9d (Ed.: E. Schaumann), Thieme, Stuttgart, 1998 ;
b) Phthalocyanines: Properties and Applications, Vols. 1 ± 4 (Eds.:
C. C. Leznoff, A. B. P. Lever), VCH, Weinheim, 1989 ± 1996,
pp. 1989 ± 1996; c) M. Hanack, M. Hees, P. Stihler, G. Winter, L. R.
Subramanian, Handbook of Conducting Polymers (Eds.: T. A. Sko-
theim, R. L. Elsenbaumer, J. R. Reynolds), M. Dekker, Inc., New
York, 1997, pp. 381 ± 407; d) M. Hanack, L. R. Subramanian, Hand-
book of Organic Conductive Molecules and Polymers, Vol. 1 (Ed.:
H. S. Nalwa), Wiley, New York, 1997, pp. 687 ± 726; e) M. Hanack, M.
Lang, Chemtracts 1995, 8, 131; f) M. Hanack, M. Lang, Adv. Mater.
1994, 6, 819.


[2] S. W. Oliver, T. D. Smith, J. Chem. Soc. Perkin Trans. II 1987, 1579.
[3] V. J. Borodkin, Appl. Chem. USSR 1958, 31, 803.
[4] S. Gaspard, P. Maillard, Tetrahedron 1987, 43, 1083.
[5] C. H. Yang, S. F. Lin, H. L. Chen, C. T. Chang, Inorg. Chem. 1980, 19,


3541.
[6] M. Sommerauer, C. Rager, M. Hanack, J. Am. Chem. Soc. 1996, 118,


10085.
[7] M. Hanack, G. Schmid, M. Sommerauer, Angew. Chem. 1993, 105,


1540; Angew. Chem. Int. Ed. Engl. 1993, 32, 1422.
[8] The alternate positions for the substituents in a mixture of isomeric


tetrasubstituted phthalocyanines are bracketed.
[9] See C. C. Leznoff, M. Hu, K. Nolan, J. Chem. Soc. Chem. Commun.


1996, 1245.
[10] C. Rager, Dissertation, AM1 method , HyperChem 4.0; Universität


Tübingen, 1998.
[11] M. Sousa Healy, A. Reat, Adv. Inorg. Radiochem. 1975, 17, 165.
[12] a) D. Bush, N. Stephenson, Coord. Chem. Rev. 1990, 100, 119; b) V. W.


Day, T. J. Marks, W. A. Wachter, J. Am. Chem. Soc. 1975, 97,
4519.


[13] R. George, A. Snow, J. Heterocycl. Chem. 1995, 32495.
[14] J. Young, W. Onyebuagu, J. Org. Chem. 1990, 55, 2155.
[15] W. Siegel, J. Heterocycl. Chem. 1981, 18, 1613.


Received: June 12, 1998 [F1204]








Pleiadene Dimerization and Its Application to the Construction of Novel
Carbon Networks


AÂ ngela Sastre,[a][b] Gordana Srdanov,[a] and Fred Wudl*[a][b]


Abstract: The synthesis of the anti- and syn-pleiadene dimers 2 has been carried out
in solution and in the solid state from (6b-10b-dihydrobenzo[j]cyclobut[a]acenaph-
thylene) (3). The structures of the anti- and syn-2 dimers were determined by X-ray
crystallography and by NMR spectroscopy and mass spectrometry. An exhaustive
thermal analysis of the two dimers has been carried out, establishing that the
equilibrium for their interconversion occurs via pleiadene as an intermediate species.
Vinyl-6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene (5) has been synthesized
and used as a pre-monomer for the preparation of poly(pleiadene) dimer through
either thermal or photochemical polymerization.


Keywords: biradicals ´ carbon net-
works ´ pleiadene ´ polymerizations


Introduction


Attempts in recent years to produce materials with properties
approaching those of diamond have increasingly focused on
the generation of cross-linked all-hydrocarbon polymers. The
exceptional physical properties of diamond (hardness, high
refractive index, and high thermal conductivity) can ultimate-
ly be ascribed to the compact, strong, directional carbon ±
carbon single covalent bonds that make up this three-dimen-
sional extended solid.[1] Many approaches have been utilized
to prepare high-strength organic materials by thermal cross-
linking[2] and hypercross-linking.[3±6]


The elusive hydrocarbon pleiadene 1[7] is of interest from a
theoretical[8±12] and, more recently, from a practical view-
point as a chain-extending end cap for flexible quinoline
oligomers.[2] Attempts to isolate it at room temperature have
always led to the formation of the anti dimer 2,[9, 11, 12, 13] as
characterized by 1H NMR spectroscopy. Though the pleia-
dene dimer can be generated from either 7,12-dibromo- or
7,12-dihydropleiadene-7,12-sulfone,[13] the strained benzocy-
clobutene 3 (6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthy-


lene)[9, 11] is the most efficient precursor for the thermal or
low-temperature photochemical generation of 1 as a short-
lived intermediate.[10, 12]


Though pleiadene dimerization has been briefly described
for the chain extension of macromolecules,[2] there are no
reports of its utilization as a polymerization functional group.
This pleiadene polymerization/cross-linking process possesses
the two distinct advantages usually associated with cyclo-
additive polymerizations such as the Diels ± Alder polymer-
ization: 1) it is achieved without the evolution of volatile by-
products, allowing easier processing of the polymer into the
final molded product in a single step and, 2) it does not
introduce any weak links into the polymer in the form of
heteroatoms or free radical-, anion-, or cation-stabilizing
groups. With this type of monomer we are able to fill a mold of
the desired shape and then heat it to obtain a finished product
directly without the properties of the polymer being degraded
by contamination with a catalyst or by-product fragment such
as CO2, H2O or N2.


In their studies of the dimerization of 1 Kolc and Michl[10]


concluded that it is not possible to distinguish between a
stepwise biradical pathway (mechanism a, Scheme 1) or a
concerted, symmetry-controlled process (mechanism b,
Scheme 1). The principal argument against a concerted
thermal process is that a [p4s�p4s] reaction is symmetry-
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forbidden. Conversely, the primary argument in favor of
concertedness is the previously claimed selective anti-specific
product formation. In other words, the observation of anti-
specificity is a fundamental argument against a stepwise
process. The same authors have proposed that regardless of
whether mechanism a or mechanism b is operative, anti-
specific dimerization is to be expected on the basis of
secondary orbital interactions.[10]


In this work, we have studied the pleiadene dimerization
reaction, and report herein the isolation, spectroscopic
properties, structural analysis, thermal analysis, and crystal
structures of the anti and the syn pleiadene dimers. We are
able to show unequivocally, and contrary to previous findings,
that the formation of 2 is not anti-specific and that the
observed ratio of syn to anti product is not a reflection of
relative thermodynamic stability. We also report the prepa-
ration of poly(pleiadene dimer) based on a self-initiated
thermal or photochemical polymerization of dihydrobenzo[j]-
cyclobut[a]acenaphthylene subunits.


Results and Discussion


Pleiadene dimerization: Compound 3 was synthesized ac-
cording to the experimental procedure described by Kolc and
Michl.[10] Heating the monomer 3 in a sealed tube at 240 8C,
afforded a 4.9:1 mixture (83:17) of the anti- and syn-2 isomers,
respectively, in an overall yield of 84 %. The same ratio was
also obtained as described previously[10] by refluxing for
15 min in a-chloronaphthalene under an argon atmosphere
(Scheme 2). The isomers differ in their physical and chemical
properties, but no separation could be achieved by normal


Scheme 2. Reaction of 3 with achloronaphthalene to give anti-2 and syn-2.


column chromatography, which
could explain why the dimeri-
zation was previously thought
to be anti-specific. Special semi-
preparative HPLC (see Exper-
imental Section) was necessary
to separate the isomers. The EI-
MS analyses performed sepa-
rately on both anti-2 and syn-2
showed the parent ion at m/z
456 (M�) as well as an addi-
tional peak at half the molec-
ular mass (m/z 228) corre-
sponding to the aromatic pleia-
dene. Proton NMR spectra of
the crude reaction mixture al-
lowed a clear distinction to be
made between the resonances
of the two isomers. Two sharp


singlets at d� 5.07 and 5.36 are assigned to the four
benzhydryl protons of the anti isomer and the syn isomer
respectively. Decoupling experiments in CDCl3 for anti-2, and
in CD2Cl2 for syn-2, allowed the assignment of all the
aromatic protons, as shown in Figure 1. The 13C NMR spectra
of anti- and syn-2 both show 10 signals, corresponding to C2h


and C2v symmetry, respectively.
UV/Vis spectroscopy showed a slight hypsochromic shift


and a broadening in the signals of the syn-pleiadene dimer
relative to the anti isomer. The major difference was in the
270 ± 330 nm region (Figure 2). The long-wavelength bath-
ochromic shift in the anti isomer may be due to a transannular
p ± p interaction between the phenylene and naphthylene
units, the same interaction which may account for the crystal
packing in the syn isomer (see below and Figure 4).


The anti dimer crystallizes (see Experimental Section)
together with one molecule of disordered o-dichlorobenzene
(ODCB). The two halves of the molecule either side of the
inversion center are crystallographically different. The struc-
ture has no unusual bond lengths or angles. The longest single
bond, the equatorial C(lA) ± C(5B) bond (1.606(10),
1.575(11) �) is different by about 3s for the two independent
parts of the asymmetric unit and is shorter than the
corresponding bond (1.621(8) �) in the syn conformer
(Figure 3). The average length of the phenylene bonds is
1.390(11) � for the anti dimer, these being slightly shorter
(1.380(9) and 1.387(9) �) for the syn isomer; the naphthylene
bond lengths are comparable with previously reported
data[14±16] and have average values of 1.393(11) and
1.401(11) � (anti) and 1.393(11) and 1.396(11) � (syn)
(Table 1). A comparison of the dihedral angles about the
two long bonds for the anti and syn isomers shows the isomers
to have different angle strains, with the two independent
halves of anti-2 also having slightly different molecular strain
(Table 1).


The packing of the two structures is significantly different
owing to the presence of a disordered solvent molecule in the
anti crystals. The syn molecules form stacks along the
crystallographic a axis in such a way that an o-phenylene ring
from one molecule and a naphthalene ring from a neighbor


Scheme 1. Mechanisms for the dimerization of 1.
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facing one other with a normal van der Waals separation
(3.422 �) (Figure 4).


A thermal analysis on the dimers was carried out to study
the possibility of interconversion between the two isomers.
Differential scanning calorimetry (DSC) of 3 between 40 and
400 8C at 5 8C minÿ1 under a nitrogen atmosphere showed a
melting endotherm at 130 8C (m.p. 130 ± 132 8C[10]) and a
maximum exotherm for the dimerization at 216 8C. Integra-
tion of the area under the exotherm gave a value of
105.25 cal gÿ1, which corresponds to an exothermicity of
31.58 kcal molÿ1 for the dimerization process. The melting
points of anti- and syn-2 were 377.45 and 338.92 8C, respec-
tively, and were followed very closely by broad exothermic
peaks centered at 380.21 8C and 340.69 8C. Pyrolysis in the
DSC apparatus of the less stable dimer, syn-2, with quenching
at 340 8C before the exothermic reaction was complete,
yielded a sublimed mixture of anti- and syn-2 (60:40), which
equates with a very low difference in energy (0.5 kcal molÿ1)


Figure 2. UV/Vis spectrum of anti-2 (solid line) and syn-2 (dotted line) in
CHCl3 as solvent. The region below about 240 nm is an instrumental
artifact due to solvent absorption. A� absorbance.


Figure 3. Labeling scheme for the anti-2 (top) and syn-2 (bottom)
molecular units. The actual asymmetric unit for anti consists of two
independent halves, denoted by the suffixes A and B, but drawn as a single
unit. See Table 1 for bond lengths.


Figure 1. Top: 1H NMR spectrum of the
anti-2 isomer in CDCl3 solution; bottom:
1H NMR spectrum of the syn-2 isomer in
CD2Cl2 solution. Controls revealed no
change in chemical shift on changing from
CDCl3 to CD2Cl2. The latter was used for the
syn isomer because one of its resonances
overlapped with the CDCl3 signal.
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between the two isomers. Moreover, at this temperature a
solid mixture of anti- and syn-2 (75:25) was left in the DSC
vessel, but no dihydropleiadene 4 was detected in either the
sublimate or the residue. Similar studies performed at the
lower temperatures of 280, 290, 300, 310, 320, and 330 8C
afforded approximately the same mixture of sublimed prod-
uct, with isomer ratios of between 55:45 and 60:40, as
determined by HPLC. When the same experiment was
performed with pure anti-2 at 380 8C, anti- and syn-2 were
observed in the sublimate in a ratio of 96:4, together with
dihydropleiadene, leaving a black powder as the DSC residue.
This indicates, as shown in Scheme 3, that the interconversion
between anti-2 and 1 at 380 8C is
quite different from the inter-
conversion between syn-2 and 1
at 280 ± 340 8C. On this basis it
would appear that under the
usual reaction conditions for
the conversion of 3 to 2 (neat
at 240 8C or in refluxing a-
chloronaphthalene at 259 8C),
interconversion does not occur.
The preference in this reac-
tion for the anti product could
be the consequence of slightly
higher p ± p electron repul-
sion in the syn isomer, with
an energy difference of about
2 kcal molÿ1 (calculated experi-
mentally by calorimetry). The
5:1 ratio observed in the
bulk reaction is therefore not
a reflection of the relative sta-
bilities of syn and anti dimers
of 2.


Figure 4. Stereodiagram of the packing for anti-2 (top; viewed along the b
axis) and syn-2 (bottom; viewed along the c axis).


This allows the course of the dimerization reaction to be
explained as represented in Scheme 3, in which the dimeriza-
tion is rendered reversible through the pleiadene monomer as
an intermediate. However, the pleiadene does not revert to
the starting material 3. The pleiadene monomer is a radicaloid
(singlet ground state, ESR silent),[10] which dimerizes in an
energetically downhill process. A further thermal study of the
mixture of the two isomers at> 400 8C led to the isolation of a
black powder and dihydropleiadene (4, 20 % yield). The
source of H ´ is not known at the present time.


Pleiadene-based polymers: Armed with the above informa-
tion, we set out to establish the applicability of pleiadene


Scheme 3. Interconversion between syn-2 and 1 and between anti-2 and 1.


Table 1. Selected bond lengths [�] and torsion angles [8].


anti-2 Molecule 1 Molecule 2


C(1) ± C(2) 1.538(11) 1.515(11)
C(1) ± C(5)[a,b] 1.606(10) 1.575(11)
C(1) ± C(11) 1.498(8) 1.546(8)
C(5) ± C(4) 1.521(11) 1.524(11)
C(5) ± C(16) 1.515(8) 1.512(8)
C(2)-C(1)-C(5)-C(16) 27.90 ÿ 26.26
C(2)-C(1)-C(5)-C(4) 162.0 ÿ 162.75
C(11)-C(1)-C(5)-C(16) ÿ 106.89 109.47
C(11)-C(1)-C(5)-C(4) 27.20 ÿ 27.02


syn-2


C(03) ± C(02) 1.505(8) C(09) ± C(10) 1.525(8)
C(03) ± C(04) 1.621(8) C(09) ± C(46) 1.496(8)
C(03) ± C(41) 1.496(8) C(09) ± C(08) 1.614(8)
C(04) ± C(05) 1.504(9) C(08) ± C(07) 1.513(8)
C(04) ± C(31) 1.521(8) C(08) ± C(32) 1.494(8)
C(07)-C(08)-C(09)-C(10) 4.49 C(02)-C(03)-C(04)-C(05) 4.14
C(07)-C(08)-C(09)-C(46) ÿ 128.03 C(02)-C(03)-C(04)-C(31) ÿ 129.8
C(32)-C(8)-C(9)-C(10) 141.09 C(41)-C(03)-C(04)-C(05) 141.69
C(32)-C(08)-C(09)-C(46) 8.56 C(41)-C(03)-C(04)-C(31) 7.75


Symmetry transformations: [a] Molecule 1: ÿx, ÿy� 2, ÿzÿ 1. [b] Molecule 2:
ÿx� 1, ÿy� 1, ÿz.
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dimerization in an actual polymerization reaction. To this end,
8-vinyl-6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene
(5) was prepared from 8-iodo-6b-10b-dihydrobenzo-[j]cyclo-
but[a]acenaphthylene (6) by a Negishi coupling.[17] The [2�2]
cycloaddition of iodobenzyne, generated from 4-iodobenze-
nediazonium-2-carboxylate (7), to acenaphthylene (8) gave a
20 % yield of the iodo derivative 6. Reaction of a vinylzinc
with 6 in the presence of a Pd0 catalyst proceeded readily to
give the vinyl pleiadene derivative in 98 % yield (Scheme 4).
Substitution of the bromo pleiadene derivative[2] for the iodo


Scheme 4. Synthesis of 5.


compound, reduced the yield substantially (10 ± 30 %). DSC
analysis of the iodo derivative showed a melting endotherm at
162 8C, a dimerization exotherm peak at 218 8C, and the ring-
opening exotherm at 306 8C.


The DSC analysis of vinylbenzocyclobutane 5 (Figure 5)
exhibited a melting endotherm at 102 8C and an exotherm
peak at 214 8C that could in principle, by analogy with the data
for the parent compound 3 and the iodo derivative 6, be
attributable to the dimerization process. However, opening of
the dimer, as evidenced by an exotherm peak in the DSC
between 300 and 400 8C, was not observed, in contrast to the
other examples already mentioned. Pyrolysis of 5 at 230 8C for
15 min in the DSC apparatus afforded an insoluble, thick
monolith.


A photochemical polymerization with a 450 W mercury
lamp, produced material with similar properties. These
observations prompted to us to consider the possibility of a
spontaneous polymerization having occurred during the
pleiadene dimerization process. Thermal gravimetric analysis
(TGA) of 5 demonstrated the high thermal stability of the
compound generated after heating at 214 8C (Figure 6). In the
first step of the curve, beyond the melting point, a 29 % loss of
mass can be attributed to sublimation. The sublimation was
fortunately incomplete, and the
residue polymerized to a poly-
mer of exceptional thermal sta-
bility with an onset of decom-
position of 480 8C (Figure 6).


Upon quenching the poly-
merization process by sudden
cooling, the only isolated solu-
ble product was the divinyl
pleiadene dimer 9. No evidence
of a Diels ± Alder adduct was
found. The divinyl pleiadene


Figure 5. DSC of vinylbenzocyclobutane derivative 5.


Figure 6. TGA of vinylbenzocyclobutane derivative 5.


dimer 9 can be easily prepared from the iodo benzocyclobu-
tene 6. Heating compound 6 for 15 min in refluxing a-
chloronaphthalene gave the diiodopleiadene dimer 10 in 79 %
yield. In this case, a 98 % yield of anti-iodo pleiadene dimer 10
was obtained as a an inseparable mixture of the three possible
stereoisomers depicted in Scheme 5, as was established by
HPLC analysis.[18] The divinyl pleiadene dimer 9 was then
obtained in 70 % yield, likewise as a mixture of stereoisomers,
under the Negishi conditions described above (Scheme 5).


The DSC analysis of the dimer 9 showed only an
exothermic peak at 298 8C, corresponding to the polymer-
ization process. Heating 9 for 15 min at 300 8C in the DSC
apparatus afforded an insoluble monolith with the same


Scheme 5. Synthesis of 9.
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properties as the material generated from the vinyl monomer
5 described above. TGA analysis of compound 9 showed no
loss of mass until 480 8C, at which point decomposition
occurred.


Figure 7 shows the FTIR spectra of the divinyl pleiadene
dimer 9 and the cross-linked polymer generated by pyrolysis
of 5 or 9. In the latter spectrum the -CH�CH2 stretching
vibration of dimer 9 at 989 cmÿ1 has clearly disappeared. The
spectra of both the vinyl dimer 9 and the cross-linked polymer
are otherwise similar, indicating that the anti-pleiadene
skeleton is still present in the cross-linked polymer.


Figure 7. a) FTIR spectrum of divinyl pleiadene dimer 9. b) FTIR
spectrum of the cross-linked polymer generated by pyrolysis or photolysis
of vinylbenzocyclobutene derivative 5 or divinyl pleiadene dimer 9.


Taking into consideration all the experimental data shown
above, we can postulate a spontaneous cross-linking polymer-
ization of 8-vinyl-6b-10b-dihydrobenzo[j]cyclobut[a]acenaph-
thylene (5), via the divinyl pleiadene dimer as an intermedi-
ate. An intriguing possibility here is that the pleiadene
biradical (I) initiates the chain-polymerization of the vinyl
groups (Scheme 6).


In conclusion, contrary to previous findings, we have
proved that both the syn and anti-2 dimers are produced in
the pleiadene dimerization reaction and that the dimerization
process is reversible through pleiadene as an intermediate. We
have also established the thermolysis or photolysis of 8-vinyl-
6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene (5) as a
promising new approach to the generation of carbon net-
works. Further work will be directed at the preparation of
polymers incorporating these units, the investigation of their


Scheme 6. Chain polymerization of the vinyl groups by I.


post-processing cross-linking, and the examination of the
mechanical properties of the materials obtained.


Experimental Section


NMR spectra were recorded with a Varian Inova 400 spectrometer
operating at 400 MHz for 1H and 125 MHz for 13C, and were referenced to
tetramethylsilane. UV/Vis spectra were obtained with a Hewlett Packard
8452A diode array spectrometer. TGA and DSC were carried out using a
Perkin Elmer 7 Series thermogravimetric analyzer and differential scan-
ning calorimeter, respectively. HPLC measurements were performed by
using a Nacalai tesque, Cosmosil Buckyprep (4.6� 250 mm) column with
UV detection at 318 nm, 80:20 hexanes:toluene as eluent, and a flow rate of
1 mL minÿ1. Retention times: 5.79 min (anti-2), 8.01 min (syn-2).


Dimerization of 6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene (3): In
solution: A solution of 3 (190 mg, 0.84 mmol) in a-chloronaphthalene
(5 mL) was refluxed under an argon atmosphere for 15 min. After cooling,
MeOH (25 mL) was added, precipitating a white solid. The solid was
separated and washed several times with MeOH to obtain 160 mg (84 %) of
a mixture of anti- (83 %) and syn- (17 %) pleiadene dimers (determined by
analytical HPLC). The isomers were separated by semipreparative HPLC
(Nacalai tesque, Semi-preparative Cosmosil Buckyprep Waters instrument
with a 10� 250 mm column), with UV detection at 318 nm, 80:20
hexanes:toluene as eluent, and a flow rate of 5 mL minÿ1. Retention times:
6.02 min (anti-2), 9.4 min (syn-2). Recrystallization from toluene resulted in
the exclusive precipitation of the anti isomer.


Neat reaction:[10] Compound 3 (50 mg, 0.22 mmol) was sealed in an
ampoule under high vacuum (10ÿ6 mm Hg) after several repeated freeze-
thaw cycles, and was then heated in a tube furnace at 230 ± 240 8C. The
crude reaction mixture consisted of a mixture of the anti- (84 %) and syn-
pleiadene dimers (16 %) (determined by analytical HPLC). Recrystalliza-
tion from toluene gave 26 mg of the anti-2 isomer (52 %).


anti-2 : 1H NMR (400 MHz, CDCl3, 25 8C): d� 7.53 (dd, 4H, J� 8.2, 1.3 Hz,
H3), 7.49 (dd, J� 7.2, 1.3 Hz, H1, 4H), 7.30 (dd, 4H, J� 8.2, 7.2 Hz, H2), 6.64
(8H, AA'BB' system, H7-10), 5.07 (s, 4H, CH); 13C NMR (125 MHz,
CDCl3): d� 140.3, 137.4, 135.8, 131.6, 130.7, 128,7, 128.4, 126.4, 125.2, 63.4;
UV/Vis (CHCl3): lmax (log e)� 246 (4.17), 294 (sh), 306 (4.19), 318
(4.15) nm; MS (70 eV): m/z (%): 456 (3) [M�], 228 (100), [C18H�


12].


syn-2 : 1H NMR (400 MHz, CD2Cl2, 25 8C): d� 7.26 (dd, 4 H, J� 8.2, 1.3 Hz,
H3), 7.18 (dd, J� 7.0, 1.3 Hz, H1, 4H), 7.00 (dd, 4H, J� 8.2, 7.0 Hz, H1), 7.07
(8H, AA'BB' system, H7-10), 5.36 (s, 4H, CH); 13C NMR (125 MHz,
CDCl3): d� 140.8, 136.7, 134.8, 131.0, 130.2, 130.1, 128.2, 127.1, 124.5, 60.5;
UV/Vis (CHCl3): lmax (log e)� 246 (4.15), 280 (sh), 298 (4.11), 312 (sh) nm;
MS (70 eV): m/z (%): 456 (3) [M�], 228 (100), [C18H�


12].


8-Iodo-6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene (6): The prepa-
ration was carried out according to a slight modification of the synthesis of
8-bromo-6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene. A solution of
iodoanthranilic acid (25 g, 95 mmol) and trichloroacetic acid (260 mg,
1.6 mmol) in dry THF (350 mL) was cooled to 0 8C. Isoamyl nitrite (16 mL,
120 mmol) was then added dropwise over a period of 30 min, keeping the
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temperature at 0 8C for 30 min at room temperature for a further 2 h to
yield the diazonium salt as a tan solid. The precipitate was cooled at 0 8C,
filtered off (Caution! The filter paper must not be allowed to dry out,
because when dry benzenediazonium-2-carboxylate can detonate violently
on being scraped or heated, and it is strongly recommended to keep it wet
with solvent at all times), and washed with cold THF until the filtrate was
colorless. This material was used directly and was assumed to have been
formed in quantitatively yield. This solid was added to a solution of
acenaphthylene (30.4 g, 200 mmol) in 1,2-dichloroethane (400 mL) and the
yellow mixture was stirred overnight at room temperature. It was then
heated for 2 d at 45 8C and finally overnight to 60 8C. The solvent was
removed under vacuum to obtain a brownish paste which was triturated
with hot pentane. The yellow precipitate obtained on evaporation of the
solvent was washed several times with methanol to obtain 2.76 g of the pure
iodobenzocyclobutene derivative. An additional 3.2 g of pure iodo com-
pound was obtained by silica column purification of the mother liquor
together with the brownish paste, using petroleum ether as eluent to give an
overall yield of 6 g (18 %); m.p. 162 8C; 1H NMR (400 MHz, CDCl3): d�
7.63 (m, 2H, Har), 7.52( s, 1 H, Har), 7.47 (m, 5H, Har), 6.94 (d, 1H, J� 7.2 Hz,
Har), 5.33 (d, 1H, J� 3.6 Hz), 5.28 (d, 1 H, J� 3.6 Hz); 13C NMR (125 MHz,
CDCl3): d� 149.0, 146.4, 142.3, 142.2, 136.8, 131.8, 128.1, 124.8, 124.2, 124.1,
54.2, and 53.9 ppm; MS (FAB): m/z (%): 354 (100); IR (KBr): nÄ � 3051,
3039, 3028, 2951, 1605, 1497, 1446, 1400, 1371, 1245, 881, 804, 784, 770 cmÿ1;
UV/Vis (toluene): lmax� 280 (sh), 287 (sh), 295, 305 (sh), 308 (sh), 318 (sh),
322 (sh) nm; elemental analysis calcd for C18H11I: C 61.04, H 3.13, I 35.83;
found C 60.97, H 3.17, I 35.74.


Differential scanning calorimetry was carried out under nitrogen on a
sample of pure 6, heating from 50 to 400 8C at a rate of 10 8C minÿ1. The
melting endotherm was observed at 162 8C, the dimerization exotherm at
218 8C, and the ring-opening exotherm at 306 8C. Integration of the area
under the first exotherm gave a value of 63.91 calgÿ1, which corresponds to
22.62 kcal molÿ1, and of the second exotherm gave a value of 53.03 cal gÿ1,
which corresponds to an exothermicity of 18.77 kcal molÿ1 for the process.


8-Vinyl-6b-10b-dihydrobenzo[j]cyclobut[a]acenaphthylene (5): Into a
three-necked round-bottom flask was added at ÿ78 8C vinyllithium
(5 mL of a 2m THF solution, 10 mmol,), ZnCl2 (10 mL of a 0.5m THF
solution, 5 mmol), and dry THF (10 mL), and the mixture was warmed up
to 0 8C during 1 h. A solution of the iodo derivative 6 (3.2 g, 9 mmol) and
palladium tetrakis(triphenylphosphane) (600 mg, 0.5 mmol) in freshly
distilled THF was then added by cannula and the mixture was heated to
45 8C overnight. Water was added and the mixture was extracted with
diethyl ether (3� 200 mL). The combined organic layers were washed with
brine, dried with MgSO4, filtered through a plug of silica, and evaporated
under reduced pressure to obtain a yellow product, which upon purification
by column chromatography (silica gel, petroleum ether as eluent) afforded
1.9 g (83 %) of a white solid ; m.p. 102 8C; 1H NMR (400 MHz, CDCl3): d�
5.13 (d, 1 H, J� 10.8 Hz), 5.37 (s, 2H, CH-Ar), 5.62 (d, 1 H, J� 17.6 Hz),
6.62 (dd, 1 H, J� 10.8, 17.6 Hz), 7.16 (m, 2H, Har), 7.27 (s, 1 H, Har), 7.48 (m,
4H, Har), 7.63(d, 2 H, J� 7.7 Hz, Har); 13C NMR (125 MHz, CDCl3): d�
140.3, 137.4, 135.8, 131.6, 130.7, 128,7, 128.4, 126.4, 125.2, 63.4; MS (FAB):
m/z (%): 254 (100); IR (KBr): nÄ � 1623, 1600, 1492, 1469, 1419, 1364, 1167,
1154, 1116, 1104, 997, 903, 889, 869, 829, 807, 781, 771, 741, 666 cmÿ1; UV/Vis
(toluene): lmax� 274 (sh), 286 (sh), 296, 304 (sh), 315 (sh), 320 (sh) nm;
elemental analysis calcd for C20H14 (254.33): C 94.45, H 5.55; found C 94.20,
H 5.28.


Differential scanning calorimetry was carried out under nitrogen on a
sample of pure 5, heating from 50 to 500 8C at a rate of 10 8C minÿ1. The
melting endotherm was observed at 102 8C and the dimerization ± poly-
merization exotherm at 214 8C. Integration of the area under the exotherm
gave a value of 109.45 calgÿ1, which corresponds to an exothermicity of
27.81 kcal molÿ1 for the process. The sample appears to be stable up to
about 400 8C.


anti-Diiodopleiadene dimer (10): A solution of 8-iodo-6b-10b-dihydro-
benzo[j]cyclobut[a]acenaphthylene (500 mg, 1.4 mmol) in a-chloronaph-
thalene (5 mL) was refluxed under an argon atmosphere for 15 min. After
cooling to room temperature, MeOH (50 mL) was added, affording a
yellowish-white precipitate which was centrifuged and washed several
times with methanol to yield 10 (390 mg, 79 %: 96% anti isomer, as
determined by HPLC): m.p.>300 8C; 1H NMR (400 MHz, CDCl3): d� 7.59
(d, 4H, J� 8.24 Hz, Har), 7.45 (m, 4 H, Har), 7.35 (m, 4 H, Har), 7.04 (dd, 2H,
J� 2.4, 1.3 Hz), 6.91 (d, 2H, J� 7.9, 1.3 Hz), 6.38 (dd, 2H, J� 7.9, 2.4 Hz),


4.95 (m, 4H); 13C NMR (125 MHz, CDCl3): d� 142.5, 142.34, 139.9, 139.8,
139.1, 136.2, 135.8, 135.4, 132.5, 131.8, 131.2, 129.4, 129.3, 128.8, 128.7, 128.5,
128.4, 125.4, 125.3, 62.7, 62.6, 62.5; MS (FAB): m/z (%): 708 ([M�], 10), 354
(100); IR (KBr): nÄ � 3052, 3035, 2920, 1601, 1582, 1507, 838, 772 cmÿ1; UV/
Vis (toluene): lmax� 236 (sh), 244 (sh), 250 (sh), 254 (sh), 306, 318 nm;
elemental analysis calcd for C36H22I2 (Mw� 708.38): C 61.04, H 3.13, I
35.83; found C 60.82, H 3.20, I 35.68.


anti-Divinyl pleiadene dimer (9): Into a three-necked round-bottom flask
was added at ÿ78 8C vinyllithium (0.3 mL of a 2m THF solution,
0.6 mmol,), ZnCl2 (0.6 mL of a 0.5m THF solution, 0.3 mmol), and dry
THF (2 mL), and the mixture was warmed up to 0 8C during 30 min. A
solution of the anti-diiodopleiadene dimer 10 (200 mg, 0.28 mmol) and
palladium tetrakis(triphenylphosphane) (600 mg, 0.02 mmol) in freshly
distilled THF was then added by cannula, and the mixture was heated to
45 8C overnight. Water was added and the mixture was extracted with
diethyl ether (3� 200 mL). The combined organic layers were washed with
brine, dried with MgSO4, filtered through a plug of silica, and evaporated
under reduced pressure to obtain a yellow product. After purification by
column chromatography (silica gel, petroleum ether), 100 mg (70 %) of a
white solid was obtained; m.p.> 300 8C; 1H NMR (400 MHz, CDCl3): d�
4.95 (d, 2 H, J� 10.8 Hz), 5.06 (m, 4H, CH-Ar), 5.38 (d, 2 H, J� 17.6 Hz),
6.30 (dd, 2H, J� 10.8, 17.6 Hz), 6.63 (m, 4H, Har), 6.72 (m, 2H, Har), 7.28
(m, 4H, Har), 7.48 (m, 4 H, Har); 13C NMR (125 MHz, CDCl3): d� 140.4,
140.3, 140.0, 139.9, 137.3, 137.2 (2C), 137.1, 136.5, 135.8 (2C), 131.5, 130.9
(2C), 130.0, 128.9, 128.8, 128.7 (2C), 128.3, 128.2, 125.2, 125.1, 124.2, 112.9,
63.4, 63.3, 63.1, 63.0; MS (FAB): m/z (%): 509 ([MH]� , 3), 508 ([M]� , 3),
254 (100); IR (KBr): nÄ � 1623, 1600, 1580, 1505, 1493, 997, 900, 841, 817, 775,
650, 550, 535 cmÿ1; UV/Vis (toluene): lmax� 286, 307, 319 nm; elemental
analysis calcd for C40H28 (Mw� 508.66): C 94.5, H 5.55; found C 94.2, H
5.71.


Differential scanning calorimetry was carried out under nitrogen on a
sample of pure 9, heating from 50 to 500 8C at a rate of 10 8C minÿ1. The
polymerization reaction exotherm occurred at 298 8C. The sample is stable
up to about 400 8C.


X-ray structure analysis : Data were collected at 298 K with a Siemens
Smart diffractometer with CCD detector, using MoKa radiation, l�
0.71073 � and operating at 50 kV and 40 mA. The structure was solved
and refined by using the Siemens SHELXTL program package. Data
collection: w scan; 2q range(8): 3.3 ± 40/2.8 ± 40; h,k,l range: ÿ12< h< 12,
ÿ13< k< 12, ÿ24< l< 24/ ÿ11<h< 10, ÿ13<k< 13, ÿ19< l< 19; a
total of 7338/5751 and 2787/2169 independent reflections for anti and syn,
respectively, were collected. Full matrix least square refinement was
performed with 2787/2169 unique reflections with I> 2s(I). The final
agreement factors were: R(F)� 0.096/0.089 (where R(F) �S j jFo jÿjFc j j /
jFo j with Fo> 2.0s(F)), Rw(F 2)� 0.231/0.202 (where Rw(F 2)� S(F 2


o ÿ
F 2


c )2]/S[w(F 2
o )2]]1/2 with Fo> 2.0s(F); w� 1/[s2(F 2


o )� (0.0612P)2] where
P� (F 2


o � 2F 2
c )/3), and S(F 2)� 1.328/1.163 for 366/326 parameters. In the


final stages of the refinement a secondary extinction correction was
included (0.007(4)/0.001(2)). The final parameters shifts were smaller than
0.001s ; in the final difference map the largest peak and a hole were 0.238/
0.260 and ÿ0.290/0.233 e �ÿ3 . The benzo groups for the anti isomer were
refined as idealized hexagons with individual anisotropic thermal param-
eters. All other non-hydrogen atoms in the two structures were refined
anisotropically with the hydrogens in the riding mode.


anti-2 : C42H26Cl2, rectangular colorless transparent plate from ODCB
(0.28� 0.22� 0.04 mm), MW� 601.53; triclinic, space group P1, 1calcd�
1.32 g cmÿ3 , m(MoKa)� 0.246 mmÿ1, Z� 2, a� 9.499(3), b� 9.8995(3), c�
18.22470(10) �, a� 78.190(2), b� 77.092(2), g� 66.059(2)8, V�
1514.33(7) �3.


syn-2 : C39H22, irregular colorless opaque crystal (0.2� 0.12� 0.08 mm)
from CHCl3, MW� 454.54; triclinic, space group P1, 1calcd� 1.283 gcmÿ3 ,
m(MoKa)� 0.073 mmÿ1, Z� 2, a� 8.2711(7), b� 10.0185(8), c�
14.8885(12) �, a� 83.038(2), b� 75.245(2), g� 82.079(2)8, V�
1176.9(2) �3. 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-
108046 (anti-2) and 108047 (syn-2). 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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The Effect of High Pressure on the Diastereoselectivity of Intermolecular
All-Carbon Diels ± Alder Reactions


Lutz F. Tietze,*[a] Marielouise Henrich,[a] Anja Niklaus,[b] and Michael Buback*[b]


Abstract: The influence of high pressure on the diastereoselectivity of the
intermolecular all-carbon Diels ± Alder reaction of the phenylbutadienes 1 a ± c with
the dicyanoethylenes 2 a ± d to give the cyclohexenes 3 ± 8 is described. The
differences in activation volume, DDV=, for the two pathways leading to cis and
trans diastereomers range from ÿ (0.7� 0.8) to ÿ (6.4� 0.6) cm3 molÿ1, indicating a
pressure-induced increase of diastereoselectivity in favour of the cis adducts 3 a ± d,
5 a ± d and 7 b ± d.


Keywords: activation volume ´
asymmetric synthesis ´ cyclo-
additions ´ diastereoselectivity ´
high pressure chemistry


Introduction


The Diels ± Alder reaction is one of the most important in
synthesis, since it provides an efficient route not only to
carbocycles, but also to a multitude of heterocycles.[1] In many
cases the cycloadditions can be accelerated markedly by
applying high pressure[1a, 2] since both the intermolecular and
intramolecular Diels ± Alder reactions are associated with
large negative volumes of activation, between ÿ25 to
ÿ45 cm3 molÿ1, [3, 4] and with large negative reaction volumes.
In contrast, synthetically useful improvements of stereo-
selectivity under high pressure have been found only for a
very few systems so far, for example for the intermolecular
hetero-Diels ± Alder reaction of enamino ketones with enol
ethers to give dihydropyrans with a difference in activation
volume of up to DDV=�ÿ7.3 cm3 molÿ1.[5, 6]


In this paper we present the first synthetically useful
examples of a pressure-induced increase of diastereoselectiv-
ity for all-carbon Diels ± Alder reactions. It is the aim of this
work to show that the application of high pressure in organic
transformations is not only useful for the acceleration of
reactions for which DV= is negative, but also for the improve-


ment of diastereoselectivity. For this purpose, we have
determined the DDV= value of the described cycloadditions
in a laborious procedure; this allows a prediction of the
selectivity over a wide range of pressures up to 10 kbar.


Results and Discussion


The phenylbutadienes 1 a ± c and the dicyanoethylenes 2 a ± d
were allowed to react to yield the cis and trans cyclo-
adducts 3 a ± d, 5 a ± d, 7 a ± d and 4 a ± d, 6 a ± d, 8 a ± d,
respectively (Scheme 1). Assuming a pressure-dependent


Scheme 1. Diels ± Alder reactions of 1 a ± c and 2 a ± d.


diastereoselectivity to be primarily due to differences in steric
interaction of the two diastereomeric transition structures and
not to a change in reaction mechanism,[2d] we expected an
increase in ÿDDV= with increasing bulkiness of the substitu-
ents R1 and R2.


The dienes 1 a ± c were easily prepared in a three-step
sequence starting from trans-cinnamaldehyde 9 (Scheme 2).
Alkylation of 9 with MeLi and with the Grignard reagents of


[a] Prof. Dr. Dr. h. c. L. F. Tietze, Dr. M. Henrich
Institut für Organische Chemie
der Georg-August Universität Göttingen
Tammannstrasse 2, D-37077 Göttingen (Germany)
Fax: (�49) 551-399476
E-mail : ltietze@gwdg.de


[b] Prof. Dr. M. Buback, Dr. A. Niklaus
Institut für Physikalische Chemie
der Georg-August Universität Göttingen
Tammannstrasse 6, D-37077 Göttingen (Germany)
Fax: (�49) 551-393144
E-mail : mbuback@gwdg.de


FULL PAPER


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0297 $ 17.50+.50/0 297







FULL PAPER L. F. Tietze, M. Buback et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0298 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1298


Scheme 2. Synthesis of the 1,3-butadienes 1a ± c.


bromoethane and 2-bromopropane, respectively, led to the
alcohol 10, which, after oxidation to the ketone 11, gave the
desired butadienes 1 a ± c in good overall yields on Wittig
reaction with methyltriphenylphosphonium iodide.


The cycloadditions of 1 a ± c to 2 a ± d were carried out in
toluene at 120 8C for 12 ± 48 h at ambient pressure to give the
cyclohexenes 3 ± 8 as a mixture of two diastereomers. Under
these conditions, the reactions of the bulkier substrates to give
the cycloadducts 5 d/6 d, 7 c/8 c and 7 d/8 d gave only low yield.
However, the yields could be easily improved by running the
cycloadditions of 1 b and 2 d, of 1 c and 2 c and of 1 c and 2 d
under high pressure; for example, at 10 kbar yields between
31 and 98 % were achieved.[7]


The diastereomers of 3 ± 8 could partially be separated by
column chromatography. The relative configuration of the
diastereomers was deduced either from the 1H ± 1H NOSY
spectra or from X-ray analysis. The ratio of the diastereomers
was determined from the crude product mixture by GC, with
the exception of the cycloadducts 7 a and 8 a, for which
13C NMR spectra of the product mixture were analysed.


The obtained ratios of the cis to trans diastereomer of 3 ± 8
at ambient pressure clearly depend on the steric demand of
the substituents R1 and R2 (Table 1). With R1 and R2 being
methyl or ethyl (entries 1 ± 2, 5 ± 6), and with R1� iPr and
R2�Me (entry 9) the formation of the cis adducts is favoured.


With increasing bulkiness of the substituents on either the
diene or dienophile (R1� iPr or/and R2� iPr, tBu; entries 3 ±
4, 7 ± 8, 11 ± 12), the amount of the cis product decreases
significantly. Thus, the cycloaddition of the substrates 1 c and
2 d leads exclusively to the trans product 8 d (entry 12). These
results are in agreement with the expectation that the cis
diastereomers are formed via an endo-E-syn transition
structure I, which is energetically favoured unless the
substituents R1 and R2 are too bulky (Scheme 3). Under
conditions of a strong steric interaction the exo-E-anti
transition structure II is preferred.


Scheme 3. Transition structures for the Diels ± Alder reactions of 1 and 2.


The cycloadditions of 1 a ± c and 2 a ± d under high pressure
were carried out in dichloromethane with a large excess of the
diene (30 equiv). The experimental set-up, including the high-
pressure cell, has already been described.[5g, 8]


It should be noted that 1) the Diels ± Alder reactions of
1 a ± c with 2 a ± d are kinetically controlled and 2) isomer-
ization of the double bond in the butadienes 1 a ± c and in the
products does not take place under reaction conditions. For
the cycloadditions two effects have to be discussed, namely
steric and electronic influences on the Diels ± Alder reaction.
The cycloaddition belongs to the normal type, for which the
overlap of the LUMO of the dienophile and the HOMO of
the diene is dominating. Whereas steric hindrance obviously
increases for the diene and the dienophile when going from
methyl to ethyl, isopropyl and tert-butyl substituents, the
electronic effects are different for the diene and the dien-
ophile. As a consequence of the interaction between the � I
effect of the alkyl substituents with the relevant molecular
orbitals, the reaction rate decreases from dienophile 2 a to
dienophile 2 d for the same diene and increases from diene 1 a
to diene 1 c for the same dienophile. Furthermore, the
electronic effect on the reaction rate should be more obvious
for the formation of the trans product, whereas the formation
of the cis product should be influenced by steric interaction to
a higher extent.


The differences in activation volume, DDV=�DV 6�cisÿ
DV 6�trans, were derived from the pressure dependence of the
product ratios ccis/ctrans (Table 2).


Figures 1 ± 3 show plots of ln (ccis/ctrans) against the El�yanov
parameter Y[9] for the cycloaddition reactions of dienes 1 a ± c
with dienophiles 2 a ± d in dichloromethane solution at
pressures from 250 to 3000 bar.


As can be seen from Table 2, DDV= is negative for the entire
set of cycloadditions. According to the well-established rule
that high pressure favours sterically hindered processes, this


Table 1. Yields and diastereoselectivities of the Diels ± Alder reactions of
1a ± c and 2 a ± d.


Entry Diene Dieno-
phile


Meth-
od[a]


Time Products Yield Selectivity[b]


[h] [%] cis/trans


1 1a 2a IV 12 3a/4a 70 1.86:1
2 1a 2b IV 12 3b/4 b 80 1.56:1
3 1a 2c IV 12 3c/4c 66 1.18:1
4 1a 2d IV 48 3d/4 d 90 1:5.56
5 1b 2a IV 12 5a/6a 73 1.17:1
6 1b 2b IV 12 5b/6 b 95 1.13:1
7 1b 2c IV 24 5c/6c 69 1:1.56
8 1b 2d V 48 5d/6 d 96 1:5.88
9 1c 2a IV 12 7a/8a 54 � 2:1[c]


10 1c 2b IV 24 7b/8 b 98 1:1.89
11 1c 2c V 36 7c/8c 31 1:3.33
12 1c 2d V 24 7d/8 d 70 < 1:99


[a] General procedure IV: reaction in toluene at 120 8C and ambient
pressure; general procedure V: reaction in dichloromethane at 50 8C and
10 kbar. [b] Determined by GC. [c] Determined by 13C NMR.
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Figure 1. Dependence of the product ratio ccis/ctrans on the El�yanov
parameter Y for the cycloaddition reactions of phenylbutadiene 1 a with
the dicyanoethylenes 2 a ± d at 30 8C.


Figure 2. Dependence of the product ratio ccis/ctrans on the El�yanov
parameter Y for the cycloaddition reactions of phenylbutadiene 1 b with
the dicyanoethylenes 2 a ± d at 30 8C.


Figure 3. Dependence of the product ratio ccis/ctrans on the El�yanov
parameter Y for the cycloaddition reactions of phenylbutadiene 1 c with
the dicyanoethylenes 2 b and 2 c at 30 8C.


indicates that steric hindrance is greater for cycloadditions via
an endo transition structure than for the reaction via an exo
transition structure. A corresponding pressure-induced selec-
tivity in favour of the cis adduct is what one would expect.


Fully consistent with this argument is the clear increase of
ÿDDV= with steric bulkiness of the substituent at the
dienophile. Thus, for the cycloaddition of 1 a (R1�Me) with
2 a (R2�Me), 2 b (R2�Et), 2 c (R2� iPr), and 2 d (R2� tBu) a
significant increase in ÿDDV=, from (1.9� 0.1) to (6.4�
0.6) cm3 molÿ1, is found. The same trend is observed within
the series of cycloadditions of 1 b (R1�Et) with dienophiles
2 a ± d, where ÿDDV= continuously increases from (1.3� 0.1)
to (3.9� 0.3) cm3 molÿ1. For the cycloadditions of 1 c (R1�
iPr), too, an enhancement of ÿDDV= is found with increasing
steric bulkiness, (0.7� 0.8) cm3 molÿ1 for 1 c� 2 b and (1.9�
0.4) cm3 molÿ1 for 1 c� 2 c.


However, an important point to note from the data in
Table 2 is that the attempts to increase steric hindrance by
adding bulky substituents on both diene and dienophile do not
yield ÿDDV= values that exceed, for example, the number
found for the 1 a� 2 d cycloaddition. For a particular dien-
ophile, 2 b or 2 c, variation of the diene from 1 a to 1 c leads to a
decrease in ÿDDV= although the steric demand of the
transition structures would be expected to increase. The
values of ÿDDV= are (1.9� 0.2), (1.6� 0.1) and (0.7�
0.8) cm3 molÿ1 for the respective cycloadditions of 2 b. For
the cycloadditions of 1 a� 2 c, 1 b� 2 c and 1 c� 2 c they are
(4.3� 0.3), (2.9� 0.3) and (1.9� 0.4) cm3 molÿ1. These data
indicate that sterically overloading the transition structure
may lead to a situation where the geometries with favourable
interactions characteristic of endo transition structures cannot
be organized. We argue that this is the reason that a cis
product does not result from the cycloaddition of 1 c� 2 d.


It must be assumed that the expression endo transition
structure and perhaps also exo transition structure does not
refer to well-defined species, such as a set of species with
identical geometry at the reactive site. The activation volume
data indicate that, depending on the type of substitution at the
diene and the dienophile, the overlap of the dominating
orbitals varies, in particular in the endo transition structure.


Table 2. Differences in activation volume DDV=�DV 6�cisÿDV 6�trans deter-
mined from product ratios of the Diels ± Alder reactions of phenyl-
butadienes 1 a ± c with dicyanoethylenes 2 a ± d in dichloromethane sol-
ution.


Reactants T [8C][a] DDV= [cm3 molÿ1]


1a� 2 a 30 ÿ (1.9� 0.1)
1a� 2 b 30 ÿ (1.9� 0.2)
1a� 2 c 70 ÿ (4.3� 0.3)
1a� 2 d 90 ÿ (6.4� 0.6)


1b� 2a 30 ÿ (1.3� 0.1)
1b� 2b 30 ÿ (1.6� 0.1)
1b� 2c 50 ÿ (2.9� 0.3)
1b� 2d 70 ÿ (3.9� 0.3)


1c� 2 a[a] 30 ±
1c� 2 b 30 ÿ (0.7� 0.8)
1c� 2 c 70 ÿ (1.9� 0.4)
1c� 2 d[b] 70 ±


[a] The cis/trans product ratio could not be determined. [b] The cis adduct
could not be detected.
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The effect of an interchange of the substituents R1 and R2 at
the diene and dienophile, as indicated by the differences of
the activation volumes, for example, for the reactions of 1 c�
2 b (DDV=�ÿ (0.7� 0.8) cm3 molÿ1) and of 1 b� 2 c (DDV=�
ÿ (2.9� 0.3) cm3 molÿ1), demonstrates that the endo transition
structure of the cycloaddition of 1 c� 2 b having the bulky iPr
substituent as R1 at the diene is of ªlower qualityº. It is thus
only within a series in which the diene remains unchanged
that the numerical size of the DDV= value, which corresponds
to a pressure-induced enhancement of diastereoselectivity,
increases towards larger steric hindrance. This is seen in the
series in which the substituent R2 at the dienophile increases
in steric size. The measured differences in activation volume
are fairly large, DDV=up toÿ (6.4� 0.7) cm3 molÿ1, which may
allow for applications in selective synthesis. It should be noted
that the results of our previous investigations on hetero
Diels ± Alder reactions[5] also apply to the all-carbon Diels ±
Alder reactions of the present study.[10]


Conclusion


The Diels ± Alder reactions of the phenylbutadienes 1 a ± c
and the dicyanoethylenes 2 a ± d with substituents R1 and R2 of
different size clearly demonstrate that under high pressure an
endo transition structure to give the cis products is increas-
ingly stabilized with increasing bulkiness of R2 at the
dienophile. Thus, for the cycloaddition of 1 a (R1�Me) with
2 a (R2�Me), 2 b (R2�Et), 2 c (R2� iPr), and 2 d (R2� tBu) a
significant enlargement in ÿDDV=, from (1.9� 0.1) to (6.4�
0.6) cm3 molÿ1, in favour of the cis adducts is found. However,
this effect is limited by steric overload, which can prevent the
formation of a proper endo transition structure. Thus,
increasing the bulkiness of R1 at the diene results in a
decrease of ÿDDV=; indeed, for the cycloadditions of 2 c
(R2� iPr) with 1 a (R1�Me), 1 b (R1�Et) and 1 c (R1�
iPr)ÿDDV= is found to be (4.3� 0.3), (2.9� 0.3), and (1.9�
0.4) cm3/mol, respectively. Thus, we have shown for the first
time that a steric overload phenomena in pressure dependent
diastereoselectivity exists. We are confident that the observed
effects are not associated with a change in the reaction
mechanism where the exo adduct is formed by a concerted
and the endo adduct by a two-step pathway. That such a
change in mechanism is possible has been demonstrated by
Klärner[2d, 11] for the dimerisation of 1,3-cyclohexadiene.


Experimental Section


General : The high-pressure cells and details of the experimental set-up and
procedures have already been described.[5g, 8] The experimental pressures
were determined to better than �10 bar. The uncertainty in temperature
was below �0.5 8C. GC: Varian Star 3400 CX with a Merck ± Hitachi
Integrator D-2000. Column SGE BPX-5, 0.22 mm� 30 m. 1H NMR and
13C NMR: Varian XL-200, Bruker AMX-300, Varian XL-500; multiplicities
were determined with APT pulse sequence. MS: Varian MAT311A; high
resolution: Varian MAT731. IR: Bruker IFS 25. UV: Perkin Elmer Lambda
9. Elemental analyses were carried out in the analytical laboratory of the
university. All solvents were distilled prior to use. Reagents and materials
were obtained from commercial suppliers and were used without further
purification. All reactions were carried out under argon pressure and
monitored by TLC (Macherey ± Nagel, Polygram SIL G/UV254). Products


were isolated by column chromatography on silica gel (Silica gel 60, particle
size 0.04 ± 0.063 mm, Merck).


3-Hydroxy-1-phenyl-1-butene (10 a): A solution of methyl lithium in
diethyl ether (1.6m, 39.7 mmol, 24.8 mL) was added to a solution of
cinnamaldehyde (9, 5.00 g, 37.8 mmol) in 50 mL THF at ÿ10 8C. After
stirring of the mixture for 1 h at RT, aqueous saturated ammonium chloride
solution (50 mL) was added and the organic phase was separated. The
aqueous layer was extracted with dichloromethane (3� 50 mL) and the
combined organic phases were washed with brine, dried with MgSO4,
filtered and evaporated in vacuo. Distillation of the residue afforded 5.41 g
of the alcohol 16 a (97 %) as a colourless oil. Rf� 0.22 (petroleum ether/
ethyl acetate 6:1); b.p. 80 8C (0.5 mbar); UV (CH3CN): lmax (lg e)� 204 nm
(4.193), 251 (4.081); 1H NMR (200 MHz, CDCl3): d� 1.21 (d, J� 6.0 Hz,
3H, 4-H), 1.55 (s, 1H, OH), 4.42 (quint, J� 6.0 Hz, 1 H, 3-H), 6.19 (dd, J�
15.8, 6.3 Hz, 1H, 2-H), 6.48 (d, J� 15.8 Hz, 1H, 1-H), 7.20 ± 7.41 (m, 5H,
Ph-H); 13C NMR (50.3 MHz, CDCl3): d� 23.39 (C-4), 68.89 (C-3), 126.4,
127.6, 128.5, 129.3, 133.5 (Ph-C, C-1, C-2), 136.6 (Ph-Ci); MS (70 eV): m/z
(%)� 43 (52) [C3H�


7 ], 77 (23) [C6H�
5 ], 91 (44) [C7H�


7 ], 105 (100) [M�ÿ
C3H7], 115 (22) [C9H�


7 ], 133 (26) [C9H8OH�], 148 (62) [M�]; C10H12O
(148.2): calcd 148.0888, found 148.0888 (HRMS).


General procedure I. Grignard reaction of 9 : A 2.0m solution of the alkyl
magnesium bromide (100 mmol) in THF was added dropwise to a solution
of cinnamaldehyde (9, 100 mmol) in 15 mL THF at 0 8C. The reaction
mixture was heated to 70 8C for 2.5 h and then cooled to RT. The mixture
was poured into an identical volume of ice-water and hydrolysed by
addition of 6n HCL (until pH reached 7). The aqueous phase was extracted
with diethyl ether (3� 50 mL), and the combined organic extracts were
washed with aqueous saturated sodium bicarbonate solution and brine. The
resulting solution was dried with Na2SO4, the solvents were evaporated and
the crude product purified by distillation.


3-Hydroxy-1-phenyl-1-pentene (10b): Grignard reaction of 9 (10.0 g,
75.7 mmol) and ethyl bromide (8.20 g, 75.7 mmol) according to General
Procedure I gave 12.3 g of the alcohol 10 b (quant). Rf� 0.29 (petroleum
ether/ethyl acetate 5:1); IR (film):� 3360 cmÿ1 (OH), 966, 694 (monosub-
stituted aromatic); UV (CH3CN): lmax (lge)� 191 nm (4071), 204 (4110),
252 (3980); 1H NMR (200 MHz, CDCl3): d� 0.98 (t, J� 7.2 Hz, 3 H, 5-H),
1.70 (s, 1H, OH), 1.69 (quint, J� 7.2 Hz, 2 H, 4-H), 4.21 (q, J� 7.2 Hz, 1H,
3-H), 6.20 (dd, J� 16.0, 7.2 Hz, 1 H, 2-H), 6.60 (d, J� 16.0 Hz, 1H, 1-H),
7.20 ± 7.41 (m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 9.75 (C-5),
30.19 (C-4), 74.35 (C-3), 126.4, 127.5, 128.5, 130.3, 132.2 (Ph C, C-1, C-2),
136.7 (Ph Ci); MS (70 eV): m/z (%)� 77 (65) [C6H�


5 ], 91 (42) [C7H�
7 ], 115


(50) [C9H�
7 ], 133 (100) [C9H8OH�], 162 (30) [M�]; C11H14O (162.2), calcd C


81.44, H 8.70; found C 81.62, H 8.75.


3-Hydroxy-4-methyl-1-phenyl-1-pentene (10c): Grignard reaction of 9 and
2-bromopropane (12.6 mL, 100 mmol) with isopropylmagnesium bromide
(50 mL of a 2.0m solution in THF) according to General Procedure I gave
11.5 g of the alcohol 10 c (65 %). Rf� 0.35 (petroleum ether/ethyl acetate
4:1); b.p. 70 8C (0.2 mbar); IR (film):� 3404 cmÿ1 (OH), 968, 696 (mono-
substituted aromatic); UV (CH3CN): lmax (lge)� 192 nm (4.124), 204
(3.976); 1H NMR (200 MHz, CDCl3): d� 0.92, 0.99 (2d, J� 7.5 Hz, 6 H, 2�
CH3), 1.62 (s, 1H, OH), 1.82 (hept, J� 7.5 Hz, 2H, 4-H), 4.10 (t, J� 7.2 Hz,
1H, 3-H), 6.21 (dd, J� 16.0, 7.5 Hz, 1H, 2-H), 6.54 (d, J� 16.0 Hz, 1H,
1-H), 7.21 ± 7.42 (m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 37.92,
35.94 (2�CH3), 78.11 (C-3), 126.4, 127.6, 128.5, 130.8, 131.1 (Ph C, C-1,
C-2), 136.8 (Ph Ci); MS (70 eV): m/z (%)� 43 (4) [C3H�


7 ], 77 (12) [C6H�
5 ],


91 (8) [C7H�
7 ], 115 (19) [C9H�


7 ], 133 (100) [C9H8OH�], 176 (12) [M�];
C12H16O (176.3), calcd 176.1201, found 176.1201 (HRMS).


1-Phenylbut-1-ene-3-one (11 a): To a solution of alcohol 10 a (4.90 g,
33.3 mmol) in 10 mL dichloromethane was added MnO2 (28.9 g, 333 mmol,
10 equiv). After stirring for 12 h at RT the mixture was filtered, the solvent
evaporated, and the crude product (4.21 g, 29.0 mmol, 87 %) used in the
olefination without further purification. Rf� 0.37 (petroleum ether/ethyl
acetate 6:1); b.p. 92 8C (2.5 mbar); IR (film):� 3004 cmÿ1 (CÿH), 1610
(C�O), 976, 692 (monosubstituted aromatic); UV (CH3CN): lmax (lge)�
282 nm (4.167); 1H NMR (300 MHz, CDCl3): d� 2.40 (s, 3H, CH3), 6.72 (d,
J� 16.0 Hz, 1 H, 2-H), 7.36 ± 7.60 (m, 5 H, Ph H), 7.44 (d, J� 16.0 Hz, 1H,
1-H); 13C NMR (50.3 MHz, CDCl3): d� 27.49 (C-1), 127.1, 128.9, 130.5 (Ph
C, C-2), 134.4 (Ph Ci), 143.4 (C-1), 198.0 (C�O); MS (70 eV): m/z (%)� 77
(31) [C6H�


5 ], 103 (69) [C8H�
7 ], 131 (100) [M�ÿC3H7], 146 (12) [M�];


C10H10O (146.2): calcd C 82.16, H 6.25; found C 82.00, H 6.96.
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General procedure II. Swern oxidation of 10 : A cooled solution of DMSO
(4.5m, 3.2 equiv) in dry dichloromethane was added to a 0.5m solution of
oxalyl chloride (1.6 equiv) in dry dichloromethane at a temperature below
ÿ78 8C. After stirring for 10 min, a solution of the alcohols 10 (1.0 equiv) in
dichloromethane (4.0 mL) was added dropwise over 30 min. After
continued stirring for 2 h at ÿ78 8C, triethylamine (6.4 equiv) was added.
The resulting mixture was stirred for another 5 min, then slowly warmed to
0 8C and poured onto an identical volume of ice-water. After separation of
the organic layer, the aqueous phase was extracted with dichloromethane
(3� 50 mL). The combined organic phases were washed with water and
aqueous saturated sodium chloride solution, and dried with Na2SO4. After
filtration, the solvent was removed in vacuo to afford the crude ketone,
which was purified by distillation.


1-Phenylpent-1-ene-3-one (11b): Reaction of 10b (6.00 g, 37.0 mmol) with
oxalyl chloride (7.50 g, 59.2 mmol, 1.6 equiv), DMSO (9.25 g, 118 mmol,
3.2 equiv) and triethylamine (24.0 g, 237 mmol, 6.4 equiv) according to
General Procedure II gave 3.97 g of the ketone 11b (67 %). Rf� 0.24
(petroleum ether/ethyl acetate 10:1); b.p. 80 8C (0.6 mbar); IR (film):�
1666 cmÿ1 (C�O), 980, 692 (monosubstituted aromatic); UV (CH3CN): lmax


(lge)� 282 nm (4.031); 1H NMR (200 MHz, CDCl3): d� 1.19 (t, J� 8.0 Hz,
3H, CH3), 2.70 (q, J� 8.0 Hz, 2H, 4-H), 6.72 (d, J� 16.0 Hz, 1H, 2-H),
7.33 ± 7.53 (m, 5H, Ph H), 7.54 (d, J� 16.0 Hz, 1 H, 1-H); 13C NMR
(50.3 MHz, CDCl3): d� 8.14 (CH3), 33.94 (C-4), 125.9, 128.1, 128.5, 128.8,
130.2 (Ph C, C-2), 134.5 (Ph Ci), 142.1 (C-1), 200.7 (C�O); MS (70 eV): m/z
(%)� 103 (100) [C8H�


7 ], 131 (80) [M�ÿC3H7], 160 (17) [M�]; C11H12O
(160.2): calcd 160.0888, found 160.0888 (HRMS).


4-Methyl-1-phenylpent-1-ene-3-one (11c): Treatment of 10c (5.00 g,
28.4 mmol) according to General Procedure II gave 4.65 g of the ketone
11c (94 %) as a pale yellow oil. Rf� 0.29 (petroleum ether/ethyl acetate
50:1); b.p. 73 8C (0.5 mbar); IR (film):� 2970 cmÿ1 (CÿH), 1612 (C�O),
984, 686 (monosubstituted aromatic); UV (CH3CN): lmax (lg e)� 285 nm
(4.089); 1H NMR (200 MHz, CDCl3): d� 1.20 (d, J� 7.2 Hz, 6 H, 2�CH3),
2.95 (hept, 1H, 4-H), 6.82 (d, J� 16.0 Hz, 1H, 2-H), 7.20 ± 7.41 (m, 5 H, Ph
H), 7.62 (d, J� 16.0 Hz, 1H, 1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.50
(2�CH3), 39.29 (C-4), 124.4, 128.2, 128.9 (Ph C, C-2), 134.7 (Ph Ci), 142.4
(C-1), 203.8 (C�O); MS (70 eV): m/z (%)� 77 (34) [C6H�


5 ], 103 (46)
[C8H�


7 ], 131 (100) [M�ÿC3H7], 174 (12) [M�]; C12H14O (174.2): calcd
174.1044, found 174.1044 (HRMS).


General procedure III. Wittig reaction of 11: A 0.5m suspension of methyl
triphenylphosphonium iodide (7.18 mmol, 1.0 equiv) in THF was added to
2.4m nBuLi in hexane (7.90 mmol, 1.1 equiv) at ÿ78 8C and stirred for
30 min at 0 8C and for a further 30 min at RT. Subsequently, a 0.5m solution
of ketone 11 (5.74 mmol, 0.8 equiv) in 10 mL THF was added atÿ78 8C, the
mixture was stirred for 15 min at ÿ78 8C and then allowed to warm to RT.
The reaction mixture was stirred until the reaction was complete (TLC)
and then poured onto an identical volume of ice-water. Pentane (50 mL)
and water (10 mL) were added, and the aqueous phase was extracted twice
with pentane. The combined organic phases were washed with water and
aqueous saturated sodium potassium tartrate solution, dried with MgSO4,
filtered and evaporated in vacuo. The residue was distilled to give the
butadienes 1a ± c.


3-Methyl-1-phenylbuta-1,3-diene (1 a): According to General Proce-
dure III, ketone 11 a (4.00 g, 27.6 mmol, 0.8 equiv) was transformed into
the butadiene 1a (2.01 g, 14.1 mmol, 51 %) by means of methyl triphenyl-
phosphonium iodide (13.9 g, 34.5 mmol, 1.0 equiv); b.p. 74 8C (6.5 mbar);
IR (film):� 2982, 2934 cmÿ1 (CÿH), 748, 694 (monosubstituted aromatic),
962 (RHC�CHR); UV (CH3CN): lmax (lge)� 281 nm (4.155); 1H NMR
(200 MHz, CDCl3): d� 1.98 (s, 3H, CH3), 5.07, 5.12 (2s, 2 H, 4-H), 6.52 (d,
J� 15.0 Hz, 1H, 2-H), 6.89 (d, J� 15.0 Hz, 1H, 1-H), 7.20 ± 7.43 (m, 5H, Ph
H); 13C NMR (50.3 MHz, CDCl3): d� 18.58 (CH3), 117.3 (C-4), 126.4 (Ph
Co), 127.4, 128.6 (Ph C, C-2), 131.6 (C-1), 137.3 (Ph Ci), 142.0 (C-3); MS
(70 eV): m/z (%)� 115 (11) [C9H�


7 ], 129 (100) [M�ÿC3H7], 144 (44) [M�];
C11H12 (144.2): calcd 144.0939, found 144.0939 (HRMS).


3-Ethyl-1-phenylbuta-1,3-diene (1b): Ketone 11b (3.85 g, 24.0 mmol,
0.80 equiv) was transformed into the butadiene 1 b (2.16 g, 13.7 mmol,
57%) according to General Procedure III by means of methyl triphenyl-
phosphonium iodide (12.1 g, 30.0 mmol, 1.00 equiv). B.p. 80 8C (4 mbar);
IR (film):� 2968, 2936 cmÿ1 (CÿH), 754, 694 (monosubstituted aromatic),
962 (RHC�CHR); UV (CH3CN): lmax (lge)� 282 nm (4.217); 1H NMR
(200 MHz, CDCl3): d� 1.18 (t, J� 7.2 Hz, 3 H, CH3), 2.36 (q, J� 7.2 Hz, 2H,


1'-H), 5.08, 5.14 (2d, J� 1.5 Hz, 2 H, 4-H), 6.59 (d, J� 16.0 Hz, 1H, 2-H),
6.83 (d, J� 16.0 Hz, 1H, 1-H), 7.18 ± 7.50 (m, 5 H, Ph H); 13C NMR
(50.3 MHz, CDCl3): d� 12.75 (CH3), 24.71 (C-1'), 115.1 (C-4), 126.6 (Ph
Co), 127.3, 127.7, 128.5 (Ph C, C-2), 131.1 (C-1), 137.4 (Ph Ci), 147.6 (C-3);
MS (70 eV): m/z (%)� 51 (23) [C4H�


3 ], 77 (38) [C6H�
5 ], 115 (62) [C9H�


7 ],
129 (100) [C10H�


9 ], 143 (30) [M�ÿC11H11], 158 (82) [M�]; C12H15 (159.3):
calcd C 91.08, H 8.92; found C 91.20, H 8.93.


1-Phenyl-3-isopropylbuta-1,3-diene (1 c): Ketone 11 c (1.00 g, 5.74 mmol,
0.80 equiv) was transformed into the butadiene 1c (0.99 g, 5.22 mmol,
91%) according to General Procedure III by means of methyl triphenyl-
phosphonium iodide (2.90 g, 7.18 mmol, 1.0 equiv). B.p. 60 8C (2 mbar); IR
(film):� 2964 cmÿ1 (CÿH), 754, 692 (monosubstituted aromate), 962
(RHC�CHR); UV (CH3CN): lmax (lg e)� 282 nm (4.116); 1H NMR
(200 MHz, CDCl3): d� 1.15 (d, J� 6.4 Hz, 6 H, 2�CH3), 2.80 (hept, J�
6.4 Hz, 1H, C-1'), 5.05, 5.15 (2s, 2 H, 4-H), 6.65 (d, J� 15.0 Hz, 1H, 2-H),
6.78 (d, J� 15.0 Hz, 1H, 1-H), 7.15 ± 7.50 (m, 5 H, Ph H); 13C NMR
(50.3 MHz, CDCl3): d� 22.34 (2�CH3), 29.25 (C-1'), 112.8 (C-4), 126.4
(Ph Co), 127.3, 127.4, 128.5 (Ph C, C-2), 130.9 (C-1), 137.4 (Ph Ci), 152.6 (C-
3); MS (70 eV): m/z (%)� 115 (6) [C9H�


7 ], 129 (100) [M�ÿC3H7], 172 (20)
[M�]; C13H16 (172.3): calcd 172.1252, found 172.1252 (HRMS).


General procedure IV. Diels ± Alder reaction under ambient pressure : A
solution of the butadiene 1a, 1b or 1c (0.58 mmol) and the dienophile 2a,
2b, 2c or 2d (0.58 mmol) in 5 mL of toluene was heated at 120 8C for 12 ±
48 h in a pressure flask. After removal of the solvent in vacuo, the residue
was purified by column chromatography on silica gel (petroleum ether/
diethyl ether 20:1).


General procedure V. Diels ± Alder reaction under high pressure : A
solution of diene 1 b or 1c (0.58 mmol) and dienophile 2 c or 2d
(0.58 mmol) in dichloromethane (2.5 mL) was filled by syringe into a
teflon tube. The tube was sealed and placed in a high-pressure cell[7] at
50 8C, 10 kbar for 24 ± 48 h. Afterwards, the solvent was evaporated and the
residue purified by column chromatography on silica gel (petroleum ether/
diethyl ether 20:1).


1,1-Dicyano-4,6-dimethyl-2-phenylcyclohex-3-ene (3/4a): Diene 1 a
(200 mg, 1.38 mmol) and dienophile 2 a (128 mg, 1.38 mmol) were cyclized
according to General Procedure IV at 120 8C in 5 mL toluene over 12 h.
The ratio of 3a to 4 a was 1.86:1 (GC). Column chromatography gave
43.0 mg of 3 a, 13.0 mg of 4 a and 170 mg of a mixture of 3a/4 a (70 %).
trans-1,1-Dicyano-4,6-dimethyl-2-phenylcyclohex-3-ene (4 a): Rf� 0.21
(petroleum ether/ethyl acetate 30:1); IR (film):� 2928 cmÿ1 (CÿH), 2242
(C�N), 1452 (ArÿC�C), 700, 762 (monosubstituted aromatic); UV
(CH3CN): lmax (lge)� 191 nm (4.189); 1H NMR (300 MHz, CDCl3): d�
1.29 (d, J� 6.5 Hz, 3H, CH3), 1.88 (br s, 3 H, CH3), 2.07 (mc, 1H, 5-H),
2.35 ± 2.51 (m, 2 H, 6-H, 5-H), 3.97 (mc, 1 H, 2-H), 5.48 (mc, 1 H, 3-H), 7.31 ±
7.41 (m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 17.23, 23.30 (2�
CH3), 31.53 (C-5), 34.55 (C-6), 43.27 (C-1), 47.12 (C-2), 114.6, 115.0 (C�N),
118.3 (C-3), 128.5, 128.9, 130.2 (Ph C), 135.4, 135.9 (C-4, Ph Ci); MS
(70 eV): m/z (%)� 129 (100) [dieneÿCH�


3 ], 144 (80) [diene�], 236 (8)
[M�]; Rt (180 8C, 1 8C minÿ1)� 13.4 min; C16H16N2 (236.3): calcd 236.1313,
found 236.1313 (HRMS). cis-1,1-Dicyano-4,6-dimethyl-2-phenylcyclohex-
3-ene (3a): Rf� 0.19 (petroleum ether/ethyl acetate 30:1); IR (film):�
2934 cmÿ1 (CÿH), 2252 (C�N), 1456 (ArÿC�C), 700, 764 (monosubstituted
aromatic); UV (CH3CN): lmax (lge)� 242 nm (3.164); 1H NMR (200 MHz,
CDCl3): d� 1.41 (d, J� 6.5 Hz, 3 H, CH3), 1.82 (br s, 3H, CH3), 2.10 ± 2.32
(mc, 2H, 5-H2), 2.46 (quintd, J� 11.2, 6.5 Hz, 1H, 6-H), 3.91 (mc, 1H, 2-H),
5.42 (mc, 1H, 3-H), 7.38 ± 7.47 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3):
d� 18.23, 23.06 (2�CH3), 34.86 (C-5), 37.30 (C-6), 46.02 (C-1), 50.06 (C-2),
112.4, 115.4 (C�N), 120.0 (C-3), 128.7, 128.8, 129.1 (Ph C), 136.3, 137.3 (C-4,
Ph Ci); MS (70 eV): m/z (%)� 129 (100) [dieneÿCH�


3 ], 144 (90) [diene�],
236 (12) [M�]; Rt (180 8C, 1 8C minÿ1)� 13.6 min; C16H16N2 (236.3): calcd C
81.32, H 6.82; found C 81.25, H 6.82.


1,1-Dicyano-6-ethyl-4-methyl-2-phenylcyclohex-3-ene (3/4 b): Diene 1 a
(124 mg, 0.87 mmol) and dienophile 2 b (92.0 mg, 0.87 mmol) were cyclized
according to General Procedure IV at 120 8C in 5 mL toluene over 12 h.
The ratio of 3b/4 b was 1.56:1 (GC). Column chromatography gave 105 mg
of 3b (49 %) and 68 mg of 4b (31 %). trans-1,1-Dicyano-6-ethyl-4-methyl-
2-phenylcyclohex-3-ene (4b): Rf� 0.44 (petroleum ether/ethyl acetate
30:1); IR (film):� 2932, 2970 cmÿ1 (CÿH), 2246 (C�N), 702, 766 (mono-
substituted aromatic); UV (CH3CN): lmax (lge)� 191 nm (4.215); 1H NMR
(300 MHz, CDCl3): d� 0.95 (t, J� 7.0 Hz, 3H, CH2CH3), 1.36 ± 1.50 (m,
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1H, CH2CH3), 1.75 ± 1.90 (m, 1 H, CH2CH3), 1.92 ± 2.14 (m, 1H, 5-Hax), 2.06
(mc, 1H, 6-H), 2.42 (br d, J� 16.0 Hz, 1H, 5-Heq), 3.90 (br s, 1H, 2-H), 5.41
(br s, 1H, 3-H), 7.38 ± 7.46 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3):
d� 11.18 (CH2CH3), 23.40 (CH3), 24.63 (CH2CH3), 31.41 (C-5), 37.51 (C-6),
45.81 (C-1), 47.46 (C-2), 114.6, 115.2 (C�N), 118.4 (C-3), 128.5, 130.2 (Ph
C), 135.3, 135.9 (C-4, Ph Ci); MS (70 eV): m/z (%)� 129 (90) [dieneÿ
CH�


3 ], 144 (100) [diene�], 251 (15) [M�]; Rt (150 8C, 5 8Cminÿ1)� 15.2 min;
C17H18N2 (250.3). cis-1,1-Dicyano-6-ethyl-4-methyl-2-phenylcyclohex-3-
ene (3b): Rf� 0.40 (petroleum ether/ethyl acetate 30:1); IR (film):�
2934, 2970 cmÿ1 (CÿH), 2248 (C�N), 702, 772 (monosubstituted aromatic);
UV (CH3CN): lmax (lg e)� 191 nm (4.188); 1H NMR (300 MHz, CDCl3):
d� 1.08 (t, J� 7.5 Hz, 3H, CH2CH3), 1.50 ± 1.65 (m, 2H, 6-H, CH2CH3),
1.85 (br s, 3H, CH3), 2.00 ± 2.30 (m, 3 H, 5-H, CH2CH3, 6-H), 3.90 (mc, 1H,
2-H), 5.43 (mc, 1H, 3-H), 7.38 ± 7.46 (m, 5 H, Ph H); 13C NMR (50.3 MHz,
CDCl3): d� 10.95 (CH2CH3), 23.19 (CH3), 25.97 (CH2CH3), 31.94 (C-5),
43.25 (C-6), 45.81 (C-1), 50.29 (C-2), 112.7, 115.5 (C�N), 120.1 (C-3), 128.7,
128.8, 129.1 (Ph C), 136.1, 137.2 (C-4, Ph Ci); MS (70 eV): m/z (%)� 129
(100) [dieneÿCH�


3 ], 144 (80) [diene�], 251 (10) [M�]; Rt (150 8C,
5 8C minÿ1)� 15.8 min; C17H18N2 (250.3): calcd 250.1470, found 250.1470
(HRMS).


1,1-Dicyano-6-isopropyl-4-methyl-2-phenylcyclohex-3-ene (3/4 c): Diene
1a (150 mg, 1.04 mmol) and dienophile 2c (125 mg, 1.04 mmol) were
cyclized according to General Procedure IV at 120 8C in 5 mL toluene over
12 h. The ratio of 3c to 4 c was 1.18:1 (GC). Column chromatography gave
20.0 mg of 4c and 181 mg of a mixture of 3 c/4c (66 %). trans-1,1-Dicyano-
6-isopropyl-4-methyl-2-phenylcyclohex-3-ene (4c): Rf� 0.20 (petroleum
ether/ethyl acetate 50:1); IR (film, mixture with 3 c):� 2970 cmÿ1 (CÿH),
2248 (C�N), 706, 762 (monosubstituted aromatic); UV (CH3CN, mixture
with 3 c): lmax (lg e)� 191 nm (4.241); 1H NMR (300 MHz, CDCl3): d� 1.09,
1.11 (2d, J� 7.0 Hz, 6H, 2�CH3), 2.09 ± 2.19 (m, 2 H, 6-H, HCMe2), 2.20 ±
2.28 (m, 2H, 5-H2), 4.06 (br d, J� 4.5 Hz, 1 H, 2-H), 5.47 (mc, 1 H, 3-H),
7.37 ± 7.43 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 16.21, 21.91,
23.41 (3�CH3), 26.98 (C-5), 29.09 (CMe2), 39.26 (C-1), 41.46 (C-6), 50.00
(C-2), 114.4, 116.2 (C�N), 118.3 (C-3), 128.5, 129.0, 130.7 (Ph C), 136.5 (C-
4, Ph Ci); MS (70 eV, mixture with 3c): m/z (%)� 129 (72) [dieneÿCH�


3 ],
144 (100) [diene�], 264 (10) [M�]; Rt (180 8C, 5 8C minÿ1)� 11.6 min;
C18H19N2 (263.4): calcd C 81.78, H 7.62; found C 81.70, H 7.60. cis-1,1-
Dicyano-6-isopropyl-4-methyl-2-phenylcyclohex-3-ene (3 c): Rf� 0.16 (pe-
troleum ether/ethyl acetate 50:1); IR see 4c ; UV see 4c ; 1H NMR
(500 MHz, CDCl3, 1:1 mixture with 4c): d� 0.70, 1.09 (2d, J� 7.0 Hz, 6H,
2� CH3), 2.09 ± 2.19 (m, 1H, 6-H), 2.29 ± 2.39 (m, 2 H, 5-H2), 2.46 (d sept,
J� 7.0, 3.0 Hz, 1-H, HCMe2), 3.94 (mc, 1 H, 2-H), 5.42 (mc, 1H, 3-H), 7.34 ±
7.43 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 16.11, 21.94, 23.35
(3�CH3), 26.74 (C-5), 29.86 (CMe2), 44.97 (C-1), 46.99 (C-6), 51.89 (C-2),
113.4, 115.0 (C�N), 120.1 (C-3), 128.6, 128.8, 129.3 (Ph C), 136.4 (C-4), 137.0
(Ph Ci); MS see 4c ; Rt (180 8C, 5 8Cminÿ1)� 12.3 min; C18H19N2 (263.4).


6-tert-Butyl-1,1-dicyano-4-methyl-2-phenylcyclohex-3-ene (3/4 d): Diene
1a (200 mg, 1.40 mmol) and dienophile 2 d (187 mg, 1.40 mmol) were
cyclized according to General Procedure IV at 120 8C in 5 mL toluene over
48 h. The ratio of 3 d to 4d was 1:5.56 (GC). Column chromatography gave
20.0 mg of 3 d (containing 20% 4 d), 90.0 mg of 4 d and 216 mg of a mixture
3d/4 d (90 %). trans-6-tert-Butyl-1,1-dicyano-4-methyl-2-phenylcyclohex-
3-ene (4 d): Rf� 0.23 (petroleum ether/ethyl acetate 30:1); IR (film):�
2936 cmÿ1 (CÿH), 2244 (C�N), 704, 756 (monosubstituted aromatic); UV
(CH3CN): lmax (lg e)� 258 nm (2.100); 1H NMR (300 MHz, CDCl3): d�
1.09 (s, 9H, tBu), 1.89 (s, 3 H, CH3), 2.10 (t, J� 8.0 Hz, 1H, 5-Hax), 2.30 (br d,
J� 8.0 Hz, 2H, 6-H, 5-Heq), 4.06 (br d, J� 5.0 Hz, 1H, 2-H), 5.48 (br d, J�
5.0 Hz, 1H, 3-H), 7.38 ± 7.42 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3):
d� 23.24 (CH3), 28.49 (tBu); 30.99 (C-5), 33.40 (CMe3), 39.08 (C-6), 43.21
(C-1), 51.87 (C-2), 116.4, 116.5 (C�N), 118.4 (C-3), 128.3, 128.9, 130.9 (Ph
C), 135.3 (C-4), 136.5 (Ph Ci); MS (70 eV): m/z (%)� 129 (58) [dieneÿ
CH�


3 ], 144 (100) [diene�], 278 (8) [M�]; Rt (180 8C, 5 8Cminÿ1)� 17.9 min;
C19H22N2 (278.4): calcd 278.1782, found 278.1782 (HRMS). cis-6-tert-Butyl-
1,1-dicyano-4-methyl-2-phenylcyclohex-3-ene (3d): Rf� 0.19 (petroleum
ether/ethyl acetate 30:1); IR (film):� 2940, 2966 cmÿ1 (CÿH), 2246 (C�N),
702 (monosubstituted aromatic); UV (CH3CN): lmax (lg e)� 252 nm
(1.948); 1H NMR (300 MHz, CDCl3): d� 1.22 (s, 9 H, tBu), 1.82 (s, 3H,
CH3), 2.26 (dd, J� 12.5, 4.5 Hz, 1 H, 6-H), 2.31 (br dd, J� 17.0, 12.5 Hz, 1H,
5-Hax), 2.43 (br d, J� 17.0 Hz, 1 H, 5-Heq), 3.87 (mc, 1H, 2-H), 5.37 (mc, 1H,
3-H), 7.35 ± 7.48 (m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 23.18
(CH3), 28.79 (tBu); 30.73 (C-5), 34.13 (CMe3), 41.51 (C-6), 51.12 (C-1),


53.27 (C-2), 113.8, 116.4 (C�N), 120.4 (C-3), 128.4, 128.9, 129.8 (Ph C),
136.4 (C-4), 137.0 (Ph Ci); MS (70 eV): m/z (%)� 91 (9) [C7H�


7 ], 77 (6)
[C6H�


5 ], 129 (65) [dieneÿCH�
3 ], 144 (100) [diene�], 278 (18) [M�]; Rt


(180 8C, 5 8C minÿ1)� 16.5 min; C19H22N2 (278.4): calcd C 81.97, H 7.96;
found C 81.77, H 7.76.


1,1-Dicyano-4-ethyl-6-methyl-2-phenylcyclohex-3-ene (5/6 a): Diene 1 b
(150 mg, 0.95 mmol) and dienophile 2 a (105 mg, 1.14 mmol, 1.2 equiv)
were cyclized according to General Procedure IVat 120 8C in 5 mL toluene
over 12 h. The ratio of 5 a/6a was determined to be 1.17:1 (GC). Column
chromatography gave 18.0 mg of 5a, 18.0 mg of 6a and 174 mg of a mixture
5a/6a (73 %). trans-1,1-Dicyano-4-ethyl-6-methyl-2-phenylcyclohex-3-ene
(6a): Rf� 0.52 (petroleum ether/ethyl acetate 10:1); IR (film, mixture with
5a):� 2968 cmÿ1 (CÿH), 2248 (C�N), 1458 (Ph C�C), 768, 702 (mono-
substituted aromatic); UV (CH3CN, mixture with 5a): lmax (lg e)� 191 nm
(4.247); 1H NMR (200 MHz, CDCl3): d� 1.10 (t, J� 7.2 Hz, 3H, CH2CH3),
1.28 (d, J� 6.5 Hz, 3 H, CH3), 2.00 ± 2.21 (m, 5H, 5-H2, CH2CH3, 6-H),
2.35 ± 2.55 (m, 1H, CH2CH3), 3.99 (br s, 1 H, 2-H), 5.46 (br s, 1H, 3-H),
7.28 ± 7.45 (m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 12.15, 17.22
(2�CH3), 29.82, 32.91 (C-5, CH2CH3), 31.50 (C-6), 43.42 (C-1), 46.97 (C-2),
114.6, 114.9 (C�N), 116.6 (C-3), 128.6, 128.9, 130.1 (Ph C), 136.0 (C-4),
140.7 (Ph Ci); MS (70 eV, mixture with 5a): m/z (%)� 129 (100) [dieneÿ
C2H�


5 ], 158 (62) [diene�], 250 (10) [M�]; Rt (190 8C, 1 8C minÿ1)� 13.0 min;
C17H18N2 (250.3), calcd C 81.56, H 7.25; found C 81.52, H 7.33. cis-1,1-
Dicyano-4-ethyl-6-methyl-2-phenylcyclohex-3-ene (5 a): Rf� 0.46 (petro-
leum ether/ethyl acetate 10:1); IR see 6a ; UV see 5 a ; 1H NMR (200 MHz,
CDCl3): d� 1.15 (t, J� 7.0 Hz, 3H, CH2CH3), 1.48 (d, J� 7.5 Hz, 3H, CH3),
2.01 ± 2.58 (m, 5 H, 5-H2, CH2CH3, 6-H), 2.35 ± 2.55 (m, 1 H, CH2CH3), 3.89
(mc, 1 H, 2-H), 5.41 (mc, 1 H, 3-H), 7.28 ± 7.45 (m, 5 H, Ph H); 13C NMR
(50.3 MHz, CDCl3): d� 12.03, 18.29 (2�CH3), 29.62, 33.38 (C-5, CH2CH3),
37.32 (C-6), 46.21 (C-1), 50.02 (C-2), 112.4, 115.4 (C�N), 118.3 (C-3), 128.7,
128.8, 129.1 (Ph C), 137.5 (C-4), 141.7 (Ph Ci); MS see 6 a ; Rt (190 8C,
1 8C minÿ1)� 13.4 min; C17H18N2 (250.3): calcd 250.1470, found 250.1470
(HRMS).


1,1-Dicyano-4,6-diethyl-2-phenylcyclohex-3-ene (5/6 b): Diene 1b (150 mg,
0.95 mmol) and dienophile 2b (121 mg, 1.14 mmol, 1.2 equiv) were cyclized
according to General Procedure IV at 120 8C in 5 mL toluene over 12 h.
The ratio of 5b to 6b was 1.13:1 (GC). Column chromatography gave
12.0 mg of 5 b, 18.0 mg of 6b and 209 mg of a mixture 5b/6b (95 %). trans-
1,1-Dicyano-4,6-diethyl-2-phenylcyclohex-3-ene (6b): Rf� 0.54 (petroleum
ether/ethyl acetate 10:1); IR (film, mixture with 5 b):� 2934, 2968 cmÿ1


(CÿH), 2248 (C�N), 1456 (ArÿC�C), 702, 766 (monosubstituted aromat-
ic); UV (CH3CN, mixture with 5 b): lmax (lge)� 192 nm (4.199); 1H NMR
(300 MHz, CDCl3): d� 1.01, 1.10 (t, J� 7.0 Hz, 6 H, 2�CH3), 1.40 ± 1.57 (m,
1H, CH2CH3), 1.80 ± 1.96 (m, 1H, CH2CH3), 2.00 ± 2.20 (m, 4H, CH2CH3,
6-H, 5-H), 2.44 ± 2.55 (m, 1H, 5-H), 3.95 (br s, 1 H, 2-H), 5.46 (br s, 1H, 3-H),
7.39 ± 7.43 (m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 11.23, 12.17
(2�CH3), 25.56 (C-5), 29.75, 29.94 (CH2CH3), 37.66 (C-6), 43.41 (C-1),
47.33 (C-2), 114.6, 115.2 (C�N), 116.9 (C-3), 128.6, 128.9, 130.2 (Ph C), 136.1
(C-4), 140.7 (Ph Ci); MS (70 eV): m/z (%)� 129 (100) [dieneÿC2H�


5 ], 158
(36) [diene�], 264 (8) [M�]; Rt (180 8C, 5 8C minÿ1)� 12.4 min; C18H20N2


(264.4): calcd C 81.78, H 7.62; found C 81.73, H 7.63. cis-1,1-Dicyano-4,6-
diethyl-2-phenylcyclohex-3-ene (5b): Rf� 0.50 (petroleum ether/ethyl
acetate 10:1); IR see 6b ; UV see 6b ; 1H NMR (300 MHz, CDCl3): d�
1.08, 1.09 (t, J� 7.0 Hz, 6H, 2�CH3), 1.50 ± 1.61 (m, 1H, CH2CH3), 2.00 ±
2.27 (m, 1H, CH2CH3, 5-H, 6-H), 2.40 (mc, 1 H, 5-H), 3.90 (mc, 1H, 2-H),
5.40 (mc, 1H, 3-H), 7.35 ± 7.42 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3):
d� 10.95, 12.01 (2�CH3), 26.00 (C-5), 29.70, 30.46 (CH2CH3), 43.25 (C-6),
45.97 (C-1), 50.21 (C-2), 112.7, 115.5 (C�N), 118.4 (C-3), 128.7, 128.8, 129.1
(Ph C), 137.4 (C-4), 141.5 (Ph Ci); MS (70 eV): m/z (%)� 129 (100)
[dieneÿC2H�


5 ], 158 (24) [diene�], 264 (3) [M�]; Rt (180 8C, 5 8Cminÿ1)�
12.8 min; C18H20N2 (264.4) calcd 264.1626, found 264.1626 (HRMS).


1,1-Dicyano-4-ethyl-6-isopropyl-2-phenylcyclohex-3-ene (5/6 c): Diene 1b
(150 mg, 0.95 mmol) and dienophile 2 c (137 mg, 1.14 mmol, 1.2 equiv)
were cyclized according to General Procedure IVat 120 8C in 5 mL toluene
over 24 h. The ratio of 5c to 6 c was 1:1.56 (GC). Column chromatography
gave 40.0 mg of 5c, 46.0 mg of 6 c and 96.0 mg of a mixture 5c/6c (69 %).
trans-1,1-Dicyano-4-ethyl-6-isopropyl-2-phenylcyclohex-3-ene (6c): Rf�
0.31 (petroleum ether/ethyl acetate 20:1); IR (KBr, mixture with 5c):�
2928, 2966 cmÿ1 (CÿH), 2244 (C�N), 1464 (ArÿC�C), 700, 760 (mono-
substituted aromatic); UV (CH3CN, mixture with 5c): lmax (lg e)� 191 nm
(4.152); 1H NMR (300 MHz, CDCl3): d� 0.98, 1.10, 1.15 (d, J� 6.8 Hz, 9H,
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3�CH3), 2.08 ± 2.30 (m, 6 H, 4-H2, 5-H, CH3CH2 , HCMe2), 4.08 (mc, 1H,
2-H), 5.48 (mc, 1H, 3-H), 7.29 ± 7.45 (m, 5 H, Ph H); 13C NMR (50.3 MHz,
CDCl3): d� 12.24, 16.21, 21.89 (3�CH3), 25.33, 29.98 (C-5, CH3CH2), 29.11
(CMe2), 39.16 (C-6), 41.58 (C-1), 49.81 (C-2), 114.4, 116.1 (C�N), 116.6 (C-
3), 128.4, 128.9, 130.6 (Ph C), 135.6 (C-4), 141.8 (Ph Ci); MS (70 eV): m/z
(%)� 129 (100) [dieneÿC2H�


5 ], 158 (38) [diene�], 278 (4) [M�]; Rt (180 8C,
5 8C minÿ1)� 12.2 min; C19H22N2 (278.4): calcd C 81.97, H 7.96; found C
81.84, H 7.86. cis-1,1-Dicyano-4-ethyl-6-isopropyl-2-phenylcyclohex-3-ene
(5c): Rf� 0.28 (petroleum ether/ethyl acetate 20:1); IR see 6 c ; UV see 6 c ;
1H NMR (300 MHz, CDCl3): d� 1.10, 1.12 (d, J� 7.0 Hz, 6H, 2�CH3),
1.11 (t, J� 7.0 Hz, 3H, CH2CH3), 2.10 ± 2.52 (m, 6H, 4-H2, 6-H, CH3CH2 ,
HCMe2), 3.93 (mc, 1H, 2-H), 5.41 (mc, 1H, 3-H), 7.37 ± 7.46 (m, 5 H, Ph H);
13C NMR (50.3 MHz, CDCl3): d� 12.08, 16.12, 21.95 (3�CH3), 25.24 (C-5)
29.88 (CH3CH2), 29.91 (CMe2), 44.23 (C-1), 46.96 (C-6), 51.79 (C-2), 113.4,
115.0 (C�N), 118.3 (C-3), 128.6, 128.9, 129.3 (Ph C), 137.1 (C-4), 142.4 (Ph
Ci); MS (70 eV): m/z (%)� 129 (100) [dieneÿC2H�


5 ], 158 (28) [diene�],
278 (3) [M�]; Rt (180 8C, 5 8Cminÿ1)� 12.9 min; C19H22N2 (278.4): calcd
278.1783, found 278.1783 (HRMS).


6-tert-Butyl-1,1-dicyano-4-ethyl-2-phenylcyclohex-3-ene (5/6 d): Diene 1b
(100 mg, 0.63 mmol) and dienophile 2d (254 mg, 2.00 mmol, 3 equiv) were
cyclized according to General Procedure V at 50 8C, 10 kbar in 2.5 mL
dichloromethane over 48 h. The ratio of 5 d to 6d was 1:5.88 (GC). Column
chromatography gave 39.0 mg of 6d and 85 mg of a mixture 5 d/6d (96 %).
trans-6-tert-Butyl-1,1-dicyano-4-ethyl-2-phenylcyclohex-3-ene (6 d): Rf�
0.36 (petroleum ether/ethyl acetate 30:1); IR (KBr, mixture with 5 d):�
2968 cmÿ1 (CÿH), 2242 (C�N) 700, 754 (monosubstituted aromatic); UV
(CH3CN, mixture with 5d): lmax (lge)� 191 nm (4.142); 1H NMR
(300 MHz, CDCl3): d� 1.10 (s, 9 H, tBu), 2.08 (dd, J� 9.0, 8.0 Hz, 1H,
5-Hax), 2.18 (br q, J� 7.0 Hz, 2H, CH2CH3), 2.33 (br d, J� 8.0 Hz, 2H,
5-Heq, 6-H), 4.09 (mc, 1 H, 2-H), 5.49 (mc, 1H, 3-H), 7.29 ± 7.45 (m, 5 H, Ph
H); 13C NMR (50.3 MHz, CDCl3): d� 12.20 (CH3), 28.50 (tBu), 29.93, 29.78
(C-5, CH3CH2), 33.42 (CMe3), 39.22 (C-6), 43.15 (C-1), 51.73 (C-2), 116.4,
116.5 (C�N), 116.8 (C-3), 128.3, 128.9, 130.9 (Ph C), 135.4 (C-4), 141.9 (Ph
Ci); MS (70 eV, mixture with 5 d): m/z (%)� 129 (100) [dieneÿC2H�


5 ], 158
(45) [diene�], 292 (10) [M�]; Rt (180 8C, 5 8Cminÿ1)� 12.5 min; C20H24N2


(292.4): calcd C 82.43, H 7.95; found C 82.51, H 8.07. cis-6-tert-Butyl-1,1-
dicyano-4-ethyl-2-phenylcyclohex-3-ene (5 d): Rf� 0.30 (petroleum ether/
ethyl acetate 30:1); IR see 6d ; UV see 6 d ; 13C NMR (50.3 MHz, CDCl3,
mixture with 6 d): d� 12.07 (CH3), 28.78 (tBu), 29.27, 29.69 (C-5, CH3CH2),
34.15 (CMe3), 41.65 (C-6), 51.05 (C-1), 53.11 (C-2), 113.8 (C�N), 118.7 (C-
3), 128.4, 128.8, 129.8 (Ph C), 136.8 (C-4), 142.4 (Ph Ci); MS see 6 d ; Rt


(180 8C, 5 8Cminÿ1)� 13.1 min; C20H24N2 (292.4).


1,1-Dicyano-6-ethyl-4-isopropyl-2-phenylcyclohex-3-ene (7 ± 8b): Diene 1 c
(100 mg 113, 0.58 mmol) and dienophile 2b (61.5 mg, 0.58 mmol) were
cyclized according to General Procedure IV at 120 8C in 5 mL toluene
within 24 h. The ratio of 7b/8b was determined to be 1:1.89 (GC). Column
chromatography gave 3.0 mg of 7b, 14.0 mg of 8b and 148 mg of a mixture
7b/8 b (98 %). trans-1,1-Dicyano-6-ethyl-4-isopropyl-2-phenylcyclohex-3-
ene (8 b): Rf� 0.23 (petroleum ether/ethyl acetate 20:1); IR (film, mixture
with 7 b):� 2966 cmÿ1 (CÿH), 2248 (C�N) 702, 768 (monosubstituted
aromatic); UV (CH3CN, mixture with 7b): lmax (lge)� 191 nm (4.188);
1H NMR (200 MHz, CDCl3): d� 0.93 (t, J� 7.2 Hz, 3H, CH2CH3), 0.96 (d,
J� 6.8 Hz, 6H, 2�CH3), 1.34 ± 1.52 (m, 1H, CH2CH3), 1.72 ± 1.93 (m, 1H,
CH2CH3), 1.96 ± 2.10 (m, 2 H, 5-H, 6-H), 2.31 (sept, J� 6.8 Hz, 1H,
HCMe2), 3.90 (br d, J� 4.0 Hz, 1H, 2-H), 5.39 (mc, 1 H, 3-H), 7.21 ± 7.39
(m, 5 H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 11.28 (CH2CH3), 21.21,
21.42 (2�CH3), 24.47 (CH2CH3), 27.41 (C-5), 34.90 (CMe2), 37.74 (C-6),
43.50 (C-1), 47.13 (C-2), 114.7, 115.2 (C�N), 116.1 (C-3), 128.6, 128.9, 130.2
(Ph C), 136.2 (C-4), 144.8 (Ph Ci); MS (70 eV, mixture with 8 d): m/z (%)�
129 (100) [dieneÿC3H�


7 ], 172 (24) [diene�], 278 (2) [M�]; Rt (180 8C,
5 8C minÿ1)� 11.9 min; C19H22N2 (278.4): calcd C 81.97, H 7.96; found C
82.12, H 7.99. cis-1,1-Dicyano-6-ethyl-4-isopropyl-2-phenylcyclohex-3-ene
(7b): Rf� 0.19 (petroleum ether/ethyl acetate 20:1); IR see 8 b ; UV see 8b ;
1H NMR (500 MHz, CDCl3): d� 1.09, 1.10 (2d, J� 6.8 Hz, 6H, 2�CH3),
1.11 (t, J� 7.0 Hz, 3H, CH2CH3), 1.55 ± 1.60 (m, 1 H, CH2CH3), 2.06 ± 2.24
(m, 3 H, 6-H, 5-H, CH2CH3), 2.34 (sept, J� 6.8 Hz, 1H, HCMe2), 3.90 (mc,
1H, 2-H), 5.44 (mc, 1H, 3-H), 7.39 ± 7.42 (m, 5 H, Ph H); 13C NMR
(50.3 MHz, CDCl3): d� 10.99 (CH2CH3), 21.11, 21.50 (2�CH3), 26.08
(CH2CH3), 28.31 (C-5), 34.68 (CMe2), 43.20 (C-6), 46.01 (C-1), 50.01 (C-2),
112.6, 115.5 (C�N), 117.5 (C-3), 128.5, 128.8, 129.1 (Ph C), 137.4 (C-4), 145.7
(Ph Ci); MS see 8b ; Rt (180 8C, 5 8Cminÿ1)� 12.2 min; C19H22N2 (278.4).


1,1-Dicyano-4,6-diisopropyl-2-phenylcyclohex-3-ene (7/8c): Diene 1 c
(100 mg, 0.58 mmol) and dienophile 2 c (70 mg, 0.58 mmol) were cyclized
according to General Procedure V at 50 8C, 10 kbar in 2.5 mL dichloro-
methane within 36 h. The ratio of 7c/8 c was determined to be 1:3.33 (GC).
Column chromatography gave 37.0 mg of 8c and 16 mg of a mixture 7c/8 c
(31 %). trans-1,1-Dicyano-4,6-diisopropyl-2-phenylcyclohex-3-ene (8c):
Rf� 0.28 (petroleum ether/ethyl acetate 30:1); IR (KBr, mixture with
7c):� 2964 cmÿ1 (CÿH), 2248 (C�N) 702, 764 (monosubstituted aromatic);
UV (CH3CN, mixture with 7 c): lmax (lge)� 191 nm (4.183); 1H NMR
(300 MHz, CDCl3): d� 1.01, 1.11, 1.14, 1.16 (4d, J� 6.5 Hz, 12H, 4�CH3),
2.02 ± 2.34 (m, 4H, 5-H2, 6-H, HCMe2), 2.42 (sept, J� 6.5 Hz, 1H, HCMe2),
4.08 (br d, J� 5.0 Hz, 1H, 2-H), 5.49 (mc, 1 H, 3-H), 7.20 ± 7.42 (m, 5H, Ph
H); 13C NMR (50.3 MHz, CDCl3): d� 16.29, 21.20, 21.64, 21.91 (4�CH3),
23.15 (C-5), 29.20, 35.04 (2�CMe2), 39.18 (C-6), 41.70 (C-1), 49.67 (C-2),
115.8 (C-3), 114.4, 116.0 (C�N), 128.5, 128.9, 130.6 (Ph C), 135.7 (C-4),
146.0 (Ph Ci); MS (70 eV, mixture with 7 c): m/z (%)� 129 (100) [dieneÿ
iPr�], 172 (55) [diene�], 292 (10) [M�]; Rt (180 8C, 3 8C minÿ1)� 16.8 min;
C20H24N2 (292.4): calcd C 82.14, H 8.27; found C 82.05, H 8.28. cis-1,1-
Dicyano-4,6-diisopropyl-2-phenylcyclohex-3-ene (7c): Rf� 0.26 (petrole-
um ether/ethyl acetate 30:1); IR see 8c ; UV see 8c ; 1H NMR (300 MHz,
CDCl3 d� 0.94, 1.02, 1.10, 1.18 (4d, J� 6.5 Hz, 12 H, 4�CH3), 2.04 ± 2.50
(m, 5H, 5-H2, 6-H, 2�HCMe2), 3.95 (mc, 1H, 2-H), 5.44 (br s, 1 H, 3-H),
7.20 ± 7.43 (m, 5H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 16.19, 21.20,
21.64, 21.91 (4�CH3), 23.15 (C-5), 30.01, 34.90 (2�CMe2), 44.31 (C-1),
47.01 (C-6), 51.77 (C-2), 113.3, 115.1 (C�N), 117.6 (C-3), 128.3, 128.7, 128.9
(Ph C), 137.1 (C-4), 146.6 (Ph Ci); MS see 8c ; Rt (180 8C, 3 8Cminÿ1)�
18.3 min; C20H24N2 (292.4): calcd 292.1939, found 292.1939 (HRMS).


trans-6-tert-Butyl-1,1-dicyano-4-isopropyl-2-phenylcyclohex-3-ene (8d):
Diene 1c (100 mg, 0.63 mmol) and dienophile 2 d (84.8 mg, 0.63 mmol)
were cyclized according to General Procedure Vat 50 8C, 10 kbar in 2.5 mL
dichloromethane over 24 h. Column chromatography gave 39 mg of 8 d as a
single product (96 %). Traces of the cycloadduct 7 d may have been
determined by GC, 8d :7d >99:1). Rf� 0.37 (petroleum ether/ethyl acetate
20:1); IR (KBr):� 2968 cmÿ1 (CÿH), 2242 (C�N) 702, 770 (monosubsti-
tuted aromatic); UV (CH3CN): lmax (lge)� 191 nm (4.170); 1H NMR
(300 MHz, CDCl3): d� 1.09 (s, 9H, tBu), 1.13, 1.15 (2d, J� 6.5 Hz, 6H, 2�
CH3), 2.05 (dd, J� 10.0, 6.5 Hz, 1H, 5-Hax), 2.33 (td, J� 10.0, 1.0 Hz, 1H,
5-Heq), 2.35 (br d, J� 6.5, 1.0 Hz, 1 H, 6-H), 2.38 (sept, J� 6.5 Hz, 1H,
HCMe2), 4.08 (br d, J� 4.0 Hz, 1H, 2-H), 5.50 (mc, 1H, 3-H), 7.31 ± 7.45 (m,
5H, Ph H); 13C NMR (50.3 MHz, CDCl3): d� 21.17, 21.67 (2�CH3), 27.23
(C-5), 28.25 (tBu), 33.48 (CMe3), 34.82 (CMe2), 39.29 (C-1), 39.29 (C-6),
43.11 (C-6), 51.55 (C-2), 115.9 (C-3), 116.3, 116.5 (C�N), 128.3, 128.9, 130.9
(Ph C), 135.4 (C-4), 146.1 (Ph Ci); MS (70 eV): m/z (%)� 129 (100)
[dieneÿ iPr�], 172 (41) [diene�], 306 (12) [M�]; C21H26N2 (306.5): calcd C
82.27, H 8.55; found C 82.37, H 8.70.
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Metal Iodides in Polyiodide NetworksÐThe Structural Chemistry of Complex
Gold Iodides with Excess Iodine


Per H. Svensson, Jan Rosdahl, and Lars Kloo*[a]


Abstract: Theoretical calculations that
compare the Iÿ5 ion and the [AuI4]ÿ ion
show that they are closely related and
have potential energy surface (PES)
minima corresponding to an L-shaped
structure. These calculations also indi-
cate that the Iÿ3 and [AuI2]ÿ ions should
be exchangeable. These results were
confirmed by the synthesis of the
compounds (Et3S)[AuI4] ´ 2I2 (1) and
(Me3S)2[AuI4][I3] (4), which have been


characterised by X-ray diffraction,
Raman and far-IR spectroscopy. The
structure of 1 is made up of [AuI4]ÿ units
coordinated by infinite zig-zag chains of
I2 molecules, and can be regarded as


[AuI4]ÿ ions incorporated into a poly-
iodide network. The structure of 4 is
closely related to those of the com-
pounds of the M2Au2X6 family (M�
Cs�, Rb�, NH�


4 , K� ; X�Clÿ, Brÿ, Iÿ)
which consist of square-planar [AuX4]ÿ


and linear [AuX2]ÿ ions. However, in the
structure of 4, the [AuX2]ÿ ions are
replaced by Iÿ3 ions.


Keywords: ab initio calculations ´
gold ´ iodine ´ quantum-chemical
calculations ´ structure elucidation ´
vibrational analysis


Introduction


Polyiodide structures can, with a few exceptions, be described
as formed from three subunits: Iÿ, I2 and Iÿ3 , which coordinate
to each other by formal closed-shell interactions (Iÿ and Iÿ3 act
as donors and I2 as acceptor).[1±4] A vast range of polyiodides
have been synthesised and the structures are highly depend-
ent on the size and polarisability of the cation. At present,
polyiodides with formal contents up to I3ÿ


29 are known and
many of them have found applications in areas such as
electronics, fuel cells and batteries.[5±9] Recently, polyiodides
have provoked interest since they are one of the few
compounds that form extended anionic inorganic net-
works.[5, 10, 11]


The (R3S)Ix (R�Me,Et; x� 2 ± 11) polyiodides have been
shown to be appropriate reaction media for the study and
isolation of modified polyiodide networks.[12, 13] The addition
of iodide acceptors or metal iodides to an (R3S)Ix melt
exposes the iodine to a competition for iodide ions. This
enables the insertion of guest atoms into the polyiodide
networks and thus modification of the Iÿ-donating properties
becomes possible. Potentially, the knowledge about the effects
on structure and physical properties caused by different guest
molecules can enable the design of polyiodides with special
properties.


In this work we present the results from the use of complex
gold iodides as guest molecules, which includes attempts to
replace Iÿ3 with the analogous [AuI2]ÿ ion in polyiodide
networks. Geometric optimisation and calculation of poten-
tial energy surfaces (PES) for [AuI4]ÿ , Iÿ5 , [AuI2]ÿ and Iÿ3 have
also been performed in order to investigate whether [AuI4]ÿ


and [AuI2]ÿ are suitable guest molecules and are able to
exchange polyiodides.


Results and Discussion


Theoretical studies of [AuI4]ÿ , Iÿ5 , [AuI2]ÿ and Iÿ3 : Gold and
iodine display remarkable chemical similarity both in species
where the atoms have formal oxidation states of ÿ I, � I and
� III. Thus, both Auÿ and Iÿ, linear [AuCl2]ÿ and [ICl2]ÿ , and
[AuI2]ÿ and Iÿ3 , as well as square-planar [AuCl4]ÿ and [ICl4]ÿ


are known. The reason for this similar chemical behaviour is
the subject of an ongoing study.[14]


The calculated IÿI distance in Iÿ3 at the MP2 level is
2.991 �, which is slightly too long compared with the
experimental mean value of 2.922 �.[14] However, the error
is less than 3 % and the result must be considered acceptable
when the extremely shallow potential of linear deformation of
Iÿ3 is taken into consideration.[15] The corresponding calcu-
lated frequencies of vibration are 58 (n2) 114 (n1) and 149
(n3) cmÿ1; quite close to the experimentally observed fre-
quencies of 75, 113 and 145 cmÿ1.[16±18] The geometric opti-
misation of Iÿ5 at the MP2 level results in a V-shaped geometry
(C2v) which can be regarded as two I2 molecules coordinated
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to an Iÿ ion. The IÿI distances are 2.877 and 3.108 � and the
top angle is 1058, which is in rather good agreement with the
experimental values of 2.792 �, 3.210 � and 928.[14] The
corresponding calculations for [AuI2]ÿ and [AuI4]ÿ (D4h) give
AuÿI distances of 2.661 and 2.722 �, respectively. These are
also slightly too long compared with the average experimental
value of 2.566 and 2.626 �.[14, 19] However, the results are
considered acceptable in view of the results for Iÿ3 and Iÿ5 .


When the energies for [AuI4]ÿ and Iÿ5 are compared it
becomes clear that the square-planar geometry, according to
these calculations, is not the most stable one in either case. In
both systems, the L-shaped geometry has a lower energy:
58.6 kJ molÿ1 and 75.8 kJ molÿ1 lower than for square-planar
geometry for [AuI4]ÿ and Iÿ5 , respectively. In the case of Iÿ5 an


even lower total energy can be obtained by allowing the ion to
relax to the V-shaped geometry discussed above, but this
conformation is only favoured by 3.9 kJ molÿ1 compared with
the L-shaped one. However, the difference in energy between
different geometries is small in both systems and in the same
order of magnitude as hydrogen bonds (10 ± 65 kJ molÿ1).
Despite all this, it is interesting to note that the angles in the
two L-shaped ions [AuI4]ÿ and Iÿ5 are almost identical, and
that the only significant difference is the length of the linear
part (the terminal IÿI distance in [AuI4]ÿ is 5.312 � and
5.940 � in Iÿ3 ) of the compounds.


The PES of Iÿ3 and I2, (Figure 1 left) shows two minima; one
which corresponds to the L-shaped geometry described above
and the other to T-shaped. This is surprising since no discrete
T-shaped polyiodide structure has been reported so far.
However, basis set superposition errors (BSSE) contribute
significantly to the energy in the range studied, and the largest
contribution, and thereby the largest error, is obtained for the
T-shaped structure. The energy difference between the
L-shaped and the T-shaped geometry is significant, and larger
when corrected for BSSE. The relative difference in energy
might explain why only L-shaped Iÿ5 ions are observed
experimentally. However, in solid triiodide compounds the
triiodide ions often form T-shaped aggregates and net-
works.[1±3]


The corresponding PES of [AuI2]ÿ and I2 (Figure 1 right)
only displays one minimum which corresponds to the bent
L-shape. This indicates that it ought to be possible to use
[AuI2]ÿ to replace Iÿ3 in polyiodides, or vice versa in gold(I)
compounds which contain [AuX2]ÿ . We were not able to
retain gold in oxidation state � I in the systems studied (see
Experimental Section). The high I2 activity required during
synthesis causes the gold to oxidise to � III forming square-
planar [AuI4]ÿ complexes that are coordinated by excess I2.


An interesting analogy to the [I-I-I]ÿ/[I-Au-I]ÿ systems
investigated here is the theoretical study by Hoffman et al. on
the [I-I-I]ÿ/[I-H-I]ÿ/[I-I-H]ÿ systems.[20] They show that [I-H-
I]ÿ is favoured over the formation of [I-I-H]ÿ and that the
bonding in the hydrogen bihalides can be described as a
donor ± acceptor interaction between closed-shell fragments,
in accordance with the bonding in Iÿ3 .


Abstract in Swedish: Polyjodider av den formella samman-
sättningen (R3S)Ix, där R är en alkylgrupp, bildar smältor vid
rumstemperatur. Denna typ av system har visat sig vara
lämpliga media för syntes av modifierade polyjodider med
komplexa metalljodider. I dessa reaktioner utsätts metalljod-
iderna Iÿ och Iÿ3 för en konkurrens om elektronacceptorn I2.
Detta möjliggör inkorporering av gästmolekyler i polyjodid-
nätverken. Teoretiska beräkningar har visat att Iÿ5 och [AuI4]ÿ


är mycket lika och potentialenergiytan för interaktionen mellan
[MI2]ÿ och I2, där M är I eller Au, i baÊda systemen uppvisar ett
minimmum som motsvarar en L-formad struktur. Resultaten
av de teoretiska beräkningarna antyder att Iÿ3 och [AuI2]ÿ


borde vara utbytbara i fasta strukturer. Dessa resultat stöds
av det faktum att föreningarna (Et3S)[AuI4] ´ 2I2, (1) och
(Me3S)2[AuI4][I3], (4) kan syntetiseras. Föreningarna har
karakteriserats med hjälp av röntgendiffraktion, samt Raman-
och IR-spektroskopi. Strukturen av 1 innehaÊller oändliga zig-
zagkedjor av [AuI4]ÿ koordinerad av I2 i cis-konformation, dvs
över AuI2-diagonalen. [AuI4]ÿ-enheterna kan därför anses
vara en del av ett polyjodid-nätverk. Strukturen av 4 är
närbesläktad med den i M2Au2X6 (M� vanligen alkalimetall-
katjon; X� halogenidjon), vilken bestaÊr av plankvadratiska
[AuX4]ÿ- och linjära [AuX2]ÿ-joner. I strukturen av 4 har
emellertid [AuX2]ÿ ersatts med Iÿ3 .


Figure 1. Counterpoise-corrected PES of Iÿ3 ´ ´ ´ I2 (left) and [AuI2]ÿ ´ ´ ´ I2 (right). The energy E is given in kJmolÿ1.
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A comparison between the two PES shows that the
interaction between [AuI2]ÿ and I2 is significantly stronger
than the one between Iÿ3 and I2; Iÿ3 ´ ´ ´ I2 has a more flat
potential surface than [AuI2]ÿ ´ ´ ´ I2. Therefore, the potential
energy surface for the pure polyiodide is more affected by
BSSE and the interaction energy is decreased by 20 % at the
L-shaped minimum after counterpoise correction, compared
with a modest change of 7 % for the PES of AuI2 ´´ ´ I2. Thus,
the calculations show that [AuI2]ÿ and Iÿ3 , and [AuI4]ÿ and Iÿ5
are closely related and indicate that both complex [AuI2]ÿ and
[AuI4]ÿ ions are suitable candidates as guest molecule in
polyiodide networks.


Structural and spectroscopic investigations: A first attempt to
insert complex gold iodides into polyiodides was made by the
electrolysis of gold in (Et3S)I5. The reaction resulted in
(Et3S)[AuI4] ´ 2I2 (1) which consists of square-planar [AuI4]ÿ


complexes perpendicularly linked by iodine in the crystallo-
graphic b direction (Figure 2). The AuÿI distances range from
2.62 to 2.64 � and the I-Au-I angles from 89.5 to 90.58
(Table 1). A comparison with the corresponding iodine-free
compound (Et3S)[AuI4] (2) shows no significant difference in
the [AuI4]ÿ ion (AuÿI 2.62 ± 2.64 � and I-Au-I 89.7 ± 90.38)
(Figure 3). The average AuÿI bond length in 1 (2.64 �) is
slightly longer than in 2 (2.63 �) although the difference lies
within experimental error.


The intramolecular IÿI distances in the I2 molecules are
2.733(2) and 2.738(2) �, which indicates a significant degree
of interaction with the [AuI4]ÿ donors (compared with pure I2


in the solid state, 2.715(6) �,[21] and gas phase, 2.667(2) �[22]).
The intermolecular IÿI distances are typical for those in pure
polyiodides, and IÿI distances shorter than 3.70 � have been
interpreted in terms of secondary bonds [23] (van der Waals
radius of neutral iodine, 2.15 �). The bridging iodine mole-
cules can thus be regarded as a part of an I2ÿ


4 ion and in 1 they
form two types of infinite zig-zag chains (Figure 4) in the
crystallographic b direction. The first chain, which contains
Au(1), has intermolecular IÿI distances of 3.334(2) and
3.620(2) � (I(2)ÿI(6) and I(1)ÿI(5)) and angles of 170.83(6)
and 172.53(6)8 (I(6)-I(5)-I(1) and I(5)-I(6)-I(2)). The second


Figure 3. Stereoscopic view of the crystal structure of (Et3S)[AuI4]. The
cations are omitted for clarity.


chain has intermolecular IÿI distances of 3.395(2) and
3.500(2) � (I(4)ÿI(8) and I(3)ÿI(7)) and angles of 173.44(6)
and 175.43(6)8 (I(7)-I(8)-I(4) and I(8)-I(7)-I(3)).


The Raman spectrum of 1
(Figure 5) shows spectral fea-
tures at 101 and 127, 146 and
161 cmÿ1 whilst Raman spec-
trum of the I2-free compound
2 only displays peaks at 126 and
144 cmÿ1. Consequently, the
peaks of 1 at 127 and 146 cmÿ1


can be assigned to modes that
originate from square planar
[AuI4]ÿ . Theoretical calcula-
tions confirm that these peaks
are [AuI4]ÿ modes and are as-
signed to the n2 and n1 modes,
respectively. The few referen-
ces available report n1 at
148 cmÿ1 and n2 at 110 cmÿ1;
thus the peak at 127 cmÿ1 de-
viates.[24] The peak at 161 cmÿ1


Table 1. Selected bond lengths [�] and angles [8] in 1 ± 4.


(Et3S)[AuI4] ´ 2 I2 1 (Et3S)[AuI4] 2
Au(1) ± I(1) 2.636(1) Au(1) ± I(1) 2.637(2)
Au(1) ± I(2) 2.629(2) Au(1) ± I(2) 2.616(1)
Au(2) ± I(3) 2.624(2) Au(2) ± I(3) 2.620(1)
Au(2) ± I(4) 2.628(2) Au(2) ± I(4) 2.624(2)
I(1) ± I(5) 3.620(2) I(1)-Au(1)-I(2) 90.29(4)
I(2) ± I(6) 3.334(2) I(1)-Au(1)-I(2) 89.71(4)
I(5) ± I(6) 2.733(2) I(3)-Au(2)-I(4) 90.28(5)
I(4) ± I(8) 3.395(2) I(3)-Au(2)-I(4) 89.72(5)
I(3) ± I(7) 3.500(2)
I(7) ± I(8) 2.738(2) (Et3S)[AuI2] 3
I(1)-Au(1)-I(1) 180.0 Au(1) ± I(1) 2.570(4)
I(1)-Au(1)-I(2) 90.47(5) Au(2) ± I(2) 2.554(4)
I(1)-Au(1)-I(2) 89.53(5) Au(2) ± I(3) 2.551(5)
I(3)-Au(1)-I(3) 180 I(1)-Au(1)-I(1) 180
I(4)-Au(1)-I(4) 180 I(2)-Au(2)-I(3) 176.1(2)
I(3)-Au(1)-I(4) 90
I(6)-I(5)-I(1) 170.83(6) (Me3S)2[AuI4][I3] 4
I(5)-I(6)-I(2) 172.53(6) Au ± I(2) 2.6298(7)
I(7)-I(8)-I(4) 173.44(6) Au ± I(1) 2.6316(7)
I(8)-I(7)-I(3) 175.43(6) I(3) ± I(4) 2.905(1)


I(1)-Au(1)-I(2) 90.19(2)
I(1)-Au(1)-I(2) 89.81(2)


Figure 2. Stereoscopic view of the crystal structure of (Et3S)[AuI4] ´ 2I2. The cations are omitted for clarity.
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Figure 4. The infinite zigzag chains in (Et3S)[AuI4] ´ 2I2. Top: The chain
which contains Au(1). Bottom: The chain which contains Au(2).


Figure 5. The Raman spectrum of (Et3S)[AuI4] ´ 2I2.


originates from iodine coordinated to [AuI4]ÿ . Weakly
coordinated iodine normally displays a peak at about
180 cmÿ1.[16±18, 25] Therefore the interaction between the iodine
acceptor and the [AuI4]ÿ donor can be regarded as fairly
strong. The peak at 101 cmÿ1 is more difficult to assign, but a
possible explanation is that the IR-active n7 mode of [AuI4]ÿ


has become Raman active because the symmetry has lowered
from D4h. Raman and far-IR spectra of the reaction mixtures
were also recorded, but because of the strong polyiodide
bands the spectra were very difficult to interpret.


Three other binary metal iodide ± iodine compounds that
form formal tetraiodide bridging units are known in the
literature; (Et3S)[Hg2I6]1/2 ´ 3I2, (Me3S)[Cd2I6]1/2 ´ 3I2 and
(NH4)[AuI4] ´ 0.5I2.[12, 13, 26] The latter compound consists of
almost square planar [AuI4]ÿ complexes, where every second
complex is coordinated by I2 molecules, to form a chain
structure similar to the one found in 1. The intra- and
intermolecular IÿI distances in (NH4)[AuI4] ´ 0.5I2 are 2.709(3)
and 3.387(2) �, respectively. The intramolecular distance
indicates a weaker interaction with the gold(III) iodide
complex than in 1, while the intermolecular distances in 1
span a wider range (3.33 ± 3.62 �). In the cadmium com-
pound, the [Cd2I6]2ÿ ions are coordinated by I2 molecules in
such a way that a network of infinite zig-zag chains of [Cd2I6]2ÿ


complexes interspaced by I10 units are formed. The mercury


compound also displays a network structure, but in this case
the I2 molecules coordinate directly to the terminal iodine
atoms of the [Hg2I6]2ÿ ions, and therefore the network
becomes less complicated. In both the mercury and cadmium
compounds, the intra- and intermolecular IÿI distances are
similar to those found in 1.


Efforts were also made to insert [AuI2]ÿ and [AuI4]ÿ into
the polyiodide networks by reaction between Au and (Et3S)I7


in different solvents (methanol, ethanol, acetonitrile and
acetone). However, the reactions gave the non-iodine con-
taining compound (Et3S)[AuI2] (3), and suitable crystals for
structure determination were obtained only from synthesis in
methanol. In general, the inclusion of organic solvents during
synthesis or at the purification stage (recrystallisation) tends
to extract the weakly bound I2 from the compound. The
compound 3 consists of pyramidal Et3S� ions and [AuI2]ÿ ions
with D1h and Cs symmetry (Figure 6). The [AuI2]ÿ anions are
stacked so that they point to each other to form L- and
T-shaped patterns; a structural pattern that is quite common
for triiodides.[3, 15, 27] The [AuI2]ÿ ion (I(1)-Au(1)-I(1)) with
D1h symmetry contains an AuÿI distance of 2.570(4) �, while
the ion with Cs symmetry (I(2)-Au(2)-I(3)) contains AuÿI
distances of 2.554(4) and 2.551(5) � and an angle of 176.1
(2)8. The AuÿI distances are in good agreement with those
found in the literature.[14, 19]


Figure 6. Stereoscopic view of the crystal structure of (Et3S)[AuI2]. The
cations are omitted for clarity.


In another attempt to insert [AuI2]ÿ into the polyiodides,
the reaction between AuI and (Me3S)I7 was explored. The
cation was changed from triethyl to trimethylsulfonium to
facilitate crystallisation. The reaction resulted in black
crystals of (Me3S)2[AuI4][I3] (4) (Figure 7) which consists of
square planar [AuI4]ÿ , linear Iÿ3 and pyramidal Me3S� ions.
The Iÿ3 ion has D1h symmetry and the IÿI bond length is
2.905(1) � (I(3)ÿI(4)) which agrees well with literature data.
The [AuI4]ÿ ions have AuÿI distances of 2.6316(7) (AuÿI(1))
and 2.6298(7) � (AuÿI(2)) and I-Au-I angles of 89.81(2) and
90.19(2)8. The Iÿ3 ions are tilted at an angle of 148.9(3)8 (L


Au ´´´ I(4)-I(3)) with respect to the position of gold in [AuI4]ÿ


(Figure 8) and at a distance of 3.876(1) � (AuÿI(4)). This is
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too long to indicate a direct covalent interaction. However,
the partial negative charge on the terminal iodine atoms in Iÿ3
and the partial positive charge on gold in [AuI4]ÿ give rise to a
fairly strong electrostatic interaction that may explain the
orientation of the Iÿ3 ions in the structure. It is also notable
that the iodine atoms of the [AuI4]ÿ ion point towards the
central iodine atom of Iÿ3 in an analogous arrangement.


Au Au
I(4)


I(3)
I(4)


Figure 8. Illustration of the arrangement of Iÿ3 and [AuI4]ÿ in (Me3-


S)2[AuI4][I3].


Together with the terminal iodides of the triiodide ions, the
square planar [AuI4]ÿ ions form chains of elongated octahedra
(Figure 9). The gold atoms and the central iodides of the Iÿ3
ions are positioned in the centres of the octahedra and they
alternate to occupy the octahedra in all directions. Since the
triiodides are tilted with respect to the [AuI4]ÿ plane, the
octahedra become quite distorted. However, since all corners
of the octahedra are shared, the structure clearly has a
perovskite-like appearance. The structure of 4 is quite unique,
since there is no other compound in the literature which
consists of discrete polyiodide and tetraiodoaurate(III) units.
To our knowledge, a few other compounds exist with discrete


triiodide ions and metal iodide
complexes, but they show no
similarities with 4.[28±31] Howev-
er, the structure of 4 is similar
to the compounds of the
M2Au2X6 family (M�Cs�,
Rb�, NH�


4 , K� ; X�Clÿ, Brÿ,
Iÿ) which consist of square-
planar [AuX4]ÿ and linear
[AuX2]ÿ ions, instead of the Iÿ3
ions in 4.[32, 33] The only com-
pound that has been structur-
ally characterised in this family
with X� I is K2Au2I6. It con-
tains [AuI2]ÿ ions pointing


straight towards the equatorial gold atom of the [AuI4]ÿ ions
instead of the tilted arrangement observed in 4. However, the
structure of Cs2Au2Br6 contains [AuBr2]ÿ ions tilted in a
similar way to the Iÿ3 ions in 4. Consequently, the Iÿ3 ion can be
regarded as having substituted the [AuX2]ÿ ion in a M2Au2X6


structure. It is noteworthy that the M2Au2X6 compounds also
adopt the perskovite structure.


The results of spectroscopic investigations of 4 support the
results obtained from the structural investigation. The Raman
spectrum (Figure 10) shows three strong peaks at 147, 130 and


Figure 10. The Raman spectrum of (Me3S)2[AuI4][I3].


112 cmÿ1. The two former peaks
are in good agreement with the
n1 and n2 modes of [AuI4]ÿ (see
data for 1 and 2). The peak at
112 cmÿ1 is characteristic for
the symmetric stretching n1


mode of the triiodide ion. The
far-IR spectra have peaks at 62,
72, 101, 130, 191 and 205 cmÿ1.
The peaks at 101 and 191 cmÿ1


originate from the n7 and n6


modes of [AuI4]ÿ , while the
peak at 130 cmÿ1 corresponds
to the asymmetric stretching n3


mode of Iÿ3 . The peaks at 62 and


Figure 7. Stereoscopic view of the crystal structure of (Me3S)2[AuI4][I3]. The cations are omitted for clarity.


Figure 9. The packing of the MI6 (M�Au, I) octahedra in (Me3S)2[AuI4][I3].
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72 cmÿ1 are difficult to assign, since both the Iÿ3 and [AuI4]ÿ


ions have modes with frequencies in this region. The weak
peak at 205 cmÿ1 is probably the first overtone of the n7 mode
of [AuI4]ÿ .


Conclusions


This work has shown that the addition of complex gold iodides
to (R3S)Ix polyiodides identifies a promising route for the
modification and investigation of polyiodide networks. The
theoretical calculations performed show that [AuI4]ÿ and Iÿ5 ,
and [AuI2]ÿ and Iÿ3 are closely related and that they are more
or less exchangeable, and thus form the basis of a new type of
host ± guest chemistry. These objectives were verified by the
syntheses of the compounds (Me3S)2[AuI4][I3] and (Et3S)-
[AuI4] ´ 2I2. The ultimate goal is to obtain a toolbox of
additives to modify polyiodide structures in a controlled way
and thus be able to design inorganic polymers with specific
and low-dimensional physical properties.


Experimental Section


(Et3S)[AuI4] ´ 2I2 (1): Anodical oxidation of gold in a mixture of (Et3S)I5 in
acetonitrile resulted in the formation of 1. A platinum wire was used as the
cathode. Both electrodes were cleaned before use with a warm solution of
1:1 distilled water and concentrated HNO3. The mass of the gold electrode
decreased by 163.46 mg (0.83 mmol) during electrolysis. In the process, 30
equivalents of electrons passed through the system, which shows that the
system is more appropriate as a conductor than as a medium for
electrolysis. The approximate current used was 10 mA and the applied
voltage about 15 V. The yield was estimated to be about 40% (with respect
to Au). (Et3S)I5 was made by the reaction of (Et3S)I and I2 (1:2 molar ratio).
(Et3S)[AuI4] (2): Gold pellets (0.632 g, 3.21 mmol) were partly dissolved in
a melt of (Et3S)I (0.811 g, 3.29 mmol) and I2 (1.244 g, 4.90 mmol) at 90 8C.
The reaction mixture was left for two weeks, after which a small sample was
allowed to crystallise in methanol. The crystals obtained were red. The
yield was estimated to be about 50 % (with respect to Au).


(Et3S)[AuI2] (3): A granule of gold (0.277 g, 1.41 mmol) was partly
dissolved in a solution of (Et3S)I (0.409 g, 1.66 mmol) and I2 (0.207 g,
0.82 mmol) in methanol. This mixture was then refluxed for four days, after
which a brown solution and some solid gold remained. The solution was
then cooled, which led to the precipitation of dark crystals. The yield was
estimated to be about 40% (with respect to Au).


(Me3S)2[AuI4][I3] (4): AuI was dissolved in liquid (Me3S)I7 at 140 8C (molar
ratio 1:1). After the reaction mixture cooled to room temperature, acetone
was added and the mixture was stored atÿ30 8C. After several weeks black
pyramidal crystals of 4 were obtained. The yield was estimated to be about
60% (with respect to Au). Free iodine in the gold(i) iodide was removed by
evaporation before use. (Me3S)I7 was made from the reaction of (Me3S)I
and I2 (1:3 molar ratio).


Vibrational spectroscopy: The far-infrared (far-IR) spectra of the reaction
mixtures were recorded on a Bio-Rad FTS 6000 FT-IR spectrometer at a
resolution of 8 cmÿ1. A Globular light source was used, and a 6.25 mm Mylar
beamsplitter in combination with a PE-DTGS detector produced an
effective spectrum range of 50 ± 550 cmÿ1. The window material of the
sample cells was spectroscopic quality polyethylene (Merck). The back-
scattering of the compounds was recorded with 1064 nm radiation from a
Nd:YAG laser in a Bio-Rad FT-Raman spectrometer. The radiation was
recorded with nitrogen-cooled, Ge-diode detector and at 4 cmÿ1 resolution.


Computational details : The calculations were performed with the GAUS-
SIAN94 program.[34] Efficiency considerations made it necessary to
truncate and contract basis sets available from the literature (Au
(5s3p3d)/[221/21/21] and I (5s5d1d)/[221/221/1]).[35] The Stuttgart effective


core potentials were used in the calculations.[35] Counterpoise corrections
were made for the PES of Iÿ3 ´ ´ ´ I2 and [AuI2]ÿ ´ ´ ´ I2 in order to estimate the
basis set superposition errors (BSSE).[36]


Geometry optimisations were made for the corresponding gold/iodine
compounds [AuI2]ÿ/Iÿ3 and [AuI4]ÿ/Iÿ5 . These calculations were made at the
HF and MP2 levels. The vibrational frequencies were also calculated in
order to verify that the geometries obtained correspond to true minima,
and to provide data for comparison with experimental vibrational spectra.
When the PES were calculated, both the distance between I2 and Iÿ3 (or
[AuI2]ÿ) and the position of I2 were varied (Figure 11).


Figure 11. The variation of the position of I2 in order to estimate the PES
for Iÿ3 ´ ´ ´ I2 and [AuI2]ÿ ´ ´ ´ I2.


X-ray crystallography: Single crystals of 1 were obtained from the reaction
mixture after evaporation of the solvent at room temperature, while
crystals of 2, 3 and 4 were obtained after slow solvent evaporation at
ÿ30 8C. The crystallographic data for the structures are presented in
Table 2. Data for 1, 2 and 3 were collected at 150 K on a Enraf-Nonius
CAD-4 diffractometer with MoKa radiation. The data for 4 was collected at
room temperature on a Siemens SMART CCD diffractometer. The crystals
of 3 were sensitive to X-rays and therefore was the data obtained not of the
best quality. The y-scan (1, 2 and 3) and SADABS (4) methods were used
to correct for absorption effects.[37, 38] The structures were solved by the
direct methods by using the SIR92 (1, 2 and 3) and SHELXTL-PLUS (4)
program packages.[39, 40] The structures of 1, 2 and 3 were refined against F,
while the structure of 4 was refined against F 2.[41, 40] The unit cell of
compound 3 can be reduced to a monoclinic I centred cell (a� 15.31, b�
11.10, c� 22.65 �, b� 91.08 and V� 3848 �3) and the structure can be
solved in the space group I2/a. However, since this is a non-standard setting
and the volume is the same in both cell options, the original unit cell was
retained even though the b angle is large. The carbon atoms C(3) and C(4)
of 1 were refined isotropically due to the high thermal displacement. The
carbon atoms closest to the sulfur atom in the cation of compound 2 exhibit
disorder over two distinct positions. Because of the severe disorder of the
cation in 3, only one ethyl group was located (refined isotropically).
However, the presence of the Et3S� ion in 3 was confirmed by spectroscopic
methods. The carbon atoms of the cation in 4 were refined isotropically due
to the high thermal displacement and the positional disorder over two sites
of the sulfur atom of the cation. Hydrogen atoms were placed in calculated
positions in 1, but omitted in 2, 3 and 4 because of cation disorder.


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-102 965 to
CCDC-102 968. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 2. Crystallographic data for 1 ± 4.


1 2 3 4


formula C6H15AuI8S C6H15AuI4S C6H15AuI2S C6H18AuI7S2


Mr 1331.45 823.83 570.02 1239.59
crystal size [mm] 0.10� 0.10� 0.15 0.13� 0.10� 0.09 0.12� 0.12� 0.15 0.28� 0.35� 0.15
a [�] 8.772(3) 7.606(2) 27.11(1) 13.0750(1)
b [�] 9.450(2) 15.316(3) 11.101(2) 13.4761(1)
c [�] 16.498(3) 14.275(5) 15.309(4) 13.5150(2)
a [8] 105.07(2) 90 90 90
b [8] 95.25(3) 104.10(3) 123.35(2) 90
g [8] 115.25(2) 90 90 90
V [�3] 1162.0(8) 1612.9(8) 3848(2) 2381.34(4)
Space group P1Å P21/c C2/c Pbca
Z 2 4 12 4
1calcd [g cmÿ3] 3.805 3.392 2.873 3.458
m [cmÿ1] 170.58 168.90 164.32 154.12
diffractometer CAD-4 CAD-4 CAD-4 Siemens SMART CCD
radiation MoKa MoKa MoKa MoKa


scan type w-2q w-2q w-2q w


2qmax 50 50 50 56
T [K] 150 150 150 293
total data collected 4359 3191 3721 13472
unique data 4085 3191 3581 2343
Rint 0.034 ± 0.073 0.0347
observed data 3413 [I> 3s(I)] 1683 [I> 3s(I)] 1731 [I> 3s(I)] 1863 [I> 2s(I)]
data/variables 3413/139 1683/95 1731/73 2226/70
goodness of fit 2.38 1.36 3.15 1.07
final difference map ÿ 2.37;2.43 ÿ 2.62;1.52 ÿ 2.12;5.06 1.67;ÿ 2.51
R 4.0 4.2 7.0 4.0[a]


Rw 8.3 4.7 13.4 10.1[b]


[a] R(F 2)obs. [b] Rw(F 2)obs.








A Theoretician�s View of the C ± F Bond Activation Mediated by the
Lanthanide Cations Ce� and Ho�


Roland H. Hertwig and Wolfram Koch*[a]


Abstract: The mechanistic details of the
fluorine transfer reaction Ln��F ±
R!LnF��R with fluoromethane and
fluorobenzene as substrates F ± R have
been elucidated by using quantum
chemical techniques. We have chosen
two lanthanide monocations, Ce� and
Ho� as representatives for the early and
rather reactive rare earth elements with
low second ionization energy (IE) (Ce�)
and the late and less reactive elements


possessing a higher second IE (Ho�).
The reaction path of the defluorination
process of the two fluorohydrocarbons
CH3F and C6H5F brought about by these
cations was mapped by determining all
relevant stationary points, that is, reac-


tants, intermediates, saddle points, and
products along the reaction coordinate.
The occurrence of two competing differ-
ent reaction paths is the key for a
rationalization of the counterintuitive
experimental observation of a higher
reactivity of fluorobenzene compared to
fluoromethane in spite of its significant-
ly larger C ± F bond strength.


Keywords: cations ´ density func-
tional calculations ´ lanthanides ´
reaction mechanisms


Introduction


The replacement of hydrogen with fluorine provokes a
marked change of physical and chemical properties of hydro-
carbons as they are turned into fluorohydrocarbons (FHC) or
even saturated fluorocarbons (FC).[1] FHC and FC are
chemically robust and possess a high thermal stability. These
and other properties make fluorinated organic substrates
attractive for a number of applications, such as refrigerants or
pesticides. Unfortunately, it is this persistence, together with
their large-scale industrial production, that has led to an
accumulation of FHC and FC in the environment, which
raises the question of their degradation. The enhanced
stability of fluorocarbons compared to hydrocarbons is
reflected in a remarkably high dissociation energy for C ± F
bonds (110 ± 130 kcal molÿ1) as opposed to about
100 kcal molÿ1 for C ± H bonds. Selective metal-mediated
activation of carbon ± fluorine bonds is still a formidable task,
both from an experimental and theoretical perspective.
Hence, it has only scarcely been addressed in the literature,
in most cases by employing transition metal compounds.[2]


Even less is known about the ability of rare earth compounds
to activate fluorinated hydrocarbons, in spite of the increasing


use of lanthanides in many areas of modern technology, such
as heterogeneous catalysis, superconductivity, advanced ma-
terials, and their growing impact on organometallic chemis-
try.[3] In an attempt to unravel the intrinsic properties of the
lanthanides in the C ± F bond activation processes, mass
spectrometric experiments on the gas-phase reactions of all
lanthanide monocations Ln� with fluorobenzene and several
other fluorohydrocarbons have been studied by Cornehl,
Hornung, and Schwarz.[4] Although C ± F bonds are princi-
pally stronger than C ± C and C ± H bonds, the activation of
C ± F bonds was observed with almost all lanthanide cations
for certain fluoroorganic substrates. This was in remarkable
contrast to the results of an earlier investigation of the
corresponding reactions between Ln� ions and hydrocar-
bons.[5] In this study, a mechanism was suggested which
involves the oxidative addition of the Ln� into a C ± H or C ± C
bond, and therefore two reactive, that is, non-4f electrons are
required.[6] Indeed, only those Ln� ions that possess two non-f
valence electrons (that is, La�, Ce�, Gd�) or at least involve a
low excitation energy to access such a state (that is, Pr�, Tb�)
where found to be reactive. The reactivity of lanthanide
monocations towards C ± F bond activation did not show a
similar dependence from the fn(sd)1fnÿ1s1d1 excitation ener-
gies. Rather, Cornehl, Hornung, and Schwarz[5] were able to
correlate the relative reaction rates found in the gas-phase to
the second ionization energy (IE) of the respective elements.
Thus, the electron transfer from Ln� towards the fluorine
upon formation the Ln� ± F bond must be the decisive factor
of the reaction and a harpoon type mechanism, that is, a direct
abstraction of fluorine by the lanthanide cation was suggested.
This scenario of reductive defluorination, schematically
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Figure 1. Harpoon-type mechanism suggested for the reductive defluori-
nation.


depicted in Figure 1, involves a single electron transfer (SET)
from the lanthanide cation towards fluorine upon formation
of the Ln ± F bond. A similar mechanism was very recently
computationally established for the related reaction between
the main group metal ion Ca� and CH3F.[7]


This model is consistent with the observed high reactivity of
the early lanthanide monocations such as Ce� and Pr�, which
are characterized by rather low second ionization energies,
and a much lower reactivity of late ones like Ho� and Tm�,
where the second IE is high.[4] It also explains the absence of
dehydrohalogenation products (e.g. methylene or unsaturated
hydrocarbons) for most lanthanide cations which would be an
obvious consequence of an insertion/elimination reaction
mechanism. A further consequence of the postulated har-
poon-type mechanism is that the electron transfer should not
only depend on the IE of the respective lanthanide mono-
cation but also on the bond strength of the C ± F bond being
broken! However, Cornehl, Hornung, and Schwarz found
that Ln� ions activated the C ± F bond of fluorobenzene with
higher relative reaction rates than those found in the reaction
with fluoromethane in spite of the significantly stronger C ± F
bond energy of C6H5F (125.3� 2.3 kcal molÿ1)[8] compared to
CH3F (112.0� 0.3 kcal molÿ1)![8] While it was speculated that
short lifetimes of the ro-vibrationally excited encounter
complexes and/or other kinetic barriers along the reaction
path could be responsible for this unexpected lower efficiency
of CH3F as compared to C6H5F,[5] no clear-cut interpretation
could be given at that time. It is the aim of the present
contribution to use quantum chemical techniques to shed
some light on the details of the Ln�-mediated C ± F bond
activation in these two substrates and to provide an answer to
this mechanistic puzzle. We have chosen two lanthanide
monocations, Ce� and Ho� as representatives for the early
and rather reactive rare earth elements with low second
IE (Ce�) and the late and less reactive elements possessing
a higher second IE (Ho�). The reaction path of the
defluorination process of the two fluorohydrocarbons CH3F
and C6H5F brought about by these cations was mapped
by determining all relevant stationary points, that is, reac-
tants, intermediates, saddle points, and products along the
reaction coordinate. Due to the convincing experimental
evidence that a insertion/elimination mechanism can be ruled
out,[4] only the direct fluorine abstraction mechanism was
considered.


Theoretical Approach and Computational Details


Theoretical studies on lanthanide complexes are relatively rare in the
literature[9] and density functional theory (DFT) based methods which have
been established as useful in the theoretical treatment of d transition metal
elements[10] have only seldom been applied to rare earth element
containing molecules.[11] Most theoretical studies are concerned with
inorganic compounds, for example neutral Ln ± dimers,[12] Ln ± monoha-
lides and Ln ± monoxides.[13] A combined theoretical and experimental
study that investigated cationic cerium dioxide[14] states that DFT methods
are in good agreement with various correlated ab initio methods. Apart
from the considerations that apply in general for open-shell transition
metal complexes,[9] lanthanide-containing compounds pose high demands
in terms of computing resources, since f-type basis functions are necessary
because of the occupied 4f orbitals. Polarized basis sets must therefore go
even beyond this level, that is basis functions of l quantum number �4 (g
functions) are required. The use of relativistically adjusted effective core
potentials (RECP) on the metal is mandatory to account for the (kine-
matical) relativistic effects. The strategy adopted in the present study relies
on the B3LYP functional[15] as an accurate but at the same time economical
method for the determination of structures and relative energies. Three
different RECP/basis set combinations have been employed. In a first set of
calculations an RECP/basis set by Cundari and Stevens[16] that employ a
[Kr 4d10] core and a (6s,6p,3d,7f)/[4s,4p,2d,3f] contraction for the valence
space was used for the metal. For the main group elements the standard
D95 double-z basis set[17] was employed. This combination, which is termed
BSI, was only used for geometry optimizations and frequency determi-
nations. BSII consists of the 28MWB RECP/basis set by Dolg et al.[18] which
translates into the smaller [Ar 3d10] core (that is, only 28 electrons are
covered by the RECP) and a (12s,11p,9d,8f)/[9s,8p,6d,5f] contraction to be
used for the lanthanide, and the standard 6-31G** basis sets on carbon and
hydrogen. For fluorine this basis set was augmented by one diffuse s- and
p-function, that is, the 6-31�G** contraction.[19] For the resulting
structures of the [Ln,F,C,H3]� system, relative energies were re-calculated
with the single-reference based averaged coupled pair functional[20]


(ACPF) in order to check the reliability of the density functional approach.
For these energy determinations a larger basis set (BSIII) was constructed
by augmenting the 28MWB RECP/basis set combination with two g-
polarization functions (a� 2.5 and 6.0) to recover angular correlation
effects on the metal, while a DZP basis set was used for all other elements,
augmented by one diffuse p-function on fluorine.[18] On the metal, the 5s,
5p, 4f, 5d and 6s electrons were correlated, while for F and C all but the 1s
electrons were included in the correlation treatment. For the larger
[Ln,F,C6,H5] system, the ACPF calculations turned out to be extremely
time consuming and are therefore restricted to few selected examples. The
force constant matrices were obtained at the B3LYP/BSI level of theory by
numerical differentiation of the analytical gradients to characterize all
stationary points found on the [Ln,F,C,H3]� potential energy surface (PES)
as minima or saddle points. The harmonic frequencies were also used to
correct the total energies for zero-point vibrational energies (ZPVE) and
to convert the energies to Gibbs free energies at 298 K which guarantees a
maximum of compatibility with experimental data. For the [Ln,F,C6,H5]�


species, calculation of the force constant matrices turned out to be
prohibitively resource intensive. The determination of vibrational frequen-
cies for the stationary points on this PES however, does not primarily serve
to identify the character of the stationary points as minima or saddle points
since they should be analogous to those of the Ln�/fluoromethane system.
Nevertheless, without harmonic frequencies no thermal corrections can be
determined. The approach we adopted to solve this problem is very
pragmatic but efficient. The harmonic vibrational frequencies were
calculated only for the encounter complex (Min(1)) and a transition
structure (TS(1)) on the [Ce,F,C6,H5]� PES. To a first approximation, these
were then assumed to be constant for similar types of molecular arrange-
ments and those determined for Min(1) were used for other minima,
whereas the frequencies determined for TS(1) were also used for other
transition structures. The justification for this admittedly very crude
procedure is the observation that in the Ln�/CH3F system similar types of
molecules possess very similar ZPVE and thermal corrections (within
2 kcal molÿ1). For the [Ho,F,C6,H5]� PES we went even one step further and
used the force constants of the analogous stationary points on the
[Ce,F,C6,H5]� PES. The corresponding frequencies were calculated by
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simply setting the mass of the metal to that of Ho. Again, tests of this
procedure performed for the [Ln,F,C,H3]� PES (where the force constants
for all compounds were calculated explicitly) yielded reasonable agree-
ment with the actual thermodynamic corrections, since also the structural
features of the cerium and holmium complexes are similar. The uncertainty
introduced by this method is estimated to be within �3 kcal molÿ1. Thus,
although from a purist point of view this procedure is all but immaculate, it
furnishes useful results in the present case. A further source of error is
introduced by the complete neglect of spin ± orbit interactions in our
calculations. Since these interactions will be stronger in the free atom than
in molecules, the relative energies of the entrance channels Ln��F ± R will
probably be somewhat overestimated. Overall, we expect that the
computational strategy furnishes results with error bars of the order of at
least �5 kcal molÿ1. The wave functions[21] obtained at the B3LYP/BSII
level were analyzed with the natural bond orbital (NBO) method.[22]


The following programs were used: Mulliken[23] (geometry optimizations
and harmonic frequencies), Molpro96[24] (ACPF calculations) and Gaus-
sian94[25] (NBO analysis).


Results and Discussion


Calibration : The first step in a computational endeavor such
as this must consist in a careful calibration of the chosen
computational strategy so that the level of confidence that can
be expected from the theoretical strategy can be assessed.
Unfortunately, a direct comparison between theoretically
predicted and experimental data is difficult, because only
little is known of complexes between bare lanthanide cations
and organic molecules. Since the second IE of the metal is
among the decisive factors determining the reactivity of a rare
earth cations towards C ± F bond activation, the capability to
reproduce this property is a first indication for the predictive
power of the computational techniques. The data in Table 1
show that both levels of theory, B3LYP/BSII and ACPF/BSIII


give second IE in good agreement with experiment (max-
imum deviation of 0.2 eV for Ce). Further, the thermody-
namic features of the defluorination reaction are dependent
on an adequate description of the Ln� ± F bonds which are
formed in the process. Since an experimental estimate exists
only for HoF�, for CeF� the internal consistency of the
theoretical methods used has to suffice to estimate their
adequacy. The standard bond enthalpies of the cationic
cerium and holmium fluorides are included in Table 2.
Interestingly, the B3LYP/BSII values do not exhibit the


DFT-typical overbinding in comparison to the ACPF data; in
fact they are 5 ± 8 kcal molÿ1 lower. For CeF�, no experimental
binding energy exists but since the variations among the
B3LYP and ACPF data are comparable to those found for
Ho�, it can be concluded that both, the B3LYP/BSII and the
ACPF/BSIII approaches are in good agreement with the
sparse experimental data. The theoretically predicted data
suggest that the hitherto unknown CeF� bond dissociation
energy should lie around 150 kcal molÿ1. As an aside, we note
that the difference in the Ln ± F binding energies between
cerium and holmium turns out to be almost identical to the
differences between their second IEs (ca. 1 eV or
23 kcal molÿ1). Finally, the accuracy of calculations on the
defluorination reaction also relies on the accurate reproduc-
tion of the C ± F bond strengths. A comparison of the
experimental and theoretical C ± F binding energies for
fluoromethane and fluorobenzene is given in Table 3. The
B3LYP/BSII results are in excellent agreement with experi-
ment, even better than the ACPF values. Thus, the calibration
calculations point to a reliability of the two computational
approaches sufficient for obtaining semiquantitatively correct
results even for systems as complex as the present ones.


The [Ln,F,C,H3]� system : Figure 2 displays the structures of
the relevant stationary points along the reaction coordinate of
the reaction between bare Ce� or Ho� and fluoromethane
computed at B3LYP/BSII (it should be noted that very similar
geometries result from using BSI). Table 4 lists the corre-
sponding energetic information obtained with the B3LYP/
BSII and ACPF/BSIII methods.


In the following, the discussion of the mechanistic features
will be carried out simultaneously for Ce� and Ho�, thereby
identifying differences and elements in common for both
cases. Since the mechanistic element of bond insertion can be
ruled out (see above), the number of bonds formed through-
out the process equals the number of bonds that are cleaved.
Taking into account that these bond-breaking/bond-forma-
tion processes occur in a homolytic manner, the overall
number of singly occupied orbitals is not expected to vary and
the sum of unpaired electrons encountered in the entrance
channel is preserved throughout the reaction (S� 3/2 for Ce�,
S� 2 for Ho� and S� 0 for CH3F). Therefore, we restricted
ourselves to the quartet (S� 3/2) and the quintet (S� 2)
hypersurfaces for the Ce� and Ho� fluoromethane systems,
respectively.


Starting from the separated reactants, the first minimum,
Min(1), is a mostly electrostatically bound encounter complex
between the ground state Ce� (4H) or Ho� (5I) ions,
respectively, and fluoromethane (NBO charges on Ce� and
Ho� are 0.98 and 1.00, respectively, and spin density located
exclusively on the metal). Interestingly, the bond strength


Table 1. Experimental and calculated second ionization energies for Ce
and Ho [eV].


Ln� UB3LYP/BSII ACPF/BSIII Exp.[a]


Ce 10.6 11.1 10.8
Ho 11.9 11.6 11.8


[a] Ref. [29].


Table 2. Experimental and calculated bond enthalpies for CeF� and HoF�


[kcal molÿ1].


LnF�[a] UB3LYP/BSII ACPF/BSIII Exp.


CeF� 3S (ff1ff1) 144.6 152.2 ±
HoF� 4 (ff1ff1fp


1) 123.3 128.8 127� 7 [b]


[a] R[Ce ± F]� 2.066 �, R[Ho ± F]� 1.986 � (B3LYP/BSII). [b] Ref. [5].


Table 3. Experimental and calculated C ± F bond enthalpies [kcal molÿ1].


R ± F B3LYP/BSII ACPF/BSIII [a] Exp


CH3 ± F 106.5 103.0 107.7
C6H5-F 124.0 119.9 125.3


[a] At B3LYP/BSII geometries.
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between fluoromethane and Ce� turns out to be almost twice
as high (27 or 26 kcal molÿ1 at B3LYP/BSII and ACPF/BSIII,
respectively) than that of Ho� (15 and 13 kcal molÿ1). Thus, it
seems as if the more pronounced fluorophilicity of Ce�


compared to Ho� as observed for the cationic fluorides (see
above) is visible already in these complexes. The C ± F bonds
are some 0.07 � longer than those in isolated CH3F (1.399 �
with BSII) which hints to some additional covalent interac-
tion. The natural electron configurations of cerium and
holmium are 6s0.904f1.775d0.40 and 6s0.964f11.075d0.036p0.02, respec-
tively, in the Ln ± FCH3 complex. For cerium, this strongly
deviates from the ground state of the cation (Ce� : 4f15d2) and
is related to that of the dication (Ce�� : 4f2), whereas for
holmium (Ho� : 6s14f11) only marginal deviations from the
atomic occupations of the cation are observed. While the
change of the population on Ce� certainly costs excitation
energy, this is obviously counterbalanced by an optimized
bonding as the Ce�/FCH3 complex benefits from 1.30
electrons in non-f orbitals. As the natural hybridization
analysis of the HOMO indicates (sd0.15 character) a partial
hybridization of the 6s and 5d orbitals takes place to optimize
the covalent terms in the bonding to the fluorine. On the other


hand, Ho� has a singly occupied
6s orbital. The energetical costs
to obtain configurations with
more than one non-f orbital
are higher than for Ce�, since
one of the low-lying f electrons
must be excited. Thus, forma-
tion of sd hybrids is less likely in
Ho�/FCH3. Indeed, the natural
hybridization analysis shows an
only weak d contribution to the
HOMO (sd0.02). The existence
of a side-on minimum was
checked carefully but all at-
tempts ended up in the quasi-
linear structures.


The exclusive existence of an
almost C3v-symmetric encoun-
ter complex supports the notion
of a direct abstraction reaction
mechanism with a de facto
linear Ln-F-C arrangement
throughout the entire reaction
sequence. Thus, one would ex-


pect that also the transition structure should not deviate from
the linear arrangement. In fact, an almost linear transition
state (TS) was located. The relative energies for this TS(1) are
determined as ÿ9.0 (B3LYP/BSII) and ÿ14.5 kcal molÿ1


(ACPF/BSIII) for Ce�. If the reaction is carried out with
Ho� the height of this barrier lies much closer to the entrance
channel (ÿ2.5 kcal molÿ1). In this case no ACPF calculation
could be performed due to insurmountable technical prob-
lems, due to an increasing multideterminatal character of the
wave function. Relative to Min(1), the C ± F bond is elongated
significantly to 1.873 � in TS(1) on the [Ce,F,C,H3]� PES or
even to 2.001 � for the analogous holmium containing
structure. This is accompanied by a shortened Ln� ± F bond
of 2.292 � and 2.117 � for Ce� and Ho�, respectively. The
imminent C ± F bond cleavage results in a flattening of the
CH3 unit (deviation from planarity amounts to only 6 ± 98)
which correlates with a significant radical character on the
carbon atom. In the NBO analysis a spin density of 0.28 units
is assigned to the carbon atom with a concomitant reduction
to 2.70 on cerium. Fluorine maintains a value of 0.02. Similar
data are obtained for the holmium case with 0.22 on carbon,
0.02 on fluorine, 3.54 on the metal. In accordance with the
SET shown in Figure 1 the partial charge on the metal has
increased from 1.00 to 1.22 for cerium and to 1.39 for
holmium. As expected, the bonding situation of TS(1) is
intermediate to Min(1) and the products of the defluorination
reaction, that is, a methyl radical and LnF�. In spite of a
careful search, no electrostatic complex between a LnF� ion
and a CH3 radical, preceding the separated products, could be
located. However, what we did find was Min (2), a four-
membered ring complex with interactions between the carbon
atom of the methyl radical and the positively charged Ln� ion
as well as between the negatively polarized fluorine of the
LnF� moiety and one of the hydrogen atoms of the methyl
radical. Actually, Min(2) represents the lowest lying point on


Figure 2. Relevant stationary points on the [Ln,C,H3,F] PES. Bond lengths in �, angles in degrees, computed at
B3LYP/BSII. For the saddle points, the major components of the transition modes are also shown.


Table 4. Relative Gibbs free energies of stationary points on the [Ln,F,C,H3]�


PES [kcal molÿ1].


Structure B3LYP/BSII ACPF/BSIII[a] B3LYP/BSII ACPF/BSIII[a]


Ln�Ce Ln�Ho


Ln� CH3F 0.0 0.0 0.0 0.0
Min(1) ÿ 27.0 ÿ 26.0 ÿ 14.6 ÿ 12.9
TS(1) ÿ 9.0 ÿ 14.5 ÿ 2.5 ± [b]


TS(2) ÿ 7.9 ÿ 18.4 ÿ 0.8 ± [b]


Min(2) ÿ 57.9 ÿ 57.2 ÿ 32.2 ± [b]


LnF� � .CH3 ÿ 40.7 ÿ 51.9 ÿ 19.4 ÿ 30.0


[a] At B3LYP/BSII geometries. [b] No ACPF data due to technical problems,
see text.
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this reaction coordinate, being some 58 kcal molÿ1 below the
entrance channel for Ce (B3LYP/BSII and ACPF/BSIII) and
32 kcal molÿ1 below the Ho��CH3F asymptote at B3LYP/
BSII. Again, for technical reasons, no ACPF results could be
obtained for Min(2). The existence of Min(2) suggests a
transition structure connecting Min(1) and Min(2) with a bent
Ln-F-C arrangement. Indeed a second saddle point with the
expected geometry was located (TS(2)). For Ce, the relative
energy of TS(2) amounts to ÿ7.9 and ÿ18.4 kcal molÿ1 at
B3LYP/BSII and ACPF/BSIII, respectively. For Ho, we again
can only give a B3LYP/BSII barrier height, which amounts to
ÿ0.8 kcal molÿ1. Nevertheless, for both metals the two
transition structures, TS(1) and TS(2) are similar in energy
and it must be concluded that there do exist two discrete
pathways leading from the reactants CH3F�Ln� to the
products CH3�LnF�, but that they are energetically almost
identical. Finally, the relative energy of the exit channel lies
well below that of the entrance channel for both metals,ÿ40.7
(B3LYP/BSII) and ÿ51.9 (ACPF/BSIII) for Ce and ÿ19.4
(B3LYP/BSII) and ÿ30.0 (ACPF/BSIII) for Ho, respectively.
This high overall exothermicity is of course due to the
remarkable Ln� ± F bond strengths.


In Figure 3, we show the B3LYP/BSII based natural atomic
charges which indicate a continuous transfer of one elec-
tron from the lanthanide cation towards the fluorine in the
course of the defluorination reaction in line with the
conception of the harpoon-type mechanism. At the saddle
points of the reaction, about one third of an electron
has migrated towards the fluorine as indicated by the decrease
of the partial charge on the metal by around 0.3 ± 0.4 j e j at
the locations of the transition structures TS(1) and
TS(2). Concomitantly, the spin density on the carbon
atom builds up by a similar amount. This synchronous transfer
of charge and spin density can be seen across the whole
reaction coordinate. Thus, the leading motif in the reaction
seems to be the preservation of a formal closed-shell character
at fluorine (i.e. , as a Fÿ ion), where hardly any spin density is
found.


There is still one question which has not been addressed
yet: Why are there two distinct saddle points, one with an
almost linear and the other with an L-shaped Ln-F-C
arrangement, which correspond to two different reaction
paths for the overall fluorine transfer reaction? At first glance
this result is confusing, since for the encounter complex
Min(1) the potential for bending the Ln-F-C angle was found
to be repulsive, with the linear coordination as the only
minimum. The key for understanding this effect is that
although in the end, it acts as charge donor, the metal cation is
primarily attracted by the nucleophilic character of the
partially negatively charged fluorine. Hence, the trajectory
in which the two reactants approach should be the one which
allows a maximization of attractive electrostatic interaction. It
was shown by Bader[26] through his atoms-in-molecules
approach that, apart from the direction of the F ± CH3 dipole,
fluoromethane actually shows two more trajectories for an
electropilic attack in the H-C-F plane of fluoromethane. One
is in a syn and the other in the anti position to the in-plane
hydrogen atom. Thus, in addition to following the F ± CH3


dipole, an electrophile should indeed also approach fluoro-
methane in a perpendicular manner, specifically in anti
position to the in-plane hydrogen atom to minimize steric
effects, leading to TS(1) and TS(2), respectively.


To summarize, both metals exhibit identical reaction paths
in a harpoon-type abstraction mechanism. Two approximately
energetically degenerate transition structures have been
identified, one with a quasi linear Ln-F-C arrangement,
whereas the other displays a bent Ln-F-C structural element.
In qualitative agreement with the experimental relative
reactivities, the activation barriers are smaller for Ce� than
for Ho�. The driving force of the reaction is the formation of a
strong Ln� ± F bond. Both, CeF� and HoF� are almost
completely ionic in nature and their bond strengths are
directly related to the second IE of the metal.


The [Ln,F,C6,H5]� System : Table 5 contains the theoretically
predicted Gibbs free energies (B3LYP/BSII), while Figure 4


shows the optimized geome-
tries (B3LYP/BSI) of the sta-
tionary points.


In contrast to CH3F, aromatic
ligands may also offer their p


system as a coordination site.
Therefore, three possibilities
for a coordination of an Ln�


ion to fluorobenzene to gener-
ate the encounter complex
were investigated. 1) End-on
coordination of the metal cati-
on fluorine, as found to be the
case for fluoromethane. 2) Side-
on coordination to the C ± F
bond. Just as for CH3F, also in
the present case, this coordina-
tion was not found to represent
a minimum on the PES for
neither Ce� nor Ho�. 3) Coor-
dination of the metal cation toFigure 3. Partial charges (NBO at B3LYP/BSII) along the reaction coordinate.







Ln�-Mediated C±F Bond Activation 312 ± 319


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0317 $ 17.50+.50/0 317


Figure 4. Relevant stationary points on the [Ln,C6,H5,F] PES. Bond
lengths in �, angles in degrees, computed at B3LYP/BSI.


the benzenoid p system. As expected, a minimum with the
metal cation centered above the aromatic ring could be
located, (Min(3)).[27] The B3LYP/BSII energies assign a
stronger Ln� ± ligand bond to the cerium complex
(ÿ30.5 kcal molÿ1) than for the corresponding Ho� complex
(ÿ15.8 kcal molÿ1). The second encounter complex located on
the [Ln,F,C6H5]� PES, Min(4) contains a linear Ln-F-C
arrangement and is akin to Min(1). Since the tendency for
distortion from linearity was found to be insignificant for the
Ln�/FCH3 system, the computational advantages of the
higher symmetry (C2v instead of Cs) were used by freezing


the Ln-F-C angle at 1808. For Ce�/FC6H5 Min(4) is some
9 kcal molÿ1 less stable than the p complex, Min(3), and is
located 21.3 kcal molÿ1 below the reactants. At the ACPF/
BSIII level a similar result, that is, ÿ23.7 kcal molÿ1 is
obtained. A minimum corresponding to Min(4) was also
located for holmium at the B3LYP/BSI level, however, it was
impossible to achieve a self consistent Kohn ± Sham solution
in the B3LYP/BSII single point calculation. Hence, no
comparison of the relative energies is possible. The metal ±
ligand bond in the linear Ce�/FC6H5 complex Min(4) is
weaker than in the corresponding Ce�/FCH3 encounter
complex Min(1) due to the stronger C ± F bond in fluoroben-
zene. Similarly, the C ± F and Ln ± F bonds of fluorobenzene
are shorter and longer, respectively, than the corresponding
contacts in Min(1). Transition structure TS(3) represents the
transition state on the [Ln,F,C6H5] PES analogous to TS(1).
However, its structural features prove TS(3) to be more
product-like than TS(1): The C ± F distances are longer, while
the Ln ± F distances are shorter. Also the relative energetics of
TS(3) mirror the differences in C ± F bond strengths, as
expected the activation barrier is higher than in the CH3F
case. While for Ce the relative energy of TS(3) is still below
that of the entrance channel (ÿ6.3 and ÿ5.0 kcal molÿ1 at
B3LYP/BSII and ACPF/BSIII, respectively), TS(3) is signifi-
cantly above the energy of the reactants if Ho� is employed
(20.5 kcal molÿ1 at B3LYP/BSII).[28] All these observations are
in full harmony with the stronger C ± F bond in C6H5F
compared to CH3F.


However, these results which are also the intuitively
expected ones, contradict the experimental data, which assign
a higher relative reactivity to fluorobenzene than to fluoro-
methane. Thus, it seems questionable whether the actual
reaction really proceeds along this reaction coordinate. The
solution to this puzzle can be found in TS(4). This saddle point
is analogous to the side-on TS(2) located on the [Ln,F,C,H3]
PES. However, while in the Ln�/FCH3 system the two saddle
points were almost isoenergetic, the relative energies of TS(4)
at the B3LYP/BSII level turn out to be lower than that of
TS(3) by 4.0 kcal molÿ1 for Ce�, or even by a significant
23.9 kcal molÿ1 for Ho�. At the B3LYP/BSII level TS(4) bears
an energy ofÿ10.3 kcal molÿ1 relative to the entrance channel
for Ce�. The barrier is lower than both, TS(1)
(ÿ9.0 kcal molÿ1) or TS(2) (ÿ7.9 kcal molÿ1) on the
[Ce,F,C,H3]� PES, in concert with the higher reactivity of
fluorobenzene towards fluorine abstraction. This is even more
pronounced if the reaction is carried out with Ho�. TS(4) lies
at ÿ3.4 kcal molÿ1 which is not only in much better agree-
ment with the experimental relative reactivity for this
system but also plausible in relation to the Ln�/FCH3 system.
The barriers of TS(1) (ÿ2.5 kcal molÿ1) and TS(2)
(ÿ0.8 kcal molÿ1) on the [Ho,F,C,H3]� PES are in agreement
with a very low reactivity. Consistent with a higher, but still
moderate relative reactivity for the same reaction on the
[Ho,F,C6,H5]� PES found by Cornehl, Hornung, and
Schwarz[5] is the calculated relative energy of TS(4) with
Ln�Ho. Thus, for the CH3F system both reaction pathways
are possible, but in the case of fluorobenzene the nonlinear
approach via TS(4) is clearly favored. While this change in
mechanism can explain the counterintuitive higher reactivity


Table 5. Relative Gibbs free energies of stationary points on the
[Ln,F,C6,H5]� PES [kcal molÿ1].


Structure[a] B3LYP/BSII ACPF/BSIII B3LYP/BSII
Ln�Ce Ln�Ho


Ln��C6H5F 0.0 0.0 0.0
Min(3) ÿ 30.5 ± ÿ 15.8
Min(4) ÿ 21.3 ÿ 23.7 ± [b]


TS(3) ÿ 6.3 ÿ 5.0 20.5
TS(4) ÿ 10.3 ± ÿ 3.4
LnF��C6H5 ÿ 24.2 ÿ 36.4 ÿ 3.2


[a] Optimized at B3LYP/BSI. [b] No self consistence could be achieved.
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of fluorobenzene in the gas phase experiments, we still owe an
answer to the question why the nonlinear arrangement is
favored with fluorobenzene as substrate. Perusal of the
structural parameters in part explains this result. Quite
evidently, TS(4) occurs earlier on the reaction pathway, as
the C ± F bonds are 0.3 ± 0.4 � shorter and the Ln ± F bonds
are longer than those of TS(3). There are two main factors
which stabilize TS(4) as compared to TS(2). First, the
repulsive and therefore destabilizing steric interactions be-
tween the lanthanide cation and the two out-of-plane hydro-
gen atoms exist only for CH3F. Second, the stabilization of
TS(4) by interaction between the aromatic p-system and the
lanthanide cation is not available to TS(2).


In view of the computational effort and the insignificance
for the further course of the reaction, we did not attempt to
locate complex(es) succeeding TS(4). Finally, the exit chan-
nels occur at higher energies for the Ln�/FC6H5 system than
for the Ln�/FCH3 counterpart; a direct consequence of the
stronger C ± F bond in the former. For [Ho,F,C6,H5]� this
results in relative energies close to the entrance channel,
ÿ3.2 kcal molÿ1 while CeF�C6H5 is ÿ24.2 kcal molÿ1 lower
than the reactants, Ce��C6H5F at B3LYP/BSII. It should be
noted that the ACPF/BSIII value for the relative stability of
Ce��C6H5 is significantly larger, amounting to ÿ36.4 kcal
molÿ1, an obvious consequence of the larger Ce ± F� bond
strength obtained at ACPF/BSIII as compared to B3LYP/
BSII, see above.


Conclusions


By the aid of quantum chemical calculations we identified the
mechanistic details of the Ln�-mediated C ± F bond activa-
tion. This enabled the rationalization of the at first glance
puzzling experimental result that the reaction Ln� �F ± R !
LnF��R occurs with higher rates for R�C6H5 than for R�
CH3 despite the significantly higher C ± F bond strength in the
former:
1) In agreement with previous assumptions, the mechanism


of Ln� mediated fluorine abstraction is a direct, harpoon-
type mechanism. This is in sharp contrast to the insertion/
elimination mechanism established for the activation of
C ± C and C ± H bonds.


2) This mechanism is, however, not necessarily confined to a
linear attack of the lanthanide cation at the C ± F bond.
Two reaction channels involving different transition struc-
tures were identified. While one maintains a quasi-linear
structure, the other displays a bent Ln-F-C arrangement.


3) In terms of the calculated barrier heights, both reaction
paths are almost degenerate for the defluorination reac-
tion of fluoromethane. In distinct contrast to that, the
linear saddle point is energetically disfavored compared to
the angular arrangement for the same reaction with
fluorobenzene. Thus, the latter is the preferred route for
the reaction between Ln��C6H5F to yield LnF��C6H5.


4) The occurrence of these two scenarios explain the counter-
intuitive reactivity pattern of CH3F and C6H5F. The
reasons for the energetic preference of the nonlinear
approach for fluorobenzene lie primarily in the additional


stabilization of the saddle point by the aromatic system,
which is obviously not possible for CH3F as substrate.


5) Ho� is characterized by a weaker fluorophilicity than Ce�,
which is directly related to its higher second ionization
energy. As a consequence, the barrier of the fluorine
abstraction is higher if Ho� is used as reactant, in harmony
with the lower reactivity found in gas-phase experiments.
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Abstract: Some biologically active
structures related to inositolphosphogly-
can (IPG) mediators (compounds 3 ± 5)
and the corresponding glycosylphospha-
tidylinositol precursors (compounds 1
and 2) have been prepared by using an
effective synthetic strategy. The basic
structural features of these substances
have been established by determining
the solid-state structure of compound 3,
the solution structure of compounds 3


and 5 using NMR spectroscopy and
molecular mechanics calculations, the
dynamic properties of trisaccharide 4
using molecular dynamics calculations
with explicit water molecules, and the
solution structure of 1 and 2 anchored to


a detergent micelle. The biological ac-
tivity of some of these derivatives has
also been investigated. It has been con-
firmed that compound 3 acts as potent
mitogen in the chicken�s developing
inner ear and it has been demonstrated
that 3 modulates the expression of Fos
which is a molecular marker of cell
proliferation.
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Introduction


The generation of lipid-derived second messengers, such as
1D-myo-inositol 1,4,5-trisphosphate, ceramide, diacyl glycer-
ol, and lysophosphatidic acid, after receptor-mediated activa-
tion of different lipases has been firmly established in recent
years.[1,2] The enzymatic cleavage of uncharacterised glycosyl
phosphatidylinositols (GPIs) to produce inositolphosphogly-
can (IPG) mediators has been proposed as a new pathway of
intracellular signal transduction which has been investigated
in the case of insulin and a variety of neurotrophic and growth
factors.[3±6] The role of these uncharacterized IPGs as insulin
second messengers has been postulated on the basis of their


ability to modulate the activity of a number of enzymes, the
phosphorylation and dephosphorylation of cellular proteins,
protein synthesis and gene expression, lipid metabolism,
glucose utilization and the stimulation of cell growth.[4,6±8]


The precise chemical structures of either the IPG mediators
or the GPI precursors remain to be elucidated. Two main
structural groups of mediators have been proposed on the
basis of chemical composition and biological activity: 1) the
cAMP-dependent protein kinase inhibitors (composed of
myo-inositol, nonacetylated glucosamine, galactose, and
phosphate[9]) and 2) the pyruvate dehydrogenase phosphatase
activators (containing chiro-inositol, nonacetylated galactos-
amine, mannose and phosphate[10]). Furthermore, neither the
nature of the specific phospholipase involved in GPI hydrol-
ysis nor the mechanism by which this enzyme is regulated are
presently known. GPI specific phospholipase C (GPI ± PLC)
or D (GPI ± PLD)[11] activities could be responsible for the
release of IPG second messengers, but a detailed study of the
specific structural requirements involved in the regulation of
GPI cleavage is still lacking. A number of basic chemical and
biological aspects of the entire process have, therefore, to be
disclosed in order to elucidate the molecular basis of this new
receptor-mediated pathway of intracellular signal transduction.


Herein we address some of the above basic chemical
aspects as a continuation of our previous studies on the
structure of IPG mediators from bovine liver[12] and on the
synthesis of glycosyl inositols and oligosaccharides with
insulin mimetic activity.[13a±d] We now report an efficient
synthesis of some biologically active structures related to
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GPIs and GPI hydrolysis, and a detailed conformational study
of these structures. Compounds 1 ± 4 have been prepared by
using a highly effective synthetic strategy.[14] The solid-state
structure of 3 has been determined and the solution con-


formation of 3 and 5 have been established by using molecular
mechanics and NMR spectroscopy. Compounds 3 and 5 are
expected to be the products generated from 1 after PLC-
mediated hydrolysis. The conformation of both 3 and 5 has
also been investigated as a function of the pH of the medium.
Compound 3 has been previously shown to act as a potent
mitogen in the chicken�s developing inner ear and different
cell types, mimicking the biological activity of natural
IPGs.[13b,15] These results have now been confirmed and
extended, and show that 3 can modulate the expression of
Fos, a molecular marker of cellular proliferation, during the
development of the inner ear. Furthermore, the structural and
dynamic features of trisaccharide 4, expected to be released
from 2 after PLC-mediated cleavage, has been derived from a
molecular dynamics calculation with explicit water molecules.
Finally, the solution structure of glycolipids 1 and 2 has also
been determined in an aprotic solvent and anchored in a
detergent micelle so as to mimic the physiological membrane
environment.


Results and Discussion


Synthesis


The synthesis of 1 ± 4 involves glycosylation reactions with a-
selectivities that, according to experience gained from syn-
thesizing glycosyl inositols,[13a±c] can be achieved by using the
trichloroacetimidate glycosylation procedure[16] with 2-azido-
2-deoxy sugars as glycosyl donors.[17] These glycosyl donors
were prepared as indicated in Scheme 1.


Scheme 1. Reagents: a) H2NNH2 ´ HOAc, DMF (92 %); b) CCl3CN,
K2CO3, CH2Cl2 (96 %); c) 1. aqueous NaOH, nBu4NHSO4, benzene. 2.
BnBr (93 %); d) NBS, aqueous acetone (84 %); e) CCl3CN, K2CO3, CH2Cl2


(92 %); f) 12, TMSOTf, 4 � molecular sieves, Et2O (62 %); g) NBS,
aqueous acetone (88 %); h) CCl3CN, K2CO3, CH2Cl2 (84 %).


The acetylated donor 8[18] was synthesized from the readily
available derivative 6[19] by selective removal of the 1-O-acetyl
group[20] and trichloroacetimidate formation under establish-
ed conditions.[16] The benzylated donor 12[21] was prepared


Abstract in Spanish: Se describe una estrategia sintØtica para la
preparacioÂn de una serie de compuestos relacionados con los
inositol fosfoglicanos propuestos como segundos mensajeros
(compuestos 3-5) y sus correspondientes precursores (glicosil
fosfatidilinositoles de tipo 1 y 2). Se estudian las principales
características estructurales de estas sustancias a travØs de la
determinacioÂn de la estructura del compuesto 3 en estado
soÂlido, la estructura en solucioÂn de los compuestos 3-5-
utilizando espectroscopía de RMN y caÂlculos de mecaÂnica
molecular- las propiedades dinaÂmicas del trisacaÂrido 4 -
utilizando caÂlculos de dinaÂmica molecular con molØculas de
agua explícitas- y la estructura de los glicolípidos 1 y 2 en
solucioÂn y en un medio micelar. Se ha investigado tambiØn la
actividad bioloÂgica de estos compuestos y se ha confirmado
que el compuesto 3 se comporta como un potente mitoÂgeno en
el oído interno del embrioÂn de pollo y que este compuesto
modula la expresioÂn del marcador molecular de proliferacioÂn
FOS.
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from the phenyl thioglucopyranoside 9, which is readily
available from 6,[22] by one-pot deacetylation and perbenzy-
lation under phase-transfer conditions in excellent yield.
Compound 10 was converted into 12 via hemiacetal 11 by
treatment with N-bromosuccinimide in aqueous acetone[23]


and activation with CCl3CN and K2CO3 as a base. The donor
17 was synthesized from the perbenzylated mannopyranosyl
trichloroacetimidate 13[24] and the phenyl thioglycoside de-
rivative 14, which was obtained from 9 by deacetylation
followed by selective di-O-benzylation.[22] Reaction of 13 with
14 using trimethylsilyl triflate (TMSOTf) as promoter gave
the disaccharide derivative 15 which was then converted into
trichloroacetimidate 17 using the sequence outlined for 12.


Diol 19 was chosen as the myo-inositol glycosyl acceptor
fulfilling the critical demands of being readily available in
optically pure form and of bearing a protecting group pattern
fully compatible with the further transformations required
(Scheme 2). In addition, as reported for related systems,[25] the
expected higher reactivity of the hydroxyl group at C-6
permitted regioselective glycosylation at this position. Fur-
thermore, selective cleavage of the camphor ketal as orthog-
onal protecting group should also be expected thus allowing
phosphorylation of the liberated hydroxyl groups at C-1 and
C-2. Therefore diol 19 was synthesized by a modification of a
reported procedure (Scheme 2) allowing access to pure
product in a multigram scale. Thus, treatment of myo-inositol
with an excess of l-camphor dimethyl ketal in the presence of
H2SO4 gave a mixture of myo-inositol camphor ketals.[26]


Subsequent hydrolysis of the trans-ketal functions and p-
toluensulfonic acid (p-TsOH)-mediated equilibration afford-
ed a precipitate consisting of the unprotected myo-inositol
starting material and a mixture of cis-ketals with the desired
product 18 as the major component. Ketal 18 was purified by
passage of the reaction mixture through a short Florisil
column and further crystallization. Regioselective 3,4-bis-


protection of 18 was achieved by using 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane (TIPIDSCl2) as reported previously
for its enantiomer.[27]


The key building blocks 24 and 27 (Scheme 3) were
prepared as follows. Condensation of trichloroacetimidate 8
with a slight excess of 19 afforded the 6-O-linked a-glycoside
20 a in 80 % yield together with a small amount (9 %) of the 5-
O-linked regioisomer 20 b (see Scheme 2). To fully confirm its
regiochemistry by 1H NMR spectroscopy, compound 20a was


Scheme 3. Reagents: a) 1. Bu4NF, THF; 2. pyridine, Ac2O (86 %); b) 1.
Bu4NF, THF; 2. pyridine, Ac2O (quantitative); c) 1. NaOMe, MeOH; 2.
BnBr, NaH, DMF (90 %); d) 1. Bu4NF, THF; 2. DMF, NaH, BnBr (72 %);
e) 1. Bu4NF, THF; 2. pyridine, Ac2O (95 %); f) 1. NaOMe, MeOH. 2. BnBr,
NaH, DMF (90 %).


Scheme 2. Reagents: a) 1. l-camphor dimethyl ketal, H2SO4; 2. p-TsOH, CHCl3/MeOH/H2O; 3. crystallization (29 %); b) TIPDSCl2, pyridine (93 %); c) 7,
TMSOTf, molecular sieves 3 �, Et2O; d) 11, TMSOTf, molecular sieves 3 �, Et2O; e) 16, TMSOTf, molecular sieves 4 �, Et2O.
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transformed into 23 by desilylation followed by acetylation
(Scheme 3). Deacetylation and benzylation afforded 24 ready
for the final transformations. This route to 24 was preferred to
the alternative approach starting from the more reactive
trichloroacetimidate 12, since glycosylation of 19 with this
donor at ÿ 40 8C using TMSOTf as promoter afforded the a-
linked 6-O-glycoside 21 a in only 67 % yield together with the
regioisomer 21 b (7 %) and the b-linked 6-O-glycoside 21c
(17 %). All attempts to improve the regio- and the stereo-
selectivity of the reaction by decreasing the reaction temper-
ature[16] had no significant effect on product distribution.
Desilylation of 21 a followed by benzylation yielded again 24.
The former route to 24 was therefore more efficient affording
this key ketal in 64 % overall yield after five steps from the
common precursor 6 in contrast to the 28 % overall yield
obtained and the six steps required in the latter route.
Compound 27 was synthesized from trichloroacetimidate 17
and diol 19. This reaction gave a 2.2:1 a/b mixture of
glycosides from which 22 a was easily separated. Again, to
ease characterization, this product was desilylated and sub-
sequently acetylated to give 26. Deacetylation and benzyla-
tion afforded 27, ready for the final transformations. The
regio- and stereochemistry of all glycosylation products was
unambiguously derived from 1H ± 1H COSY and proton-
decoupled NMR spectra of the acetylated intermediates 23,
25, and 26.


For the synthesis of cyclic phosphate 3, ketal 24 was treated
with trifluoroacetic acid to give diol 28 (Scheme 4). Reaction


Scheme 4. Reagents: a) aqueous CHCl3, TFA (84 %); b) aqueous CHCl3,
TFA (88 %); c) 1. MeOP(O)Cl2, pyridine; 2. Pd/C, H2, NH4OAc, THF/
EtOH/H2O. 3. 1X-200 (HCOÿ


3 ) (62 %); d) 1. MeOP(O)Cl2, pyridine; 2. Pd/
C, H2, NH4OAc, THF/EtOH/H2O; 3. TMD-8 (H�/OHÿ) (90 %); e)
(BnO)2PNiPr2, tetrazole (92 %); f) 27, pyridine ´ HBr3, CH2Cl2/pyridine
(54 %, �22% recovered 27); g) 28, pyridine ´ HBr3, CH2Cl2/pyridine (28 %,
�22% recovered 28); h) Pd/C, H2, EtOAc/THF/EtOH/H2O (quantitative);
j) Pd/C, H2, EtOAc/THF/EtOH/H2O (61 %).


of 28 with N-methylpyridinium phosphodichloridate[28] fol-
lowed by hydrogenolytic debenzylation and concomitant
azide reduction in buffered medium afforded 3 in 62 % yield
after purification by ion exchange chromatography. Com-
pound 4 was similarly synthesized from 27. This synthetic
strategy considerably improves procedures previously report-
ed for the preparation of 3.[13b,29]


Finally, the GPI substructures 1 and 2 were prepared from
precursors 28 and 29, respectively, by regioselective phos-
phorylation using the phosphite-phosphonium salt method-
ology.[30] Dimiristoylglycerol phosphite (31) was obtained
from dimiristoylglycerol (30) by reaction with dibenzyl N,N-
diisopropylphosphoramidite and 1H-tetrazol as proton
source.[31] Reaction of 28 with phosphite 31 in the presence
of pyridinium bromide perbromide (PBP) and pyridine
afforded 32 in 74 % yield. Glycolipid 33 was similarly obtained
from diol 29. Hydrogenolitic cleavage of benzyl groups with
concomitant reduction of the azido group yielded target
compounds 1 and 2.


Biological activity


Cyclic phosphate 3 stimulated proliferative growth in the otic
vesicle. The effects of 3 have been studied on stage 18 otic
vesicles that were isolated and cultured for 24 h. A typical
experiment is shown in Figure 1 top in which the effect of 3 at
concentrations of 1 and 10 mm is compared with otic vesicles
grown in parallel without additions (0S) or in the presence of
1 nm insulin-like growth factor I (IGF-I). Otic vesicles
incubated with 3 acquired a morphology that corresponded
to stage 19� otic vesicles developed in vivo. The rate of DNA
synthesis was estimated in parallel experiments by measuring
[3H]thymidine incorporation into acid precipitable material
(Figure 1 bottom). Compound 3 induced [3H]thymidine
uptake in a concentration-dependent manner with a maximal
effect at a concentration of 10 mm.


Compound 3 also modulates Fos levels in the otic vesicle,
and Figure 2 shows a Western blot analysis of otic vesicles
stimulated with 3 at different times. Fos induction by 3 was
transient and reached a peak after two hours (see lanes
labeled sense in Figure 2). Densitometrical estimates of
stimulation at t� 2 h gave a 2.2� 0.2-fold increase above
the control value (n� 3). As with serum or growth
factors, after 24h the amount of Fos protein was variable.[32]


c-Fos antisense oligonucleotides inhibited the effect of
3 (lane labeled antisense in Figure 2), while random
oligonucleotides had no effect on the stimulation (lane
labeled random in Figure 2). Several simple carbohydrates
(glucosamine, galactose, inositol) were used as controls and
none of them stimulated cellular proliferation or Fos ex-
pression.


In conclusion, the above results demonstrate that 3 is a
potent growth stimulator in the otic vesicle and induces Fos
expression. Furthermore, c-fos antisense nucleotides inhibit
the effects of 3. Fos is developmentally regulated during the
proliferative period of otic vesicle development and it is an
essential element in propagating mitogenic signals.[32,33] IGF-I
induces Fos expression and c-fos antisense nucleotides inhibit
IGF-I with the GPI/IPG signalling system being upstream of
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Figure 1. Effect of compound 3 on otic vesicle growth. Top: Microphoto-
graphs of a typical otic vesicle culture. Fresh otic vesicles obtained from
stage 18 chicken embryos were arrested by culture in serum-free medium
199 and then were stimulated for 24 h by addition of insulin-like growth
factor (IGF-I), compound 3 at the doses indicated in brackets, or without
additions (0S). Bottom: Acid-precipitable [3H]thymidine incorporation
was measured in otic vesicles cultured in the presence of increasing
concentrations of 3 from 0.1 to 100 mm. Data are representative of at least
three different experiments with an average of four otic vesicles per
condition. The bars to the right indicate [3H]thymidine uptake in otic
vesicles cultured in serum-free medium (0S) or 1nm IGF-I for 24 h.


Fos for the propagation of the IGF-I signal.[33] The effects of 3
indicate that this compound is able to mimic IGF-I effects in
the otic vesicle.


Structure


The crystal structure of compound 3 was determined by X-ray
analysis at 250 K (Figure 3). Selected geometric parameters
are reported in Table 1. The molecule appears as a zwitterion
with the positive charge on N-2' and the negative charge
delocalized between O-14 and O-15. The molecular structure
shows bond lengths and angles comparable with the average
values found for related inositol derivatives, cyclic phosphate
rings, and glucosamine derivatives carrying the NH�


3 group
(29, 2, and 7 structures, respectively, retrieved from the


Figure 2. Time-course of stimulation of Fos oncoprotein expression by 3.
Western blotting analysis of stage 18 otic vesicles stimulated with 1mm 3 in
the presence of sense, antisense, or random AUG-c-fos oligonucleotides for
the periods of time indicated. Control represents levels of Fos at time 0.
Lane labelled GlcN indicates levels of Fos in parallel otic vesicles cultured
in the presence of 1 mm glucosamine. The resulting autoradiogram was
quantitated and data are expressed as fold change in Fos protein over the
control value which was set at 1.


Figure 3. A perspective view of the asymmetric unit of 3 showing the
numbering system. Non-hydrogen atoms are represented by displacement
ellipsoids at 30% probability level. Dotted lines indicate bonds.


Cambridge Data Base).[35] The N ± C distance is 1.493(4) �,
which agrees with the average value 1.497(12) � found for
similar glucosamine derivatives with a NH�


3 group (7 struc-
tures), but it is significantly longer than the average value of
1.458(11) � obtained from 11 glucosamine structures with
neutral C-NHR groups. The P atom resides in an approximate
tetrahedral environment. The two pairs of PÿO bonds
(endocyclic and exocyclic bonds) have lengths close to the
values for the two reference structures (CYCYPH10 and
CY9CYP20; CSD refcodes). The endocyclic O-5' ± C-5' and
O-5'ÿC-1' bond lengths (Table 1) are significantly different as
a consequence of the anomeric effect. The pyranose and
inositol rings adopt chair conformations [Cremer and
Pople parameters:[36] q2� 0.054(3)/0.103(3), q3� 0.513(3)/
0.523(3) �, q2� 5.2(3)/11.1(3)8 vs q2� q2� 0 for the ideal
conformation]. The inositol ring appears slightly flattened due
to the fused cyclic phosphate five-membered ring which







Glycosyl Inositol Derivatives 320 ± 336


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0325 $ 17.50+.50/0 325


presents a distorted envelope conformation flapping at C-7
[q2� 0.391(2) �, f2� 103.9(3)8 vs f2� 1088 or 908 for the
ideal envelope or twist conformation, respectively]. All
substituents at the inositol ring with the exception of O-14
and, to some extent, O-15 are purely equatorial as confirmed
by the configurational angles.[37] The crystal packing is
provided by a dense network of hydrogen bonds involving
the NH�


3 and OH groups and water molecules (Table 1). All
the water molecules and the hydroxyl groups act as both
donors and acceptors of hydro-
gen bonds


Conformational studies in
water solution


Few conformational studies of
GPI-related inositol-containing
oligosaccharides have been
published to date.[38] The study
of a phospolipid from Leishma-
nia major allowed one to con-
clude that major oscillations
occurred around the glycosidic
linkages of the molecule. Nev-
ertheless, in this example, the
induced significant torsional


variations may be due to the presence of two phospho-
diester linkages in the structure.[38]


The structures of cyclic phosphate 3 and phosphate
5[13a,c] in solution have been investigated by NMR
spectroscopy and molecular mechanics calculations.[39]


The presence of the acetal group, and therefore, the
anomeric and exo-anomeric effects[40] pose a problem
for devising a force field for sugars, although a number
of them are now available.[41] The AMBER force field[42]


was chosen in this case, since it has been modified to
deal with oligosaccharides[43] and, in addition, it pro-
vides adequate parameters for phosphate groups. Nev-
ertheless, in order to be rigourous enough, different
torsional variables have to be considered for a detailed
conformational analysis. Besides the glycosidic torsion
angles, defined in this case as F H1'-C1'-O1'-C6 and Y


C1'-O1'-C6-H6, the different possible orientations of
the phosphate group were also condidered. In this
context, the analysis of eighteen relaxed energy maps
(see Supporting Information) calculated with AMBER
for 3 and 5 indicated that the shape of the surfaces
depends on the initial conformation of the phosphate
group and illustrates the importance of considering all
staggered conformations around the C1ÿO1 and O1ÿP
linkages as well as the c (clockwise) and r (anticlock-
wise) orientation of the secondary hydroxyl groups. The
adiabatic surfaces built from the relaxed maps are
shown in Figures 4 and 5 along with the corresponding
probability distribution maps. For 3, about 11 % of the
surface is populated, and two local minima, A and B, are
predicted. Approximately 94 % of the population is
concentrated in a central region around global mini-
mum A, defined by values of Y between ÿ 1208 and 608


and F between ÿ 808 and 08. In addition, 6 % of the
population is located around minimum B. On the other hand,
for the noncyclic phosphate 5, about 8 % of the total surface is
populated, and 90 % of the population concentrated around
global minimum A. In this case, Y angles rank between ÿ 758
and 608 and F angles between ÿ 808 and 08 (Table 2 and
Figure 5). About 4 % of the population appears in this case t
be concentrated around minimum B. The AMBER calcula-
tions predict, therefore, a somehow greater flexibility around


Table 1. Selected geometrical parameters [�, 8] for the X-ray structure of 3.


C1 ± O5 1.406(4) C5 ± O5 1.442(3)
O11 ± P13 1.615(2) O12 ± P13 1.609(2)
O14 ± P13 1.490(2) O15 ± P13 1.483(2)
O11-P13-O12 96.9(1) O14-P13-O15 116.1(1)
O1-C7-C8-C9 ÿ 172.7(2) C12-C7-C8-C9 ÿ 55.4(3)
O8-C8-C9-C10 177.6(2) C7-C8-C9-C10 59.5(3)
O9-C9-C10-C11 ÿ 177.9(2) C8-C9-C10-C11 ÿ 55.6(3)
O10-C10-C11-C12 173.8(2) C9-C10-C11-C12 47.4(3)
O11-C11-C12-C7 76.9(3) C10-C11-C12-C7 41.1(3)
O12-C12-C7-C8 ÿ 75.3(3) C11-C12-C7-C8 48.4(3)
O3-C3-C4-C5 175.4(2) C2-C3-C4-C5 56.2(3)
O4-C4-C5-O5 178.8(2) O4-C4-C5-O5 ÿ 61.4(3)
C6-C5-O5-C1 ÿ 171.0(2) C4-C5-O5-C1 65.7(3)
O1-C1-C2-C3 ÿ 67.7(3) O5-C1-C2-C3 ÿ 61.5(3)
N2-C2-C3-C4 ÿ 177.6(2) C1-C2-C3-C4 54.7(3)


Hydrogen interactions X ± H H ´´´ X X ´´´ Y X ± H ´´´ Y


N2-H21 ´´´ O6 (1ÿ x,1/2� y,3/2ÿ z) 0.99(5) 1.80(6) 2.753(4) 176(4)
N2-H22 ´´´ O18 (1ÿ x,1/2� y,3/2ÿ z) 0.99(5) 2.13(5) 2.949(4) 177(4)
N2-H23 ´´´ O10 (1/2ÿ x,2ÿ y,ÿ 1/2� z) 0.99(5) 1.98(6) 2.8834) 163(5)
O3-H30 ´´´ O14 (x,y,ÿ 1� z) 0.98(5) 1.84(6) 2.714(3) 154(5)
O4-H40 ´´´ O16 (1/2ÿ x,1ÿ y,ÿ 1/2� z) 1.03(5) 2.03(6) 2.870(3) 175(4)
O6-H60 ´´´ O9 (1/2ÿ x,1ÿ y,ÿ 1/2� z) 0.99(5) 1.72(6) 2.629(3) 170(5)
O8-H80 ´´´ O16 0.92(5) 2.03(5) 2.877(3) 161(4)
O9-H90 ´´´ O17 (ÿ 1/2� x,3/2ÿ y,2ÿ z) 0.98(5) 1.92(5) 2.713(3) 169(5)
O10-H100 ´´´ O20 (x,y,1� z) 0.86(5) 1.83(5) 2.684(4) 175(4)
O16-H161 ´´´ O18 (1/2ÿ x,1ÿ y,ÿ 1/2� z) 0.84(7) 2.15(7) 2.975(4) 170(5)
O16-H162 ´´´ O14 (ÿ 1/2� x,3/2ÿ y,2ÿ z) 0.89(6) 2.03(6) 2.913(3) 168(5)
O17-H171 ´´´ O14 (1ÿ x,ÿ 1/2� y,5/2ÿ z 0.92(5) 1.84(5) 2.733(3) 162(4)
O17-H172 ´´´ O15 0.82(5) 1.89(5) 2.700(3) 169(4)
O18-H181 ´´´ O8 0.88(5) 2.00(5) 2.881(3) 173(4)
O18-H182 ´´´ O17 0.84(5) 1.94(5) 2.775(3) 172(4)
O19-H191 ´´´ O15(1/2ÿ x,2ÿ y,ÿ 1/2� z) 0.96(7) 1.78(7) 2.748(4) 177(5)
O19-H192 ´´´ O3)(ÿ 1/2� x,3/2ÿ y,1ÿ z) 0.87(6) 1.98(6) 2.830(4) 165(5)
O20-H201 ´´´ O4 0.82(6) 2.11(6) 2.901(4) 163(5)
O20-H202 ´´´ O19 0.86(6) 1.84(6) 2.705(4) 177(5)


Figure 4. Relaxed adiabatic energy map (left column) calculated by using AMBER (e� 80) for compound 5. The
level contours are given every kcal molÿ1. The probability distribution plot of conformers is also given (right
column). The contours are drawn at 10 %, 1%, and 0.1% probability levels.
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the glycosidic bond of the cyclic phosphate, 3. A view of the
global minima for each compound is shown in Figure 6 top
and 6 bottom


Figure 6. Stereoview of the AMBER global minimum of compound 3
(top) and compound 5 (bottom).


The above predictions have been experimentally tested by
NMR spectroscopy.[44] 1H NMR chemical shifts are included in
the Supporting Information. Figure 7 shows a superposition of
the key interresidue proton ± proton distances on the proba-
bility distribution map plots for compounds 3 and 5. The
exclusive NOEs[45] that unequivocally characterize the A and
B energy minima are H1'ÿH6 and H1'ÿH5, respectively.
Therefore, the observed NOE values will be sensitive to the
actual population of each conformer. The existence of strong
NOE between H1' and H6 and not between H1' and H5
indicates that the region corresponding to minimum A is


heavily populated in both com-
pounds 3 and 5. The presence of
minimum B cannot be experi-
mentally demonstrated in ei-
ther substance, indicating a
maximum population of this
minimum of 5 % (correspond-
ing to the estimated limit of
detection of NOEs). Neverthe-
less, there is a structural char-
acteristic which differentiates 3
from 5. The NOE between H1
and H1' protons is present in
the NOESY spectrum of 3. On
the other hand, this enhance-
ment is absent in that of 5.


Figure 7. Superimposition of the key NOEs predicted for compound 3
(top) and compound 5 (bottom) on the conformational probability
distribution plots. The contours are drawn at 10 %, 1 %, and 0.1%
probability levels. Key NOEs are also indicated.


According to Figure 7, the H1ÿH1' distance intersects with the
populated area corresponding to the central energy region in
Figure 7 bottom, but does not overlap with any populated
region in Figure 7 top. Thus, this H1ÿH1' distance is indicative
of a higher flexibility around the glycosidic linkages of the
cyclic phosphate 3 in comparison to those of 5, as predicted by
the AMBER calculations. A semiquantitative treatment of
the NOE data according to a full relaxation matrix analysis[46]


Figure 5. Relaxed adiabatic energy maps (left column) calculated by using AMBER (e� 80) for compound 3.
The level contours are given every kcal molÿ1. The probability distribution plot of conformers is also given (right
column). The contours are drawn at 10 %, 1%, and 0.1% probability levels.


Table 2. Torsion angles for the local minima of 5 and 3 and X-ray structure of 3.


5 3
AMBER AMBER X-ray


Torsion Minimum A Minimum B Minimum A Minimum B


F ÿ 38.1 ÿ 50.2 ÿ 46.4 ÿ 40.7 ÿ 37.2
Y ÿ 17.5 156.0 ÿ 22.4 ÿ 165.2 10.9
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(see Experimental Section) was also performed. The agree-
ment between calculated and observed NOEs was excellent
(Table 3). Therefore, it can be concluded that the three-
dimensional structures of these two compounds may be
described by a major conformer A, which undergoes torsional
oscillations around the regions defined in Figure 4 and 7. It is
noteworthy to mention that for the acyclic compound 5, both
amino and phosphate charged groups are fairly close in space
in minimum A, and that, therefore, their mutual interaction
could have a relevant structural influence.


Thus, in a further step, the 31P and 1H NMR spectra of
compounds 3 and 5 were also analyzed as a function of pH.
These data provided relevant information regarding the
influence of the ionization state of the amino and phosphate
groups on the distinct conformational behavior of these two
molecules (Figure 8 left and 8 right). Monotonical upfield
shifting of the H2' signalÐthe proton on the carbon bearing
the NH2 groupÐin the 1H NMR spectrum, accompanied by
downfield shifting of the phosphorus signal in the correspond-
ing 31P NMR spectra, was observed with increase in pH. For
phosphate 5, the observed inflection of the 31P titration curve
corresponded to a small change of the H2' curve. In addition,
the observed inflection of the H2' titration curve was linked to
a small change of the 31P curve. On the other hand, a markedly
different behavior was observed for cyclic phosphate 3, where


both charged groups are close in space. The pKa value of the
phosphate group of 5 (5.5) was similar to that expected for a
phosphoric acid monoester. However, that of the amino group
(10.3) was much higher than those reported for amino acids
and also higher than the value found for the cyclic phosphate
analogue, 3 (8.0). These experimental observations unequiv-
ocally reflect the existence of a through-space interaction
between the amino and phosphate groups in compound 5 that
could restrict the mobility around the a1 ± 6 linkage, as has
been deduced above. Furthermore, since the conformational
behavior of 5 could be sensitive to pH, NOESY spectra were
measured at pH 5, 7, and 11. The ratio between the key
interresidue NOE H1'ÿH6 and H1'ÿH2' (Table 4) is consid-


erably increased at pH 11, thus indicating a closer proximity of
H1' and H6 in these conditions. According to the conforma-
tional map (see Figure 7), this fact is an indication of a
decrease of Y angle and, consequently, an increase of the


Table 3. Experimental and calculated normalized 1D-NOESY intensities [%] for 5 and 3 in D2O at 308.


Mixing time [ms] 250 400 600 800
Proton Pair Exp. Calcd. Exp. Calcd. Exp. Calcd.


5 H1'/H6 3.6 3.5 5.1 5.6 ± ± ± ±
H1'/H1 not observed < 1% not observed < 1% ± ± ± ±


3 H1'/H6 ± ± 5.3 5.1 7.8 7.6 10.7 10.0
H1'/H1 ± ± 1.5 1.7 2.0 2.6 2.3 3.3


Figure 8. The pH titration curves for compound 3 (left) and compound 5 (right), showing the behavior of 31P and 1H chemical shifts.


Table 4. Ratio of key inter/intraresidue H1'-H6/H1'-H2' NOEs as a
function of pH for 5 from NOESY experiments (mixing time� 700 ms)
at 308 C.


pH 5 7 11


ratio 1.3 1.6 5.7
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distance between the phosphate and the amino group, as
expected at higher pH, where the amino group is not charged.


Next, the solution conformation of 4 was also investigated,
since it is relevant to most of the GPI anchors reported to
date. Besides, it may help to define the influence of an
additional pyranoid moiety in the global conformational and
dynamical behavior of the molecule.[47] A relaxed map for the
substructure Mana1 ± 6GlcNH2 was built which showed that
11 % of the surface was populated (Figure 9). Although two
minima were predicted by AMBER, again only the global
minimum could be experimentally detected. The existence of
a strong interresidue NOE between H1 and H4' (Table 3 and
5) indicated that the region around the global minimum is
heavily populated. With regard to the GlcNH2a1 ± 6myo-


inositol moiety, the NOE between H1' and H6 was observed,
as well as a small one between H1 and H1', which was also
present in the isolated disaccharide entity (see above).


In order to evaluate the dynamical behavior of this
molecule, molecular dynamics simulations in the presence of
explicit water molecules were carried out.[48] A 400 ps
simulation was performed in the presence of 233 explicit
water molecules by using the AMBER force field. The results
obtained are very similar to those obtained by the much less
time-consuming molecular mechanics protocol described
above (Figure 10). The glycosidic torsion angles cover a well
defined region of the F/Y map. For the Mana1 ± 6GlcNH2


linkage, oscillations between ÿ 808 and 08 and between ÿ 608
and 408 were observed for F and Y, respectively. With regard
to the GlcNH2a1 ± 6myo-inositol linkage the range was small-
er, between 908 and ÿ 408 for F and between ÿ 808 and ÿ108
for Y. Thus, this part of the molecule seems to be more
constrained. In order to gain more information on the time


Figure 10. Trajectory plots of the MD simulation (400 ps) of compund 4 in
a box of water molecules. The trajectories of the simulation for F and Y


coordinates for every glycosidic linkage are shown.


scale and nature of the motions
around the glycosidic linkag-
es,[49] internal motion correla-
tion functions were calculated
for the key interresidue pro-
ton ± proton vectors of the mol-
ecule.[50] Thus, both interresidue
H1'ÿH6 and H1ÿH4' distances,
as well as the intraresidue
H1'ÿH2' vector were chosen.
The calculations were per-
formed using a molecular fixed
coordinate frame through
which global reorientation was
removed.[51] Five different parts


Figure 9. Relaxed energy map (left column) calculated by using AMBER (e� 80) for the Mana1 ± 6GlcNH2


linkage of compound 4. The level contours are given every kcal molÿ1. The probability distribution plot of
conformers is also given (right column). The contours are drawn at 10%, 1%, and 0.1% probability levels.


Table 5. Experimental 1D-NOESY and 2D-ROESY itensities [%] or 4 in
D2O at 308.


NOESY ROESY
Proton pairs 300 ms 400 ms 150 ms 300 ms


H1'/H6 3.4 6.2 not determined 9.8
H1''/H4' 2.0 2.6 2.9 5.3
H1'/H1 0.8 1.2 1.0 1.8
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of trajectories, with no major transitions of the glycosidic
linkages, were chosen to calculate the internal motion
correlation functions. The fast internal motions were satisfac-
torily sampled and the corresponding plateau (see Supporting
Information) was reached after a few picoseconds. The
correlation functions were used to derive generalized order
parameters using the Lipari and Szabo formalism.[52] The
results (summarised in Table 6) unequivocally indicated that


there exists a higher restriction around the GlcNH2a1 ± 6myo-
inositol linkage than around the Mana1 ± 4GlcNH2 bond,
since the corresponding order parameters differ in about 0.1
units (0.84 and 0.75, respectively). For comparative purposes,
the order parameter of the intraresidue H-1'/H-2' vector was
calculated to be 0.90 units. Thus, according to the calculations,
it can be stated that the torsional oscillations around the
GlcNH2a1 ± 6myo-inositol glycosidic linkage are rather con-
strained to a limited region of the potential energy surface.
The Mana1 ± 4GlcNH2 part is less constrained and may
undergo more important torsional oscillations. In all cases,
the time scale of the internal motions is in the range of a few
tens of ps, which are probably related to librations of the
pyranoid rings and to oscillations within the energy wells
around the global minima.[53] Thus, from the global consid-
eration of the data obtained, a satisfactory agreement
between observed and computed parameters may be de-
duced. The conformation of the trisaccharide entity may be
well described by the average structure depicted in Figure 11.


In nature, these structures are covalently anchored to
diacylglycerol moieties, and therefore, their mode of presen-
tation and/or conformational behavior could vary depending
on the environment. Thus, and finally, the three-dimensional


structure of glycolipids 1 and 2 was also investigated by using
NMR spectroscopy (see Supporting Information). Two ap-
proaches were used as explained below.


First, NOE experiments, under different experimental
conditions were recorded in DMSO ± D2O solutions.[54] This
solvent mixture was used to increase the solubility of the
molecule and to detect clear NOEs. Different conditions were
considered to perform the NOE experiments and to minimize
the influence of a wrong correlation time.[55] Thus, selective
1D-NOESY, 1D-ROESY, and 1D-T-ROESY experiments
were carried out. In all cases, the results obtained were very
similar (Figure 12). In fact, for compound 1, only the above-
mentioned interresidue H1' ± H6 NOE was observed, again
indicating that the only conformation around the glycosidic
linkage which is experimentally observable (therefore, pres-
ent in more than 90 %) is that defined by the region around
global minimum A (see above for compounds 3 and 5). Thus,
according to these data neither the solvent nor the presence of
the diacylglycerol moiety apparently affect the conforma-
tional behavior around the glycosidic linkages.


Second, in order to try to mimic the natural environment in
which the glycolipids exist, NMR spectra were recorded for
aqueous solutions of 1 in the presence of perdeuterated SDS
micelles.[56] The NOEs under regular conditions (1D-NO-
ESY) were now strong and negative, indicating the existence
of large correlation times for the corresponding proton ±
proton vectors. This fact is an indication of the integration
of the glycolipid in the SDS micelle, with the corresponding
increase of the molecular size and, thus, effective correlation
time. Again, only the interresidue H1' ± H6 NOE was
detected, indicating similar conformational behavior for the
glycosidic linkage in this environment compared to DMSO ±
D2O. Only a minor difference was observed: in contrast with
the results in DMSO ± D2O solution, the observed NOE
between H1' and H2' became stronger than that between H1'
and H6 (Figure 12 right) under the different experimental
(either longitudinal or transversal) conditions.[57] This fact
probably indicates that different average interresidue distan-
ces occur in the two media; the distance in SDS is somehow
higher than that in the solvent mixture. From the structural
point of view, this fact can be correlated with a minor shifting
of the population distribution, always within the region
defined by minimum A. The existence of major conforma-


tional variations between both
environments may be discarded
as well as the presence of a
significant influence of the lipid
chain on the glycosidic torsions.
Therefore, the sugar moieties
are oriented outside the mi-
celle, and do not present any
interaction with it.


Finally, the 1H NMR spec-
trum of glycolipid 2 was as-
signed through a combination
of regular correlated spectro-
scopy and HSMQC techniques
(chemical shift data are given in
the supporting information).


Table 6. Generalized order parameters (S2) calculated from the internal
motion correlation functions of different portions of MD trajectory of
compound 4 in explicit water.


Trajectory
Proton Pair A B C D E Average


H1'/H2' 0.92 0.85 0.82 0.94 0.95 0.90
H1'/H6 0.83 0.74 0.60[a] 0.90 0.91 0.84
H1/H4 0.75 0.65 0.78 0.76 0.80 0.75


[a] This value was excluded since the corresponding plateau was not
reached.


Figure 11. Stereoview of the AMBER global minimum of compound 4.
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The observed NOEs (Table 7) were basically identical
to those mentioned above for the corresponding oligo-
saccharides and, therefore, are in agreement with conforma-
tional behavior within the limits described for the free
trisaccharide 4.


Experimental Section


General methods : Melting points were determined on a Kofler hot-stage
apparatus and are uncorrected. Optical rotations were determined with a
Perkin-Elmer 141 polarimeter. Elemental analyses were obtained with a
Perkin-Elmer 240 instrument. FAB mass spectral data were obtained on a
VG Autoespec high-resolution mass spectrometer. Separation and purifi-
cation of products was performed by flash chromatography using silica gel
(Merck, 230 ± 400 mesh) or Florisil adsorbent (Fluka, 100 ± 200 mesh).
Silica gel plates (Merck, GF254) were used for analytical thin-layer
chromatography (TLC). Tetrahydrofuran (THF) and ethyl ether (Et2O)
were distilled under argon from sodium-benzophenone, methanol (MeOH)
from magnesium, dimethylformamide (DMF), and pyridine from barium
oxide, and dimethyl sulfoxide (DMSO) was dried over 4 � molecular
sieves. All reactions were performed under an argon atmosphere by using
anhydrous, freshly distilled solvents, unless otherwise indicated.


Phenyl 2-azido-3,4,6-tri-O-benzyl-2-deoxy-1-thio-a/b-dd-glucopyranoside
(10):[22] To a solution of compound 9[22] (70 mg, 162 mmol) in benzene
(3 mL) were added 20% aqueous NaOH (1.5 mL) and nBu4NHSO4


(30 mg, 94 mmol) with vigorous stirring. After 1 h, BnBr (78 mL, 660 mmol)
was added within 10 min by syringe, and the mixture was left to stir for 14 h.
Then, the reaction mixture was diluted with water (10 mL) and toluene
(25 mL). The organic layer was separated, successively washed with water
(5 mL), aqueous 1m HCl (2� 5 mL), and water (2� 5 mL), dried over
Na2SO4, and evaporated. The crystalline residue was taken up in the eluent


with the aid of some drops of DMF,
and purified by flash chromatography
(hexane/EtOAc 8:1) to give 10[22]


(85 mg, 93%) as a colorless powder.
2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a/
b-dd-glucopyranose (11):[21] To a solu-
tion of 10 (53 mg, 93 mmol) in acetone/
water (5 mL; 99:1) was added NBS
(27 mg, 151 mmol) at ÿ 158C. The
reaction mixture was stirred under
exclusion of light until an orange color
appeared (approx. 20 min), then
quenched with aqueous saturated
NaHCO3 (10 mL), and extracted with
EtOAc (2� 30 mL). The organic lay-
ers were combined, washed with brine
(15 mL), dried over Na2SO4, and
evaporated. The residue was purified
by flash chromatography (hexane/
EtOAc 5:2) to give 11[21] (37 mg,
84 %) as a colorless solid: TLC (hex-
ane/EtOAc 3:1): Rf � 0.26.


O-(2-Azido-3,4,6-tri-O-benzyl-2-de-
oxy-a/b-dd-glucopyranosyl) trichloro-
acetimidate (12):[21] Compound 11
(37 mg, 78 mmol) in CH2Cl2 (4 mL)
was treated with CCl3CN (81 mL,
812 mmol) and K2CO3 (70 mg,
506 mmol) as described for 8. After


4 h, the reaction mixture was processed and the residue thus obtained was
chromatographed on Florisil (hexane/EtOAc 4:1) to give 12[21] (43 mg,
92%) as a colorless oil.
Phenyl O-(2,3,4,6-tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-2-azido-
3,6-di-O-benzyl-2-deoxy-1-thio-a-dd--glucopyranoside (15): A mixture of
13[24] (372 mg, 778 mmol), 14[22] (640 mg, 934 mmol), and freshly activated,
powdered 4 � molecular sieves (300 mg) was added to Et2O (10 mL) and
stirred for 1 h at room temperature. Then the stirred mixture was treated
with TMSOTf (375 mL of a 0.2m solution in Et2O, 75 mmol). After 1 h,
NaHCO3 (500 mg) was added, and stirring was continued for 10 min. The
reaction mixture was filtered through a pad of Celite, and the filter bed was
washed with CH2Cl2 (2� 25 mL). The filtrate and the washings were
combined, washed with brine (30 mL), dried (Na2SO4), and concentrated to
dryness. The residue was purified by flash chromatography (toluene/
EtOAc 30:1) to give 15 (482 mg, 62%) as a colorless syrup: TLC (toluene/
EtOAc 8:1): Rf� 0.60; [a]22


D �� 88.0 (c� 1.0, CHCl3); 1H NMR (300 MHz,
CDCl3): d� 7.57 ± 7.54 (m, 2H), 7.36 ± 7.19 (m, 33 H), 5.59 (d, 1 H, J�
5.4 Hz), 5.31 (d, 1H, J� 2.3 Hz), 4.96 (d, 1H, J� 11.2 Hz), 4.85 (d, 1H,
J� 10.9 Hz), 4.68 ± 4.28 (m, 11H), 4.38 (ddd, 1 H, J� 9.9, 4.8, 2.0 Hz), 4.30
(d, 1 H, J� 12.1 Hz), 4.02 ± 3.62 (m, 11 H). MS-FAB (thioglycerol matrix,
NaI): m/z : 1022 ([MNa]�).


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-2-azido-3,6-di-O-
benzyl-2-deoxy-a/b-dd-glucopyranose (16): To a solution of 15 (375 mg,
375 mmol) in acetone/water (25 mL; 99:1) was added NBS (130 mg,
728 mmol) at ÿ 15 8C. The reaction mixture was stirred under exclusion
of light for 90 min and then worked up as described for 11. The crude
product was purified by flash chromatography (hexane/EtOAc 5:2 ± 2:1) to
give 16 (300 mg, 88 %; a/b� 1.5:1 by 1H NMR spectroscopy) as a colorless
syrup: TLC (toluene/EtOAc 8:1): Rf� 0.11; TLC (hexane/EtOAc 3:1):
Rf� 0.20; [a]20


D �� 18.8 (c� 1.0, CHCl3); 1H NMR (300MHz, CDCl3): d�
7.35 ± 7.17 (m, 30H), 5.32 ± 4.22(m, 14H), 5.32(t, 1 H, J� 3.4Hz), 5.29 (d, 1H,
J� 2.4 Hz), 5.27 (d, 1H, J� 2.4 Hz), 4.94 (d, 1H, J� 11.3 Hz), 4.92 (d, 1H,
J� 11.3 Hz), 4.84 (d, 1 H, J� 10.9 Hz), 4.82 (d, 1 H, J� 11.0 Hz), 3.98 ± 3.31
(m, 13H), 4.05 (ddd, 1 H, J� 9.6, 5.3, 2.1 Hz), 3.44 (bd, 1 H, J� 3.5 Hz); 13C
NMR (50 MHz, CDCl3): d� 138.49, 138.42, 138.35, 138.02, 137.87, 137.82,
137.76, 128.46 ± 127.00 (phenyl), 100.52, 100.40, 96.171, 91.917, 82.85, 79.85,
79.55, 79.46, 77.77, 74.87, 74.66, 74.47, 73.40, 73.32, 73.12, 72.37, 72.20, 70.24,
69.60, 69.46, 69.31, 67.26, 63.88; MS-FAB (thioglycerol matrix, NaI): m/z :
931 ([MNa]�).


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-2-azido-3,6-di-O-
benzyl-2-deoxy-dd-glucopyranosyl trichloroacetimidate (17): Compound 16
(270 mg, 297 mmol) in CH2Cl2 (15 mL) was treated with CCl3CN (1 mL,


Figure 12. Build up curves of the behavior of the key intra- and interresidue NOE and ROEs of compound 1 in
[D6]DMSO (left) and in [D18]SDS micelles.


Table 7. Experimental 1D-NOESY and 1D-T-ROESY intensities [%] for
compound 2 in DMSO at 308 C.


NOESY T-ROESY
Proton Pairs 400 ms 600 ms 300 ms 500 ms


H1'/H6 7.6 19.5 9.2 13.1
H1''/H4' not determined 15.6 8.3 13.7
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6.93 mmol) and K2CO3 (74 mg, 535 mmol) as described for 8. After 4 h, the
reaction mixture was processed, and the obtained residue was rapidly
chromatographed (hexane/EtOAc 4:1 � 1 % Et3N) to give 17 (263 mg,
84%; a/b� 1:5 by 1H NMR spectroscopy) as a colorless syrup: TLC
(hexane/EtOAc 3:1): Rf� 0.75; [a]20


D �� 16.2 (c� 1.0, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 8.75 (s, 1H), 8.74 (s, 1H), 7.23 ± 7.16 (m, 30H), 6.43
(d, 1 H, J� 3.4 Hz), 5.66 (d, 1 H, J� 8.3 Hz), 5.32 (d, 1 H, J� 2.2 Hz), 4.94 ±
4.26 (m, 12H), 4.92 (d, 1 H, J� 11.5 Hz), 4.82 (d, 1 H, J� 10.7 Hz), 4.01 ±
3.39 (m, 12H), 3.42 (dd, 1H, J� 9.6, 8.9 Hz).


1,2-O-(ll-1,7,7-Trimethyl[2.2.1]bicyclohept-6-ylidene)-dd-myo-inositol (18):
Compound 18 was prepared following a known procedure,[26, 27] with
modified work up in order to obtain pure product as follows. To a
suspension of dry myo-inositol (3.68 g, 20.4 mmol) in DMSO (40 mL) l-
camphor dimethyl ketal[58] (8.09 g, 40.8 mmol) and concentrated H2SO4


(33 mL) were added, and the resulting heterogenous mixture was stirred at
55 ± 60 8C for 3 h. After adding Et3N (660 mL), the reaction mixture was
concentrated in vacuo. Then CHCl3/MeOH/H2O (50:5:1, 67 mL) was
added to the residue, and the mixture was homogenized by sonication. p-
Toluenesulfonic acid (13.3 mg, 69.7 mmol) was then added and the solution
was stirred at room temperature overnight to give a white precipitate. After
quenching the reaction with Et3N (330 mL), the solution was filtered with
suction, the precipitate was washed with CHCl3 (2� 50 mL), and dried in
vacuo. In order to remove myo-inositol from the crude product, the
precipitate (4.58 g) was mixed with Florisil adsorbent (50 mL), wetted with
CHCl3/MeOH/Et3N 40:4:1, homogenized by sonication and chromato-
graphed (CHCl3/MeOH/Et3N 40:10:1!30:10:1). Evaporation of the
filtrate and crystallization of the residue from MeOH/Et3N 50:1 yielded
three crops of pure 18[26,27] (1.86 g, 29 % in total) as clear crystals: m.p. 256 ±
257 8C; TLC (CHCl3/MeOH 4:1): Rf� 0.36; [a]23


D �ÿ 40.3 (c� 1.0, pyri-
dine); NMR data were in accordance with with those described for the
enantiomer;[27] elemental analysis calcd for C16H26O6: C 61.12, H 8.34;
found C 61.12, H 8.35.


3,4-O-(1,1,3,3-Tetraisopropyldisiloxanedi-1,3-yl)-1,2-O-(ll-1,7,7-trimethyl-
[2.2.1]bicyclohept-6-ylidene)-dd-myo-inositol (19): Compound 19 was pre-
pared as described for its enantiomer.[27] A solution of 18 (716 mg,
2.28 mmol) in dry pyridine (7 mL) was treated with TIPDSCl2 (865 mL,
2.76 mmol) at ÿ 30 8C. The mixture was allowed to warm to room
temperature over 30 min and stirring was continued at room temperature
for 3.5 h. The reaction mixture was diluted with EtOAc (25 mL) and
washed with water (3� 10 mL). The organic extracts were combined, dried
(Na2SO4), and evaporated. The residue was purified by flash chromatog-
raphy to give 19 (1.18 g, 93 %) as a colorless, crystalline foam: TLC
(hexane/EtOAc 2:1): Rf� 0.45; [a]22


D �ÿ 8.6 (c� 0.5, CHCl3); NMR data
were in accordance with those described for the enantiomer;[27] elemental
analysis calcd for C28H52O7Si2: C 60.39, H 9.41; found C 60.10, H 9.30.


O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-dd-glucopyranosyl)-(1!6)-3,4-O-
(1,1,3,3-tetraiosopropyldisiloxanedi-1,3-yl)-1,2-O-(ll--1,1,7-trimethyl[2.2.1]-
bicylohept-6-ylidene)-dd-myo-inositol (20 a) and O-(3,4,6-tri-O-acetyl-2-
azido-2-deoxy-a-dd-glucopyranosyl)-(1!5)-3,4-O-(1,1,3,3-tetraisopropyldi-
siloxanedi-1,3-yl)-1,2-O-(ll-1,7,7-trimethyl [2.2.1]bicyclohept-6-ylidene)-dd-
myo-inositol (20b): A mixture of 19 (1.055 g, 1.89 mmol), 8 (740 mg,
1.55 mmol), and freshly activated, powdered 3 � molecular sieves (750 mg)
was added to Et2O (25 mL) and stirred for 45 min at room temperature.
The mixture was then cooled to ÿ 20 8C and treated with TMSOTf (775 mL
of a 0.2m solution in Et2O, 155 mmol). After the mixture had been stirred at
ÿ 20 8C for 30 min, NaHCO3 (500 mg) was added, and the solution was
allowed to cool to room temperature. The reaction mixture was filtered
through a pad of Celite, and the filter bed was washed with CH2Cl2 (2�
25 mL). The filtrate and the washings were combined, washed with brine
(30 mL), dried (Na2SO4), and concentrated to dryness. The residue was
purified by flash chromatography (hexane/EtOAc 5:19%) as a colorless,
slowly crystalizing syrup.


20a : TLC (hexane/EtOAc 2:1): Rf� 0.66; [a]23
D �80.6 (c� 1.0, CHCl3); 1H


NMR (200 MHz, CDCl3): d� 5.55 (d, 1H, J� 3.5 Hz), 5.53 (dd, 1 H, J�
10.6, 9.2 Hz), 5.04 (dd, 1H, J� 10, 9.2 Hz), 4.67 (ddd, 1H, J� 10, 4.7,
2.0 Hz), 4.27 (dd, 1H, J� 12.4, 4.7 Hz), 4.20 (dd, 1H, J� 5.2, 3.8 Hz), 4.15 ±
4.02 (m, 2H), 3.94 (dd, 1H, J� 9.2, 3.8 Hz), 3.84 (t, 1 H, J� 9 Hz), 3.77 (dd,
1H, J� 10.3, 6.5 Hz), 3.42 (dt, 1H, J� 9.4, 1.4 Hz), 3.30 (dd, 1 H, J� 10.6,
3.5 Hz), 2.57 (d, 1H, 1.4 Hz), 2.10, 2.07, and 2.03 (3s, 3H each), 2.10 ± 0.89
(m, 38 H), 0.86 (s, 6 H); 13C NMR (50 MHz, CDCl3): d� 170.70, 169.98,
169.75, 117.75, 96.07, 79.97, 76.99, 76.18, 75.80, 72.67, 72.02, 70.46, 68.69,


67.20, 62.17, 61.03, 51.51, 47.99, 45.24, 45.13, 29.56, 27.01, 20.67, 20.58, 20.44,
20.12, 17.50, 17.32, 17.25, 17.16, 17.06, 16.98, 12.90, 12.72, 12.20, 11.99, 9.68;
elemental analysis calcd for C40H67N3O14Si2: C 55.21, H 7.76, N 4.83; found
C 55.20, H 7.70, N 4.58.


20b : TLC (hexane/EtOAc 2:1): Rf� 0.46; TLC (toluene/acetone 9:1): Rf�
0.33; [a]22


D �� 59.2 (c� 1.0, CHCl3); 1H NMR (200 MHz, CDCl3): d� 5.61
(d, 1H, J� 3.7 Hz), 5.50 (dd, 1H, J� 10.5, 9.1 Hz), 5.01 (dd, 1H, J� 10.4,
9.1 Hz), 4.79 (dt, 1 H, J� 10.5, 3.2 Hz), 4.25 ± 4.01 (m, 4H), 3.90 (dd, 1H,
J� 9.4, 4.0 Hz), 3.79 (t, 1 H, J� 6.1 Hz), 3.70 ± 3.60 (m, 1 H), 3.54 ± 3.45 (m,
2H), 3.37 (dd, 1H, J� 10.5, 3.9 Hz), 2.09, 2.08, and 2.01 (3s, 3H each),
2.10 ± 0.98 (m, 38H), 0.86, 0.81 (2s, 3H each); 13C NMR (50 MHz, CDCl3):
d� 170.74, 169.91, 169.75, 118.13, 97.55, 77.51, 77.20, 76.80, 76.47, 76.07,
75.20, 73.16, 70.78, 68.62, 67.14, 61.92, 61.07, 51.58, 48.08, 45.11, 29.66, 29.45,
26.96, 20.83, 20.67, 20.62, 20.41, 19.99, 17.67, 17.55, 17.31, 17.20, 17.11, 13.00,
12.71, 12.43, 11.97, 9.79; elemental analysis calcd for C40H67N3O14Si2: C
55.21, H 7.76, N 4.83; found C 55.40, H 7.56, N 4.58.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-dd-glucopyranosyl)-(1!6)-3,4-
O-(1,1,3,3-tetraisopropyldisiloxanedi-1,3-yl)-1,2-O-(ll-1,7,7-trimethyl-
[2.2.1]bicyclohept-6-ylidine)-dd-myo-inositol (21 a), O-(2-azido-3,4,6-tri-O-
benzyl-2-deoxy-a-dd-glucopyranosyl)-(1!5)-3,4-O-(1,1,3,3-tetraisopropyl-
disiloxanedi-1,3-yl)-1,2-O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidene)-
dd-myo-inositol (21 b), and O-(2-azido-3,4,6-tri-O-benzyl-2-deoxy-b-dd-glu-
copyranosyl)-(1!6)-3,4-O-(1,1,3,3-tetraisopropyldisiloxanedi-1,3-yl)-1,2-
O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidene)-dd-myo-inositol (21 c): A
mixture of 19 (1.39 g, 2.50 mmol), 12 (1.25 g, 2.08 mmol), and freshly
activated, powdered 3 � molecular sieves (750 mg) was added to Et2O
(30 mL) and stirred for 1 h at room temperature. The mixture was cooled to
ÿ 40 8C and treated with TMSOTf (416 mL of a 0.1ùm solution in Et2O,
41.6 mmol). After stirring for 30ùmin, the reaction mixture was quenched
with NaHCO3 (1 g), and warmed to room temperature. The mixture was
filtered through a pad of Celite, the filter bed was washed with CH2Cl2 (2�
50 mL) and the combined filtrates were evaporated. The residue was
chromatographed (hexane/EtOAc 10:1 ± 9:1 ± 6:1) To give 21a (1.42 g,
67% as a colorless, glassy foam, 21b (147 mg, 7 %) as a colorless syrup, and
21c (359 mg, 17%) as a colorless foam).


21a : TLC (hexane/EtOAc 3:1): Rf� 0.75; [a]23
D �� 49.1 (c� 0.35, CHCl3);


1H NMR (200 MHz, CDCl3): d� 7.40 ± 7.17 (m, 15 H), 5.48 (d, 1H, J�
3.6 Hz), 4.88 ± 4.47 (m, 6 H), 4.39 ± 4.30 (m, 1 H), 4.23 (dd, 1 H, J� 5.4,
3.5 Hz), 4.10 ± 3.72 (m, 7H), 3.64 (dd, 1 H, J� 10.8, 1.9 Hz), 3.43 (dt, 1H,
J� 9.1, 1.8 Hz), 3.41 (dd, 1H, J� 10.1, 3.6 Hz), 2.55 (d, 1 H, J� 1.8 Hz),
2.05 ± 0.90 (m, 38 H), 0.88, 0.87 (2 s, 3 H each); 13C NMR (50 MHz, CDCl3):
d� 138.35, 138.17, 128.42 ± 127.58 (phenyl), 117.78, 96.27, 80.32, 79.69, 78.1,
77.00, 76.25, 75.79, 75.36, 74.84, 73.38, 72.83, 72.51, 70.41, 68.32, 63.64, 51.55,
48.01, 45.18, 29.59, 27.08, 20.49, 20.18, 17.54, 17.36, 17.29, 17.21, 17.11, 17.03,
12.96, 12.73, 12.29, 12.06, 9.73; elemental analysis calcd for C55H79N3O11Si2:
C 65.12, H 7.85, N 4.14; found: C 64.80, H 7.72, N 4.10.


21b : TLC (hexane/EtOAc 3:1): Rf� 0.53; 1H NMR (200 MHz, CDCl3):
d� 7.37 ± 7.14 (m, 15H), 5.40 (d, 1H, J� 3.9 Hz), 4.86 ± 4.46 (m, 6 H), 4.30 ±
3.40 (m, 12H), 3.97 (dd, 1 H, J� 10.2, 8.9 Hz), 3.02 ± 2.98 (m, 1H), 2.10 ±
1.00 (m, 38 H), 0.86, 0.83 (2s, 3 H each).


21c : TLC (hexane/EtOAc 3:1): Rf� 0.67; [a]22
D �ÿ 13.0 (c� 1.0, CHCl3);


1H NMR (200 MHz, CDCl3): d� 7.37 ± 7.13 (m, 15H), 4.92 ± 4.43 (m, 7H),
4.78 (d, 1 H, J� 7.8 Hz), 4.23 (dd, 1H, J� 5.4, 3.7 Hz), 4.03 ± 3.87 (m, 3H),
3.82 ± 3.67 (m, 4H), 3.57 ± 3.38 (m, 4 H), 2.78 (s, 1 H), 2.35 ± 1.00 (m, 38H),
0.85 (s, 6 H); 13C NMR (50 MHz, CDCl3): d� 138.18, 128.36 ± 127.57
(phenyl), 117.40, 102.12, 83.35, 82.80, 77.78, 77.40, 77.20, 76.77, 75.50, 74.40,
73.57, 72.95, 68.95, 66.33, 66.30, 51.55, 48.03, 45.23, 45.14, 29.64, 29.11, 27.06,
20.50, 20.19, 17.54, 17.42, 17.37, 17.21, 17.11, 17.02, 12.97, 12.73, 12.31, 12.04,
9.92; elemental analysis calcd for C55H79N3O11Si2: C 65.12, H 7.85, N 4.14;
found: C 64.98, H 7.85, N 4.40.


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-O-(2-azido-3,6-
tri-O-benzyl-2-deoxy-b-dd-glucopyranosyl)-(1!6)-3,4-O-(1,1,3,3-tetraiso-
propyldisiloxanedi-1,3-yl)-1,2-O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-yli-
dine)-dd-myo-inositol (22 a) and O-(2,3,4,6-tetra-O-benzyl-a-dd-manno-
pyranosyl)-(1!4)-O-(2-azido-3,6-tri-O-benzyl-2-deoxy-b-dd-glucopyrano-
syl)-(1!6)-3,4-O-(1,1,3,3-tetraisopropyldisiloxanedi-1,3-yl)-1,2-O-(ll-1,7,7-
trimethyl[2.2.1]bicyclohept-6-ylidine)-dd-myo-inositol (22b): A mixture of
19 (180 mg, 321 mmol), 17 (263 mg, 250 mmol), and freshly activated,
powdered 4 � molecular sieves (180 mg) was added to Et2O (4 mL), and
stirred for 30 min at room temperature. Then, the mixture was cooled to ÿ
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40 8C and treated dropwise with TMSOTf (416 mL of a 0.1ùm solution in
Et2O, 41.6 mmol). After stirring for 30 min, the reaction mixture was
processed as described for 15. The obtained residue was chromatographed
(toluene/EtOAc 25:1, 2.5� 21 cm) to give 22a (235 mg, 65 %) as a colorless
syrup, and 22b (105 mg, 29 %) as a colorless syrup.


22a : TLC (toluene/EtOAc 10:1): Rf� 0.54; [a]20
D �� 39.3 (c� 1.0, CHCl3);


1H NMR (300 MHz, CDCl3): d� 7.34 ± 7.15 (m, 30 H), 5.49 (d, 1H, J�
3.6 Hz), 5.31 (d, 1H, J� 2.1 Hz), 4.93 (d, 1H, J� 11.2 Hz), 4.82 (d, 1H, J�
10.8 Hz), 4.65 ± 4.25 (m, 11H), 4.21 (bt, 1H, J� 4.2 Hz), 4.07 ± 3.67 (m,
13H), 3.60 (dt, 1H, J� 10.8, 1.9 Hz), 3.42 (dt, 1 H, J� 9.6, 1.5 Hz), 3.34 (dd,
1H, J� 9.9, 3.4 Hz), 2.57 (d, 1H, J� 1.8 Hz), 1.94 ± 0.98 (m, 38 H), 0.85, 0.83
(2 s, 3 H each); 13C NMR (50 MHz, CDCl3): d� 138.58, 138.52, 138.44,
137.99, 128.41 ± 126.89 (phenyl), 117.78, 100.32, 95.86, 80.04, 79.82, 79.43,
77.42, 76.26, 76.10, 75.73, 75.04, 74.84, 74.04, 73.29, 73.05, 72.86, 72.21, 72.04,
69.92, 69.18, 68.81, 63.33, 51.52, 47.97, 45.25, 45.12, 29.52, 27.04, 20.15, 17.52,
17.39, 17.26, 17.20, 17.08, 17.00, 12.94, 12.68, 12.24, 12.01, 9.64; elemental
analysis calcd for C82H107N3O16Si2: C 68.07, H 7.45, N 2.90; found: C 68.37, H
7.71, N 2.89.


22b : TLC (toluene/EtOAc 10:1): Rf� 0.61; [a]20
D �ÿ 5.3 (c� 1.0, CHCl3);


1H NMR (300 MHz, CDCl3): d� 7.32 ± 7.14 (m, 30 H), 5.28 (d, 1H, J�
2.0 Hz), 4.95 (d, 1 H, J� 11.4 Hz), 4.82 (d, 1 H, J� 10 Hz), 4.82 (d, 1 H, J�
8.3 Hz), 4.61 ± 3.39 (m, 27H), 4.21 (dd, 1 H, J� 5.1, 4.2 Hz), 3.28 (dd, 1H,
J� 9.8, 8.8 Hz), 2.74 (d, 1 H, J� 1.5 Hz), 2.08 ± 0.95 (m, 38 H), 0.81, 0.80 (2 s,
3 H each); 13C NMR (50 MHz, CDCl3): d� 138.61, 138.56, 138.51, 138.44,
138.12, 128.42 ± 126.93 (phenyl), 117.47, 101.88, 100.22, 83.12, 82.41, 79.69,
77.44, 76.79, 76.61, 76.13, 75.53, 74.96, 74.92, 74.85, 74.44, 73.40, 73.34, 72.97,
72.91, 72.29, 72.09, 69.83, 69.51, 66.04, 51.52, 48.03, 45.21, 45.10, 29.54, 27.06,
20.51, 20.18, 17.53, 17.43, 17.38, 17.31, 17.20, 17.10, 17.02, 12.96, 12.72, 12.30,
12.04, 9.83; elemental analysis calcd for C82H107N3O16Si2: C 68.07, H 7.45, N
2.90; found: C 68.15, H 7.64, N 2.80.


O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-dd-glucopyranosyl)-(1!6)-3,4-5-
tri-O-acetyl-1,2-O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidine)-dd-myo-
inositol (23): A solution of 20a (220 mg, 253 mmol) in THF (8 mL) was
treated at 0 8C with Bu4NF (556 mL of a 1ùm solution in THF, 556 mmol).
After 30 min, pyridine (8 mL) and acetic anhydride (5 mL) were added,
and the mixture was allowed to come to room temperature. After stirring
for 20 h at room temperature, the reaction mixture was co-evaporated with
toluene (3� 40 mL), and the residue was purified by flash chromatography
(hexane/EtOAc 3:2, 2.0� 9.5 cm) to give 23 (190 mg, quantitative) as a
colorless foam: TLC (hexane/EtOAc 3:2): Rf� 0.31; [a]18


D �� 102.5 (c �
1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d� 5.52 (d, 1 H, J� 3.5 Hz, Hb-
1), 5.32 (t, 1 H, J� 9.2 Hz, Ha-4), 5.29 (dd, 1H, J� 10.6, 9.2 Hz, Hb-3), 5.15
(dd, 1H, J� 9.2, 4.2 Hz, Ha-3), 5.07 (dd, 1 H, J� 9.8, 8.5 Hz, Ha-5), 4.98
(dd, 1 H, J� 10.3, 9.2 Hz, Hb-4), 4.48 (dd, 1H, J� 6.2, 4.3 Hz, Ha-2), 4.19 ±
4.11 (m, 3 H, Ha-1, Hb-6,-6'), 4.06 (dt, 1H, J� 10.3, 3.3 Hz, Hb-5), 3.99 (dd,
1H, J� 9.8, 6.8 Hz, Ha-6), 3.38 (dd, 1H, J� 10.6, 3.5 Hz, Hb-2), 2.08, 2.07,
2.05, 2.04, 2.02, 2.00 (6 s, 3 H each), 1.92 ± 1.63 (m, 4 H), 1.46 ± 1.35 (m, 2H),
1.24 ± 1.14 (m, 2 H), 0.94, 0.90, 0.85 (3s, 3 H each); 13C NMR (50 MHz,
CDCl3): d� 170.60, 169.77, 169.61, 169.51, 169.24, 118.80, 95.52, 76.12, 75.07,
72.70, 70.82, 70.20, 69.81, 69.04, 68.40, 68.14, 61.81, 60.92, 51.52, 47.96, 45.00,
44.51, 29.71, 26.87, 20.65, 20.56, 20.41, 20.27, 20.20, 9.52; elemental analysis
calcd for C34H47N3O16: C 54.18, H 6.29, N 5.57; found: C 54.42, H 6.56, N
5.47.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-dd-glucopyranosyl)-(1!6)-3,4-5-
tri-O-benzyl-1,2-O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidine)-dd-myo-
inositol (24): Method a: To a stirred solution of 23 (230 mg, 305 mmol) in
methanol (50 mL) was added sodium methoxide (10 drops of a 0.5ùm
solution in methanol) After 5 h, the solution was neutralized as with
gaseous carbon dioxide, treated with 2 drops of Et3N, concentrated and
coevaporated with toluene (2� 10 mL). The residue was taken up in DMF
(5 mL) and treated with BnBr (325 mL, 2.75 mmol) and portions of 95%
NaH (93 mg, 3.66 mmol). After 4 h, more BnBr (250 mL, 2.12 mmol) was
added, and the reaction mixture was left stirring for another 3 h. The
reaction was quenched by slow addition of 10 drops MeOH, then H2O
(10 drops) and NH4Cl (200 mg). The reaction mixture was filtered through
a pad of Celite and the filter cake was washed with EtOAc (2� 20 mL). The
combined filtrates were evaporated at reduced pressure and the residue
was purified by flash chromatography (hexane/EtOAc 10:1 ± 6:1) to give 24
(285 mg, 90%) as a colorless syrup: TLC (hexane/EtOAc 4:1): Rf� 0.47;
[a]19


D �� 53.3 (c� 1.0, CHCl3); 1H NMR (200 MHz, CDCl3): d� 7.45 ± 7.08


(m, 30H), 5.67 (D, 1H, J � 3.6 Hz), 4.93 ± 4.56 (m, 11 H), 4.44 (d,1 H, J�
12.2 Hz), 4.40 ± 4.33 (m, 1H),4.20 ± 4.00 (m, 4 H), 3.94 ± 3.80 (m, 3H), 3.45
(dd, 1 H, J� 10.2, 3.6 Hz), 3.65 ± 3.41 (m, 4H), 2.10 ± 0.90 (m, 16H), 1.15,
0.95, 0.94 (3s, 3H each); 13C NMR (50 MHz, CDCl3): d� 138.48, 138.35,
138.03, 137.99, 128.36 ± 127.45 (phenyl), 118.04, 95.68, 80.82, 80.58, 79.94,
78.29, 78.07, 76.96, 76.12, 75.18, 74.76, 74.59, 73.84, 73.37, 72.51, 70.40, 67.95,
63.38, 51.58, 47.93, 45.15, 44.75, 29.87, 26.96, 20.58, 20.37, 9.73.


Method b: A solution of 21a (75 mg, 73.9 mmol) in THF (2 mL) was
treated at 0 8C with Bu4NF (155 mL of a 1ùm solution in THF, 155 mmol).
After 30 min, DMF (2 mL) was added, and THF was removed by
evaporation. 95 % NaH (11.2 mg, 443 mmol) and BnBr (53 mL, 443 mmol)
were added, and the mixture was stirred at room temperature. After 16 h,
more 95% NaH (10 mg, 396 mmol) and BnBr (30 mL, 252 mmol) were
added, and the reaction mixture was left stirring for another 4 h. After
quenching with MeOH (100 mL) and NH4Cl (100 mg), the mixture was
evaporated in high vacuum, and the residue was purified by flash
chromatography (hexane/EtOAc 10:1) to give 23 (55 mg, 72%), identical
with the product described above.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-b-dd-glucopyranosyl)-(1!6)-3,4-5-
tri-O-benzyl-1,2-O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidine)-dd-myo-
inositol (25): A solution of 21c (62 mg,61.1 mmol) in THF (2 mL) was
treated at 0 8C with Bu4NF(134 mL of a 1m solution in THF, 134 mmol).
After 45 min, pyridine (4 mL) and acetic anhydride (2 mL) were added,
and the mixture was allowed to come to room temperature. After stirring
for 22 h, the reaction mixture was co-evaporated with toluene (3� 20 mL)
and the residue was purified by flash chromatography (hexane/EtOAc 4:1)
to give 25 (47 mg, 86%) as a colorless syrup: TLC (hexane/EtOAc 3:1):
Rf� 0.40; [a]22


D �� 10.8 (c� 1.0, CHCl3); 1H NMR (200 MHz, CDCl3): d�
7.30 ± 7.06 (m, 15 H), 5.37 (dd, 1H, J� 10.2, 8.0 Hz, Ha-4), 5.09 (dd, 1 H, J�
10.2, 4.1 Hz, Ha-3), 5.02 (t, 1 H, J� 8 Hz, Ha-5), 4.82 ± 4.69 (m, 3H), 4.55 ±
4.37 (m, 3 H), 4.15 (t, 1H, J� 6 Hz), 3.91 (dd, 1 H, J� 7.2, 5.6 Hz), 3.66 ±
3.57 (m, 3 H), 3.36 ± 3.30 (m, 3H), 2.02 ± 0.80 (m, 25H), 1.98, 1.96 (2 s, 9H),
0.89, 0.87, 0.78 (3 s, 3 H each); 13C NMR (50 MHz, CDCl3): d� 169.94,
169.83, 169.74, 137.93, 128.38 ± 127.65 (phenyl), 118.09, 101.65, 83.22, 78.85,
77.50, 75.44, 75.11, 74.93, 73.92, 73.45, 73.29, 72.29, 69.48, 69.24, 68.38, 66.55,
51.52, 47.95, 45.10, 43.94, 29.79, 26.92, 20.82, 20.67, 20.62, 20.25, 20.21, 17.03,
9.88; Elemental analysis calcd for C49H59N3O13: C 65.48, H 6.62, N 4.68;
found: C 65.13, H 6.94, N 4.65.


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-O-(2-azido-3,6-
tri-O-benzyl-2-deoxy-b-dd-glucopyranosyl)-(1!6)-3,4-5-tri-O-benzyl-1,2-
O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidine)-dd-myo-inositol (26): A
solution of 22a (215 mg, 148 mmol) in THF (8 mL) was treated at 0 8C
with Bu4NF(327 mL of a 1m solution in THF, 327 mmol). After 45 min,
pyridine (8 mL) and acetic anhydride (5 mL) were added, and the mixture
was allowed to come to room temperature. After stirring for 20 h, the
reaction mixture was coevaporated with toluene (3� 40 mL) and the
residue was purified by flash chromatography (hexane/EtOAc 4:1, 2.0�
15.0 cm) to give 26 (186 mg, 95%) as a colorless syrup: TLC (toluene/
EtOAc 10:1): Rf� 0.45; TLC (hexane/EtOAc 4:1): Rf� 0.20; [a]20


D �� 59.9
(c� 1.0, CHCl3); 1H NMR (200 MHz, CDCl3): d� 7.38 ± 7.18 (m, 30H), 5.52
(d, 1 H, J� 3.4 Hz, H-1b), 5.39 (t, 1 H, J� 8.5 Hz, H-4a), 5.35 (d, 1 H, J�
1.8 Hz, H-1c), 5.22 (dd, 1 H, J� 8.7, 4.1 Hz, H-3a), 5.14 (dd, 1H, J� 9.2,
7.8 Hz, H-5a), 4.93 (d, 1H, J� 11.3 Hz), 4.86 (d, 1 H, J� 11.1 Hz), 4.68 ± 3.48
(m, 22H), 3.39 (dd, 1H, J� 9.8, 3.4 Hz), 2.08 ± 0.88 (m, 25H), 2.06, 2.01 (2 s,
9H), 0.98, 0.89, 0.88 (3s, 3H each); 13C NMR (50 MHz, CDCl3): d� 169.77,
169.45, 169.35, 138.56, 138.39, 137.79, 128.41 ± 126.98 (phenyl), 118.76,
100.41, 95.70, 79.72, 79.63, 76.80, 76.08, 75.96, 75.40, 74.78, 74.12, 73.36,
73.22, 72.78, 72.40, 72.04, 71.38, 70.98, 70.17, 69.42, 69.12, 68.73, 51.54, 47.95,
45.06, 44.41, 29.74, 26.87, 20.73, 20.65, 20.57, 20.26, 20.20, 17.03, 13.04, 9.54;
elemental analysis calcd for C76H87N3O18: C 68.61, H 6.59, N 3.16; found: C
68.92, H 6.60, N 3.06.


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-O-(2-azido-3,6-
tri-O-benzyl-2-deoxy-b-dd-glucopyranosyl)-(1!6)-3,4-5-tri-O-benzyl-1,2-
O-(ll-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidine)-dd-myo-inositol (27): To a
stired solution of 26 (190 mg, 143 mmol) in methanol (25 mL) was added
sodium methoxide (9 drops of a 0.5ùm solution in MeOH). After 4 h, the
solution was neutralized with gaseous carbon dioxide, treated with 2 drops
of Et3N, concentrated, and coevaporated with toluene (2� 10 mL). The
residue was taken up in DMF (5 mL), next BnBr (155 mL, 1.30 mmol) and
then 95% NaH (93 mg, 3.66 mmol) was added portionwise with stirring.
After 5 h, the reaction mixture was worked up as described for 23 (method
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b). The obtained residue was purified by flash chromatography (hexa-
ne!hexane/EtOAc 6:1) to give 27 (190 mg, 90%) as a colorless syrup:
TLC (hexane/EtOAc 4:1): Rf� 0.45: [Ga]20


D �� 42.2 (c� 1.0, CHCl3); 1H
NMR (200 Mhz, CDCl3): d� 7.42 ± 7.20 (m, 45 H), 5.68 (d, 1H, J� 3.5 Hz),
5.34 (d, 1 H, J� 1.7 Hz), 5.28 ± 3.47 (m 35 H), 3.42 (dd, 1 H, J� 9.9, 3.5 Hz),
2.05 ± 1.20 (m, 9H), 1.12, 0.93, 0.89 (3 s, 3 H each); 13C NMR (50 MHz,
CDCl3): d� 138.82, 138.54, 138.45, 138.36, 138.27, 138.06, 137.80, 128.50 ±
126.93 (phenyl), 118.05, 100.81, 95.38, 80.81, 80.53, 79.79, 79.61, 77.97, 77.56,
76.82, 76.25, 76.02, 75.01, 74.79, 74.73, 74.65, 73.82, 73.27, 73.01, 72.92, 72.51,
72.19, 72.09, 70.05, 69.09, 68.37, 63.06, 51.55, 47.91, 45.07, 44.71, 29.79, 26.94,
20.56, 20.34, 9.66; MS FAB (thioglycerol matrix, NaI): m/z : 1497 ([MNa]�).


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-dd-glucopyranosyl) (1!4)-1,5,6-
tri-O-benzyl-ll-myo-inositol (28): To a solution of 24 (240 mg, 230 mmol)
in aqueous wetted CHCl3 (4 mL) was added trifluoroacetic acid (0.5 mL)
with stirring. After 6 h, the reaction mixture was concentrated and
coevaporated with CHCl3(3� 25 mL). The residue was purified by flash
chromatography (hexane/EtOAc 6:5, 2.0� 13.0 cm) to give 28 (175 mg,
84%) as a colorless syrup, which could be crystallized from Et2O or Et2O/
hexane to give fine white needles: m.p. 131 ± 132 8C; TLC (hexane/EtOAc
6:5): Rf� 0.46; [a]22


D �� 36.5 (c� 1.0, CHCl3); 1H NMR (200 MHz, CDCl3):
d� 7.39 ± 7.08 (m, 30 H), 5.39 (d, 1H, J� 3.6 Hz), 5.08 ± 4.65 (m, 9 H), 4.48
(d, 1 H, J� 12.2 Hz), 4.44 (d, 1 H, J� 10.8 Hz), 4.24 ± 4.19 (m, 1H), 4.13 (d,
1H, J� 12.2 Hz), 4.08 ± 3.88 (m, 4H), 3.87 (d, 1 H, J� 4.5 Hz), 3.77 (t, 1H,
J� 9.1 Hz), 3.62 (ddd, 1H, J� 9.2, 4.5, 2.8 Hz), 3.58 (dd, 1H, J� 10.2,
3.6 Hz), 3.51 (dd, 1H, J� 9.6, 2.7 Hz), 3.39 (t, 1H, J� 9.5 Hz), 3.30 (dd, 1H,
J� 11.0, 2.2 Hz), 3.05 (dd, 1 H, J� 11.0, 1.5 Hz), 2.65 (s, 1 H); 13C NMR
(50 MHz, CDCl3): d� 138.41, 138.36, 138.09, 137.75, 137.67, 128.51 ± 127.28
(phenyl), 98.91, 81.65, 80.90, 80.76, 79.72, 77.93, 75.86, 75.43, 75.01, 74.71,
73.25, 72.68, 72.58, 71.04, 69.24, 67.27, 64.29; analysis calcd for C54H57N3O10:
C 71.43, H 6.33, N 4.63; found: C 71.69, H 6.41, N 4.55.


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-O-(2-azido-3,6-
tri-O-benzyl-2-deoxy-a-dd-glucopyranosyl)-(1!4)-1,5,6-tri-O-benzyl-ll-
myo-inositol (29): To a solution of 27 (170 mg, 115 mmol) in aqueous wetted
CHCl3 (4 mL) was added trifluoroacetic acid (0.5 mL) with stirring. After
6 h, the reaction mixture was coevaporated with toluene (3� 25 mL). The
cloudy residue was purified by flash chromatography (hexane/EtOAc 7:5,
2.0� 13.0 cm) to give 29 (136 mg, 88 %) as a colorless syrup: TLC (hexane/
EtOAc 7:5): Rf� 0.32; [a]20


D �� 40.5 (c� 1.0, CHCl3); 1H NMR (300 MHz,
CDCl3): d� 7.39 ± 7.15 (m, 45H), 5.56 (d, 1 H, J� 3.5 Hz), 5.30 (d, 1H, J�
2.2 Hz), 4.99 ± 4.26 (m, 18 H), 4.18 (bt, 1 H, J� 2.5 Hz), 4.10 ± 3.99 (m, 4H),
3.93 ± 3.83 (m, 3H), 3.76 ± 3.47 (m, 10H); 13C NMR (50 MHz, CDCl3): d�
138.68, 138.44, 138.33, 138.29, 137.66, 137.56, 128.46 ± 126.82 (phenyl),
100.53, 98.105, 81.47, 80.95, 80.47, 79.85, 79.69, 77.28, 76.10, 75.75, 75.07,
74.79, 74.68, 74.34, 73.28, 73.03, 72.94, 72.75, 72.61, 72.21, 72.01, 70.80, 69.54,
69.05, 68.52, 64.26; MS FAB (thioglycerol matrix, NaI): m/z : 1363
([MNa]�).
1,2-Di-O-myristoyl-sn-glycero-3-yl dibenzylphosphite (31): To a stirred
solution of 1,2-dimyristoyl-sn-glycerol[59] (450 mg, 877 mmol) and anhy-
drous tetrazole (246 mg, 3.51 mmol) in THF (12 mL) was slowly added
dibenzyl N,N-diisopropylphosphoamidite (590 mL, 1.75 mmol). After 3 h,
the reaction mixture was diluted with CH2Cl2.(100 mL) and successively
washed with saturated NaHCO3 solution, brine, and water (30 mL each).
The organic layer was dried (Na2SO4), and the residue was subjected to
flash chromatography (hexane/EtOAc 20:1� 1 % Et3N) to give 31 (610 mg,
92%) as a colorless oil. To prevent oxidation, 31 was stored at ÿ 30 8C
under an argon atmosphere. 31: TLC (hexane/EtOAc 8:1 � 1 % Et3N):
Rf� 0.47 with decomposition; [a]20


D �� 5.7 (c� 1.0, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 7.36 ± 7.29 (m, 10H), 5.21 ± 5.14 (m, 1H), 4.90 ± 4.86
(m, 4H), 4.31 (dd, 1H, J� 11.9, 4.0 Hz), 4.14 (dd, 1 H, J� 11.9, 6.3 Hz),
4.05 ± 3.89 (m, 2H), 2.28 (t, 4H, J� 7.6 Hz), 1.68 ± 1.57 (m, 4H), 1.27 (bs,
40H), 0.89 (t, 6 H, J� 7.6 Hz); 13C NMR (50 MHz, CDCl3): d� 173.30,
172.94, 137.91, 128.84 ± 127.31 (phenyl), 70.36, 70.27, 64.55, 64.33, 62.13,
60.82, 60.61, 34.23, 34.07, 31.91, 29.64, 29.47, 29.34, 29.27, 29.10, 24.86, 22.67,
14.10.


O-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-dd-glucopyranosyl)-(1!6)-3,4,5-
tri-O-benzyl-1-O-(1,2-di-O-myristoyl-sn-glycero-3-yl R/S-benzylphospha-
to)-dd-myo-inositol (32): A mixture of 28 (40.0 mg, 44.0 mmol), 31
(80.0 mg,106 mmol), and freshly activated, powdered 4 � molecular
sieves(30 mg) was added to CH2Cl2/pyridine (1 mL; 9:1) and stirred for
30 min at room temperature. Then, the mixture was cooled to ÿ 48 8C and
treated with practical 95% pyridine hydrobromide perbromide (39 mg,


110 mmol). After stirring for 5 min, the reaction mixture was quenched with
aqueous 10 % Na2S2O3 (1 mL), and allowed to warm to room temperature.
Then, more aqueous 10 % Na2S2O3 (25 mL) was added and the solution was
extracted with EtOAc (3� 15 mL). The combined organic layers were
washed with brine (20 mL), dried (Na2SO4), and evaporated. The residue
was quickly chromatographed (hexane/EtOAc 3:1!2:1) to give 32
(37.2 mg, 54%; ds� 1.9:1 by 1H NMR spectroscopy) as a colorless syrup,
and unreacted 28 (11.0 mg, 28%). 32 : TLC (hexane/EtOAc 2:1): Rf� 0.65;
[a]20


D �� 29.5 (c� 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d� 7.41 ± 7.03
(m), 5.48(d, 1 H, J� 3.7Hz), 5.43 (d, 1 H, J� 3.7 Hz), 5.27 ± 3.92 (m), 3.73 ±
3.66 (m), 3.49 (dt, 1H, J� 9.9, 2.8 Hz), 3.40 (dt, 1H, J� 9.3, 1.9 Hz), 3.26 ±
3.17 (m), 2.96 (d, 1 H, J� 2.4 Hz), 2.65 (d, 1H, J� 2.1 Hz), 2.32 ± 2.26 (m),
1.26 (bs), 0.89 (bt, J� 7.0 Hz); 13C NMR (50 MHz, CDCl3): d� 173.28,
173.16, 172.92, 172.80, 171.07, 138.36, 137.95, 137.83, 137.62, 128.75-127.42
(phenyl), 97.70, 97.49, 81.14, 80.39, 79.71, 79.60, 79.42, 78.16, 75.80, 75.47,
75.14, 74.70, 74.13, 73.96, 73.33, 72.62, 72.55, 70.36, 69.87, 69.76, 69.44, 69.24,
68.21, 67.67, 65.67, 63.05, 61.66, 60.33, 34.09, 33.98, 31.88, 29.63, 29.47, 29.32,
29.27, 29.10, 24.80, 22.65, 20.98, 14.16, 14.07; MS FAB (thioglycerol matrix,
NaI): m/z : 1595 ([MNa]�).


O-(2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl)-(1!4)-O-(2-azido-3,4,6-
tri-O-benzyl-2-deoxy-a-dd-glucopyranosyl)-(1!6)-3,4,5-tri-O-benzyl-1-O-
(1,2-di-O-myristoyl-sn-glycero-3-yl R/S-benzylphosphato)-dd-myo-inositol
(33): Compound 29 (60.0 mg, 44.7 mmol), 31 (71.0 mg, 93.8 mmol), and
freshly activated, powdered 4 � molecular sieves (30 mg) were added to
CH2Cl2/pyridine (1 mL; 9:1). After stirring for 30 min at room temper-
ature, the mixture was cooled to ÿ 44 8C and treated with practical 95%
pyridine hydrobromide perbromide (35 mg, 98.7 mmol). After 5 min, the
reaction mixture was worked up as described for 32. The residue was
immediately subjected to flash chromatography (hexane/EtOAc 3:1!1:1)
to give 33 (25.0 mg, 28&%) as a colorless syrup {TLC (hexane/EtOAc 2:1):
Rf� 0.48} and unreacted 29 (13.0 mg, 22 %). Compound 33 decomposes
rapidly and was therefore immediately subjected to the deprotection step
(!2).


O-(2-Ammonio-2-deoxy-a-dd-glucopyranosyl)-(1!6)-1-O-(1,2-di-O-myr-
istoyl-sn-glycero-3-yl phosphate)-dd-myo-inositol (1): A mixture of 32
(18.4 mg, 11.7 mmol) and 10% Pd on charcoal (32 mg) in EtOAc/THF/
EtOH/H2O (5mL; 2:1:1:1) was stirred in an atmosphere of H2 (1 atm) at
room temperature for 24h. Then, the mixture was filtered through a pad of
Celite, and the filter cake was washed with THF/EtOH/H2O (1:1:1; 2�
3 mL). The filtrates were combined and evaporated in a vacuum centrifuge,
to give 1 (10.7 mg, quant.) as a white solid: TLC (nBuOH/EtOH/30%
aqueous NH3/H2O 2:2:1:3): Rf� 0.72; [a]20


D �� 59.0 (c� 0.38, CHCl3/
MeOH/H2O 1:1:0.3); MS FAB (thioglycerol/ PNB matrix, NaI): m/z : 960
([M�2Na�]), 938 ([MNa�]); HRMS (thioglycerol/ TFA matrix) calcd for
C43H82NO17P: 916.53987, found 916.54040; elemental analysis Calcd for
C43H82NO17P: C 56.39, H 8.96, N 1.53; found: C 55.96, H 8.75, N 1.12.


O-a-dd-Mannopyranosyl-(1!4)-O-(2-ammonio-2-deoxy-a-dd-glucopyrano-
syl)-(1!6)-1-O-(1,2-di-O-myristoyl-sn-glycero-3-yl phospate)-dd-myo-ino-
sitol (2): A mixture of 33 (10.0 mg, 4.99 mmol) and 10 % Pd on charcoal
(42 mg) in EtOAc (1.8 mL), THF (1.2 mL), EtOH (1.2 mL), and H2O
(1.2 mL) was stirred in an atmosphere of H2 (1 atm) at room temperature
for 6 h, and worked up as described for 1. The residue was chromato-
graphed on silica gel {CHCl3/MeOH/aqueous NH3 (pH 8) 65:35:0.8; 1.5�
8 cm} to give 2 (3.3 mg, 61%) as a colorless solid, that was lyophilized from
dioxane/H2O/nBuOH (2 mL; 10:5:1): TLC (nBuOH/EtOH/30% aqueous
NH3/H2O 2:2:1:3): Rf� 0.77; [a]20


D �� 63.0 (c� 0.28, CHCl3/MeOH/H2O
1:1:0.3); MS FAB (thioglycerol/PNB matrix, NaI): m/z : 1099 ([MNa�]);
HRMS (thioglycerol/ TFA matrix) calcd for C49H92NO22P: 1078.5927, found
1078.5949.


O-2-Ammonio-2-deoxy-a-dd-glucopyranosyl-(1!6)-dd-myo-inositol-1,2-cy-
clic phosphate (3):[13b,29] Dichloromethyl phosphate (30.5 mL, 303 mmol) was
added to pyridine (630 mL) with stirring. After 5 min, a white precipitate
had formed, and after 30 min 27 (110 mg, 121 mmol) was added in one
portion. This suspension was stirred for 2 h at room temperature and then
quenched with saturated aqueous NaHCO3 solution (1.25 mL). The
reaction mixure was evaporated to dryness, taken up in water (10 mL),
acidified with 2ùm aqueous HCl to pH 1 and immediately extracted with
EtOAc (2� 50 mL). The organic layers were combined, dried (Na2SO4)
and concentrated to give a cloudy syrup which was immediately taken up in
THF/EtOH/H2O (1:1:1; 15 mL) containing NH4OAc (38 mg, 493 mmol)
and 10% Pd on charcoal (150 mg). This mixture was stirred under H2
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(1 atm) for 24 h. The resulting material was filtered through Celite, rinsed
with ethanol and water. The filtrates were combined, concentrated, and
loaded on a column of Dowex 1X4-200 resin (HCOÿ


3 form, 1.0� 5.0 cm).
Elution with an aqueous NH4OAc gradient (0!0.2 mm) and lyophilization
afforded 3[13b,29] (30 mg, 62 %) as a colorless powder: TLC (IPrOH/30 % aq
NH3/H2O 5:5:2): Rf� 0.43.


O-a-dd-Mannopyranosyl-(1!4)-O-2-ammonio-2-deoxy-a-dd-glucopyrano-
syl-(1!6)-dd-myo-inositol-1,2-cyclic phosphate (4): Dichloromethyl phos-
phate (21.3 mL, 205 mmol) was added to pyridine (200 ml) with stirring.
After 30 min, a solution of 29 (68 mg, 50.7 mmol) in pyridine (360 mL) was
added dropwise. This suspension was stirred for 2 h at room temperature
and then quenched with saturated aqueous NaHCO3 solution (900 mL).
After the evolution of gas had ceased, the reaction mixture was evaporated
to dryness, and the residue was added to a solution of THF/EtOH/H2O
(1:1:1; 9 mL) containing NH4OAc (25.4 mg, 329 mmol) and 10% Pd on
charcoal (100 mg). This mixture was shaken under 45 psi H2 in a Parr
hydrogenator. After 20 h, more 10% Pd on charcoal (100 mg) was added
and hydrogenating was continued for 48 h. Then, the resulting material was
filtered through a pad of Celite with an aqueous wash. The filtrate was
stirred with Sigma TMD-8 mixed bed resin (4 g) for 3 min, then filtered,
and lyophilized to give 4 (25.8 mg, 90%) as a white solid: TLC (iPrOH/
30% aqueous NH3/H2O 5:5:2): Rf� 0.57; [a]22


D �� 57.0 (c� 1.0, H2O); MS
FAB (thioglycerol/ PNB matrix, NaI): m/z : 610 ([M�2Na�]); HRMS
(thioglycerol/ TFA matrix) calcd for C18H32NO17P: 566.14861, found
566.14910.


X-ray structure determination : Data were collected at 250 K using an
Oxford Cryostream device and the stated temperature was measured
continuously during data collection. Semiempirical (y scan) absorption
correction was applied. The strucure was solved by direct methods by using
the SIR92 program.[60] The absolute configuration was not determined as it
was known from synthesis and it was assigned according to the configura-
tional angles.[37] The refinement was carried out by full-matrix least-squares
procedures on Fobs. The hydrogen atoms obtained from difference Fourier
synthesis were included in the refinement and their thermal factors were
kept fixed during the last cycles of refinement. Most of the calculations
were performed on a DEC3000-300X workstation using the XTAL3.4-
system,[61] PESOS,[62] and PARST[63] programs. The atomic scattering
factors were taken from the International Tables for X-Ray Crystallography,
Vol. IV.[64] Crystal data: C12H12NO12P ´ 5H2O, colorless prisms, crystal
dimensions 0.50� 0.30� 0.17, space group orthorhombic, P212121. The unit
cell was determined by a least-squares fit from 37 reflections (q< 458);
unit cell dimensions a� 16.1045(11), b� 12.3575(6), c� 11.3828(4) �,
V� 2066.3(2) �3, Z�O17, 1� 1.586 g cmÿ3, M� 493.36, F(000)� 1048,
m� 19.98 cmÿ1; four-circle diffractometer: Philips PW1100; bisecting
geometry; graphite-oriented monochromator: w/2q scans; detector aper-
tures 1� 18, 1 min per reflection; CuKa radiation, scan width 1.58, qmax 658.
A total of 2018 independent reflections were collected, 1981 of which were
observed (2s(I) criterion). Standard reflections:
2 reflections every 90 minutes showed no variation; max/min. transmission
factors:
1.000/0.792; 377 variables, 1604 degrees of freedom, ratio of freedom 5.3,
final shift/error 0.04. Empirical weighting scheme as to give no trends in
<wD2F vs. < jFobs j> and < sinq/l> ; max. thermal value U22[O(20)]�
0.094(3) �2, final DF peaks ÿ 0.33/0.24 e�ÿ3, final R� 0.028 and Rw�
0.034. Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC-100286.
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).


NMR measurements : NMR experiments were recorded on Varian Unity
500 spectrometers, using about 3 ± 5 mmolar solutions of the different
compounds in D2O, [D6]DMSO or D2O/SDS micelles. NOESY experi-
ments were recorded using mixing times of 400, 600, and 800 ms. ROESY
experiments used mixing times of 300 and 400 ms. In this case, the rf carrier
frequency was set at d� 6.0, and the spin locking field was 2.5 KHz.
Selective inversion 1D experiments were performed by using the DANTE-Z
module.[65] In particular, 1D-NOESY, 1D-ROESY, and 1D-T-ROESY
experiments were carried out. Additional experiments were performed by
using the double pulse field gradient spin echo technique proposed by
Shaka and co-workers.[66] NOESY experiments were recorded using mixing


times of 600 and 800 ms. ROESY and T-ROESY experiments used mixing
times of 300 and 400 ms. For T-ROESY the carrier was set at the residual
water frequency and the spin locking field was 8.5 KHz. Under these
conditions, sT-ROE is the mean value of sNOE and sROE.[67] The experiments
were carried out at 299 K. Standard temperature control was used.


Molecular Modeling : Glycosidic torsion angles are defined as F H-1'-C-1'-
O-1'-C-X, and Y C-1'-O-1'-C-X-H-X. Relaxed (F,Y) potential energy
maps were calculated for 1 by using AMBER as modified by Homans and
as integrated in Insight II and DISCOVER 94.0.[68] Only the gg and gt
orientations of the lateral chain were used for the glucose and mannose
moieties, since they have been shown to be rather more stable than the
alternative tg conformers.[69] In addition, the three possible combinations of
staggered conformers for the phosphate moiety were also considered. The
starting position for the secondary hydroxyl groups was set as r
(anticlockwise) or c (clockwise). In total, eighteen initial geometries were
taken into account, and 18 different relaxed energy maps were built. In
total, 7200 conformers were calculated for the acyclic-phosphate pseudo-
disaccharide and 800 for the cyclic phosphate analogue. In all cases, the first
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 by
using 200 steepest descent steps, followed by 2500 conjugate gradient
iterations. Following this protocol, the maximum rms derivative was
smaller than 0.05 kcal molÿ1�ÿ1. Despite the restriction set around the
glycosidic linkages (4000 Kcal per rad2), deviations smaller than 0.38 in F/Y
values were observed in high energy regions. From these relaxed energy
maps, adiabatic surfaces were built by choosing the lowest energy structure
for a given F,Y point. Therefore in these surfaces, which represent a two-
dimensional projection of a multidimensional hyperspace, points coexist
which come from different geometries in terms of the secondary hydroxyl
and hydroxymethyl groups.


Probability calculations : From the sixteen relaxed energy maps, calculated
for each dielectric constant, the probability distribution was calculated for
each F/Y point. Assuming that the entropy difference among the different
conformers is negligible, the probability P of a given F/Y point is:[70] PF/Y�
Si{exp(ÿEi/RT)}/SiSFY{exp(ÿEiF-Y/RT)}. This relationship can be used in
a simple way to transform energy maps into probability maps. In our case,
the sum of the numerator extends over sixteen points, which correspond to
the sixteen relaxed maps. The sum on the denominator considers 7200
points, that is 18 maps consisting of 400 points each.


Molecular dynamics : Molecular dynamics simulations for the trisaccharide
were performed by using the Amber/Homans force field. Two independent
MD simulations were carried out. The initial structure of the trisaccharide
was extensively minimized and then solvated with 233 water molecules in a
cubic box of 20 �, giving a density of about 1 g cmÿ3. A cutoff of 9 � was
used for nonbonding interactions. Periodic boundary conditions and the
minimum image model were employed. The simulations were performed at
300 K with 1 fs integration step. The equilibration period was 15 ps. After
this period, structures were saved every 15 fs for the 400 ps simulation time.
This short saving frequency was essential to get good correlation functions.
In total, more than 25000 structures were collected for every simulation.
MD trajectories were analyzed by using software written by ourselves.
Overall reorientation was removed by diagonalizing the inertia tensor and
subsequent superimposition of the principal inertia axis of every frame.[51]


Then, internal correlation functions were calculated, and from these
functions, generalized order parameters and internal correlation times
were deduced, according to the Lipari and Szabo model-free approach. In
addition, average distances between intraresidue and inter-residue proton
pairs were calculated from the dynamics simulations.


NOE calculations : The first step in the NOE calculations was to estimate
the interproton average distances, using a < rÿ6> kl average. The estimated
probability distributions from the relaxed energy maps were used to
calculate the average distances according to Equation (a).


< rÿ6> kl�SP(FY)*rÿ6
kl(FY) (a)


In addition, the average distances were also estimated from the MD
simulations, considering the interproton distance for every saved frame
[Eq. (b)], where n represents the total number of frames.


< rÿ6> kl�S(1/n)*rÿ6
kl( FY) (b)
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The steady state 1D-NOE and the transient 1D and 2D-NOESY and
ROESY spectra were calculated according to the complete relaxation
matrix method assuming isotropic motion, external relaxation of 0.1 sÿ1,
and different overall correlation times, tc. All the spectra were simulated
from the average relaxation rates (from < rÿ6> kl) calculated from both the
relaxed relative energies and the MD trajectories at 300 K. In the case of
the steady-state NOEs, the calculations were performed by solving the
simultaneous set of linear equations proposed by Noggle and Schrimer,[71]


while the NOESY and ROESY spectra were simulated using the protocol
outlined by Cagas and Bush.[72] All the NOE calculations were performed
by using software written by out ourselves. The software is available from
the authors.


Biological assays : Preparation of explant cultures and measurement of cell
proliferation: Experiments were carried out on chicken embryo otic
vesicles, corresponding to stage 18.[73] Otic vesicles were isolated and grown
in culture as previously described.[74] The standard culture medium
consisted of serum-free M199 medium with Earle�s salts supplemented
with 20mm glutamine (Seromed), 25mm HEPES (Sigma) and antibiotics
(penicillin, 50 UI mLÿ1 and streptomycin, 50 mg mLÿ1) (Seromed). Foetal
bovine serum was purchased from Flow. Incubations were carried out at
37 8C in a water-saturated atmosphere containing 5 % CO2. Compound 3
was added to the basic medium at concentrations ranging between 0.1 ±
100 mm as indicated in the text. Insulin-like growth factor-I was purchased
from Boehringer Mannheim. Otic vesicles were made quiescent by
incubation in the absence of serum for 24 h prior to stimulation. Cell
proliferation was estimated by scintillation counting of the incorporated
[3H]thymidine (46 Cimmolÿ1, Amersham) into trichloroacetic acid pre-
cipitated explants.[74]


Antisense oligonucleotides: In some experiments, 15 base-pair oligonu-
cleotides were added to the culture medium. Phosphorothioate (S-)
modified oligonucleotides (Oligos Etc) were used.[32] Antisense oligonu-
cleotides were directed against the ATG initiation codon of the chicken
c-fos gene[75] and the sequence was 5'-GCCCTGGTACATCAT-3'. The
sequence of the sense oligomer was 5'-ATGATGTACCAGGGC-3'. A
random oligonucleotide containing the same base composition of the
antisense oligonucleotide but with a random sequence was: 5'-
CCCCCGGGTTTTAAA-3'.


Immunoblotting : Otic vesicle explants were homogenized in SDS-PAGE
sample buffer with 1mm phenylmethylsulfonyl fluoride and then frozen
immediately. Gels were loaded with solutions containing equal amounts of
proteins, typically two otic vesicles per condition.[32] Proteins were resolved
on 9% polyacrylamide gels[76] and then transferred to PVDF membranes
(Dupont-NEN). Filters were blocked with TRIS-buffered saline with
added 5 % (wt/vol) nonfat dried milk and incubated with an anti-Fos sheep
polyclonal antibody (Cambridge Research Biochem) diluted 1/2000. Filters
were subsequently washed and incubated with a rabbit anti-sheep
immunoglobulin conjugated with peroxidase (Calbiochem) diluted
1/1000. Bound peroxide activity was visualized by chemiluminescence
(Dupont-NEN) and quantified by densitometry.
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Chiral Organometallic Reagents: Part XXII[1]


Discrimination of Enantiotopic Iodine Atoms by an Iodine/Magnesium
Exchange Reaction


Volker Schulze and Reinhard W. Hoffmann*[a]


Abstract: An enantioselective iodine/magnesium exchange reaction between the
diiodoalkane 4 and a chiral Grignard reagent 12 has been realized at ÿ78 8C in THF.
The resulting a-iodoalkylmagnesium reagents 13 are configurationally stable under
these conditions and during trapping by a benzaldehyde/dimethylaluminium chloride
system to furnish the iodohydrins 19 and epoxides 9.


Keywords: carbenoids ´ Grignard
reagents


Introduction


At present, stereoselective synthesis relies almost exclusively
on the differentiation of enantiotopic (or diastereotopic) faces
of planar sp2-hybridized reaction centers.[2] However, the
differentiation of enantiotopic groups is increasingly gaining
importance, as evidenced by the spectacular enantioselective
deprotonation of alkylcarbamates 1 developed by Hoppe
(Scheme 1).[3]
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Scheme 1. Enantioselective deprotonation of alkylcarbamates 1 and the
halogen/metal exchange reaction of dihaloalkanes 2.


It occurred to us, that an enantioselective halogen/metal
exchange reaction on 1,1-dihaloalkanes 2 should have a
similar potential to generate chiral organometallic com-
pounds of the type 3 by a differentiation of enantiotopic
halogen atoms. Provided the compounds 3 have sufficient
thermal and configurational stability, they would be of
considerable interest for stereoselective synthesis. This led


us to consider an iodine/magnesium exchange reaction, since
a-heterosubstituted alkylmagnesium species have higher
thermal[4] and probably also configurational stability[5] than
the corresponding lithium compounds.


Results and Discussion


We initiated a study of the iodine/magnesium exchange
reaction[6] of the 1,1-diiodoalkane 4, which could be effected
with isopropylmagnesium chloride in THF over 2 h atÿ78 8C.
The resulting a-iodoalkylmagnesium compound 5 could be
quenched with D2O to furnish 6 in 98 % yield (Scheme 2).
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Scheme 2. Iodine/magnesium exchange reaction of 4 to give 5 and
subsequent reactions to give 6 ± 9.


Trapping of 5 with benzaldehyde generated the magnesium
alkoxide 8 which cyclized to form the epoxide 9 (55 %) with a
cis/trans selectivity of >98 %. This
encouraged us to use a chiral Grignard
reagent to differentiate between the
enantiotopic iodine atoms of 4. When
using[7] the Grignard reagent 10 de-
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rived from (ÿ)-menthyl chloride,[8] the resulting epoxide 9
(41 %) showed little (2 %) if any enantiomeric enrichment,
according to the 1H NMR spectra recorded in the presence of
tris(3-heptafluorobutyryl-d-camphorato)europium.


The low enantiomeric enrichment in 9 could arise either
because the organomagnesium species 5 is not configuration-
ally stable on the time scale of the experiment, or, because the
enantiotopic differentiation between the two iodine atoms in
4 is too low. We assumedÐand later provedÐthat the a-
iodoalkylmagnesium compounds 5 are configurationally sta-
ble atÿ50 8C. Therefore the stereodifferentiating step needed
closer attention. The halogen metal exchange reaction is
assumed to proceed in a two-step manner,[9] involving halogen
ate complexes[10] as intermediates. For the case at hand, it
remains open, whether the first or the second step of the
following reaction sequence determines the configuration of
the final a-iodoalkyl Grignard reagent 5.


Provided the first step in the reaction between 4 and a
Grignard reagent is irreversible, the formation of the ate
complexes 11 a and 11 b[11] would be stereodefining
(Scheme 3). In this case some level of enantioselection was
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Scheme 3. Course of the reaction of 4 to give 5 via the ate complexes 11.


expected on reaction of the menthyl Grignard reagent.
However, if the first step were reversible, the second step,
the rate- and stereodetermining conversion of the ate com-
plexes 11 into 5 would involve attack of the magnesium ion at
the diiodo-substituted carbon atom of 11. Attack at this site
would be remote from the chirality of the menthyl group due
to the interspersed iodine atom and, hence, the attendant
enantioselectivity is likely to be small. Enantiodifferentiation
in such a situation would rather require a chiral magnesium
cation. Combination of the magnesium dication with a chiral
anion would bind the chiral information tightly to the
magnesium ion by Coulombic
attraction. For that reason, we
treated one equivalent of diiso-
propylmagnesium with one
equivalent of the bisoxazolidine
15 a[12] to generate what was
presumed to be 12 a. Reaction
of the resulting solution with
the diiodoalkane 4 at ÿ78 8C
followed by trapping of the
intermediates 13 with benzal-


dehyde, produced 56 % of the product 9 (97 % cis) with an ee
value of 49 % (scheme 4).


Encouraged by these results we started to investigate this
reaction in greater detail. The key question is whether a
uniform reagent 12 can be generated. We therefore monitored
the reaction between 15 and diisopropylmagnesium (16) by
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13C NMR spectroscopy. Addition of one equivalent of 15 a to a
solution of 16 in THF at 0 8C was found to result in a 1:2:1
statistical mixture of products 16, 12 a, and 17 a (Scheme 5).


Evidently, such a reagent mixture is not desirable for
enantioselective halogen/metal exchange reactions, since the
remaining diisopropylmagnesium (16) will react with the
diiodo compound 4 to generate a racemic a-iodoalkylisopro-
pylmagnesium species.[13] Hence, the results obtained above
suggest, that pure 12 should show a substantially higher
enantioselection on reaction with the diiodoalkane 4. We
therefore intensified our efforts to generate uniform 12. On
addition of two equivalents of 15 a to diisopropylmagnesium
(16) all of the material could be converted into 17 a. Addition
of further diisopropylmagnesium (16) at this stage, however,
did not lead to a comproportionation to give 12 a.


It appears that 12 a has a basicity similar to that of
diisopropylmagnesium (16) in deprotonating 15 a. In search
of a ligand, the anion of which is less basic than that of 15 a, we
turned to the arylthio-substituted ligands 15 b and 15 c. Using
those, 13C NMR spectroscopy indicated the selective gener-
ation of the desired reagents 12 b and 12 c. For further ligands
tested see reference [14]. Armed with this knowledge, the
chiral magnesium reagent 12 c was treated with the diiodo
compound 4 to give the a-iodoalkylmagnesium compounds 13
which could be trapped by the addition of D2O to give a 94 %
yield of 6.


Trapping of the derived a-iodoalkylmagnesium compounds
5 or 13 by benzaldehyde needed also improvement. As
discussed above, trapping of 5 with benzaldehyde furnished
the epoxide 9 in yields, which did not exceed 55 %, but were
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frequently lower. This is a consequence of a side reaction, in
which the magnesium alkoxides 8 were oxidized by excess of
benzaldehyde to the a-iodoketone 7. Aside from the fact that
this lowers the yield of 9, oxidation of 8 by benzaldehyde
could be diastereomer-discriminating and could therefore
influence the cis/trans ratio of the product 9. In the case of 14
any differentiation in the oxidation of the diastereomers 14
and 14 b would alter the enantiomeric purity of the product 9
ultimately obtained. It was therefore mandatory to develop a
high-yield trapping procedure for 13. This goal was achieved
by using a combination of benzaldehyde and dimethylalumi-
num chloride as trapping reagent. In this way, the a-iodo
alcohols 19 plus some of the epoxide 9 could be obtained in
good yield (Scheme 6).
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Scheme 6. Reaction of 12 c with 4.


The enantiomeric excess of the iodohydrins 19 was
determined to be 53 % after conversion into the epoxide 9.
For the determination of the absolute configuration of the
iodohydrin 19, a sample that gave epoxide 9 of 29 % ee was
reduced with tributyltin hydride to give the dextrorotatory
alcohol 18 (25 % optical purity) which is known[15] to have the
(R)-configuration. While the introduction of dimethylalumi-
num chloride into the system led to acceptable yields in
trapping of 13, it created at the same time potential
complications, that required further control experiments.
For example, is there a transmetalation from magnesium in
13 to the aluminum compound 20?
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In order to assess the reactivity of 20, we generated it from
the lithium compound 21 at ÿ105 8C. Adding benzaldehyde
and warming the mixture to ÿ78 8C led to only negligible
amounts of 19 or 9. Apparently, the reactivity of 20 is much
lower than that of 13, and, hence, the transmetalation of 13 to
give 20 is not considered to interfere in the reactions and
trapping of 13. A second complication could be a ligand
exchange reaction of 13 to give 5.
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To address this possibility, 22 was generated from the
bisoxazolidine 15 c and trimethylaluminum. When 22 was
added to racemic 5 at ÿ78 8C followed by addition of
benzaldehyde the reaction produced a 28 % yield of the
epoxide 9 (cis only) and a 22 % yield of the iodohydrins 19
(syn/anti� 7:3). The much lower enantiomer enrichment of 9
(7 %), syn-19 (14 %) and of anti-19 (1 %) formed in this
experiment suggests that the formation of 5 is not a serious
complication in the trapping of the chiral Grignard reagent 13
with dimethylaluminum chloride and benzaldehyde, a reac-
tion which led to products with a much higher ee value. In fact,
addition of dimethylaluminum chloride to 13 first, followed
by benzaldehyde, or, trapping of 13 with benzaldehyde
precomplexed to dimethylaluminum chloride made little
difference in the course of the reaction. However, the
enantiomeric enrichment of the resulting iodohydrins 19 was
somehow variable. This was eventually traced to a kinetic
resolution during the reaction of the diastereomeric a-
iodoalkyl Grignard reagents 13 with benzaldehyde. The set
of experiments shown in Scheme 7, in which the relative
amount of benzaldehyde was varied, illustrates this point.
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Scheme 7. Influence of the relative amount of benzaldehyde on the ee
value and diastereomeric ratio.


In addition, these observations prove the important fact
that any diastereoisomerization of the magnesium compounds
13 or 23 is slower than their rate of reaction with the
complexed benzaldehyde. That the a-iodoalkylmagnesium
compounds 13 do not racemize in the presence of dimethy-
laluminum chloride more rapidly than they are trapped by
aldehydes has also been assessed by another test[16] based on
kinetic resolution (Scheme 8). To this end, a mixture of the
Grignard reagents 5 with dimethylaluminum chloride is added
to 2-benzyloxypropionaldehyde 24 to give the two diastereo-
meric adducts 25 and 26. These products should have the same
configuration at C-2 and C-3 and be epimeric at C-4. In line
with this notion, reduction of a mixture of 25 and 26 with
tributyltin hydride furnished a single isomer of 28. Treatment
of the isomers 25 and 26 separately with potassium hydroxide
led specifically to a cis-epoxide 29 and a trans-epoxide 30
(Scheme 9).
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The differences in the prod-
uct ratio of 25 and 26 obtained
on reaction of 5 with either
racemic or enantiomerically
pure aldehyde 24 indicate that
the Grignard reagent 5 is trap-
ped more rapidly than it race-
mizes. Further experiments de-
lineated that the same result
applies irrespective of whether
dimethylaluminum chloride is
first added to the Grignard
reagent and then benzaldehyde, or whether the aldehyde is
precomplexed with dimethylaluminum chloride first, that is
by using 27 as trapping reagent.


This statement of configurational stability of 5 relates to the
time scale of trapping of 5 by the dimethylaluminum chloride/
benzaldehyde system. But this leaves the possibility that the
two diastereomeric complexes 13 have equilibrated prior to
the addition of the trapping reagent. To exclude this
possibility the configurational stability of 5 and of the
diastereomeric complexes 13 had to be established on a
macroscopic time scale at ÿ78 8C.


For this we envisaged the a-bromoalkyl Grignard reagent
32 to be generated from an enantiomerically enriched
iodobromo compound 31 by a chemoselective iodine/magne-
sium exchange reaction (cf. the preferential exchange of
iodine over bromine for lithium.[17]
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Since we had established above that the chiral Grignard
reagent 12 c is able to differentiate the enantiotopic iodine
atoms of 4, it should also be in a position to discriminate the
enantiomers of the racemic bromoiodo compound 31, and,
hence, should allow a kinetic resolution of 31. When racemic
31 was treated with 0.5 equivalents of the chiral Grignard
reagent 12 c, followed by trapping with dimethylaluminum
chloride/benzaldehyde, the resulting bromohydrin 34 was
obtained in 33 % yield and 18 % ee (Scheme 10).


This indicated[18] that the remaining bromoiodoalkane 31 a,
reisolated in 62 % yield, should have an ee of about 8 %. This
material was then subjected to an iodine ± magnesium ex-
change reaction with achiral isopropylmagnesium chloride.
After two hours atÿ78 8C, the resulting 32 a was trapped with
dimethylaluminum chloride and benzaldehyde to furnish
72 % of the bromohydrin ent-34 of about 5 % ee (Scheme 11).
The latter had the opposite configuration to the bromohydrin
34 obtained above. The fact that the resulting ent-34 has an ee
value similar to that of the starting material demonstrates that
the generation of 32 a from 31 a and trapping of 32 a by
dimethylaluminum chloride/benzaldehyde is not subject to
significant racemization.


Therefore, the a-bromoalkylmagnesium compound 32 and,
by inference, the a-iodoalkylmagnesium compound 5 are
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Scheme 11. Formation of ent-34.


configurationally stable on a macroscopic time scale at
ÿ78 8C. With this information in hand, the following state-
ments can be made: The chiral Grignard reagent 12 is in a
position to differentiate the enantiotopic iodine atoms of 4
and generates in a kinetically controlled iodine/magnesium
exchange reaction a mixture of two diastereomeric complexes
13 a and 13 b. These may be trapped in good yield by a reagent
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combination of dimethylaluminum chloride and benzalde-
hyde to give the iodohydrins 19. The enantiomeric purity of
these iodohydrins is influenced by a kinetic resolution during
trapping of the diastereomeric complexes 13 a and 13 b.
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Experimental Section


All temperatures quoted are not corrected. Low temperatures were
determined with a GTH 215 precision digital thermometer from Grei-
singer, Regenstauf, Germany. Reactions with organometallic compounds
were carried out in dried solvents under nitrogen or argon. 1H NMR,
13C NMR: Bruker AC 300, AMX 500. Boiling range of petroleum ether:
40 ± 60 8C. pH7 buffer: NaH2PO4 ´ 2H2O (56.2 g)�Na2HPO4 ´ 2H2O
(213.2 g) in water (1.0 L). Column chromatography: silica gel 60: 63 ±
200 mm or aluminium oxide 90, neutral, activity I (63 ± 200 mm), E. Merck
AG, Darmstadt. Flash chromatography: silica gel 60 (40 ± 63 mm), E. Merck
AG, Darmstadt. MPLC: siliga gel 60 (15 ± 25 mm), E. Merck AG,
Darmstadt.


Preparation of starting materials


1,1-Dibromo-2-phenylethane : To a mixture of THF (80 mL), diethyl ether
(80 mL), and diisopropylamine (17.5 g, 162 mmol) was added at ÿ30 8C a
solution of n-butyllithium in hexane (1.55m, 162 mmol). After stirring for
0.5 h at ÿ30 8C and 0.5 h at 0 8C the solution was cooled to ÿ105 8C. A
solution of dibromomethane (28.16 g, 162 mmol) in THF (50 mL) was
added dropwise. After stirring for 0.5 h at ÿ105 8C a solution of benzyl
bromide (27.71 g, 162 mmol) in THF (30 mL) was added dropwise. Stirring
was continued for 0.5 h at ÿ105 8C. After the mixture had been allowed to
warm to room temperature overnight, saturated aqueous NH4Cl solution
(100 mL), aqueous 20% Na2S2O3 solution (20 mL) and petroleum ether
(50 mL) were added. The phases were separated and the aqueous phase
was extracted with petroleum ether (3� 50 mL). The combined organic
phases were washed with brine (30 mL), dried (Na2SO4), and concentrated.
Distillation at 85 8C/10ÿ2 Torr furnished the product (17.50 g, 41%) as a
colorless liquid. 1H NMR (300 MHz, CDCl3): d� 3.62 (d, J� 6.8 Hz, 2H),
5.67 (t, J� 6.8 Hz, 1H), 7.15 ± 7.30 (m, 5 H); 13C NMR (75 MHz, CDCl3):
d� 45.1, 51.4, 127.7, 128.6, 129.4, 136.7; elemental analysis calcd for C8H8Br2


(264.0): C 36.40, H 3.05; found C 36.61, H 3.00.


1,1-Diiodo-2-phenylethane (4): n-Butyllithium in hexane (1.84m,
190 mmol) was added dropwise to a solution of hexamethyldisilazane
(50 g, 0.31 mol) in THF (50 mL) at ÿ30 8C. The solution was stirred for
0.5 h at ÿ30 8C and 0.5 h at 0 8C. A solution of diiodomethane (53.6 g,
0.2 mol) in THF (100 mL) was cooled to ÿ105 8C. The freshly prepared
solution of lithium h examethyldisilazide was added dropwise over 1 h.[19]


Stirring was continued for 0.5 h at ÿ105 8C. A solution of benzyl bromide
(42.7 g, 250 mmol) in THF (30 mL) was added dropwise. After stirring for
1.5 h at ÿ105 8C the solution was allowed warm to room temperature.
Saturated aqueous NH4Cl solution (90 mL), 20% Na2S2O3 solution
(20 mL) and petroleum ether (50 mL) were added. The phases were
separated and the aqueous phase was extracted with petroleum ether (3�
50 mL). The combined organic phases were washed with brine (30 mL),
dried (Na2SO4) and concentrated. The residue was taken up in a mixture of
petroleum ether (68 mL) and dichloromethane (7 mL), and the solution
was stored at ÿ25 8C. The next day the crystalline product (32 g) could be
collected. The mother liquor was concentrated and the residue was
crystallized from petroleum ether/dichloromethane to furnish further 5.7 g
of 4. Total yield: 37.7 g (55 %). For analysis a sample was recrystallized as
above to give crystals (with a pink touch) of m.p. 37 8C. 1H NMR (300 MHz,
CDCl3): d� 3.74 (d, J� 7.4 Hz, 2H), 5.08 (t, J� 7.4 Hz, 1H), 7.20 ± 7.24 (m,
2H), 7.29 ± 7.36 (m, 3H); 13C NMR (125 MHz, CDCl3): d�ÿ25.8, 54.4,
127.6, 128.7, 128.9, 139.8; elemental analysis calcd for C8H8I2 (358.0): C
26.84, H 2.25; found C 26.66, H 2.28.


1-Bromo-1-iodo-2-phenylethane (31): A solution of 1,1-dibromo-2-phenyl-
ethane (5.28 g, 20 mmol) in THF (6 mL) was added dropwise atÿ78 8C to a
mixture of n-butyllithium in hexane (1.55m, 24.0 mmol), THF (40 mL),
and diethyl ether (20 mL). After stirring for 0.5 h at ÿ105 8C a solution of
iodine (7.61 g, 30.0 mmol) in THF (20 mL) was continuously added over a
period of 1.5 h . After stirring for 1 h atÿ105 8C the solution was allowed to
warm toÿ70 8C over 3 h. Saturated aqueous NH4Cl solution (30 mL), 20%
Na2S2O3 solution (20 mL), and petroleum ether (30 mL) were added. The
phases were separated and the aqueous phase was extracted with
petroleum ether (3� 30 mL). The combined organic phases were washed
with brine (20 mL), dried (Na2SO4), and concentrated. The residue was
chromatographed over silica gel with petroleum ether to furnish 31 as a
colorless oil (4.71 g, 76%). For analysis a sample was purified further by
low-temperature crystallization from petroleum ether/dichloromethane at
ÿ78 8C; 1H NMR (300 MHz, CDCl3): d� 3.61 (dd, J� 14.5 and 7.2 Hz,
1H), 3.70 (dd, J� 14.6 and 7.0 Hz, 1H), 5.47 (t, J� 7.1 Hz, 1H), 7.12 ± 7.30
(m, 5H); 13C NMR (75 MHz, CDCl3): d� 11.6, 53.2, 127.7, 128.6, 129.2,
138.2; elemental analysis calcd for C8H8BrI (311.0): C 30.90, H 2.59; found
C 30.97, H 2.52.


Phenylthio-[2-((4S)-4,5-dihydro-4-isopropyl-oxazolyl)]-[2-((4S)-4,5-dihy-
dro-4-isopropyl-oxazolidinylidene)]methane (15b): n-Butyllithium in hex-
ane (1.44m, 22.0 mmol) and TMEDA (3.30 mL, 22 mmol) were added to a
solution of bisoxazolidine 15 a[12] (4.77 g, 20.0 mmol) in THF (75 mL) at
ÿ78 8C. After stirring for 1.5 h at ÿ78 8C and 0.5 h at 0 8C the solution was
cooled to ÿ78 8C again. A solution of diphenyldisulfide (10.92 g, 50 mmol)
in THF (20 mL) was added dropwise. After stirring for 1.5 h at ÿ78 8C and
2 h at 0 8C water (50 mL) and tert-butyl methyl ether (50 mL) were added.
The phases were separated and the aqueous phase was extracted with tert-
butyl methyl ether (3� 50 mL). The combined organic phases were washed
with semisaturated aqueous NaHCO3 solution (50 mL), water (30 mL), and
brine (30 mL), dried (Na2SO4) and concentrated. The residue was
chromatographed over basic alumina (500 g) with petroleum ether/ethyl
acetate� 9:1 to 3:1 to give 15 b (4.60 g, 66%) as a colorless solid of m.p. 84 ±
86 8C. For analysis a sample was recrystallized from petroleumether/tert-
butyl methyl ether� 1:1. [a]25


D ��36.9 (c� 1.105, CH2Cl2); 1H NMR
(300 MHz, CDCl3): d� 0.89 (d, J� 6.7 Hz, 6H), 0.99 (d, J� 6.7 Hz, 6H),
1.71 (pseudo-octet, J� 6.7 Hz, 2 H), 3.86 (dt, J� 8.6 and 7.1 Hz, 2H), 4.02
(dd, J� 8.4 and 7.3 Hz, 2 H), 4.36 (dd, J� 8.6 and 8.6 Hz, 2H), 6.93 ± 7.21
(m, 5H), 9.00 ± 10.50 (br, 1 H); 13C NMR (75 MHz, CDCl3): d� 18.3, 18.6,
32.9, 57.9, 67.2, 71.2, 124.0, 124.3, 128.3, 141.1, 168.5; elemental analysis
calcd for C19H26N2O2S (346.5): C 65.86, H 7.56, N 8.09; found C 65.83, H
7.52, N 7.97.


p-Chlorophenylthio-[2-((4S)-4,5-dihydro-4-isopropyloxazolyl)]-[2-((4S)-
4,5-dihydro-4-isopropyl-oxazolidinylidene)]methane (15c): The bis-oxazo-
lidine 15 a[12] (7.15 g, 30.0 mmol) and 4,4'-dichlorodiphenyldisulfide (12.9 g,
44.9 mmol) were allowed to react as described for 15b. The crude product
was purified by chromatography over silica gel with petroleum ether/ethyl
acetate� 10:1 to tert-butyl methyl ether/petroleum ether� 1:1 to tert-butyl
methyl ether/petroleum ether� 3:1 to give 15c (9.59 g, 84 %) as a colorless
solid of m.p. 98 ± 100 8C. For analysis a sample was recrystallized from tert-
butyl methyl ether/petroleum ether� 1:1. [a]25


D �� 27.1 (c� 1.045,
CH2Cl2); 1H NMR (300 MHz, CDCl3): d� 0.89 (d, J� 6.7 Hz, 6H), 0.98
(d, J� 6.7 Hz, 6H), 1.71 (pseudo-octet, J� 6.7 Hz, 2 H), 3.87 (dt, J� 8.6 and
7.1 Hz, 2H), 4.03 (dd, J� 8.5 and 7.3 Hz, 2H), 4.36 (dd, J� 8.6 and 8.6 Hz,
2H), 7.00 ± 7.08 (m, 2H), 7.10 ± 7.18 (m, 2H); 13C NMR (75 MHz, CDCl3):
d� 18.4, 18.7, 33.0, 57.8, 67.3, 71.3, 125.7, 128.5, 129.7, 139.9, 168.4; elemental
analysis calcd for C19H25N2O2SCl (380.9): C 59.91, H 6.62, N 7.35; found C
59.95, H 6.54, N 7.25.


Generation of the chiral magnesium reagent 12 : THF (0.1 mL), C6D6


(0.07 mL), and a solution of diisopropylmagnesium (16) in THF (0.59m,
0.20 mmol) were placed in a dry NMR tube which was closed with a
septum. A solution of the bisoxazolidine (15a) in THF (1.00m, 0.200 mmol)
was added to the NMR tube at 0 8C and 13C NMR (125 MHz) spectra were
recorded at 25 8C and at ÿ78 8C. Another 0.2 mmol of 15 a were added and
spectra were recorded again. Finally a solution of diisopropylmagnesium
(16) in THF (0.59m, 0.20 mmol) was added, and a third 13C NMR spectrum
was recorded. The following chracteristic signals were observed at ÿ78 8C:
12a : d� 9.01, 14.7, 19.0, 25.9, 26.0, 33.1, 35.2, 66.2, 67.8, 172.4; 17 a : 16.1,
19.2, 33.8, 54.1, 67.6, 68.3, 173.0. In a similar manner the data for 12b
(ÿ30 8C): d� 9.56, 15.5, 15.6, 19.5, 19.7, 26.3, 26.4, 33.7, 33.8, 55.1, 67.3, 67.5,
69.6, 69.8, 123.5, 124.1, 128.9, 145.7, 174.3, 174.5 and 12 c (25 8C): d� 9.0,
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15.3, 18.9, 25.3, 25.5, 32.9, 55.4, 67.1, 69.4, 125.5, 125.6, 128.6, 144.3, 174.0
were recorded.


Reactions of magnesium carbenoids


Generation and trapping of 1-iodo-2-phenyl-ethylmagnesium chloride (5):
THF (4 mL), diethyl ether (2 mL), petroleum ether (2 mL), and a solution
of isopropylmagnesium chloride in diethyl ether (1.34m, 1.60 mmol) were
cooled to ÿ78 8C. A solution of 1,1-diiodo-2-phenylethane (4) (2.88m,
1.00 mmol) in diethyl ether was added dropwise resulting in the formation
of an intensive yellow color.[11] After stirring for 2 h atÿ78 8C the color had
faded and water (5 mL) was added dropwise. After the reaction mixture
had reached room temperature, saturated aqueous NH4Cl solution
(20 mL), 20 % Na2S2O3 solution (3 mL) and tert-butyl methyl ether
(20 mL) were added. The phases were separated and the aqueous phase
was extracted with tert-butyl methyl ether (3� 20 mL). The combined
organic extracts were washed with brine (10 mL), dried (Na2SO4) and
concentrated. Flash chromatography with petroleum ether/ethyl acetate�
20:1 furnished 1-iodo-2-phenylethane (227 mg, 98 %) as a colorless oil;
1H NMR (300 MHz, CDCl3): d� 3.19 (t, J� 7.6 Hz, 2H), 3.36 (dt, J� 7.8
and 0.9 Hz, 2 H), 7.18 ± 7.37 (m, 5H); 13C NMR (75 MHz, CDCl3): d� 5.45,
40.3, 126.8, 128.3, 128.6, 140.6; elemental analysis calcd for C8H9I (232.1): C
41.41, H 3.91; found C 41.33, H 3.84. The reaction proceeded in the same
manner in pure THF solvent. Quenching with D2O resulted in the
formation of 6.


2-Benzyl-3-phenyloxirane (9): The carbenoid 5 was generated as described
above from 4 (358 mg, 1.00 mmol) and isopropylmagnesium chloride
(1.50m in diethyl ether, 1.3 mmol) in THF solution. The carbenoid 5 was
trapped by addition of benzaldehyde (0.25 mL, 2.50 mmol). After workup
as described for 5, 13C NMR analysis of the crude product revealed the
presence of 9 and 19 in a 5:1 ratio. The crude product was purified by flash
chromatography with petroleum ether/ethyl acetate� 30:1 changing to
15:1 to give cis-2-benzyl-3-phenyloxirane (9) (116 mg, 55 %) as a colorless
oil; 1H NMR (300 MHz, CDCl3): d� 2.50 (dd, J� 14.6 and 6.6 Hz, 1H),
2.72 (dd, J� 14.6 and 5.9 Hz, 1H), 3.38 (ddd, J� 6.3, 6.3, and 4.2 Hz, 1H),
4.10 (d, J� 4.1 Hz, 1H), 6.98 ± 7.01 (m, 2H), 7.10 ± 7.38 (m, 8 H); cf. the data
in ref. [20]; 13C NMR (75 MHz, CDCl3): d� 32.2, 57.5, 59.6, 126.5, 126.6,
127.7, 128.1, 128.5, 128.8, 135.4, 137.4.


The enantiomeric purity of 9 was determined using tris(3-heptafluorobu-
tyryl-d-camphorato)europium as a shift reagent in CDCl3. Especially the
signal at d� 4.10 was shifted downfield to, for example, d� 5.1 and 5.3. It
was shown that the lowfield signal at d� 5.3 corresponds to (3R)-(�)-9.


After a similar experiment the reaction mixture was allowed to warm to
room temperature very slowly over a period of 15 h. GC analysis of the
crude product revealed the presence of 9 (21 %), trans-9 (4%), and the
iodoketone (7). After flash chromatography 47 % of 7 was obtained as a
colorless oil; 1H NMR (300 MHz, CDCl3): d� 3.40 (dd, J� 14.3 and 6.7 Hz,
1H), 3.68 (dd, J� 14.3 and 8.1 Hz, 1H), 5.53 (dd, J� 8.1 and 6.8 Hz, 1H),
7.20 ± 7.80 (m, 10 H); 13C NMR (75 MHz, CDCl3): d� 25.5, 40.9, 127.0,
128.5, 128.6, 128.7, 129.1, 133.5, 134.0, 139.1, 194.1; characteristic 1H NMR
data of trans-9 (300 MHz, CDCl3): d� 2.97 (d, J� 5.7 Hz, 2H), 3.15 (dt, J�
2.0 and 5.5 Hz, 1H), 3.65 (d, J� 2.0 Hz, 1 H).


Generation of 13 and trapping with D2O : A solution of 15 c (0.82m in THF,
1.19 mmol) was added slowly to a solution of diisopropylmagnesium (1.59m
in diethyl ether, 1.05 mmol) at 0 8C, and the mixture was stirred for 1 h at
room temperature. After cooling toÿ78 8C a solution of the diiodoalkane 4
(1.10m in THF, 0.70 mmol) was added, leading to the slow generation of an
intensive yellow color.[11] The color had faded after the mixture had been
stirred for 1.5 h at ÿ78 8C. A CH3OD/D2O mixture (2:1, 1.0 mL) was
added. Stirring was continued for 0.5 h at this temperature. After allowing
the mixture to warm to room temperature, saturated aqueous NH4Cl
solution (20 mL) and tert-butyl methyl ether (20 mL) were added. The
phases were separated and the aqueous phase was extracted with tert-butyl
methyl ether (3� 20 mL). The combined organic extracts were washed with
brine (10 mL), dried (Na2SO4), and concentrated. Flash chromatography
with petroleum ether/ethyl acetate� 15:1 changing to 1:1 to tert-butyl
methyl ether furnished the iodo compound 6 (153 mg, 94%) as a colorless
oil and the recovered 15c (371 mg, 81 %).


1-Hydroxy-2-iodo-1,3-diphenylpropane (19): A solution of 15c (0.79m in
THF, 1.20 mmol) at 0 8C was added dropwise to a solution of diisopro-
pylmagnesium (16) (0.90m in diethyl ether, 1.05 mmol). After stirring for
1 h at room temperature the solution was cooled to ÿ78 8C and a solution


of the diiodoalkane (0.97m in THF, 0.70 mmol) was added, resulting in the
slow formation of an intensive yellow color.[11] The color had faded after the
mixture had been stirred for 1.5 h at ÿ78 8C. A solution of benzaldehyde
(0.18 mL, 1.75 mmol) in THF (5 mL at ÿ78 8C) was prepared to which was
added a solution of dimethylaluminum chloride (1.00m in hexane,
1.4 mmol) at ÿ78 8C. The latter solution was transferred by canula into
the former carbenoid solution at ÿ78 8C. After stirring for 2 h, the solution
was allowed to warm to room temperature overnight. pH7 Buffer solution
(20 mL) and tert-butyl methyl ether (20 mL) were added, and the
suspension was sonicated for 15 min in a cleaning bath. The phases were
separated and the aqueous phase was extracted with tert-butyl methyl ether
(3� 20 mL). The combined organic phases were washed with brine
(10 mL), dried (Na2SO4), and concentrated. Flash chromatography of the
residue with petroleum ether/ethyl acetate� 11:1 to 7:1 tert-butyl methyl
ether/petroleum ether� 1:1 furnished 9 (14 mg, 9%), 19 (172 mg, 73%)
and residual ligand 15c (285 mg, 62 %). The diastereomeric purity of 9 was
determined from the 1H NMR spectrum to be >97% cis. 19 : 1H NMR
(300 MHz, CDCl3): d� 2.51 (d, J� 6.4 Hz, 1H), 3.26 (dd, J� 14.4 and
8.3 Hz, 1 H), 3.30 (dd, J� 14.4 and 7.1 Hz, 1H), 4.32 (dd, J� 5.4 and 5.4 Hz,
1H), 4.55 (ddd, J� 8.2, 7.2, and 4.6 Hz, 1 H), 7.17 ± 7.40 (m, 10H); 13C NMR
(75 MHz, CDCl3): d� 43.9, 48.9, 75.1, 125.8, 126.9, 128.0, 128.4, 128.6,
128.9, 139.5, 141.6; for comparison, the data for the anti-diastereomer are:
1H NMR (300 MHz, CDCl3): d� 2.60 (d, J� 1.4 Hz, 1H), 3.02 (dd, J� 15.0
and 9.6 Hz, 1H), 3.09 (dd, J� 15.1 and 4.6 Hz, 1H), 4.59 (ddd, J� 8.9, 4.8,
and 4.8 Hz, 1H), 5.10 (d, J� 3.8 Hz, 1H), 7.03 ± 7.48 (m, 10 H); 13C NMR
(75 MHz, CDCl3): d� 39.2, 46.3, 78.0, 126.5, 126.7, 128.1, 128.3, 128.5, 128.9,
139.6, 140.2; elemental analysis calcd for C15H15IO (338.2): C 53.27, H 4.47;
found C 53.41, H 4.22.


The iodohydrin 19 (110 mg, 0.32 mmol, 50% ee) was dissolved in ethanol
(15 mL) to which was added KOH (1.80m in ethanol, 0.59 mmol) at 0 8C.
After stirring the mixture for 2 h at 0 8C and overnight at room temper-
ature, NH4Cl (ca. 150 mg) was added. The solution was concentrated in
vacuo and the residue was partitioned between saturated aqueous NH4Cl
solution (20 mL) and tert-butyl methyl ether (20 mL). The phases were
separated and the aqueous phase was extracted with tert-butyl methyl ether
(3� 20 mL). The combined organic phases were washed with brine
(10 mL), dried (Na2SO4), and concentrated. Flash chromatography with
petroleum ether/ethyl acetate� 12:1 resulted in 9 (51 mg, 75%) as a
colorless oil. The 1H NMR spectra showed a cis/trans ratio of 93:7. The
enantiomeric purity was determined as for 9 to be 53 %.


The experiments have also been carried out in the manner that a solution of
dimethylaluminum chloride in hexane was added first immediately
followed by the addition of benzaldehyde. This involved for instance
addition of 2.5, 0.59, or 0.23 equivalents of benzaldehyde resulting in
different enantiomeric enrichments of the iodohydrin 19 obtained.


(R)-(�)-1,3-Diphenyl-1-propanol (18): The iodohydrin 19 (70 mg,
0.21 mmol) was dissolved in benzene (15 mL) to which was added
tributyltin hydride (0.20 mL, 0.76 mmol) and AIBN (ca. 200 mg). The
mixture was refluxed for 2 h, further AIBN was added, and refluxing was
continued for 2 h. Saturated aqueous NH4Cl solution (15 mL) and tert-
butyl methyl ether (20 mL) were added, the phases were separated, and the
aqueous phase was extracted with tert-butyl methyl ether (3� 20 mL). The
combined organic phases were washed with brine (10 mL), dried (Na2SO4),
and concentrated. Flash chromatography of the residue with petroleum
ether/ethyl acetate� 10:1 furnished the alcohol 18 (43 mg, 95%) as a
colorless oil. [a]25


D �� 3.9 (c� 3.60, ethanol); 1H NMR (300 MHz, CDCl3):
d� 1.90 ± 2.08 (m, 3 H), 2.52 ± 2.69 (m, 2 H), 4.58 (dd, J� 7.7 and 4.4 Hz,
1H), 7.06 ± 7.31 (m, 10H); 13C NMR (75 MHz, CDCl3): d� 32.0, 40.4, 73.8,
125.8, 125.9, 127.6, 128.3, 128.4, 128.6, 141.8, 144.6, cf. the data in ref. [15].


Control experiments with (1-iodo-2-phenylethyl)dimethylaluminum (20):
A solution of n-butyllithium (1.5m in hexane, 1.5 mmol), THF (8 mL),
diethyl ether (4 mL), and petroleum ether (4 mL) were mixed at ÿ78 8C
and cooled to ÿ105 8C. A solution of the diiodo compound 4 (1.00m in
THF, 1.00 mmol) was added dropwise resulting in an intense yellow
coloration. The yellow color faded over 15 min at ÿ105 8C. A solution of
dimethylaluminum chloride (1.00m in hexane, 2.00 mmol) was added,
resulting in the formation of a second yellowish phase. Benzaldehyde
(0.20 mL, 2.00 mmol) was added and the emulsion was stirred vigorously
for 1 h at ÿ105 8C. The mixture was allowed to warm to ÿ78 8C over 2 h,
was stirred for 1 h at this temperature, and was quenched by addition of
pH7 buffer (20 mL). 20 % Na2S2O3 solution (3 mL) and tert-butyl methyl-
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ether (20 mL) were added and the mixture was sonicated for 15 min in a
cleaning bath. The phases were separated and the aqueous phase was
extracted with tert-butyl methyl ether (3� 20 mL). The combined organic
phases were washed with brine (10 mL), dried (Na2SO4), and concentrated.
The residue (225 mg) was essentially pure 1-iodo-2-phenylethane.


Control experiment involving dimethylaluminum bisoxazolidine complex
22 : A solution of 15c (0.785m in THF, 1.60 mmol) was added at 0 8C to a
solution of trimethylaluminum (2.00m in hexane, 1.50 mmol) and THF
(5 mL). The mixture was stirred first at 0 8C, then at room temperature.
This solution was added dropwise atÿ78 8C to a solution of the carbenoid 5
generated from the diiodo compound 4 (1.00 mmol) as described for 5.
After the mixture had been stirred for 1 h at ÿ78 8C, benzaldehyde
(0.35 mL, 3.5 mmol) was added dropwise and stirring was continued for 2 h.
After the mixture had been allowed to warm to room temperature
overnight workup as described for 19 provided 9 (60 mg, 28%) and 19
(75 mg, 22 %) as colorless oils in addition to recovered 15c (588 mg). The
diastereomer ratio of 9 was determined by 1H NMR spectroscopy to be
>97:< 3. The enantiomer enrichment of 9 obtained directly, and that of the
epoxide formed by subsequent cyclization of the iodohydrin 19 was
recorded as described for 9.


Kinetic resolution of 1-bromo-1-iodo-2-phenylethane : A solution of 15 c
(0.75m in THF, 2.10 mmol) was added dropwise at 0 8C to a solution of
diisopropylmagnesium (1.46m in diethyl ether, 1.80 mmol) in THF
(15 mL). After stirring for 30 min the mixture was allowed to warm to
room temperature. This solution was added with a motor-driven syringe to
a solution of the bromoiodo compound 31 (3.22m in THF, 3.00 mmol) and
THF (15 mL) over a period of 1.5 h at ÿ78 8C. Stirring was continued for
another 1.5 h at this temperature. Solutions of dimethylaluminum chloride
(1.00m in hexane, 3.24 mmol) and benzaldehyde (0.33 mL, 3.30 mmol)
were added sequentially. After stirring for 2 h at ÿ78 8C, the mixture was
allowed to warm to room temperature. A pH7 buffer solution (20 mL) and
tert-butyl methyl ether (20 mL) were added and the suspension was
sonicated for 15 min in a cleaning bath. The phases were separated and the
aqueous phase was extracted with tert-butyl methyl ether (3� 20 mL). The
combined organic phases were washed with brine (10 mL), dried (Na2SO4),
and concentrated. Flash chromatography with petroleum ether/ethyl
acetate� 15:1 to 7:1 to tert-butyl methyl ether/petroleum ether� 1:1 to
tert-butyl methyl ether furnished the recovered bromoiodo compound 31a
(580 mg, 62%, [a]25


D �ÿ0.652 (c� 10.5, CH2Cl2)) and the bromohydrin 34
(290 mg, 33%) in addition to the recovered ligand 15c (747 mg).
Bromohydrin 34 : syn/anti� 97:3; [a]25


D �ÿ1.27 (c� 6.90, CH2Cl2);
1H NMR (300 MHz, CDCl3): d� 2.74 (d, J� 5.7 Hz, 1 H), 3.08
(dd, J� 14.3 and 8.9 Hz, 1H), 3.22 (dd, J� 14.3 and 5.8 Hz, 1H), 4.43
(ddd, J� 8.9, 5.5, and 5.5 Hz, 1 H), 4.69 (dd, J� 5.4 and 5.4 Hz, 1H),
7.13 ± 7.40 (m, 10 H); 13C NMR (75 MHz, CDCl3): d� 35.2, 64.9, 75.3,
126.2, 126.9, 128.2, 128.48, 128.50, 129.1, 138.0, 140.6; elemental analysis
calcd for C15H15BrO (291.2): C 61.87, H 5.19; found C 61.73, H 5.26.
The bromohydrin 34 obtained was cyclized as described for 19 to (3R)-9,
which showed an enantiomeric excess of 18%. [a]25


D �� 3.52 (c� 2.73,
CH2Cl2).


Generation of 1-bromo-2-phenylethylmagnesium chloride from 1-bromo-
1-iodo-2-phenylethane (31 a): Starting from (S)-(ÿ)-31 a of about 8 % ee
(500 mg, 1.6 mmol) the carbenoid 32 a was generated as described for 5 by
using isopropylmagnesium chloride (2.00m in diethyl ether, 2.09 mmol).
The carbenoid was quenched with dimethylaluminum chloride (1m in
hexane, 3.70 mmol) followed by benzaldehyde (0.45 mL, 4.50 mmol).
Workup as described for 19 provided the bromohydrin ent-34 (336 mg,
72%) as a colorless oil. According to 1H NMR spectroscopy, the
diastereomer ratio was syn/anti� 94:6. [a]25


D �� 0.347, (c� 5.62, CH2Cl2).
The bromohydrin ent-34 was converted into (3S)-9 as described for 19 with
an ee of 5 %; [a]25


D � ÿ 0.965, (c� 1.71, CH2Cl2).


Reaction of the carbenoid 5 complexed with dimethylaluminum chloride
with 2-benzyloxypropionaldehyde (24): A solution of 1,1-diiodo-2-phenyl-
ethane (4) (1.00m in THF, 1.00 mmol) was added at ÿ78 8C to a solution of
isopropylmagnesium chloride (2.00m in diethyl ether, 1.2 mmol) in THF
(15 mL). After the mixture had been stirred for 2.5 h at ÿ78 8C, the initial
intense yellow color had faded. A solution of dimethylaluminum chloride
(1.00m in hexane, 2.50 mmol) was added and stirring was continued for
5 min. The resulting solution was transferred by canula into a precooled
(ÿ78 8C) solution of (2S)-benzyloxypropionaldehyde (24)[21] (493 mg,
3.0 mmol) in THF (15 mL). After stirring for 2 h at ÿ78 8C the mixture


was allowed to warm to room temperature. A pH7 buffer solution (20 mL)
and tert-butyl methyl ether (20 mL) were added. The resulting mixture was
sonicated for 15 min in a cleaning bath and the phases were separated. The
aqueous phase was extracted with tert-butyl methyl ether (3� 20 mL). The
combined organic phases were washed with brine (10 mL), dried (Na2SO4),
and concentrated. The residue consisted of excess aldehyde 24 and the
iodohydrins 25 and 26. In order to facilitate separation, the crude product
was taken up in THF (15 mL) and cooled to ÿ78 8C. Borane-dimethylsul-
fide complex (152 mg, 2.0 mmol) was added and the mixture was stirred for
2 h at ÿ78 8C and 5 h at room temperature. Saturated aqueous NH4Cl
solution (20 mL) and tert-butyl methyl ether (20 mL) were added. The
phases were separated and the aqueous phase was extracted with tert-butyl
methyl ether (3� 20 mL). The combined organic phases were washed with
brine (10 mL), dried (Na2SO4), and concentrated. Flash chromatography of
the residue with petroleum ether/ethyl acetate� 10:1 to 7:1 furnished a
mixture of 25 and 26 (249 mg, 63 %) as a colorless oil. The diastereomer
ratio was determined by 13C NMR spectrosocpy to be 67:33. Pure samples
of 25 and 26 were obtained by MPLC separation with petroleum ether/
ethyl acetate� 7:1. 25 : [a]25


D �� 13.6 (c� 2.80, CH2Cl2); 1H NMR
(300 MHz, CDCl3): d� 0.99 (d, J� 6.2 Hz, 3H), 2.48 (dd, J� 7.5 and ca.
2 Hz, 1H), 2.95 (s, br., 1 H), 3.29 (dd, J� 14.0 and 7.5 Hz, 1 H), 3.36 (dd, J�
14.0 and 8.5 Hz, 1 H), 3.55 (dq, J� 7.4 and 6.2 Hz, 1H), 4.16 (td, J� 7.9 and
2.1 Hz, 1H), 4.51 (d, J� 11.2 Hz, 1 H), 4.55 (d, J� 11.2 Hz, 1 H), 7.09 ± 7.30
(m, 10 H); 13C NMR (75 MHz, CDCl3): d� 14.8, 38.6, 44.4, 71.3, 74.7, 81.1,
126.8, 127.8, 128.4, 128.5, 129.0, 137.9, 139.5; elemental analysis calcd for
C18H21IO2 (396.3): C 54.56, H 5.34; found C 54.74, H 5.50. 26 : [a]25


D �� 25.9
(c� 2.02, CH2Cl2); 1H NMR (300 MHz, CDCl3): d� 1.20 (d, J� 6.3 Hz,
3H), 2.54 (d, J� 9.1 Hz, 1 H), 3.04 (dd, J� 14.8 and 9.6 Hz, 1H), 3.43 (dd,
J� 14.8 and 3.5 Hz, 1 H), 3.52 (ddd, J� 8.8, 8.8, and 2.3 Hz, 1 H), 4.12 (qd,
J� 6.3 and 2.4 Hz, 1H), 4.29 (ddd, J� 9.6, 8.6, and 3.5 Hz, 1H), 4.39 (d, J�
11.4 Hz, 1H), 4.58 (d, J� 11.3 Hz, 1H), 7.10 ± 7.32 (m, 10H); 13C NMR
(75 MHz, CDCl3): d� 17.0, 40.1, 41.6, 71.3, 75.2, 78.6, 126.6, 127.9, 128.0,
128.2, 128.5, 129.4, 138.0, 139.5; elemental anlysis calcd for C18H21IO2


(396.3): C 54.56, H 5.34; found C 54.61, H 5.26.


An identical experiment using racemic 2-benzyloxypropionaldehyde (24)
furnished 71 % of 25 and 26 in a 91:9 diastereomer ratio. Essentially
identical experiments were also carried out in which the solution of the
carbenoid 5 was introduced by canula into a solution of 2-benzyloxypro-
pionaldehyde precomplexed with dimethylaluminum chloride (cf. 27).


Structure assignment of 25 and 26 : A crude product containing a mixture of
25 and 26 (64:36, 230 mg, 0.58 mmol) and excess aldehyde 24 was taken up
in ethanol (15 mL). Carefully powdered NaBH4 (76 mg, 2.0 mmol) was
added. The mixture was stirred for 3 h at room temperature and KOH
(1.8m in ethanol, 0.2 mL) was added. After the mixture had been stirred
overnight, saturated aqueous NH4Cl solution (20 mL), hydrochloric acid
(3m, 1 mL) and tert-butyl methyl ether (20 mL) were added. After the
hydrogen evolution had ceased, the mixture was brought to pH7 by
addition of aqueous NaHCO3 solution. The phases were separated, and the
aqueous phase was extracted with tert-butyl methyl ether (3� 20 mL). The
combined organic phases were washed with brine (10 mL) dried (Na2SO4),
and concentrated. Flash chromatography with petroleum ether/ethyl
acetate� 10:1 furnished a mixture of 29 and 30 (150 mg, 96%) as a
colorless oil. The diastereomer ratio was determined from the 13C NMR
spectrum to be 64:36; elemental analysis calcd for C18H20O2 (268.4): C
80.56, H 7.51; found C 80.34, H 7.64.


The diastereomeric epoxides 29 and 30 were separated by MPLC with
petroleum ether/ethyl acetate� 7:1. 29 : [a]25


D �ÿ43.6 (c� 2.825, CH2Cl2);
1H NMR (300 MHz, CDCl3): d� 1.17 (d, J� 6.3 Hz, 3H), 2.70 (dd, J� 15.6
and 7.5 Hz, 1 H), 2.76 (dd, J� 15.2 and 5.1 Hz, 1H), 2.98 (dd, J� 8.1 and
4.4 Hz, 1H), 3.10 (ddd, J� 7.1, 4.9 and 4.9 Hz, 1H), 3.46 (dq, J� 8.1 and
6.5 Hz, 1H), 4.57 (d, J� 11.8 Hz, 1 H), 4.76 (d, J� 11.8 Hz, 1 H), 7.11 ± 7.35
(m, 10H); 13C NMR (75 MHz, CDCl3): d� 17.7, 34.7, 54.7, 60.7, 71.2, 73.7,
126.7, 127.5, 127.8, 128.3, 128.6, 137.7, 138.7. 30 : [a]25


D �� 0.84 (c� 0.96,
CH2Cl2); 1H NMR (300 MHz, CDCl3): d� 1.12 (d, J� 6.5 Hz, 3 H), 2.70 ±
2.88 (m, 4 H), 3.21 (dq, J� 6.5 and 6.5 Hz, 1 H), 4.48 (d, J� 11.9 Hz, 1H),
4.65 (d, J� 11.9 Hz, 1H), 7.10 ± 7.29 (m, 10H); 13C NMR (75 MHz, CDCl3):
d� 17.4, 38.2, 54.9, 61.9, 71.2, 75.6, 126.7, 127.5, 127.7, 128.3, 128.6, 128.9,
137.1, 138.6.


A mixture of the iodohydrins 25 and 26 (66 mg, 0.17 mmol) was reduced
with tributyltin hydride as described for 18. Flash chromatography of the
crude product with petroleum ether/ethyl acetate� 8:1 furnished the
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alcohol 28 (33 mg, 73 %) as a colorless oil; [a]25
D �� 12 (c� 0.11, CH2Cl2);


1H NMR (300 MHz, CDCl3): d� 1.09 (d, J� 6.0 Hz, 3H), 1.61 ± 1.72 (m,
2H), 2.1 ± 2.7 (br. s, 1 H), 2.60 (ddd, J� 13.7, 9.3, and 7.3 Hz, 1H), 2.77 (ddd,
J� 14.1, 8.9, and 5.6 Hz, 1H), 3.28 ± 3.40 (m, 2H), 4.34 (d, J� 11.5 Hz, 1H),
4.58 (d, J� 11.5 Hz, 1H), 7.01 ± 7.31 (m, 10H); 13C NMR (75 MHz, CDCl3):
d� 15.5, 31.9, 34.8, 71.0, 74.2, 78.4, 125.7, 127.7, 127.8, 128.3, 128.4, 128.5,
138.3, 142.2; elemental analysis calcd for C18H22O2 (270.4): C 79.96, H 8.20;
found C 79.61, H 8.41.
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Broad Molecular Ribbons of Nanometer Size Composed of Biphenyl Units


Wolfgang Boomgaarden,[a] Fritz Vögtle,*[a] Martin Nieger,[b] and Heike Hupfer[b]


Abstract: The new tetrafunctionalized
biphenyl key building blocks 16 and 39
led, for the first time, to the hitherto
broadest molecular ribbons that contain
biphenyl units in a transverse arrange-
ment by iterative synthetic methods. The
length and breadth of the molecular
ribbons, as single chemical entities, are
diversified. They can be used as cycliza-
tion precursors in the synthesis of long
molecular tubes of type 2 with a large
diameter. The solubility and the host ±
guest behavior (clathrate formation with


benzene, dimethylformamide, and di-
chloromethane) of these nanometer-size
molecular ribbons were optimized by
the introduction of various side chains
(benzenesulfonamide, 4-toluenesulfona-
mide, and 4-tert-butylbenzenesulfona-
mide groups) into the skeleton of the
ribbons. New 14-, 15-, and 16-membered


model ring systems (compounds 20 a,
22 a, and 24 respectively) were synthe-
sized in order to examine the constitu-
tion of the 16-membered diaza[3.3]-
phane 18 a. Nanometer-size tube-shaped
molecules 7 a, 7 b and 8 were obtained by
cyclization of tetrafunctionalized molec-
ular ribbons with the biphenyl building
block. The constitution and conforma-
tion of the molecular ribbons and belts
were proven by NOE experiments and
X-ray analyses.


Keywords: cyclophanes ´ iterative
synthesis ´ macrocycles ´ nanostruc-
tures ´ sulfonamides


Introduction


The interest in synthetic molecules with a ribbon-, belt-, or
tube-shape in the nanometer scale is well documented.[1]


Tube-shaped molecules build up cavities and may thus be
used as hosts to enclose specific guest molecules, for example
in the development of chemoselective sensors or for size
exclusion. The skeleton of molecular ribbons and tubes can
lead, after derivatization with catalytically active groups, to
synthetic catalysts (synzymes), having an outer sphere that
sterically protects the reaction center from the kinetic move-
ment of the solvent molecules, as in enzymes. Up to now, there
are only a few approaches known to synthesize such channel-
containing molecules,[2] mainly by iterative synthetic meth-
ods.[3±5] The use of complementary building blocks in an
iterative synthesis minimizes the effort otherwise involved in
building nanosized molecules. We have previously reported
on a repetitive method, which gave satisfactory yields of
molecular ribbons up to a length of nine fourfold-bridged
benzene rings.[6] These molecular ribbons have already been
used as cyclization precursors in the synthesis of molecular


belts of variable diameter.[7] The goal of the work described
here is to design and prepare molecular ribbons that are
broader than the ones known so far, where the breadth usually
was given by the diameter of ortho- or meta-connected
benzene rings (Scheme 1).


Scheme 1. Broader molecular ribbons 1 lead to longer molecular tubes 2.


This concept leads to molecular ribbons 1 (and further on to
molecular tubes 2), in which both the length and breadth can
be varied by use of appropriate building blocks. Wide ribbons
generate long tubes when their termini are linked. On the
other hand, the diameter of the tubes is related to the length
of the ribbon precursors. Up to now, a broadening of
molecular ribbons beyond the benzene diameter was un-
known. This can be achieved, as shown here, by the exchange
of benzene rings through biphenyl units, and later even by
broader terphenyl units, connected in the 3,3',5,5' positions
and ordered in a transverse fashion.
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Results and Discussion


Synthetic overview: The basic concept of our synthesis is to
cyclize di- or tetrafunctionalized building blocks to give
ribbon-shaped macrooligocyclic phanes (Scheme 2). In this


Scheme 2. Synthesized molecular ribbons 3 ± 6 and pseudo-beltanes 7a,
7b, and 8.


way we synthesised biphenyloh2iphane 3 by the cyclization of
dibromide 13 with 27 c (see Scheme 9). Preparation of the key
biphenyl building block 39 (see Scheme 8) and cyclization
with 13 led to the first biphenyloh3iphane-type molecular
ribbon 4 (see Scheme 10).[8] In addition we synthesized the
new elongation block 16 (see Scheme 3) as a key compound in
our iterative synthesis. The cyclization of 16 with tetrakis-
(bromomethyl) cyclophanes 30 and 25 led to bipheny-
loh4iphane 5 and biphenyloh5iphane 6 (Scheme 7 and
Scheme 6, respectively). Belt-shaped molecules were ob-
tained by the cyclization of 39 with tetrakis(bromomethyl)
building blocks 35 and 30 yielding biphenylo-beltane-type
molecules (pseudo-beltanes)[9] 7 a, 7 b and 8 (see Scheme 11
and Scheme 12, respectively).


Key biphenyl elongation block 16 : The hitherto unknown key
biphenyl elongation block 16 was prepared by bromination of
ortho-tolidine 9,[10] followed by reduction of the amino
groups,[11] and Grignard reaction with ethoxycarbonylchloride
(Scheme 3). The double monobromination of 12 was achieved


Scheme 3. Preparation of the key biphenyl elongation block 16.


with N-bromosuccinimide (NBS) in CH2Cl2.[12,13] Recrystalli-
zation from acetone removed monobrominated by-products;
recrystallization from MeOH removed higher brominated by-
products. The residual monobrominated by-products were
brominated again with NBS to increase the overall yield.
Suitable crystals for X-ray analysis were obtained by vapor
diffusion of n-heptane into a solution of 13 in CHCl3. The
bromide was treated with benzyl N-tosylcarbamate 14[14] to
yield 15. Hydrogenolytic separation of the benzyloxycarbonyl
(Z)-group with palladium on carbon as catalyst gave the key
elongation block 16.


Benzenobiphenylophanes : The reaction of bis(bromome-
thyl)biphenyl 13 with tetraamine 17 led to biphenyloh3iphane
18 a in a 29 % yield (Scheme 4). Three constitutional isomers
18 a ± c could have been formed in this reaction in principle
but only one isomer was found. Owing to the lack of single
crystals for X-ray analysis, we tried to solve the constitutional
assignment by comparison with NMR spectra of suitable
model compounds. Three aromatic protons (biphenyl) at d�
6.46, 7.90, 7.97 and another aromatic proton (benzene) at d�
7.64 were observed in the 1H NMR spectrum of the obtained


Abstract in German: Mit den neuen vierfach funktionalisierten
Schlüsselbausteinen 16 und 39 auf Biphenylbasis und durch
Anwendung iterativer Synthesemethodik gelang die Darstel-
lung der bisher breitesten molekularen Bänder, die erstmals die
Breite querliegender Biphenyl-Einheiten aufweisen. Länge
und Breite dieser strukturperfekten Bänder aus Diaza[3.3]-
phan-Einheiten sind variierbar. Die Bänder können als
Cyclisierungsbausteine zur Darstellung von verlängerten mo-
lekularen Röhren mit groûem Durchmesser des Typs 2 dienen.
Durch Einführung unterschiedlicher Seitenketten (Benzolsul-
fonamid-, 4-Toluolsulfonamid- und 4-tert-Butylbenzolsulfon-
amid-Gruppen) kann die Löslichkeit und das Wirt-Gast
Verhalten (Clathratbildung mit Benzol, Dimethylformamid
und Dichlormethan) dieser nanometergroûen molekularen
Bänder und Röhren optimiert werden. Neue 14-, 15- und 16-
gliedrige Modellringsysteme (Verbindungen 20a, 22a und 24)
wurden zur Konstitutionsaufklärung des Diaza[3.3]phans 18a
dargestellt. Nanometergroûe rohrförmige Moleküle konnten
durch Cyclisierung von vierfach funktionalisierten molekula-
ren Bändern mit dem Biphenyl-Baustein erhalten werden. Die
Konstitutionen und Konformationen der molekularen Bänder
und Röhren wurden durch NOE-Experimente und Röntgen-
strukturanalysen bestätigt.
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Scheme 4. Preparation of the benzenobiphenyloh3iphane 18 a ; the chem-
ical shift (d� 6.46) of the Hi protons indicates strong shielding.


isomer 18 a. The signal at d� 7.64 was assigned to the two
aromatic protons of the central benzene ring on account of the
integration and by means of an H,H-COSY NMR spectrum,
showing 4J(H,H) coupling with the protons of the CH2N
bridges. The signal at d� 6.46 was assigned to the inner
biphenyl protons (Hi), showing an upfield shift from about
d� 7.3[15] to 6.46, caused by the anisotropy of the neighboring
benzene ring.


We synthesized three model benzeno-biphenyloh2iphanes
20 a, 22 a, and 24, containing 14-, 15- and 16-membered ring
systems, respectively, in order to compare their NMR spectra
with that of the isomer 18 a (Scheme 5). The 1H NMR spectra
of the ortho-substituted benzenobiphenyloh2iphane 18 a and
of the meta-substituted benzenobiphenyloh2iphane 22 a
showed no remarkable upfield shift of any of the biphenyl
protons (d� 7.26, 7.79, 8.16 and d� 7.22, 7.62, 7.99, respec-
tively). The upfield shift of the inner biphenyl proton was
observed only in the 1H NMR spectrum of the para-
substituted benzenobiphenyloh2iphane 24 (d� 6.35, 7.78 and
7.94), which matched well with the NMR spectrum of the
synthesized biphenyloh3iphane 18 a (d� 6.46, 7.90 and 7.97).
We therefore assigned the constitution 18 a to the isolated
biphenyloh3iphane. CPK models and molecular modeling
calculations revealed that the inner biphenyl protons (Hi) lay
directly above the anisotropy cone of the neighboring
benzene ring. The constitution of this 15-membered ring
system also agreed with the observed NOE effect between the
inner biphenyl protons and the benzene protons; irradiating
at d� 7.64 increased the signal intensity at d� 6.46. The
signals of the NCH2-bridging methylene protons contained
information about the flexibility of these new macrocycles;
sharp double doublets (coupling 2J(H,H)� 15 Hz) indicated a
rigid ring system, without interchange of the two geminal
protons on the NMR-timescale. A flexible ring system would
allow interchange between the geminal protons and conse-
quently a singlet would be observed. Furthermore, the signals
of the NCH2-bridging methylene protons were solvent


Scheme 5. Preparation of the new 14-, 15-, 16-, 28-, and 30-membered ring
systems and NMR shifts of biphenyl Hi protons.


dependent: the 1H NMR spectrum of 18 a in acetonitrile
contained four sharp doublets, whereas in benzene two broad
and two sharp doublets and in CHCl3 two sharp doublets and
two broad singlets were observed.


The 1H NMR spectra of the ortho-substituted benzenobi-
phenyloh2iphane 20 a and of the meta-substituted benzenobi-
phenyloh2iphane 22 a showed a broad and a sharp singlet of
the NCH2-bridging methylene protons, indicating a conforma-
tionally restricted ring system. This ring tension could be
responsible for the additional formation of the more flexible
benzenobiphenyloh4iphane 20 b (6 % yield). The NMR spec-
trum of 20 b showed two sharp singlets for the NCH2-bridging
methylene protons. Benzenobiphenyloh4iphane 22 b was only
observed in the MALDI-TOF-spectrum. In contrast to 18 a
the NCH2-bridging methylene protons in the 1H NMR
spectrum of the para-substituted benzenobiphenyloh2iphane
24 appeared as two singlets, because no second ring was
straining the molecule. The flexibility of 24 could be the
reason for the rather high yield of this cyclization (39%). The
twisted backbone of the benzenobiphenyloh3iphane 18 a is
unfavorable for the synthesis of tube-shaped molecules. To
avoid the formation of such twisted ribbons in further
syntheses, we used cyclophanes as central units. The biphenyl
elongation block 16 was treated with the known[6] tetrakis-
(bromomethyl)benzenoh3iphane 25 under high dilution con-
ditions.


The benzenobiphenyloh5iphane 6 was obtained in a 12 %
yield. The broadening of the molecular ribbons did not lead to
a change in the preferred conformation:[16] the all-syn
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Scheme 6. Preparation of the molecular ribbon 6.


conformation of the diaza[3.3]benzenophane subunits and of
the diaza[3.3]benzeno-biphenylophane subunits led to a
stacked structure. This structure was confirmed by 1H NMR
spectroscopy and by X-ray analysis. The aromatic protons in
the skeleton of the molecular ribbon (d� 6.11, 6.42, 6.63, and
7.36) acted as a probe in the distinction between syn and anti-
conformations:[17] low chemical shifts indicate an anti-con-
formation, because the magnetic anisotropy owing to the
facing benzene rings caused internal hydrogens to exhibit an
extensive upfield shift.[18] The chemical shifts of the inner
aromatic protons in the skeleton were correlated with the
length of the molecular ribbon: the chemical shifts moved to
lower field with increasing length.[19] The molecular ribbon 6 is
the hitherto longest biphenylophane. The distance of both
biphenyls in syn-conformation is 1.4 nm. Crystals for X-ray
analysis were obtained by recrystallization from DMF. The
unit cell contained nine molecules of DMF, which are bound
in a clathrate type structure (Figure 1).


Remarkably, the structure of biphenyloh5iphane 6 contains
an inversion center (space group (P21/n (no. 14)). As a result
the conformations of the bridges adopted the highly sym-
metrical order chair/boat ± chair/boat ± chair/boat ± chair/
boat. The mean angle of two benzene rings in the diaza[3.3]-
metacyclophane subunits was 268 but depends on the
conformation of the bridges (chair 24.88 ; boat 27.98). A
slightly lower angle (mean 22.58) was obtained between a
benzene ring and a biphenyl in the diaza[3.3]benzenobiphe-
nylophane subunits (chair 21.78 ; boat 23.48). The alternating
chair ± boat conformation leads to little distortion (max. 58) in
the second and in the fourth benzene ring of the skeleton,
which are coplanar.[20] The central benzene ring is not
distorted at all and is almost coplanar to the outer biphenyls.
These are bent away from the neighboring benzene rings with
the two benzene planes possessing an angle of 1688 to each
other.


Benzenobiphenylophanes with miscellaneous side chains :
The solubility of 6 in common organic solvents (CHCl3,


Figure 1. X-ray crystal structure of biphenyloh5iphane 6.


CH2Cl2, benzene) was lower than that of 18 a. We tried to
improve the solubility by introducing different side chains
into the skeleton of the ribbons. Even small changes in the
side chains can influence the secondary structure of molecular
ribbons, similar to peptide chains. Derivatization of the side
chains should also prove the general applicability of our
iterative synthetic method on the way to nanometer-scale
molecular ribbons and belts. We chose benzenesulfonamide
and 4-tert-butylbenzenesulfonamide groups, connected to the
CH2-N-CH2-bridges, as new side chains. Cyclization of diethyl
2,4-bis(bromomethyl)benzene-1,5-dicarboxylate (26) with the
arylsulfonamide monosodium salts 27 a ± c diluted in DMF[21]


led to the diazametacyclophanes 28 a ± c in a 23 ± 28 % yield
(Scheme 7).[22] These cyclophanes 28 a ± c showed a conforma-
tionally restricted flexibility, which was indicated in the 1H
NMR spectrum through broad singlets of the NCH2-bridging
methylene protons. The mass spectra of 28 a ± c showed
characteristic fragmentations, depending of the arylsulfona-
mide side chains ([MÿX]� , X� 198, 155, 142). These
compounds can be easily purified by vapor diffusion of EtOH
into a CHCl3 solution. The three-step iterative reaction
sequence started with the lithium borohydride reduction of
the four terminal ethyl ester groups of 28 c to give the
tetrakis(hydroxymethyl) derivative 29. Transformation with
PBr3 in CHCl3 gave the tetrakis(bromomethyl) cyclophane 30,
which was then lengthened with the biphenyl elongation block
16.


As anticipated, the solubility of 5 was increased compared
to biphenyloh5iphane 6, owing to the 4-tert-butylbenzenesul-
fonamide side chains. The MALDI-TOF spectrum showed
two main fragmentations caused by the two different side
chains; 4-tert-butylbenzenesulfonamide and tosylamide (mass
difference� 198 and 155 atomic units, respectively).


Biphenyl building block 39: 3,3',5,5'-Tetrakis(bromomethyl)-
biphenyl (35) was obtained by Sandmeyer reaction of
dimethyl-5-aminobenzene-1,3-dicarboxylate (31) with KI fol-
lowed by Ullmann coupling with copper to yield 33
(Scheme 8).[23] The reduction of the four ester groups with
LiBH4/THF and bromination with PBr3 were carried out
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Scheme 7. The iterative reaction sequence leads to molecular ribbon 5,
containing 4-tert-butylbenzenesulfonamide and 4-toluenesulfonamide
groups.


analogous to the method described above. Reaction of 34 with
hydroiodic acid gave 3,3',5,5'-tetrakis(iodomethyl)biphenyl
(36) in 96 % yield. This molecule contains four iodine atoms,
which constitute better leaving groups and consequently
increase the yield of further cyclizations. The tetrabromide 35
was treated with N-acetyl-4-toluenesulfonamide (37) to yield
38 at 87 %. Deacetylation by heating with K2CO3 in MeOH/
water under reflux gave 39 in a 81 % yield.


Biphenylophanes: The cyclization of 13 with 4-tert-butylben-
zenesulfonamide monosodium salt 27 c in DMF under dilu-


tion conditions gave the diazabiphenyloh2iphane 3 in 34 %
yield (scheme 9). Single crystals of 3 for X-ray analysis were
obtained by slow crystallization from benzene. Surprisingly
the diazabiphenyloh2iphane 3 adopted an up to now unknown


Scheme 9. Preparation of the biphenyloh2iphane 3.


conformation. It is neither the syn nor anti conformation of
diaza[3.3]phanes, as the biphenyls lie one on top of the other.
The CH2-NR-CH2-bridges are placed diagonally across from
each other and consequently a tube- rather than a ribbon-
shape is formed (Figure 2 left). The biphenyls are ordered in
an interesting manner: the benzene rings in a biphenyl and the
facing benzene rings form an angle of 248 to each other. This
results in coplanarity of two benzene rings that lie diagonally
across from each other and belong to different biphenyl units.
The transannular distance of the arene units in [3.3]metacy-
clophanes was smaller than the calculated stacking distance of
benzene dimers.[24] This leads to repulsion between the two p-
electron systems, as a result of which the arenes change their
geometry relative to each other: As a consequence, an angle
of 248 was observed between the two benzene rings, and the
interatomic distances are C ± Cmin� 3.18 � and C ± Cmax�
3.82 � between the two planes.


Both 4-tert-butylbenzenesulfonamide groups of 3 build up
pockets in the solid state, in which two benzene molecules are
enclosed. Short distances (278 pm) between a hydrogen of a
methylene group and the center of the encapsulated benzene
ring may indicate CH-p interactions.[25] van der Waals
interactions may be assumed because some of the intermo-
lecular distances are shorter than the sum of the van der Waals
radii of the relevant atoms. Both carbonyl groups of each
niche point towards the benzene hydrogen atoms. Short
C�O ´´´ HÿAr contacts (247 and 269 pm) between the oxygen
atom of the carbonyl group and the aromatic hydrogen atoms


suggest that the ester groups
form weak hydrogen bonds
with benzene in the solid
state.[26] The 1H NMR spectrum
of 3 shows one sharp singlet at
d� 4.39 for the NCH2-bridging
methylene protons. The 18-
membered ring system seems
to be more flexible at room
temperature than diazabenze-
nophanes (e.g. 28 a ± c, 29, and
30) which possess a broad signal
for these protons. Similar con-
formational behavior was ob-
served in the 1H NMR spec-Scheme 8. Preparation of the biphenyl building blocks 35, 36, and 39.
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trum of biphenyloh3iphane 4 (two sharp singlets at d� 4.02
and 4.13). The biphenyloh3iphane 4 was synthesized by the
cyclization of dibromide 13 with the new biphenyl building
block 39 in a 39 % yield. The possible isomer of 4 with the
central biphenyl unit ordered crosswise was not detected
(Scheme 10).


Scheme 10. Preparation of the biphenyloh3iphane 4.


Biphenylo-pseudo-beltanes: The open ribbon structures can
be used to synthesize macrocyclic tubes or belts of extended
lengths. The cyclization of tetraamine 39 with tetrabromide 35
yielded the biphenylo-pseudo-beltanes 7 a and 7 b in a
remarkable overall yield of 70 % (Scheme 11). The separation


Scheme 11. Preparation of the biphenylo-pseudo-beltanes 7a and 7b.


of both isomers was difficult; chromatography afforded only
an enrichment of the isomers. Separation was finally achieved
through different solubility in DMF: the biphenylo-pseudo-


beltane 7 a was less soluble than
7 b. The assignment to both
isomers was achieved by 1H
NMR spectroscopy and X-ray
analysis. The singlets at d� 7.03
and 7.10 in the 1H NMR spec-
trum of 7 a were assigned to the
biphenyl protons on account of
the integration. The crossed
isomer 7 b showed two singlets
at d� 6.71 and 7.41. The signal
at d� 6.71 was assigned to the
inner biphenyl protons; it
showed an upfield shift because
the eight protons are positioned
over the p-electron cloud of the


other biphenyl ring. Single crystals of 7 a for X-ray analysis
were obtained by slow vapor diffusion of ethyl acetate into a
solution of the biphenylo-pseudo-beltane 7 a in CHCl3


(Figure 3).


Figure 3. X-ray crystal structure of biphenylo-pseudo-beltane 7 a enclosing
dichloromethane.


The shortest transannular distance between two biphenyl
carbon atoms is 2.98 � (Figure 3). As a result of the trans-
annular p-p repulsion, both biphenyls are bent away from
each other.[23] Consequently two benzene planes of a biphenyl
form an angle of 1688. This is the same angle as observed in
the X-ray analysis of biphenyloh5iphane 6. Two facing
benzene rings cannot form a favorable angle to each other
(about 258) because of the fourfold bridging. This results in an
angle of only 158 between two facing benzene rings and
consequently the methylene groups are bent out of the
benzene plane by an angle of 148. The tosyl groups of 7 a act as
tweezers: the distance of two tosyl ring centers is roughly
1 nm; three CH2Cl2 molecules are bound (clathrated) in the
cavities. Molecular tubes of larger diameters can be synthe-
sized by using longer cyclization building blocks: The
cyclization of the tetrabromide 30 with 39 gave biphenylo-
pseudo-beltane 8 in a 26 % yield (Scheme 12).


Only one isomer was found. The pseudo-beltane 8 was
easily purified after preparation as it is only soluble in CH2Cl2


Figure 2. a) X-ray crystal structure of biphenyloh2iphane 3 enclosing benzene in both niches. b) Space-filling
model of 3 enclosing benzene.
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and DMF. An all-syn conformation of the arene units in the
pseudo-beltane was assumed because the 1H NMR spectrum
showed no upfield shift of aromatic protons. We believe that
the use of complementary building blocks, in this case a planar
shape of 39 and concave shape of 30 (syn conformation in
solution), has substantial influence on how successful the
synthesis of molecular tubes will turn out.


Conclusion


An iterative synthesis method was successfully applied to
newly designed biphenyl building blocks in combination with
miscellaneous side chains to steer solubility. This yielded the
most extended in terms of breadth large-diameter molecular
ribbons and belts. These tetrafunctionalized ribbons are
precursors for cyclizations to long belt-shaped molecules.
The replacement of two bridges in molecular tubes by only
one single bridge is not consistent with the usual beltane
definition[8] as seen in the constitutional formula, but does not
necessarily disturb the impression of a tube for the eye, as can
be seen from space-filling models. Such structurally non-
genuine tubes have been labeled pseudo-beltanes here due to
their similar space-filling shape. NMR spectra and X-ray
analyses have shown that the ribbons usually adopt a
meander-type conformation. In future it should be possible
to tune the conformation by modifying building blocks,
allowing conformational design[27] of molecular ribbons. The
use of even larger cyclization units will lead to beltanes with
increasing diameter and length of the molecular tube.
Incorporation of other building blocks (e.g. pyridines,[28] 4,4'-
dihydroxybiphenyls) and their derivatization will produce
functionalized molecular ribbons and belts and assemblies
made from them.


Experimental Section


Materials and methods : Dry, freshly distilled solvents were used under
anhydrous conditions unless otherwise noted. Tetrahydrofuran (THF) was
distilled from LiAlH4, trichloromethane (CHCl3), and N,N-dimethylform-
amide (DMF) were dried over 4 � molecular sieves. Yields refer to
chromatographically and spectroscopically homogeneous materials. All
reactions were monitored by thin-layer chromatography (TLC) carried out
on 0.25 mm E. Merck silica gel plates (60 F254) using UV light (l� 254 nm)
as visualising agent. E. Merck TLC silica gel plates (2 mm, 60 F254) were
used for preparative layer chromatography. E. Merck silica gel (60, particle
size 0.040 ± 0.063 mm) was used for column chromatography. Melting
points were determined on a Kofler microscope heater (Reichert, Vienna,
Austria) and are not corrected. Elemental analyses were performed by the
Mikroanalytische Abteilung at the KekuleÂ -Institut für Organische Chemie
und Biochemie der Universität Bonn. The 1H and 13C NMR spectra were


recorded at room temperature on a
Bruker AM-250 (250 MHz (1H),
62.9 MHz (13C)) or on a Bruker AM-
400 (400 MHz (1H), 100.6 MHz (13C))
spectrometer and calibrated with the
residual nondeuterated solvent as the
internal reference. The NMR signals
were assigned by the aid of HH-COSY
and Dept 135 experiments when ne-
sessary. The spin-system of the para-
substituted benzene-derivatives of the


side chains, which constitute AA'XX' spin system, were described as
doublets, because the 5J-coupling was not resolved. Mass spectra were
recorded on an A. E. I. MS 50 operating in electron impact mode (EI-MS,
HR� high-resolution), on a Kratos Concept 1 H (FAB) or on Micromass
MALDI-TOF SpecE. The matrices used were 9-nitroanthracene, m-
nitrobenzyl alcohol, and gentisic acid. Silver triflate was added in some
cases to obtain molecule peaks of the silver adducts.


Diethyl 5,5''-bis[N-benzyloxycarbonyl-N-(4-tolylsulfonyl)aminomethyl]bi-
phenyl-3,3''-dicarboxylate (15): A solution of dibromide 13 (1.65 g,
3.41 mmol), benzyl N-tosylcarbamate 14 (2.50 g, 8.20 mmol), and diisopro-
pylethylamine (2.37 mL, 13.63 mmol) in DMF (150 mL) was stirred at
room temperature for 72 h. The solvent was evaporated in vacuo and the
remaining residue treated with CH2Cl2. The undissolved components were
removed by filtration and the filtrate was washed with water, dried with
Na2SO4, filtered, and concentrated in vacuo to give a yellowish oil, which
was recrystallized from EtOH to give 15 (1.32 g; 42%) as colorless crystals:
M.p. 121 8C; Rf� 0.74 (silica, CHCl3/acetone, 50:1); 1H NMR (400 MHz,
CDCl3): d� 1.45 (t, 3J(H,H)� 7 Hz, 6H; CH3), 2.28 (s, 6H; Tos-CH3), 4.45
(q, 3J(H,H)� 7 Hz, 4H; OCH2), 5.02 (s, 4H; CH2), 5.10 (s, 4 H; CH2), 7.01 ±
7.20 (m, 14 H; Ar-H, Tos-H), 7.52 (d, 3J(H,H)� 8 Hz, 4 H; Tos-H), 7.66 (s,
2H; Ar-H), 8.00 (s, 2 H; Ar-H), 8.09 (s, 2H; Ar-H); 13C NMR (100 MHz,
CDCl3): d� 14.41 (CH3), 21.61 (Tos-CH3), 49.69 (NCH2), 61.31 (OCH2),
69.36 (OCH2Ph), 127.20 (Ar-CH), 127.84 (Ar-CH), 128.44 (Ar-CH), 128.49
(Ar-CH), 128.51 (Ar-CH), 128.60 (Ar-CH), 129.33 (Ar-CH), 131.27 (Ar-
CH), 131.61 (Ar-Cq), 134.30 (Ar-Cq), 136.02 (Ar-Cq), 138.12 (Ar-Cq),
140.57 (Ar-Cq), 144.74 (Ar-Cq), 152.35 (CO), 166.07 (CO); MS (FAB m-
nitrobenzyl alcohol): m/z (%): 933.1 (17) [M�H]� , 887.1 (81) [MÿOEt]� ,
777.1 (12) [MÿTos]� ; C50H48N2O12S2 (933.06).


Diethyl 5,5''-bis[(4-tolylsulfonylamino)methyl]biphenyl-3,3''-dicarboxylate
(16): A suspension of 15 (1.15 g, 1.23 mmol) and 10% palladium on carbon
(150 mg, 10 wt %) in CHCl3/MeOH (1:1, 50 mL) was stirred for 8 h under
H2 atmosphere (3.5 bar) at room temperature. The suspension was filtered
through Celite and the filtrate was evaporated in vacuo to give yellowish
crystals. The crude crystals were recrystallized in MeOH to yield 16
(769 mg; 94%) as a colorless substance: M.p. 146 8C; Rf� 0.11 (silica,
CHCl3/acetone, 50:1); 1H NMR (400 MHz, CDCl3): d� 1.31 (t, 3J(H,H)�
7 Hz, 6H; CH3), 2.29 (s, 6H; Tos-CH3), 4.11 (d, 3J(H,H)� 6 Hz, 4H;
NCH2) 4.30 (q, 3J(H,H)� 7 Hz, 4 H; OCH2), 5.63 (br, 2 H; NH), 7.16 (d,
3J(H,H)� 8 Hz, 4 H; Tos-H), 7.49 (s, 2 H; Ar-H), 7.65 (d, 3J(H,H)� 8 Hz,
4H; Tos-H), 7.72 (s, 2 H; Ar-H), 7.88 (s, 2H; Ar-H); 13C NMR (100 MHz,
CDCl3): d� 14.36 (CH3), 21.51 (Tos-CH3), 46.82 (NCH2), 61.44 (OCH2),
127.14, 127.32, 128.29, 129.77, 130.83, 131.20, 136.74, 137.62, 140.07, 143.60
(5Ar-Cq, 5Ar-CH), 166.12 (CO); MALDI-TOF-MS, (9-nitroanthracene):
m/z (%): 773.2 (68) [M�Ag]� , 704.1 (66) [M�K]� , 687.4 (65) [M�Na]� ;
C34H36N2O8S2 (664.79): calcd C 61.43, H 5.46, N 4.21, S 9.65; found C 61.41,
H 5.47, N 4.18, S 9.42.


6,12,30,36-Tetrakis(ethoxycarbonyl)-2,17,26,41-tetrakis(4-tolylsulfonyl)-
2,17,26,41-tetraaza[3.3](3,3'')biphenylo(1,4)benzeno[3.3](2,5)benzeno-
(3,3'')biphenyloh3iphane (18 a): Diethyl 5,5'-bis(bromomethyl]biphenyl-
3,3'-dicarboxylate (13) (166 mg, 0.343 mmol) and 1,2,4,5-tetrakis[(4-tolyl-
sulfonylamino)methyl]benzene 17 (139 mg, 0.171 mmol) were separately
dissolved in DMF (50 mL). Both solutions were added simultaneously by
means of a perfusor over 8 h to a suspension of K2CO3 (100 mg, 0.72 mmol)
in DMF (50 mL) at room temperature under an argon atmosphere.
Following the addition, stirring was maintained for a further 12 h. The
solvent was evaporated in vacuo and the residue treated with CHCl3/water
(100 mL, 1:1). The organic layer was separated, washed three times with
water, dried with Na2SO4, filtered, and concentrated in vacuo. Recrystal-
lization from ethyl acetate gave 18 a (72 mg; 29 %) as a colorless solid:
M.p. 182 8C; Rf� 0.46 (silica, CHCl3/acetone, 50:1); 1H NMR (400 MHz,


Scheme 12. Preparation of the biphenylo-pseudo-beltane 8.
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CDCl3): d� 1.37 (t, 3J(H,H)� 7 Hz, 12 H; CH3), 2.38 (s, 12H; Tos-CH3),
3.67 (br, 4H; NCH), 4.07 (d, 2J(H,H)� 15 Hz, 4H; NCH), 4.20 (d,
2J(H,H)� 15 Hz, 4 H; NCH) 4.26-4.51 (m, 12H; OCH2, NCH), 6.46 (s, 4H;
Ar-H), 7.31 (d, 3J(H,H)� 8 Hz, 8 H; Tos-H), 7.62 (d, 3J(H,H)� 8 Hz, 8H;
Tos-H), 7.64 (s, 2 H; Ar-H), 7.90 (s, 4 H; Ar-H), 7.97 (s, 4 H; Ar-H); 13C NMR
(100 MHz, CDCl3): d� 14.41 (CH3), 21.62 (Tos-CH3), 51.14 (NCH2), 53.92
(NCH2), 61.37 (OCH2), 127.00 (Ar-CH), 127.48 (Ar-CH), 128.95 (Ar-CH),
129.88 (Ar-Cq), 130.28 (Ar-CH), 131.05 (Ar-Cq), 133.93 (Ar-CH), 134.14
(Ar-CH), 137.05 (Ar-Cq), 137.14 (Ar-Cq), 140.39 (Ar-Cq), 144.26 (Ar-Cq),
166.08 (CO); MALDI-TOF-MS, (9-nitroanthracene): m/z (%): 1493.4 (89)
[M�K]� , 1476.5 (100) [M�Na]� ; C78H78N4O16S4 (1455.73): calcd for
C78H78N4O16S4H2O: C 63.57, H 5.47, N 3.80, S 8.70; found C 63.84, H 5.46,
N 3.55, S 8.94.


6,12-Bis(ethoxycarbonyl)-2,17-bis(4-tolylsulfonyl)-2,17-diaza[3.3](1,2)ben-
zeno(3,3'')biphenyloh2iphane (20 a) and 6,12,30,36-Tetrakis(ethoxycarbon-
yl)-2,17,26,41-tetrakis(4-tolylsulfonyl)-2,17,26,41-tetraaza[3.3.3.3](1,2)ben-
zeno(3,3'')biphenylo(1,2)benzeno(3,3'')biphenyloh4iphane (20 b): Diethyl
5,5'-bis[(4-tolylsulfonylamino)methyl]biphenyl-3,3'-dicarboxylate (16)
(57 mg, 0.086 mmol) and 1,2-bis(bromomethyl)benzene (19) (23 mg,
0.086 mmol) were separately dissolved in DMF (50 mL). Both solutions
were added simultaneously by means of a perfusor over 8 h to a suspension
of K2CO3 (100 mg, 0.72 mmol) in DMF (50 mL) at room temperature
under an argon atmosphere. Following the addition, stirring was main-
tained for a further 12 h. The solvent was evaporated in vacuo and the
residue treated with CHCl3/water (100 mL, 1:1). The organic layer was
separated, washed three times with water, dried with Na2SO4, filtered, and
concentrated in vacuo. Purification by thin-layer chromatography gave 20b
(4 mg; 6 %) and 20a (10 mg; 16%) as colorless crystals: M.p. 211 8C; Rf�
0.72 (silica, CHCl3/acetone, 50:1); 1H NMR (400 MHz, CDCl3): d� 1.42 (t,
3J(H,H)� 7 Hz, 6 H; CH3), 2.43 (s, 6 H; Tos-CH3), 4.41 (q, 3J(H,H)� 7 Hz,
4H; OCH2), 4.50 (s, 4 H; NCH2), 4.59 (s, 4H; NCH2), 6.96 ± 7.01 (m, 2H;
Ar-H), 7.03 ± 7.08 (m, 2H; Ar-H), 7.26 (s, 2 H; Ar-H), 7.33 (d, 3J(H,H)�
7 Hz, 4H; Tos-H), 7.75 (d, 3J(H,H)� 7 Hz, 4H; Tos-H), 7.79 (s, 2 H; Ar-H),
8.16 (s, 2 H; Ar-H); 13C NMR (100 MHz, CDCl3): d� 14.76 (CH3), 21.93
(Tos-CH3), 48.58 (NCH2), 50.67 (NCH2), 61.72 (OCH2), 125.14 (Ar-CH),
127.15 (Ar-CH), 127.91 (Ar-CH), 127.96 (Ar-CH), 128.33 (Ar-CH), 130.02
(Ar-CH), 131.86 (Ar-Cq), 132.76 (Ar-Cq), 135.36 (Ar-CH�Ar-Cq), 136.64
(Ar-Cq), 138.22 (Ar-Cq), 144.22 (Ar-Cq), 166.45 (CO); MALDI-TOF-MS,
(9-nitroanthracene): m/z (%): 790.9 (100) [M�Na]� , 768.7 (7) [M�H]� ;
C42H42N2O8S2 (766.92). 20 b : M.p. 172 8C; Rf� 0.49 (silica, CHCl3/acetone,
50:1); 1H NMR (400 MHz, CDCl3): d� 1.40 (t, 3J(H,H)� 7 Hz, 12H; CH3),
2.32 (s, 12H; Tos-CH3) , 4.14 (s, 8 H; NCH2), 4.34 (s, 8H; NCH2), 4.37 (q,
3J(H,H)� 7 Hz, 8 H; OCH2), 7.00 ± 7.05 (m, 4 H; Ar-H), 7.06 ± 7.11 (m, 4H;
Ar-H), 7.16 (s, 4H; Ar-H), 7.18 (d, 3J(H,H)� 7 Hz, 8H; Tos-H), 7.51 (s, 4H;
Ar-H), 7.58 (d, 3J(H,H)� 7 Hz, 8H; Tos-H), 7.78 (s, 4H; Ar-H); 13C NMR
(100 MHz, CDCl3): d� 14.42 (CH3), 21.48 (Tos-CH3), 50.54 (NCH2), 51.86
(NCH2), 61.22 (OCH2), 126.89, 127.22, 128.08, 128.79, 129.32, 129.75,
130.79, 130.93, 133.98, 136.07, 136.98, 139.50, 143.47 (7Ar-CH�6 Ar-Cq),
165.88 (CO); MALDI-TOF-MS, (9-nitroanthracene): m/z (%): 1572.1 (19)
[M�K]� , 1556.1 (100) [M�Na]� , 1379.2 (22) [MÿTos]� ; C84H84N4O16S4


(1533.84).


6,12,20,22-Tetrakis(ethoxycarbonyl)-2,17-bis(4-tolylsulfonyl)-2,17-diaza-
[3.3](1,3)benzeno(3,3'')biphenyloh2iphane (22a): Diethyl 5,5'-bis[(4-tolyl-
sulfonylamino)methyl]biphenyl-3,3'-dicarboxylate (16) (57 mg, 0.086 mmol)
and diethyl 2,4-bis(bromomethyl)benzene-1,5-dicarboxylate (21) (35 mg,
0.086 mmol) were separately dissolved in DMF (50 mL). Both solutions
were added simultaneously by means of a perfusor over 8 h to a suspension
of K2CO3 (100 mg, 0.72 mmol) in DMF (50 mL) at room temperature
under an argon atmosphere. Following the addition, stirring was main-
tained for a further 12 h. The solvent was evaporated in vacuo and the
residue treated with CHCl3/water (100 mL, 1:1). The organic layer was
separated, washed three times with water, dried with Na2SO4, filtered, and
concentrated in vacuo. Purification by thin-layer chromatography gave 22a
(16 mg; 21 %) as colorless crystals: M.p. 68 8C; Rf� 0.31 (silica, CHCl3/
acetone, 50:1); 1H NMR (400 MHz, CDCl3): d� 1.15 (t, 3J(H,H)� 7 Hz,
6H; CH3), 1.33 (t, 3J(H,H)� 7 Hz, 6H; CH3), 2.31 (s, 6 H; Tos-CH3), 4.06
(q, 3J(H,H)� 7 Hz, 4 H; OCH2), 4.31 (q, 3J(H,H)� 7 Hz, 4H; OCH2), 4.57
(br, 4 H; NCH2), 4.92 (s, 4 H; NCH2), 7.22 (s, 2 H; Ar-H), 7.29 (d, 3J(H,H)�
7 Hz, 4H; Tos-H), 7.62 (s, 2 H; Ar-H), 7.86 (s, 1 H; Ar-H), 7.87 (d, 3J(H,H)�
7 Hz, 4H; Tos-H), 7.99 (s, 2H; Ar-H), 8.73 (s, 1 H; Ar-H); 13C NMR
(100 MHz, CDCl3): d� 14.01 (CH3), 14.40 (CH3), 21.56 (Tos-CH3), 49.13


(NCH2), 53.81 (NCH2), 61.22 (OCH2), 61.48 (OCH2), 125.04 (Ar-CH),
127.04 (Ar-CH), 127.85 (Ar-CH), 128.85 (Ar-Cq), 130.05 (Ar-CH), 130.84
(Ar-Cq), 131.17 (Ar-CH), 132.58 (Ar-CH), 135.32 (Ar-CH), 135.38 (Ar-Cq),
137.49 (Ar-Cq), 138.20 (Ar-Cq), 143.92 (Ar-Cq), 143.97 (Ar-Cq), 165.84
(CO), 166.28 (CO); MALDI-TOF-MS, (9-nitroanthracene): m/z (%): 949.5
(19) [M�K]� , 934.5 (100) [M�Na]� , 911.5 (65) [M�H]� , 758.83 (16) [Mÿ
Tos]� ; C48H50N2O12S2 (911.05).


6,12-Bis(ethoxycarbonyl)-2,17-bis(4-tolylsulfonyl)-2,17-diaza[3.3](1,4)ben-
zeno(3,3'')biphenyloh2iphane (24): Diethyl 5,5'-bis[(4-tolylsulfonylamino)-
methyl]biphenyl-3,3'-dicarboxylate (16) (57 mg, 0.086 mmol) and 1,4-
bis(bromomethyl)benzene (23) (23 mg, 0.086 mmol) were separately dis-
solved in DMF (50 mL). Both solutions were added simultaneously by
means of a perfusor over 8 h to a suspension of K2CO3 (100 mg, 0.72 mmol)
in DMF (50 mL) at room temperature under an argon atmosphere.
Following the addition, stirring was maintained for a further 12 h. The
solvent was evaporated in vacuo and the residue treated with CHCl3/water
(100 mL, 1:1). The organic layer was separated, washed three times with
water, dried with Na2SO4, filtered, and concentrated in vacuo. The crude
solid was suspended in EtOH to induce crystallization. The colorless
crystals were filtered off and dried in vacuo to yield 24 (28 mg; 42%):
M.p. 289 8C; Rf� 0.54 (silica, CHCl3/acetone, 50:1); 1H NMR (400 MHz,
CDCl3): d� 1.35 (t, 3J(H,H)� 7 Hz, 6H; CH3), 2.39 (s, 6H; Tos-CH3), 4.23
(s, 4H; NCH2), 4.30 (s, 4 H; NCH2), 4.33 (q, 3J(H,H)� 7 Hz, 4 H; OCH2),
6.35 (s, 2H; Ar-H), 7.27 (s, 4H; Ar-H), 7.28 (d, 3J(H,H)� 7 Hz, 4H; Tos-H),
7.70 (d, 3J(H,H)� 7 Hz, 4 H; Tos-H), 7.78 (s, 2H; Ar-H), 7.94 (s, 2H; Ar-H);
13C NMR (100 MHz, CDCl3): d� 14.42 (CH3), 21.60 (Tos-CH3), 54.32
(NCH2), 55.23 (NCH2), 61.27 (OCH2), 127.17 (Ar-CH), 127.54 (Ar-CH),
128.31 (Ar-CH), 129.96 (2 Ar-CH), 130.81 (Ar-Cq), 132.38 (Ar-CH), 135.34
(Ar-Cq), 137.55 (Ar-Cq), 137.64 (Ar-Cq), 140.39 (Ar-Cq), 143.92 (Ar-Cq),
166.25 (CO); MALDI-TOF-MS, (9-nitroanthracene): m/z (%): 805.3 (100)
[M�K]� , 789.3 (96) [M�Na]� , 767.3 (19) [M�H]� ; C42H42N2O8S2 (766.92).


6,12,54,60-Tetrakis(ethoxycarbonyl)-2,17,26,35,38,47,50,65-oktakis(4-tolyl-
sulfonyl)-2,17,26,35,38,47,50,65-oktaaza[3.3](3,3'')biphenylo(1,3)benzeno-
[3.3](4,6)benzeno(1,3)benzeno[3.3](4,6)benzeno(1,3)benzeno[3.3](4,6)ben-
zeno(3,3'')biphenyloh5iphane (6): Diethyl 5,5'-bis[(4-tolylsulfonylamino)-
methyl]biphenyl-3,3'-dicarboxylate (16) (57 mg, 0.086 mmol) and tetra-
bromide 25 (60 mg, 0.043 mmol) were separately dissolved in DMF
(25 mL). Both solutions were added simultaneously by means of a perfusor
over 8 h to a suspension of K2CO3 (100 mg, 0.72 mmol) in DMF (20 mL) at
room temperature under an argon atmosphere. Following the addition,
stirring was maintained for a further 12 h. The solvent was evaporated in
vacuo and the residue treated with CH2Cl2/water (100 mL, 1:1). The
organic layer was separated, washed three times with water, dried with
Na2SO4, filtered, and concentrated in vacuo. Purification by thin-layer
chromatography and recrystallization from benzene gave 6 (12 mg; 12%)
as colorless crystals: M.p. > 280 8C; Rf� 0.78 (silica, CHCl3/acetone, 50:1);
1H NMR (400 MHz, CD2Cl2): d� 1.40 (t, 3J(H,H)� 7 Hz, 12H; CH3), 2.37
(s, 24 H; Tos-CH3), 3.34-5.22 (br, 40 H; CH2), 6.11 (s, 2H; Ar-H), 6.42 (s,
2H; Ar-H), 6.63 (s, 2H; Ar-H), 7.36 (s, 4H; Ar-H), 7.59 (d, 3J(H,H)� 7 Hz,
16H; Tos-H), 7.77 (d, 3J(H,H)� 7 Hz, 16H; Tos-H), 7.91 (s, 4H; Ar-H), 8.07
(s, 4H; Ar-H); MALDI-TOF-MS, (9-nitroanthracene): m/z (%): 2431.3
(28) [M�K]� , 2415.3 (100) [M�Na]� , 2238.3 (22) [MÿTos]� ;
C126H126N8O24S8 (2392.91).


5,7,14,16-Tetrakis(ethoxycarbonyl)-2,11-bis(benzenesulfonyl)-2,11-diaza-
[3.3]metacyclophane (28a): A solution of dibromide 26 (6.18 g, 20 mmol),
dissolved in DMF (60 mL) was added within 1 h to a suspension of
benzenesulfonamide monosodium salt 27 a (3.58 g, 20 mmol) in DMF
(400 mL) under an argon atmosphere at 80 8C. Additional benzenesulfon-
amide monosodium salt 27 a (3.58 g, 20 mmol) was added to the reaction
mixture, which was then heated for a further 4 h. The solvent was
evaporated in vacuo and the remaining residue treated with CH2Cl2. The
undissolved components were removed by filtration and the filtrate was
washed three times with water, dried with Na2SO4, filtered, and concen-
trated in vacuo. Recrystallization from ethyl ester gave 28 a (2.08 g; 27%)
as colorless crystals: M.p. 281 8C; Rf� 0.14 (silica, CHCl3/acetone, 100:1);
1H NMR (250 MHz, CDCl3): d� 1.30 (t, 3J(H,H)� 7 Hz, 12H; CH3), 4.23
(q, 3J(H,H)� 7 Hz, 8H; OCH2) 4.86 (br, 8H; NCH2), 7.64 (m, 6H; Ar-H),
7.89 (s, 2 H; Ar-H), 7.97 ± 8.07 (m, 4H; Ar-H), 8.27 (s, 2H; Ar-H); 13C NMR
(100 MHz, CDCl3): d� 14.21 (CH3), 50.62 (NCH2), 61.37 (OCH2), 127.50
(Ar-CH), 127.97 (Ar-Cq), 129.62 (Ar-CH), 131.74 (Ar-CH), 133.00 (Ar-
CH), 135.92 (Ar-CH), 139.22 (Ar-Cq), 140.97 (Ar-Cq), 165.86 (CO); MS
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(FAB m-nitrobenzyl alcohol): m/z (%): 829.2 (8) [M�Na]� , 807.2 (100)
[M�H]� , 665.2 (68) [Mÿ SO2C6H5]� ; C40H42N2O12S2 (758.86).


5,7,14,16-Tetrakis(ethoxycarbonyl)-2,11-bis(4-tert-butylbenzenesulfonyl)-
2,11-diaza[3.3]metacyclophane (28 c): A solution of 26 (4.08 g, 10 mmol),
dissolved in DMF (30 mL) was added within 1 h to a suspension of 4-tert-
butylbenzenesulfonamide monosodium salt (27c) (2.35 g, 10 mmol) in
DMF (200 mL) under an argon atmosphere at 80 8C. Additional 4-tert-
butylbenzenesulfonamide monosodium salt (27c) (2.35 g, 10 mmol) was
added to the reaction mixture which was then heated for a further 4 h. The
solvent was evaporated in vacuo and the remaining residue treated with
CH2Cl2. The undissolved components were removed by filtration and the
filtrate was washed three times with water, dried with Na2SO4, filtered, and
concentrated in vacuo. Recrystallization from ethyl ester gave 28c (1.18 g;
26%) as colorless crystals: M.p. 231 8C; Rf� 0.30 (silica, CHCl3/acetone,
100:1); 1H NMR (400 MHz, CDCl3): d� 1.29 (t, 3J(H,H)� 7 Hz, 12H;
CH3), 1.37 (s, 18 H; CH3), 4.23 (q, 3J(H,H)� 7 Hz, 8H; OCH2) 4.86 (br, 8H;
NCH2), 7.62 (d, 3J(H,H)� 8 Hz, 4H; Ar-H), 7.89 (s, 2H; Ar-H), 7.93 (d,
3J(H,H)� 8 Hz, 4 H; Ar-H), 8.31 (s, 2H; Ar-H); 13C NMR (100 MHz,
CDCl3): d� 14.17 (CH3), 31.15 (CH3), 35.23 (Cq), 50.62 (NCH2), 61.31
(OCH2), 126.58 (Ar-CH), 127.28 (Ar-CH), 127.86 (Ar-Cq), 131.66 (Ar-CH),
136.04 (Ar-CH), 136.25 (Ar-Cq), 141.15 (Ar-Cq), 156.53 (Ar-Cq), 165.88
(CO); MS (FAB m-nitrobenzyl alcohol): m/z (%): 941.4 (11) [M�Na]� ,
919.4 (43) [M�H]� , 721.3 (46) [MÿSO2C6H4C(CH3)3]� ; C48H58N2O12S2


(919.11): calcd C 62.73, H 6.36, N 3.05; found C 62.90, H 6.38, N 2.85.


5,7,14,16-Tetrakis(hydroxymethyl)-2,11-bis(4-tert-butylbenzenesulfonyl)-
2,11-diaza[3.3] metacyclophane (29): A stirred suspension of tetraester 28 c
(688 mg, 0.75 mmol) and lithium borohydride (245 mg, 11.23 mmol) in dry
THF (40 mL) was refluxed for 6 h. The cooled mixture was evaporated in
vacuo. Water (100 mL) was added to the remaining residue and the
suspension obtained was stirred for 30 min at room temperature to dissolve
the inorganic salts, while the tetraalcohol remained undissolved. The
tetraalcohol was filtered, washed with water, and dried in vacuo at 50 8C to
give 29 (536 mg, (95 %): M.p. 282 8C; 1H NMR (400 MHz, DMSO): d� 1.37
(s, 18 H; CH3), 4.40 (br, 16 H; CH2), 4.83 (t, 3J(H,H)� 5 Hz, 4H; OH), 6.95
(s, 2H; Ar-H), 7.34 (s, 2H; Ar-H), 7.73 (d, 3J(H,H)� 8 Hz, 4 H; Ar-H), 7.90
(d, 3J(H,H)� 8 Hz, 4H; Ar-H); 13C NMR (100 MHz, DMSO): d� 30.89
(CH3), 35.01 (Cq), 51.63 (NCH2), 60.14 (OCH2), 125.66, 126.54, 127.24,
129.83, 135.06, 138.33, 139.15, 156.11 (4Ar-Cq, 4Ar-CH); MS (FAB m-
nitrobenzyl alcohol): m/z (%): 773.4 (100) [M�Na]� , 751.4 (48) [M�H]� ,
733.4 (41) [MÿH2O]� , 715.4 (41) [Mÿ 2H2O]� , 553.3 (33) [Mÿ
SO2C6H4C(CH3)3]� ; C40H50N2O8S2 (750.97).


5,7,14,16-Tetrakis(bromomethyl)-2,11-bis(4-tert-butylbenzenesulfonyl)-
2,11-diaza[3.3]metacyclophane (30): PBr3 (3 mL, 31 mmol) was added over
2 h to a stirred suspension of the tetraalcohol 29 (503 mg, 0.67 mmol) in dry
CHCl3 (50 mL). The mixture was then stirred and heated for 8 h. The
cooled mixture was poured into ice ± water and stirred for 1 h. The organic
layer was separated, washed three times with NaHCO3 solution, dried with
Na2SO4, filtered, and evaporated in vacuo. Recrystallization from toluene
gave 30 (588 mg; 88 %) as colorless crystals: M.p. 243 8C; Rf� 0.53 (silica,
CHCl3/acetone, 50:1); 1H NMR (400 MHz, CDCl3): d� 1.41 (s, 18H; CH3),
4.46 (br, 16 H; CH2), 6.95 (s, 2 H; Ar-H), 7.35 (s, 2H; Ar-H), 7.66 (d,
3J(H,H)� 8 Hz, 4H; Ar-H), 7.87 (d, 3J(H,H)� 8 Hz, 4H; Ar-H); 13C NMR
(100 MHz, CDCl3): d� 29.94 (CH2Br), 31.19 (CH3), 35.40 (Cq), 52.01
(NCH2), 125.37, 126.76, 127.37, 128.30, 129.11, 132.78, 133.03, 137.94 (4Ar-
Cq, 4Ar-CH); MS (FAB m-nitrobenzyl alcohol): m/z (%): 1003.0 (74)
[M�H]� , 923.0 (100) [M�HÿBr]� ; C40H46Br4N2O4S2 (1002.55): calcd C
47.92, H 4.62, N 2.79, S 6.40; found C 48.17, H 4.76, N 2.70, S 6.21.


6,12,42,48-Tetrakis(ethoxycarbonyl)-26,35-bis(4-tert-butylbenzenesul-
fonyl)-2,17,38,53-tetrakis(4-tolylsulfonyl)-2,17,26,35,38,53-hexaaza[3.3]-
(3,3'')biphenylo(1,3)benzeno[3.3](4,6)benzeno(1,3)benzeno[3.3](4,6)ben-
zeno(3,3'')biphenyloh4iphane (5): Diethyl 5,5'-bis[(4-tolylsulfonylamino)-
methyl]biphenyl-3,3'-dicarboxylate (16) (100 mg, 0.150 mmol) and tetra-
bromide 30 (75 mg, 0.075 mmol) were separately dissolved in DMF
(50 mL). Both solutions were added simultaneously by means of a perfusor
over 8 h to a suspension of K2CO3 (100 mg, 0.72 mmol) in DMF (50 mL) at
room temperature under an argon atmosphere. Following the addition,
stirring was maintained for a further 12 h. The solvent was evaporated in
vacuo and the residue treated with CH2Cl2/water (100 mL, 1:1). The
organic layer was separated, washed three times with water, dried with
Na2SO4, filtered, and concentrated in vacuo. Purification by thin-layer
chromatography and recrystallization from acetonitrile gave 5 (29 mg;


19%) as colorless crystals: M.p. 197 ± 199 8C; Rf� 0.71 (silica, CHCl3/
acetone, 50:1); 1H NMR (400 MHz, CD2Cl2): d� 1.31 (s, 18H; CH3), 1.35
(t, 3J(H,H)� 7 Hz, 12H; CH3), 2.41 (s, 12H; Tos-CH3), 3.80 ± 5.25 (br, 24H;
NCH2), 4.37 (q, 3J(H,H)� 7 Hz, 8H; OCH2), 6.07 (s, 2H; Ar-H), 6.96 (s,
4H; Ar-H), 7.33-7.47 (m, 10H; Tos-H�Ar-H), 7.50 ± 7.64 (m, 8 H; Ar-H),
7.85 (s, 4H; Ar-H), 7.90 (s, 4H; Ar-H), 7.94 (d, 3J(H,H)� 8 Hz, 8 H; Tos-H);
13C NMR (100 MHz, CDCl3): d� 14.42 (CH3), 21.58 (Tos-CH3) 31.09
(CH3), 35.28 (Cq), 48.18 (NCH2), 54.29 (NCH2), 54.62 (NCH2), 61.34
(OCH2), 125.04, 125.17, 126.69 (br), 127.51 (br.), 130.19 (br), 130.91, 131.40,
131.91 (br), 132.18, 133.43, 135.76, 136.44, 136.73, 137.29, 143.77, 144.05,
156.73, (9 Ar-CH�9 Ar-Cq), 166.15 (CO); MALDI-TOF-MS, (9-nitro-
anthracene): m/z (%): 2048.1 (21) [M�K]� , 2030.2 (100) [M�Na]� , 1875.3
(8) [M�NaÿTos]� , 1813.2 (6) [Mÿ SO2C6H4C(CH3)3]� ; C108H114N6O20S6


(2008.48).


Dimethyl 5-iodo-benzene-1,3-dicarboxylate (32): A solution of sodium
nitrite (17.25 g, 0.25 mmol) in water (300 mL) was added to a suspension of
dimethyl 5-amino-benzene-1,3-dicarboxylate (31) (52.30 g, 0.25 mol) in
hydrochloric acid (150 mL, 20%) at ÿ 5 8C. Toluene (400 mL) and then a
solution of potassium iodide (84.00 g, 0.50 mol) in water (200 mL) was
slowly added to the suspension. Following the addition, the suspension was
stirred for a further 12 h at room temperature and afterwards heated for 1 h
under reflux. The organic layer was separated, washed three times
with water, dried with Na2SO4, filtered, and concentrated in vacuo.
Recrystallization from methanol gave 32 (35.73 g, 45%) as color-
less crystals: M.p. 104 8C; Rf� 0.53 (silica, CHCl3/acetone, 50:1); 1H
NMR (400 MHz, CDCl3): d� 3.85 (s, 6 H; CH3), 8.26 (s, 2 H; Ar-H), 8.73
(s, 1 H; Ar-H); MS 50 (210 8C, 70 eV, 300 mA): m/z (%): 320 (83) [M]� , 289
(100) [MÿCH3O]� ; HR-EI: calcd 319.9556, found 319.9551; C10H9IO4


(320.08).


3,3'',5,5''-Tetrakis(methoxycarbonyl)biphenyl (33): A mixture of 32 (15.00 g,
0.05 mol) and copper powder (15 g, 0.24 mol) was heated slowly to 220 8C.
After 2 h the temperature was increased to 250 8C and maintained for 1 h.
The solid was extracted three times with CHCl3, dried with Na2SO4,
filtered, and concentrated in vacuo. The crude product was suspended in
acetone, filtered off, and dried. Compound 33 (5.32 g; 59%) was obtained
as a colorless solid: M.p. 213 8C; Rf� 0.43 (silica, CHCl3/acetone, 50:1); 1H
NMR (400 MHz, CDCl3): d� 3.97 (s, 12 H; CH3), 8.48 (s, 4 H; Ar-H), 8.70
(s, 2H; Ar-H); 13C NMR (100 MHz, CDCl3): d� 52.65 (CH3), 130.28 (Ar-
Cq), 131.58 (Ar-CH), 132.34 (Ar-CH), 139.89 (Ar-Cq); MS 50 (210 8C,
70 eV, 300 mA): m/z (%): 386 (86) [M]� , 355 (100) [MÿCH3O]� ; HR-EI:
calcd 386.0991, found 386.0992; C20H18O8 (386.36).


3,3'',5,5''-Tetrakis(iodomethyl)biphenyl (36): A stirred suspension of
3,3'5,5'-tetrakis(hydroxymethyl)biphenyl (34) (220 mg, 0.80 mmol) and
hydriodic acid (30 mL, 57%) was refluxed for 2 h. The precipitate was
filtered off, washed three times with water, and dried in vacuo. Recrystal-
lization from CH2Cl2 gave 36 (547 mg, 96 %) as colorless crystals:
M.p. 218 ± 220 8C; Rf� 0.76 (silica, CHCl3/acetone, 10:1); 1H NMR
(400 MHz, CDCl3): d� 4.48 (s, 8H; CH2), 7.39 (s, 2H; Ar-H), 7.43 (s, 4H;
Ar-H); 13C NMR (100 MHz, CDCl3): d� 4.60 (CH2I), 127.22, 127.63,
128.54, 140.84 (2Ar-Cq, 2Ar-CH); MS 50 (210 8C, 70 eV, 300 mA): m/z (%):
713.3 (10) [M]� , 586.6 (100) [Mÿ I]� , 459.8 (31) [Mÿ 2I]� , 332.9 (25)
[Mÿ 3I]� , 206.1 (32) [Mÿ 4I]� ; C16H14I4 (713.91).


3,3'',5,5''-Tetrakis[(N-acetyl-N-(4-tolylsulfonyl)-amino)methyl]biphenyl
(38): A solution of tetrabromide 35 (1.80 g, 3.42 mmol) dissolved in DMF
(30 mL) was added within 2 h to a suspension of N-acetyl-4-toluenesulfon-
amide 37 (3.65 g, 17.10 mmol) and K2CO3 (4.73 g, 34.2 mmol) in DMF
(50 mL) under an argon atmosphere at 80 8C. The mixture was stirred for a
further 18 h. The solvent was evaporated in vacuo and the remaining
residue treated with CH2Cl2. The undissolved components were removed
by filtration and the filtrate was washed three times with water, dried with
Na2SO4, filtered, and concentrated in vacuo. Recrystallization from
acetone gave 38 (3.12 g, 87 %) as colorless crystals: M.p. 138 8C; Rf� 0.53
(silica, CHCl3/acetone, 50:1); 1H NMR (400 MHz, CDCl3): d� 2.34 (s,
12H; CH3), 2.38 (s, 12H; CH3), 5.11 (s, 8H; NCH2), 7.29 (d, 3J(H,H)� 8 Hz,
8H; Tos-H), 7.34 (s, 2H; Ar-H), 7.36 (s, 4H; Ar-H), 7.66 (d, 3J(H,H)� 8 Hz,
8H; Tos-H); 13C NMR (100 MHz, CDCl3): d� 21.60 (Tos-CH3), 24.99 (CO-
CH3), 49.27 (NCH2), 125.74, 126.21, 127.73, 129.91, 136.42, 137.69, 141.09,
145.06 (4 Ar-Cq, 4 Ar-CH), 170.36 (CO); MS (FAB m-nitrobenzyl alcohol):
m/z (%): 1093.3 (18) [M�K]� , 1055.4 (61) [M�H]� ; 899.3 (72) [MÿTos]� ;
C52H54N4S4O12(1055.26).
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3,3'',5,5''-Tetrakis[(4-tolylsulfonylamino)methyl]biphenyl (39): A suspen-
sion of 38 (2.81, 2.66 mmol) and K2CO3 (6.91, 50 mmol) in MeOH/water
(150 mL, 20:1) was heated for 2 h under reflux. The solvent was evaporated
in vacuo and the remaining residue was washed with water (100 mL). The
crude product was purified by column chromatography (silica gel, CHCl3/
MeOH, 10:1) to give 39 (1.90 g, 81 %) as colorless crystals: M.p. 181 8C;
Rf� 0.33 (silica, CHCl3/MeOH, 10:1); 1H NMR (400 MHz, CDCl3): d�
2.33 (s, 12 H; CH3), 3.91 (d, 3J(H,H)� 6 Hz, 8H; NCH2), 6.15 (t, 3J(H,H)�
6 Hz, 4 H; NH), 6.90 (s, 2H; Ar-H), 7.17 (s, 4H; Ar-H), 7.23 (d, 3J(H,H)�
8 Hz, 8 H; Tos-H), 7.80 (d, 3J(H,H)� 8 Hz, 8H; Tos-H); 13C NMR
(100 MHz, CDCl3): d� 21.55 (Tos-CH3), 46.89 (NCH2), 126.00, 127.34,
127.39, 129.80, 136.63, 137.03, 140.18, 143.50 (4 Ar-Cq, 4 Ar-CH); MALDI-
TOF-MS, (9-nitroanthracene): m/z (%): 924.8 (13) [M�K]� , 909.1 (70)
[M�Na]� ; elemental analysis calcd for C44H46N4O8S4 (887.11): C 59.57, H
5.23, N 6.32, S 14.46; found C 59.07, H 5.20, N 6.13, S 14.43.


6,12,21,27-Tetrakis(ethoxycarbonyl)-2,17-bis(4-tert-butylbenzenesulfonyl)-
2,17-diaza [3.3](3,3'')(3,3'')biphenyloh2iphane (3): A solution of dibromide
13 (97 mg, 0.20 mmol), dissolved in DMF (50 mL) was added within 1 h to a
suspension of 4-tert-butylbenzenesulfonamide monosodium salt (27c)
(47 mg, 0.20 mmol) in DMF (50 mL) under an argon atmosphere at
80 8C. Additional 4-tert-butylbenzenesulfonamide monosodium salt (27c)
(47 mg, 0.20 mmol) was added to the reaction mixture, which was then
heated for a further 4 h. The solvent was evaporated in vacuo and the
remaining residue treated with CH2Cl2. The undissolved components were
removed by filtration and the filtrate was washed three times with water,
dried with Na2SO4, filtered, and concentrated in vacuo. Purification by
preparative layer chromatography (silica, CHCl3/acetone, 10:1) and
recrystallization from benzene gave 3 (36 mg, 34 %) as a colorless
substance: M.p. 249 8C; Rf� 0.41 (silica, CHCl3/acetone, 50:1); 1H NMR
(400 MHz, CDCl3): d� 1.38 (s, 18 H; CH3), 1.40 (t, 3J(H,H)� 7 Hz, 12H;
CH3), 4.35 (q, 3J(H,H)� 7 Hz, 8H; OCH2), 4.39 (s, 8H; NCH2), 7.34 (s, 4H;
Ar-H), 7.63 (d, 3J(H,H)� 9 Hz, 4 H; Ar-H), 7.65 (s, 4H; Ar-H), 7.74 (s, 4H;
Ar-H), 7.88 (d, 3J(H,H)� 9 Hz, 4H; Ar-H); 13C NMR (100 MHz, CDCl3):
d� 14.36 (CH3), 31.11 (CH3), 35.29 (Cq), 53.91 (NCH2), 61.21 (OCH2),
126.57 (Ar-CH), 127.23 (Ar-CH), 127.36 (Ar-CH), 129.01 (Ar-CH), 131.02
(Ar-Cq), 131.88 (Ar-CH), 135.32 (Ar-Cq), 136.93 (Ar-Cq), 139.62 (Ar-Cq),
156.97 (Ar-Cq), 165.66 (CO); MS (FAB m-nitrobenzyl alcohol): m/z (%):
1109.2 (21) [M�K]� , 1093.3 (100) [M�Na]� , 1071.12 (27) [M�H]� ;
C60H66N2O12S2 (1071.31).


6,12,36,42-Tetrakis(ethoxycarbonyl)-2,17,32,47-tetrakis(4-tolylsulfonyl)-
2,17,32,47-tetraaza[3.3](3,3'')(3,3'')[3.3](5,5'')(3,3'')biphenyloh3iphane (4):
Diethyl 5,5'-bis(bromomethyl]biphenyl-3,3'-dicarboxylate (13) (100 mg,
0.207 mmol) and 3,3'5,5'-tetrakis[(4-tolylsulfonylamino)methyl]biphenyl
(39) (92 mg, 0.103 mmol) were separately dissolved in DMF (50 mL). Both
solutions were added simultaneously by means of a perfusor over 8 h to a
suspension of K2CO3 (100 mg, 0.72 mmol) in DMF (50 mL) at room
temperature under an argon atmosphere. Following the addition, stirring
was maintained for a further 12 h. The solvent was evaporated in vacuo and
the residue treated with CHCl3/water (100 mL, 1:1). The organic layer was
separated, washed three times with water, dried with Na2SO4, filtered, and
concentrated in vacuo. Purification by thin-layer chromatography gave 4
(62 mg, 39 %) as colorless crystals: M.p. 173 8C; Rf� 0.44 (silica, CHCl3/
acetone 50:1); 1H NMR (400 MHz, CDCl3): d� 1.27 (t, 3J(H,H)� 7 Hz,
12H; CH3), 2.41 (s, 12 H; Tos-CH3), 4.02 (s, 8 H; NCH2), 4.13 (s, 8H;
NCH2), 4.23 (q, 3J(H,H)� 7 Hz, 8H; OCH2), 6.70 (s, 2H; Ar-H), 6.76 (s,
4H; Ar-H), 7.17 (s, 4H; Ar-H), 7.36 (d, 3J(H,H)� 8 Hz, 8 H; Tos-H), 7.60 (s,
4H; Ar-H) 7.75 (d, 3J(H,H)� 8 Hz, 8H; Tos-H), 7.76 (s, 4 H; Ar-H); 13C
NMR (100 MHz, CDCl3): d� 14.35 (CH3), 21.62 (Tos-CH3), 52.12 (NCH2),
52.56 (NCH2), 61.29 (OCH2), 127.06, 127.22, 127.37, 128.60, 129.00, 130.15,
131.21, 131.87, 135.95, 136.45, 137.04, 139.05, 139.50, 144.00 (7Ar-Cq, 7Ar-
CH), 165.86 (CO); MALDI-TOF-MS, (9-nitroanthracene): m/z (%):
1569.3 (53) [M�K]� , 1554.2 (100) [M�Na]� ; C84H82N4O16S4 (1531.83).


2,17,26,35-Tetrakis(4-tolylsulfonyl)-2,17,26,35-tetraaza[3.3.3.3](3,3'')(3,3'')-
biphenylo(5,5'')(5,5'')biphenyloh2iphane (7a) and 2,11,26,35-Tetrakis(4-tol-
ylsulfonyl)-2,11,26,35-tetraaza[3.3.3.3](3,3'')(3,5)biphenylo(3'',5'')(5,5'')bi-
phenyloh2iphane (7 b): 3,3'5,5'-Tetrakis(bromomethyl)biphenyl (35)
(53 mg, 0.10 mmol) and 3,3'5,5'-tetrakis[(4-tolylsulfonylamino)methyl]bi-
phenyl (39) (89 mg, 0.10 mmol) were separately dissolved in DMF (50 mL).
Both solutions were added simultaneously by means of a perfusor over 8 h
to a suspension of K2CO3 (100 mg, 0.72 mmol) in DMF (50 mL) at room
temperature under an argon atmosphere. Following the addition, stirring


was maintained for a further 12 h. The solvent was evaporated in vacuo and
the residue was extracted with CH2Cl2. Purification by thin-layer chroma-
tography gave 7 a ± b (76 mg, 70%) as a mixture of both isomers. The
mixture was treated with DMF to dissolve isomer 7b. The residue was
filtered off and dried in vacuo to yield 7 a (33 mg, 30%) as a colorless
substance. The filtrate was evaporated in vacuo to yield 7b (43 mg, 40 %) as
a colorless substance. 7a : M.p. > 300 8C; Rf� 0.72 (silica, CHCl3/acetone
50:1); 1H NMR (400 MHz, CD2Cl2): d� 2.42 (s, 12H; Tos-CH3), 4.47-5.38
(br, 16 H; NCH2), 7.03 (s, 4H; Ar-H), 7.10 (s, 8H; Ar-H), 7.39 (d, 3J(H,H)�
8 Hz, 8H; Tos-H), 7.76 (d, 3J(H,H)� 8 Hz, 8H; Tos-H); MALDI-TOF-MS,
(9-nitroanthracene): m/z (%): 1127.5 (100) [M�K]� , 1112.5 (98) [M�Na]� ,
1089.5 (21) [M�H]� ; C60H56N4O8S4 (1089.37). 7 b : M.p. 155 8C; Rf� 0.72
(silica, CHCl3/acetone 50:1); 1H NMR (400 MHz, CD2Cl2): d� 2.38 (s,
12H; Tos-CH3), 3.77-4.55 (br, 16H; NCH2), 6.71 (s, 8 H; Ar-H), 7.41 (s, 4H;
Ar-H), 7.45 (d, 3J(H,H)� 8 Hz, 8 H; Tos-H), 7.86 (d, 3J(H,H)� 8 Hz, 8H;
Tos-H); 13C NMR (100 MHz, DMF): d� 21.32 (Tos-CH3), 55.27 (NCH2),
128.26 (Ar-CH), 129.53 (Ar-CH), 130.84 (Ar-CH), 132.22 (Ar-CH), 133.01
(Ar-Cq), 136.19 (Ar-Cq), 137.23 (Ar-Cq), 144.45 (Ar-Cq); MALDI-TOF-MS,
(9-nitroanthracene): m/z (%): 1127.3 (36) [M�K]� , 1112.3 (100) [M�Na]� ,
1089.3 (34) [M�H]� , 972.3 (4) [M�KÿTos]� , 957.3 (18) [M�NaÿTos]� ,
934.3 (9) [M�HÿTos]� ; C60H56N4O8S4 (1089.37).


29,38-Bis(4-tert-butylbenzenesulfonyl)-2,17,26,41-tetrakis(4-tolylsulfonyl)-
2,17,26,29,38,41-hexaaza[3.3](3,5)biphenylo(1,3)benzeno[3.3](4,6)benze-
no(1,3)benzeno[3.3](4,6)benzeno(3'',5'')biphenyloh3iphane (8): Tetrabro-
mide 30 (100 mg, 0.10 mmol) and 3,3'5,5'-tetrakis[(4-tolylsulfonylamino)-
methyl]biphenyl (39) (89 mg, 0.10 mmol) were separately dissolved in
DMF (50 mL). Both solutions were added simultaneously by means of a
perfusor over 8 h to a suspension of K2CO3 (100 mg, 0.72 mmol) in DMF
(50 mL) at room temperature under an argon atmosphere. Following the
addition, stirring was maintained for a further 12 h. The solvent was
evaporated in vacuo and the residue treated with CH2Cl2/water (100 mL,
1:1). The organic layer was separated, washed three times with water, dried
with Na2SO4, filtered, concentrated in vacuo, and purified by thin-layer
chromatography. The solid was suspended in benzene and filtered to yield
41 mg (26 %) 8 as colourless substance: M.p. 222 ± 224 8C; Rf� 0.39 (silica,
CHCl3/acetone 50:1); 1H NMR (400 MHz, DMF): d� 1.18 (s, 18H; CH3),
2.36 (s, 12H; Tos-CH3), 3.09-5.18 (br, 24H; NCH2), 7.31 (s, 4 H; Ar-H), 7.44
(d, 3J(H,H)� 8 Hz, 8 H; Tos-H), 7.47-7.52 (m, 8 H; Ar-H), 7.71 (d,
3J(H,H)� 8 Hz, 4 H; Ar-H), 7.80 (d, 3J(H,H)� 8 Hz, 8H; Tos-H), 7.88 (s,
2H; Ar-H); MALDI-TOF-MS, (9-nitroanthracene): m/z (%): 1604.0 (14)
[M�K]� , 1587.9 (57) [M�Na]� , 1565.9 (100) [M�H]� , 1410.9 (17) [Mÿ
Tos]� , 1369.9 (37) [Mÿ SO2C6H4C(CH3)3]� ; C84H88N6O12S6 (1566.02).


X-ray crystallographic data : Table 1 gives details of the structures of 3, 6,
and 7a . The structures were solved by direct methods (SHELXS-97).[29]


The non-hydrogen atoms were refined anisotropically, H atoms were
refined by using a riding model (full-matrix least-squares refinement on F2


(SHELXL-93)).[30] In 6 one DMF molecule is disordered. Crystallographic
data (excluding structure factors) for the structures 3, 6, 7 a, 13 reported in
this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-101490. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (Fax: (� 44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).
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Table 1. Crystallographic data, structure solution and refinement of 3, 6, and 7a.


Compound 6 7a 3


formula C126H126N8O24S8 ´ 8DMF C60H56N4O8S4 ´ 3CH2Cl2 C60H66N2O12S2 ´ 2C6H6


Mr 2977.6 1344.1 1227.5
dimensions [mm] 0.10� 0.20� 0.30 0.05� 0.10� 0.15 0.23� 0.35� 0.45
crystal system monoclinic monoclinic triclinic
space group P21/n (no. 14) P21/n (no. 14) P1Å (no. 2)
a [�] 16.7090(4) 16.7508(9) 10.2068(3)
b [�] 16.6596(2) 23.1611(17) 13.6082(3)
c [�] 27.2399(5) 17.3134(9) 13.8057(4)
a [8] 63.495(2)
b [8] 105.376(1) 111.759(3) 69.250(2)
g [8] 72.121(2)
V [�3] 7311.2(2) 6238.4(7) 1579.10(7)
Z 2 4 1
1 [g cmÿ3] 1.35 1.43 1.29
m [mmÿ1] 0.204 0.468 0.150
F(000) 3156 2792 652
diffractometer Nonius-CCD Nonius-CCD Nonius-CCD
radiation MoKa MoKa MoKa


l [�] 0.71073 0.71073 0.71073
T [K] 123(2) 123(2) 123(2)
2qmax. [8] 50 50 56.5


ÿ 19�h� 19 ÿ 19�h� 19 ÿ 3�h� 13
ÿ 19�k� 19 ÿ 27�h� 27 ÿ 18�h� 18
ÿ 32�h� 32 ÿ 20�h� 20 ÿ 16�h� 16


no. Of measured data 70996 56858 24619
no. Of unique data 11823 9739 5847
no. Of obs. Data 8016 5185 4972
for (I> 2s(I))
Rint 0.041 0.089 0.022
refinement on F2 F2 F2


no. of parameters/ 930/88 770/0 397/0
restraints
R [for F>s(F)] 0.038 0.044 0.034
wR2 (all data) 0.098 0.107 0.095
max/min difference peak [e �3] 0.609/ÿ 0.569 0.401/ÿ 0.427 0.253/ÿ 0.365
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Diels ± Alder Reactions


Grazia Cafeo,[a] Marco Giannetto,[a] Franz H. Kohnke,*[a] Giovanna L. La Torre,[a]


Melchiorre F. Parisi,[a] Stephan Menzer,[b] Andrew J. P. White,[b] and David J. Williams[b]


Abstract: The simple chemical modifi-
cation by Diels ± Alder reactions of the
cyclic hexamer of furan and acetone,
utilising two readily accessible dieno-
philes, benzyne and dimethylacetylene-
dicarboxylate (DMAD), is described.
The studies have explored the ease with
which different furan units within the
macrocycle can be converted into either
naphthalenes, o-phthalic ester residues
or 3,4-furandicarboxylate units. The cy-


cloaddition products are shown to differ
as a function of stoichiometry, regio-
chemistry and stereochemistry. The
problems encountered in the attempts
to aromatise the benzyne adducts to
their corresponding naphthafurophanes


hamper the exploitation of these com-
pounds as acenophane precursors. Sim-
ilarly, the DMAD adducts are not suit-
able precursors for derivatives contain-
ing phthalic acid units. On the other
hand, they readily provide access to
furanophanes containing carboxyl sub-
stituents. The X-ray crystal structures of
a variety of key derivatives have been
determined and their conformations
analysed and compared.


Keywords: calixarenes ´ Diels ±
Alder reactions ´ furan ´ macro-
cycles


Introduction


Over recent decades, the development of supramolecular
chemistry has been largely dominated by the design and
synthesis of macrocyclic compounds with potential receptor
capabilities.[1] Calixarenes are among some of the most
studied representatives of such compounds.[2] Extensive
research has been carried out on the chemical modification
of these macrocycles, which permits a degree of tuning of both
their physical properties and of their ability to act as
molecular receptors.[2, 3] To a large extent, the rapid develop-
ment of calixarene chemistry has resulted from the relative
ease with which these self-assemble upon the cyclooligomer-
isation of phenol derivatives and carbonyl compounds under
appropriate reaction conditions.[2] This self-assembling capa-
bility is also a property of some of the furan-based analogues
of calixarenes, which can be synthesised by the acid-promoted
condensation of furan and selected aldehydes and ketones.[4]


However, their chemical modification has been little explored
or exploited.[5] The cyclic tetramer of furan and acetone C 4 is


the most well known and accessible member of this series,[4]


but larger oligomers up to C 8 have been described in the
literature[4c] prior to our recent investigation, which has now
extended the current limit to C 9.[6]
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The Diels ± Alder reactivity of the furan units provides a
means for the chemical modification of these macrocycles.
The aromatisation of the adducts can in principle also be
exploited for the synthesis of other phanes containing acene
moieties linked at the 1,4-positions of their benzene sub-
units.[7] However, an initial attempt by Hart and Takehira to
convert C 4 into the corresponding [14](1,4)naphthalenophane
was unsuccessful, because the intermediate tetra-adduct with
benzyne could not be aromatised.[5a] More recently, we
reinvestigated this process,[8] confirmed this result and found
that only the monoaddition product of C 4 and benzyne can be
converted into the corresponding naphthafurophane. This
limitation was ascribed mainly to steric effects. On the basis of
these results, we decided to extend our studies to larger
homologues of C 4, which can be expected to be considerably
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more flexible, and to include other dienophiles besides
benzyne in our work.


Here we provide a full account of the results obtained so far
along this route, which includes the synthesis of several
benzyne and dimethylacetylenedicarboxylate (DMAD) ad-
ducts with C 6. We also describe the aromatisation leading to
naphthafurophanes of some of the benzyne adducts, the
aromatisation of the DMAD adducts to furanophanes con-
taining carboxyl functional groups and the structural charac-
terisation of several of these compounds.


Results and Discussion


We focused our attention on the cyclic oligomers of furan and
acetone, because the [1n](2,5)furophanes Cn, in which the link
between the furan units is an unsubstituted carbon atom, are
not readily obtainable.[9] Moreover, those obtainable from
aldehydes (in which the linking carbon atom is monosubsti-
tuted) exist as groups of stereoisomers, which adds an
undesired degree of complexity at the initial stages of our
investigation. We decided to focus our investigation on C 6
rather than C 5, because the former can be synthesised much
more easily.[6] In fact C 6 can be prepared by the cyclo-
dimerisation of L 3, which is readily available. On the other
hand, an efficient synthesis of C 5 can only be achieved by the
cyclisation of L 5 (which is not as easily synthesised and
purified as L3), since the condensation of L 2 with L 3 yields a
mixture of C 4, C 5 and C 6, in which C 5 is only a minor
component.[6] The macrocycle C 6 has also been characterised
by X-ray crystallography (Figure 1) and an analysis of its
solid-state structure reported in a preliminary communica-
tion.[6]


Key features of the structure include the presence of a
crystallographic C2 axis of symmetry passing through the
furan rings in the 1- and 4-positions. Despite the relatively
large ring size, there is no central void as two of the furan


Figure 1. The X-ray crystal structure of the cyclic hexamer of furan and
acetone C 6. The tilt angles[10] of the furan rings containing O(1), O(2), O(3)
and O(4) are 26, 95, 67 and 1688 respectively.


rings, with oxygen atoms numbered 1 and 4, are oriented
codirectionally and are approximately coplanar with the mean
plane of the macrocycle. The other four furan rings adopt a
near orthogonal up ± down ± up ± down geometry. The six
isopropylidene carbon atoms are coplanar to within 1.1 �
and thus the macroring can be considered to have an overall
discoid shape. The only feature of interest in the packing of
the structure is that crystallisation has occurred in a non-
centrosymmetric polar space group; there are however, no
notable intermolecular interactions.


Reaction of C 6 with benzyne : Extending our initial study[8] on
the conversion of the furan units of C 4 into acene units, we
subjected C 6 to multiple cycloaddition with benzyne gener-
ated by the pyrolysis of benzenediazonium-2-carboxylate.[11]


The choice of benzyne as the dienophilic component was
prompted by its high reactivity, low cost and absence of exo/
endo stereoisomerism of the adducts.


The cycloaddition products of C 6 (and its homologues)
with benzyne can differ as a function of:
1) the number of furan units, which have undergone cyclo-


addition (stoichiometry)
2) the relative position of the furan units, which have reacted


(regiochemistry)
3) the relative orientations of the various cycloadditions


(stereochemistry), which, for convenience, can be referred
to as either syn or anti with respect to a plane containing
the macrocycle in an ideal flattened-out and all oxygen
atoms �in� conformation.


The complexity arising from the existence of all these
possibilities is considerably reduced in the aromatised ad-
ducts, where the configurational syn/anti stereochemistry may
become merely conformational if the 2,3-carbon atom bridge
of the naphthalene units can pass through the central cavity of
the macrocycle.[11] For example, penta- and hexa-adducts of
C 6 with benzyne can exist as ten and six stereoisomers
respectively (including enantiomers). However, when aroma-
tised, each group should yield just a single compound.


Abstract in Italian: Si descrive la semplice funzionalizzazione,
mediante reazioni Diels ± Alder con due dienofili facilmente
disponibili, il benzino ed il dimetilacetilendicarbossilato
(DMAD), dell�esamero ciclico ottenuto da furano ed acetone.
In questo studio � stata investigata la facilità con cui le unità
furaniche del composto macrociclico possono essere convertite
in unità naftaleniche, esteree o-ftaliche, o unità furaniche
contenenti funzioni carbossilato alle loro posizioni 3,4. I
prodotti di cicloaddizione si differenziano per il rapporto
stechiometrico, la regiochimica e la stereochimica. Le difficoltà
incontrate nel tentativo di aromatizzare gli addotti con il
benzino per ottenere i corrispondenti naftafurofani ne limitano
lo sfruttamento quali precursori di acenofani. Analogamente
gli addotti con DMAD non sono precursori adatti ad ottenere
derivati contenenti residui o-ftalici, tuttavia essi possono essere
facilmente convertiti in furanofani contenenti funzioni carbos-
silato. Le strutture di svariati derivati di rilievo ottenuti nel
corso delle varie trasformazioni sono state determinate ai raggi
X e le loro conformazioni analizzate e confrontate.
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The crude mixtures obtained from the reaction of C 6 with
benzyne in various stoichiometric proportions were analysed
by thin layer chromatography (tlc) on SiO2 with toluene/
hexane (1:3) (Scheme 1). The cycloaddition products were


Chroma- 
tographic  
mobility
and 
compo-
sition


Ratio 
benzyne/ 
C6


6 9 12


mono-adduct


several 
bis-adducts


several bis- 
and tris-adducts


several tris- 
and tetra-adducts


several tetra -
and penta-adducts


several 
tetra-adducts


several 
tetra- and 
penta-adducts


fraction almost 
absent


fraction almost 
absent


fraction almost 
absent


fraction almost 
absent


fraction almost 
absent


6/A


6/B 9/B


9/C


9/D


12/C


12/D


12/E


fraction almost 
absent


fraction almost 
absent


several 
penta- and 
hexa-adducts


6/C


6/D


6/E 9/E


12/B


12/A9/A


Scheme 1. The crude mixtures from the cycloaddition of C 6 with 6, 9 and
12 moles of benzyne contain five chromatographic fractions in varying
proportions and compositions as indicated. In each case, the isolated
fractions are identified by a code (for example, 6/A for the first fraction to
be eluted in the reaction of C6 with 6 moles of benzyne, 6/B for the second
and so on). Rf values (SiO2, toluene/hexane 1:3) for fractions A, B, C, D and
E were 0.60, 0.40, 0.30, 0.25 and 0.20 respectively.


grouped into five chromatographic fractions. The yield of the
most chromatographically mobile fractions decreased and
that of the less mobile ones increased proportionally with the
amount of benzyne used in each reaction. However, as
revealed by positive-ion FAB-MS and 1H NMR data, these
fractions did not correspond to five different stoichiometric
proportions of cycloadded benzyne on C 6, their composition
being partly dependent upon the regio- and stereochemistry
of the cycloadditions. Assuming that the multiple cycloaddi-
tions of benzyne on C 6 take place in sequence, the large
excess of benzyne required to obtain significant quantities of
polyaddition products could result from a progressive de-
crease of the reactivity of the adducts as a function of the
cycloadded benzo units.


With the aim of converting all the adducts into the
corresponding naphthafurophanes, we initially focused our
attention on those which contained fewer cycloadded benzo
units, so that we could follow the chemical transformations
leading to the aromatised products more easily. Catalytic


hydrogenation of the olefinic double bond of the mono-
adduct 1 (fraction 6 A, Scheme 1) gave 2, which was aroma-
tised to give 3 (Scheme 2) by acid-promoted dehydra-
tion[5a, 12a±c] with TsOH in toluene. Other reagents such as
Ac2O/HCl, HClO4/EtOH and HCl/MeOH gave complex
mixtures and extensive decomposition of the products.[12a±c]


Attempts to aromatise the mono-adduct 1 by direct deoxyge-
nation with a variety of methods, which included the use of
TiClO4/LiAlH4/Et3N,[12d,e] NaBH4/CF3COOH[12f] and trime-
thylsilyl iodide in acetonitrile[12g] , were also unsuccessful.


Crystallisation of fraction 6/B (Scheme 1) with acetone
gave a product, which was characterised as the anti-1,4-bis-
adduct 5 (Scheme 3). The mother liquor was concentrated
and the residue was crystallised with ethyl acetate to give
another crystalline product, which was characterised as the
(� )-anti-1,3-bis-adduct 4 (Scheme 3). Their spectroscopic
NMR data allowed unambiguous assignments of their regio-
chemistry, however their anti stereochemistry could only be
established by X-ray analysis (Figure 2 and Figure 3). We
could not isolate as pure compounds any other isomers of 4
and 5, which are presumably also present in fraction 6/B.


Hydrogenation of the olefinic double bonds of 4 and 5 gave
compounds 6 and 7 respectively. These were aromatised to the
corresponding naphthafurophanes 8 and 9 (Scheme 3) by
acid-promoted dehydration, as described for the mono-
adduct 1. The naphthafurophane 8 also gave single crystals,
which were subjected to X-ray analysis (Figure 4).


Encouraged by the results obtained for the bis-adducts, we
extended the study to adducts of C 6 containing more than two
benzo units. Slow crystallisation of fraction 9/B (Scheme 1)
from ethyl acetate ± hexane afforded only a few single crystals
of a tris-adduct. The X-ray analysis shows that the isolated
tris-adduct 10 has a 1,2,4-epoxynaphthalene constitution and
with an anti-anti-syn configuration (Figure 5). However, due
to the very low yield, we found it impracticable to pursue the
synthesis and the isolation of this tris-adduct in the quantities
necessary for further synthetic work. The isolation of tris-
adduct 10 from a mixture, which certainly contained numer-
ous isomers, was probably due to its extremely low solubility
in most conventional organic solvents (including CHCl3,
toluene, methanol and acetone). Its 1H NMR spectrum could
be recorded only in [D6]DMSO at 100 8C. The lack of
symmetry in 10 is substantiated by the presence of 12
resonances (one overlapping) for the methyl groups, one
AB system and two AX systems for the pairs of protons on the
three different furan units. However, the resonances for the
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Scheme 2. The conversion of the mono-adduct 1 of C6 with benzyne to the aromatised naphthafurophane 3 : i) Pd/C, H2, CHCl3; ii) TsOH, PhMe.
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olefinic protons partly overlap with those of the benzo
protons.


The X-ray analyses of 4, 5 and 10 provide valuable
information on the structural behaviour of the macrocyclic
system C 6 as a consequence of multiple cycloaddition with
benzyne.


In 4 and 5, adjacent furan rings adopt an up ± down
orientation of their oxygen atoms with respect to the
macroring plane. In 10, all the furan rings have their oxygen
atoms oriented toward one face of the macrocyclic mean
plane and the two adjacent ones in the 5- and 6-positions


adopt a gauche orientation with respect to each other. A
similar gauche relationship also exists between the 1,2-located
epoxynaphthalene units, a conformation that is stabilised by
an intramolecular CÿH ´´´ O hydrogen-bonding interaction
between the benzo ring C(38)ÿH group of one unit and the
epoxy oxygen atom O(1) of the other. There is also a short
contact (2.29 �) between one of the methyl hydrogen atoms
attached to C(5A) and the epoxy oxygen atom O(2). In all
three benzyne adducts, there is an anti coplanar arrangement
of a CÿO bond in the furan rings and the CÿCH3 bond of at
least one adjacent isopropylidene unit. This feature is also
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Scheme 3. The conversion of the bis-adducts 4 and 5 of C6 with benzyne to the aromatised naphthafurophanes 8 and 9 : i) Pd/C, H2, CHCl3; ii) TsOH,
PhMe.


Figure 2. Left: X-ray crystal structure of the anti-1,3-bis-adduct 4. The tilt angles[10] of the furan rings containing O(2), O(4), O(5) and O(6) are 35, 44, 133
and 718 respectively. The corresponding tilt angles for the benzo units associated with O(1) and O(3) are 74 and 708 respectively. CH ´´´ p interactions:
C(38) ± H ´´´ [O(2) furan ring] and C(41) ± H ´´´ [O(4) furan ring]; H ´´´ p distances and C ± H ´´´ p angles are 2.71 �, 1358 and 2.95 �, 1328. Right: The packing
of a Ci related pair of molecules showing the insertion of the benzo ring of one molecule into the cavity of the other and vice versa.
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Figure 3. X-ray crystal structure of anti-1,4-bis-adduct 5. The tilt angles[10]


of the furan rings containing O(2), O(3), O(5) and O(6) are 83, 75, 90 and
868 respectively. The corresponding tilt angles for the benzo units associ-
ated with O(1) and O(4) are 67 and 668 respectively. Intramolecular CH ´´´ O
interactions: C(32) ± H ´´´ O(6) and C(41) ± H ´´´ O(5); C ´´´ O, H ´´´ O dis-
tances and C ± H ´´´ O angles: 3.03, 2.31 �, 1328 and 3.04, 2.29 �, 1348
respectively. Transannular CH ´´´ p interactions: olefinic C(2) ± H ´´´ [�O(4)�
benzo ring] and olefinic C(18) ± H ´´´ [�O(1)� benzo ring], the H ´´´ p dis-
tances and C ± H ´´´ p angles are 2.76 �, 1408 and 2.82 �, 1408 respectively.


present in C 4,[13] C 6 and all of the other furan-containing
macrorings described in this paper and examined by X-ray
analysis.


Compared to the furan rings in 5, the planes of the furan
rings in 4 and 10 are tilted at smaller angles with respect to the
best plane through the six isopropylidene carbon atoms. The
planes of the benzo rings in 4 and 5 are oriented at steeper
angles than in 10 where they adopt a more equatorially
flattened out conformation.


The bis-adduct 4 has a more opened-up cavity than 5.
Inspection of the packing of the molecules of 4 (Figure 2
right) reveals that one of the benzo rings of one molecule is
partially inserted into the macrocyclic cavity of its Ci related


Figure 4. X-ray crystal structure of the naphthafurophane 8. The tilt
angles[10] of the furan rings containing O(1), O(2), O(3), O(4) are 50, 44, 66
and 488 respectively. The analogous angles for the naphthalene units
between O(1) and O(2) and between O(1) and O(4) are 158 and 1088
respectively.


counterpart, the rings overlapping with a mean planar
separation of approximately 3.2 �. This indicates p ´ ´ ´ p


stabilisation of the supramolecular structure, thus providing
evidence for the potential of 4 to act as a p-complexing agent
for aromatic substrates. The bis-adduct 5 adopts a folded con-
formation, with noncrystallographic C2 symmetry about an
axis passing through a pair of diametrically oppositely posi-
tioned isopropylidene carbon atoms. This geometry is stabi-
lised by intramolecular CÿH ´´´ O and CÿH ´´´ p interactions,
which result in the self filling of the central cavity. In the tris-
adduct 10, the combined effect of the variously oriented furan
and epoxynaphthalene units is to produce a macrocyclic
conformation that, although not totally self-filling, does not
have any significant free pathway through its centre.


In 5 and 10, there are no significant intermolecular CÿH ´´´ O
or p ± p stabilising interactions.


Figure 5. Left: Diagram of the �all oxygen atoms in� conformation of the (� )-anti-anti-syn-1,2,4-tris-adduct 10 of C 6 with three benzynes emphasising the
relative stereochemistry of the multiple cycloadditions observed in the X-ray crystal structure (right). The arrows indicate the major conformational flips
assumed to obtain the representation shown on the left. The tilt angles[10] of the furan rings containing O(3), O(5) and O(6) are 62, 26 and 988. The
corresponding tilt angles for the benzo units associated with O(1), O(2) and O(4) are 14, 63 and 398 respectively. There is a hydrogen-bonding interaction
C(38) ± H ´´´ O(1): C ´´´ O and H ´´´ O distances are 3.02, 2.33 � and the C ± H ´´´ O angle is 1298.
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A common feature for the
adducts 4, 5 and 10 is that the
six isopropylidene carbon
atoms show only relatively
small deviations from their
mean plane values (0.6, 0.8
and 1.1 � for 4, 5 and 10
respectively), which are not
substantially different from that
observed for C 6 (1.1 �). Thus,
the discoid shape of C 6 is
essentially retained in the ben-
zyne adducts described here.


Crystals of naphthafuro-
phane 8 contained two crystal-
lographically independent mol-
ecules, both of which had the
same chirality and essentially identical conformations with
their naphthalene rings in an anti orientation (Figure 4). In
solution, the naphthafurophane 8 exists as a racemic mixture,
thus spontaneous resolution has occurred upon crystallisation.
The three adjacent furan units adopt the up ± down ± up
orientation of their oxygen atoms with respect to the
macroring plane, as observed in 4. The solid-state conforma-
tion shows that although the four furan rings are oriented with
their oxygen atoms directed inwards, together with the
naphthalene rings, they are inclined to the macrocyclic ring
plane, so as to create a bowl-like shape. The macrocyclic ring
is helically twisted relative to the plane of the furan ring
containing O(1). As a result, the naphthalene residues are
skewed by approximately 808 with respect to each other,
about a vector passing through the two isopropylidene carbon
atoms bonded to the O(1) furan ring. The cavities within these
bowl-shaped molecules are occupied by acetone solvent
molecules.


Although the solid-state structure of the naphthafuro-
phane 9 could not be determined due to a lack of suitable
single crystals, data on its conformational behaviour were
obtained by dynamic NMR specroscopy. The 1H NMR
spectrum of 9 in CDCl3 at room temperature shows broad
signals. However, a set of sharp signals corresponding to a
time-averaged planar conformation is observed at �90 8C in
CDCl2CDCl2. On cooling in CD2Cl2, the spectrum changes
dramatically and at ÿ70 8C, the furan protons appear as two
different AB systems of equal intensity (d� 3.26 and 4.20,
JAB� 3.1 Hz; d� 6.09 and 6.33, JAB� 3.1 Hz). The protons at
the 2,3-positions of each naphthalene unit also resonate as one
AB system (d� 7.52 and 7.64, JAB� 7.9 Hz), whilst those at the
6,7- and 5,8-positions appear as a multiplet (d� 7.03 ± 6.97)
and as a separate set of signals (d� 7.96 and 7.54). We believe
that these data are consistent with the molecule undergoing a
degenerate conformational inversion, as represented in Fig-
ure 6. This is also consistent with the high-field resonances
observed for one set of furan protons: two diametrically
opposite furan units effectively fill the cavity with their
HÿC(3)ÿC(4)ÿH moieties. The NMR data are not sufficient
to define the relative orientation (syn or anti) of the benzo
rings of the naphthalene units, which are assumed as anti in
Figure 6.


We attempted to obtain analogues of 8 and 9 containing
more than two naphthalene units. We subjected crude
mixtures from the reactions of C 6 with 9 and with 12 moles
of benzyne to the hydrogenation acid-promoted dehydration
as described for the adducts 1, 4 and 5. However, extensive
decomposition occurred and we were unable to isolate any of
the expected aromatised adducts. In another set of experi-
ments, chromatographic fractions obtained from the reaction
of C 6 with 9 and 12 moles of benzyne were hydrogenated and
treated with acid individually. Although the successful hydro-
genation of the olefinic double bonds in the various adducts
could be unambiguously confirmed by positive-ion FAB-MS,
no evidence of the presence of naphthafurophanes could be
found in either the FAB-MS or the EI-MS spectra of all the
mixtures obtained after treatment with acid. Attempts at
direct deoxygenation by a variety of methods[12d±g] were
equally unsuccessful. When a mixture of penta- and hexa-
adducts (fraction 12/E, Scheme 1) was subjected to catalytic
hydrogenation followed by treatment with acid, the only
products which could be isolated from the mixture as minor
components were the two fragments 11 and 12, containing one


11


12


13


6


and three naphthalene units respectively. We cannot tell if
they originate from the decomposition of the starting
materials, or of partly aromatised compounds, or from the
cleavage of the [16](1,4)naphthalenophane 13.


The naphthalene trimer 12 gave single crystals from ben-
zene/hexane. The X-ray analysis shows (Figure 7) that 12
adopts a syn, horseshoe-like conformation in the solid state
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Figure 6. The degenerate conformational inversion observed by dynamic NMR spectroscopy for the
naphthafurophane 9. The orientation of the benzo rings of the naphthalene units cannot be assigned on the
basis of NMR data and it is arbitrarily assumed as anti.
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Figure 7. The solid state structure of the naphthalene trimer 12, showing an
interlocking pair of molecules. The geometries of the cooperative
intermolecular CH ´´´ p interactions are [H ´´´ p distances (�) and C ± H ´´´ p


angles (8)]: a) 3.1, 136; b) 3.0, 175; c) 2.9, 153.


in which the planes of the naphthalene rings are inclined
alternately above and below the plane defined by the four
backbone carbon atoms (1, 2, 3 and 4) by 57, 53 and 348 for
rings A, B and C respectively. The molecular torsion angle
formed by the backbone atoms is approximately 158. Surpris-
ingly, the two terminal vinyl groups are oriented almost
orthogonally (74 and 818 to the planes of their attached
naphthalene rings, that is minimum conjugation). An inter-
esting consequence of the respective orientation of the three
naphthalene rings is the formation of a cleft with approximate
C3 symmetry between the three unsubstituted benzo compo-
nents. Inspection of the packing of the molecules reveals
(Figure 7) an elegant utilisation of this cleft whereby pairs of
Ci-related molecules are oriented such that one of the methyl
groups in one molecule inserts itself into the cleft of another
and vice versa. The orientation of each methyl group is such
that it forms three weak, but cooperative, CÿH ´´´ p inter-
actions (2.9, 3.0 and 3.1 �) with the unsubstituted benzo
components of each naphthalene unit.


Our previous investigation on the aromatisation of adducts
of C 4 with benzyne revealed that only the mono-adduct can
be aromatised.[8] Since we ascribed this limitation mainly to
steric factors, the successful aromatisation of the two bis-
adducts 4 and 5 appeared to be a logical consequence of the
increased conformational mobility of the larger macrocycle.
Thus, an extension of the study to furanophanes larger than
C 6 should allow the conversion into naphthalene units of
more than two furan rings and this may constitute the subject
of future studies.


Reaction of C 6 with DMAD : The choice of DMAD as
another suitable dienophile for the Diels ± Alder reaction with
C 6 was prompted by considerations similar to those men-
tioned for the benzyne. Moreover, we expected that the polar
nature of the moiety introduced onto the macrocyclic
structure by each cycloaddition with DMAD would have a
greater influence on the chromatographic and other physical
properties of the different adducts than that observed with the
benzyne adducts. For this reason, the isolation of pure


compounds was also expected to be easier. This prediction
was later found to be correct.


When C 6 was treated with DMAD in excess, column
chromatography with hexane/ethyl ether (7:3) afforded
(Scheme 4), in order of elution, the mono-adduct 14 and four
isomeric bis-adducts (� )-15, 16, 17 and 18. No attempt was
made to optimise the yield of any of these adducts. These
yields were 36, 17, 10, 8 and 12 % respectively. We could not
isolate any 1,2-bis-adducts.


The mono-adduct constitution of 14 was evident on the
basis of its 1H NMR spectrum, which contained five reso-
nances for the methyl groups (two overlapping) and two sets
of AB systems for the furan units at the 2,6 and 3,5-positions
of the macroring. The spectrum also contained singlets for the
methyl esters, the newly formed olefinic units and the
diametrically opposite furan protons. The 13C NMR spectrum
displayed 24 resonances as expected. The EI-MS spectrum
was characterised by the loss of methyl groups and by a peak
corresponding to the elimination of DMAD by a retro Diels ±
Alder reaction. Crystallisation of 14 from toluene gave single
crystals suitable for X-ray analysis.


The X-ray structure of 14 (Figure 8a) reveals that, in the
solid state, the molecule has approximate non-crystallograph-
ic Cs symmetry about a plane passing through the epoxy
oxygen O(1) and bisecting the diametrically opposite O(4)
furan ring. A dominant feature of the overall conformation is
an almost regular alternating in ± out tilting of the five furan
rings, relative to the mean plane of the macrocycle. All six ring
oxygen atoms are coplanar to within 0.05 � and lie on one
face. This arrangement coupled with the retention of a
�preferred� anti geometry for at least one of the isopropyli-
dene CÿCH3 bonds with respect to one of the adjacent furan
CÿO bonds,[6, 13] which here is present for the rings containing
O(2), O(4) and O(6), results in an all-axial arrangement for
six of the isopropylidene CÿCH3 bonds. The six isopropyli-
dene carbon atoms are coplanar to 0.2 �. There is an absence
of any intramolecular CÿH ´´´ O and or CÿH ´´´ p interactions.
The crystal structure contains toluene solvent molecules,
which are not readily lost. Analysis of the packing reveals the
formation of an hexagonal prismatic cage by Ci related pairs
of molecules. The cage is bounded by the six isopropylidene
carbon atoms of each molecule and their associated axial
CÿCH3 bonds and has a toluene molecule trapped inside it
(Figure 8b).


The 1,3-regiochemistry and the bis-adduct composition for
(� )-15 was evident from its 1H NMR spectrum, which
contained six resonances for the methyl protons of the
isopropylidene units, two singlets and one AB system
for the furan protons, as well as one AB system for
the protons on the newly formed olefinic bonds. Moreover
the methoxy groups gave two singlets. Taken together, these
data do not allow the assignment of the anti stereochemistry,
which was subsequently established by X-ray crystallography.
Suitable single crystals were obtained from toluene (Fig-
ure 9).


The X-ray crystal structure of (� )-15 reveals the macro-
cycle to have a folded self-filling geometry. Three of the furan
oxygen atoms O(2), O(4) and O(6) are directed inwards,
whilst that containing O(5) is directed outwards. All six ring
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oxygen atoms are coplanar to within 0.5 �. The six isopropy-
lidene carbon atoms are coplanar to only 1.5 �, reflecting the
increased degree of folding in this structure, when compared
with that of 14. In common with the previously described struc-
tures, all the furan rings have at least one adjacent isopropy-
lidene CÿMe bond oriented anti to the ring CO bond.[6, 11, 13]


Indeed when we compare this structure with that of the


closely related (� )-4 analogue, we see that the conformation
of the portion of the macrocycle containing the O(4,5,6) furan
rings matches very closely. The overall geometry is stabilised
by an intramolecular CÿH ± O hydrogen bond between one of
the ester carbonyl oxygen atoms O(36) and one of the CÿH
groups of the adjacent C(5 A) isopropylidene moiety. There is
also a CÿH ± p interaction (2.61 �), between C(12)ÿH and
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Scheme 4. The isolated adducts of C 6 with DMAD and their aromatisation by way of hydrogenation (i: Pd/CaCO3, MeOH) followed by thermally
promoted retro Diels ± Alder (ii : D, 200 8C). E�CO2CH3 in all cases.
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Figure 9. The X-ray crystal structure of (� )-15. The tilt angles[10] of the
furan rings containing O(2), O(4), O(5) and O(6) are 51, 13, 108 and 548
respectively. There is a hydrogen-bonding interaction C(5a) ± H ± O(36):
C ± O and H ± O lengths are 3.07, 2.23 �, and the C ± H ± O angle is 1458.
CH ± p interaction: C(12) ± H ± [C(2)�C(3)], H ± p length 2.61 �, C ± H ± p


angle 1608.


the opposite olefinic bond C(2)�C(3). There is an absence of
any significant intermolecular packing interactions.


The regiochemistry of the two isomeric anti- and syn-1,4-
bis-adducts 16 and 17 of C 6 with DMAD was established on
the basis of their 1H NMR spectra. Both contained a single
AB system for the furan units not involved in the cyclo-
additions and singlets for the newly formed olefinic residues
and for the methoxy groups. The anti stereochemistry of the
most chromatographically mobile isomer 16 was consistent
with the presence of only three discrete resonances of equal
intensity for the protons of the isopropylidene residues. In
contrast, four resonances with relative intensities 1:1:2:2 were
observed for these protons in the less chromatographically
mobile isomer 17. 13C NMR data were also fully consistent
with these assignments.


The regiochemistry of the syn-1,3-bis-adduct 18 of C 6 with
DMAD was evident on the basis of 1H NMR data. However,
its stereochemistry was assigned by comparison with its anti
isomer (� )-15, for which the X-ray crystal structure has been
determined. The regioisomeric relationship between the two
compounds was further supported by the subsequent chemical
transformations (vide infra).


Initially, we attempted to aromatise these DMAD adducts
of C 6 in order to obtain macrocycles containing phthalic ester
units. Direct deoxygenation by a variety of methods[12d±g] was
unsuccessful, leading to either extensive decomposition or to
the recovery of unreacted starting materials. The olefinic
units, which do not bear the ester functions, can be selectively
hydrogenated with Pd/CaCO3.[14] Thus 14, (� )-15, 16, 17 and
18 gave respectively 19, (� )-20, 21, 22 and 23 in quantitative
yields. However, subsequent treatment with acids did not give
the expected aromatised products by dehydration but resulted
in extensive decomposition of these compounds. One �alter-
native aromatisation process� was however successfully ac-
complished. This was the elimination of ethylene by a
thermally promoted retro Diels ± Alder reaction. This process
produced furan-based calixarenes, in which the furan rings
involved in the cycloadditions now contain carboxylate
functions at their 3,4-positions. Thus, pyrolysis of 19 at
220 8C in an argon atmosphere gave 24. The same reactions
on individual samples of (� )-20 and 23 gave the same tetra-
ester 25 and similarly 21 and 22 gave the tetra-ester 26. Yields
were generally good and were not optimised.


Conclusion


The feasibility of employing the Diels ± Alder reactivity of
furan in order to chemically modify furanophanes, obtained
by the condensation of furan and acetone, has been explored
with two readily accessible dienophiles (benzyne and
DMAD) on the medium-sized system C 6. The structural
studies reported here provide a basis for the understanding of


Figure 8. a) X-ray crystal structure of the mono-adduct 14 of C 6 with DMAD. The tilt angles[10] of the furan units containing O(2), O(3), O(4), O(5) and
O(6) are 44, 141, 52, 139 and 468 respectively; b) The enclathration of a toluene solvent molecule by a symmetry-related pair of molecules of 14 ;
c) Schematic diagram outlining the geometry of the cage generated by the methyl groups of the two molecules of 14, within which the toluene molecule is
held.
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the conformational features of a range of furan-based
calixarenes and their derivatives. These structural data partly
fill the gaps in the literature on this topic, when compared to
the vast amount of information available for the calix-
arenes.[2, 3]


Although several adducts of benzyne can be aromatised to
provide naphthofuranophane, in which the naphthalene units
are joined at the 1,4-positions of one benzo ring, yields are
generally low. On the other hand, the use of DMAD, provides
derivatives in which the newly formed 7-oxanorbornadiene
moieties cannot be efficiently aromatised to benzo units.
However, these can be re-converted, in an efficient and simple
manner, into furan units now with carboxylate functions at
their 3,4-positions. This process provides access to novel
furanophanes, which cannot be synthesised by the condensa-
tion of acetone with 3,4-furandicarboxylate, due to the
electron-withdrawing deactivating effect of the ester func-
tions. The carboxylate units are susceptible to further
chemical modification, including hydrolysis to acid and trans-
esterification. Since polyaddition isomers of C 6 with DMAD
having different regiochemistry can be easily separated, the
cyclic oligomers of furan Cn can be exploited as a basis
framework, on which to place sets of carboxyl functions in
specific spatial relationships. This provides sites for supra-
molecular interactions with a variety of potential guests. We
are currently pursuing these developments.


Experimental Section


General methods : Tetrahydrofuran (THF) was distilled from the sodium
ketyl of benzophenone. Furan was distilled from CaH2. All other chemicals
were standard reagent grade and were used without further purification.
All air-sensitive and/or moisture-sensitive reactions were conducted under
a dry argon atmosphere. Thin-layer chromatography was carried out on
either glass or aluminium SiO2 Carlo Erba Stratocrom SIF 254 or Al2O3


Carlo Erba Stratocrom ALF plates. Compounds were visualised with
iodine or by examination under UV light. Column chromatography was
conducted on Aldrich Si gel 230-400 mesh, 60 �. 1H and 13C NMR spectra
were recorded on a Varian Gemini 300 spectrometer in CDCl3 using
(CH3)4Si as internal standard at 300 and 75 MHz respectively, unless
otherwise stated. Mass spectra were measured by electron impact (EI) or
positive fast atom bombardment (FAB) using m-nitrobenzyl alchool as
matrix on a Finnigan Mat 90 spectrometer operated by Dr. Marcello Saitta.
Melting points were determined on a Kofler hot stage apparatus and are
not corrected.


General procedure for the preparation of the adducts of C 6 with benzyne :
Benzenediazoniumcarboxylate (1.37, 2.05 or 2.74 g, 6, 9 or 12 equiv
respectively) was added as a solid to a solution of C6 (1.00 g) in THF
(50 mL). The mixture was refluxed for 2 h, concentrated under reduced
pressure and extracted with CH2Cl2/H2O (3� 50 mL/50 mL). The organic
phase was dried (MgSO4) concentrated and subjected to column chroma-
tography with toluene/hexane (35:65). The reaction of C 6 with benzyne
(6 equiv) gave, in order of elution, the following products.


Mono-adduct 1: (569 mg, 54 %, m.p. 239 ± 241 8C from CHCl3); 1H NMR:
d� 1.34, 1.43, 1.47, 1.53, 1.56, 1.62 (6 s, 1:1:1:1:1:1 ratio, 36H; CH3), 5.41 and
5.45 (AB system, JAB� 3.1 Hz, 4H; furan), 5.72 (s, 2H; furan), 6.12 ± 6.15
and 6.20 ± 6.23 (AA'BB' system, 4H, Ar), 6.61 (br s, 4H; furan), 7.13 (s, 2H;
olefin); 13C NMR: d� 22.0, 25.7, 26.1, 26.3, 26.5, 26.6 (CH3), 37.2, 37.5, 37.7
(C(CH3)2), 94.6 (CqÿOepox), 103.9, 104.1, 104.3, 104.5, 105.4 (furan CH),
120.2, 123.6 (Ar CH), 145.4 (olefin CH), 152.0 (Ar Cq), 158.0, 158.3, 158.7,
158.8, 159.0 (furan Cq); EI-MS: m/z (%): 724 ([M�], 57), 709 (100), 681
(30), 365 (22), 279 (25), 257 (31); EI-HRMS calcd for C48H52O6 724.3764,
found 724.3845; and a fraction characterised as a mixture of bis-adducts


(246 mg, 40%) on the basis of its EI-MS. Fractional crystallisation of this
mixture with acetone gave the following product.


anti-1,4-Bis-adduct 5 : (83 mg, 14%, m.p. 274 ± 276 8C from acetone);
1H NMR: d� 1.21, 1.34, 1.65 (3 s, 3� 12H; CH3), 5.35 (s, 4H; olefin), 6.17
and 6.19 (AB system, JAB� 3.1 Hz, 8H; furan), 6.61 ± 6.68 and 7.09 ± 7.16
(AA'BB' system, 8 H; Ar); 13C NMR: d� 22.3, 24.7, 26.7 (CH3), 37.1, 37.3
[C(CH3)2], 94.5 (CqÿOepox), 104.0, 106.5 (furan CH), 120.7, 123.5 (Ar CH),
143.2 (olefin CH), 151.6 (Ar Cq), 158.6, 159.5 (furan Cq); EI-MS: m/z (%):
800 ([M� .], 27), 785 (32), 772 (21), 757 (13), 657 (24), 385 (57), 257 (100),
149 (40); EI-HRMS: calcd for C54H56O6: 800.4077, found 800.4029.
Crystallisation of the mother liquor from ethyl acetate gave the following
product.


(� )-anti-1,3-Bis-adduct 4 : (65 mg, 11%, m.p. 259 ± 260 8C from EtOAc);
1H NMR: d� 1.18, 1.40, 1.47, 1.55 (4s, 1:1:2:2 ratio, 36 H; CH3), 5.50 (s, 2H;
furan), 6.09 and 6.19 (AB system, JAB� 3.1 Hz, 4 H; furan), 6.28 (s, 2H;
furan), 6.65 ± 6.73 and 6.82 ± 6.88 (2 m, 8H and 4H; Ar and olefinic);
13C NMR: d� 22.1, 23.8, 25.6, 25.8, 26.1, 26.7 (CH3), 37.2, 37.5, 37.5
(C(CH3)2), 94.6, 94.8 (CqÿOepox), 104.0, 104.5, 105.3, 105.7 (furan CH),
120.4, 120.7, 123.5, 123.6 (Ar CH), 144.7, 145.2 (olefin CH), 151.9, 151.9 (Ar
Cq), 157.9, 158.7, 158.9, 159.4 (furan Cq) ; EI-MS: m/z (%): 800 ([M� .] 60),
785 (38), 722 (64), 757 (36), 657 (36), 365 (90), 257 (97), 149 (100); EI-
HRMS: calcd for C54H56O6 800.4077, found 800.4063.


The reaction of C 6 with benzyne (9 equiv) gave, in order of elution,
fractions containing: bis- and tris-adducts (400 mg), other tris-adducts and
tetra-adducts (740 mg) and tetra- and penta-adducts (262 mg), (corre-
sponding to fractions 9/B, 9/C and 9/D in Scheme 1 respectively). The
reaction of C 6 with benzyne (12 equiv) gave, in order of elution, fractions
containing: tetra-adducts (347 mg), tetra- and penta-adducts (470 mg) and
penta- and hexa-adducts (502 mg) (corresponding to fractions 12/C, 12/D
and 12/E in Scheme 1 respectively).


(� )-syn-anti-syn-1,2,4-Tris-adduct 10 : Slow crystallisation of fraction 9B
from ethyl acetate/hexane produced a few colourless crystals, (m.p. 200 8C
(decomp)); 1H NMR ([D6]DMSO at 100 8C): d� 1.27, 1.41, 1.43, 1.45, 1.46,
1.50, 1.51, 1.52, 1.55, 1.56, 1.63, (11 s, 2:1:1:1:1:1:1:1:1:1:1 ratio, 36H; CH3),
5.49 and 6.01 (AX system, JAX� 3 Hz, 2 H; furan), 5.90 and 6.17 (AX
system, JAX� 3 Hz, 2H; furan), 6.19 and 6.26 (AB system, JAB� 3 Hz, 2H;
furan), 6.70 ± 6.96 (m, 13H; ArÿH and one olefin), 6.98 ± 7.04, 7.29 ± 7.33 and
7.43 ± 7.48 (3m, 1H, 1 H and 3H; olefin); EI-MS: m/z (%): 876 ([M� .] 18),
848 (12), 549 (42), 441 (12), 401 (32), 293 (31), 257 (71), 149 (100); EI-
HRMS: calcd for C60H60O6 876.4390, found 876.4380.


General procedure for the hydrogenation of mono- and bis-adducts of C6
with benzyne : Pd/C (10 % w/w, 20% w/w catalyst/compound) was added to
solutions of the adducts in CHCl3. The mixtures were stirred under
hydrogen (room temperature and pressure 24 h). The catalyst was filtered
off and the solvent removed under reduced pressure. Yields were over 95%
in all cases.


Hydrogenated mono-adduct 2 : (m.p. 233 8C from CHCl3); 1H NMR: d�
0.90 ± 0.96 and 2.06 ± 2.11 (2m, 2� 2 H; CH2), 1.27, 1.41, 1.42, 1.47, 1.60, (5 s,
1:1:1:1:2 ratio, 36 H; CH3), 5.33 and 5.66 (AB system, JAB� 3.1 Hz, 4H;
furan), 5.71 (s, 2 H; furan), 6.09 ± 6.12 and 6.15 ± 6.18 (AA'BB' system, 4H;
Ar), 6.84 (br s, 4H; furan); 13C NMR: d� 23.2, 23.7, 25.8, 25.8, 26.3, 26.3
(CH3), 30.8 (CH2), 37.2, 37.6, 38.1 (C(CH3)2), 89.6 (CqÿOepox), 103.6, 103.8,
104.0, 104.3, 105.2 (furan CH), 119.6, 125.3 (Ar CH), 147.2 (Ar Cq), 158.0,
158.2, 158.7, 158.8, 159.2 (furan Cq); EI-MS: m/z (%): 726 ([M� .], 82), 711
(76), 698 (88), 683 (100), 554 (37), 365 (22), 334 (52), 257 (47), 149 (78); EI-
HRMS: calcd for C48H54O6 726.3920, found 726.3945.


Hydrogenated (� )-anti-1,3-bis-adduct 6 : (m.p. 223 ± 225 8C from CHCl3);
1H NMR: d� 0.90 ± 1.03 and 1.94 ± 2.05 (2m, 2� 4 H; CH2), 1.11, 1.40, 1.48,
1.50, 1.54, 2.52 (6s, 1:1:1:1:1:1 ratio, 36 H, CH3), 5.36 (br s, 2H; furan), 5.98
and 6.09 (AB system, 4H; furan), 6.20 (s, 2 H; furan), 6.82 ± 7.02 and 7.10 ±
7.21 (2 m, 6H and 2H; Ar); 13C NMR: d� 23.1, 23.5, 24.1, 24.1, 25.6, 26.8
(CH3), 31.1, 31.2 (CH2), 37.6, 38.1, 38.5 (C(CH3)2), 89.9, 90.0 (CqÿOepox),
104.0, 104.5, 105.0, 105.7 (furan CH), 119.9, 119.9, 125.2, 125.4 (Ar CH),
147.3, 147.3 (Ar Cq), 158.2, 158.5, 159.1, 159.7 (furan Cq); EI-MS: m/z (%):
804 ([M� .], 88), 789 (21), 776 (100), 761 (67) 632 (30), 359 (30), 257 (22), 149
(56); EI-HRMS: calcd for C54H60O6 804.4390, found 804.4407.


Hydrogenated anti-1,4-bis-adduct 7: (m.p. 140 ± 142 8C from CHCl3);
1H NMR: d� 0.93 ± 1.00 and 1.64 ± 1.71 (2 m, 2� 4H; CH2), 1.24, 1.40,
1.62 (3s, 3� 12H; CH3), 6.03 and 6.14 (AB system, JAB� 3.1 Hz, 8H; furan),
6.84 ± 6.90 and 6.90 ± 6.96 (AA'BB' system, 8 H; ArÿCH); 13C NMR: d�
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22.8, 24.0, 26.7 (CH3), 31.2 (CH2), 37.2, 38.2 (C(CH3)2), 89.6 (CqÿOepox),
103.5, 105.9 (furan CH), 119.7, 125.4 (Ar CH), 147.3 (Ar Cq), 158.7, 159.4
(furan Cq); EI-MS: m/z (%): 804 ([M� .], 90), 789 (61), 776 (100), 761 (68),
632 (20), 387 (34), 359 (28), 257 (38), 149 (43); EI-HRMS: calcd for
C54H60O6 804.4390, found 804.4392.


General procedure for the hydrogenation of adducts containing more than
two benzo units : Pd/C (10 % w/w, 20% w/w catalyst/compound) was added
to a benzene solution of the adducts (5 mg mLÿ1) containing methanol
(1%). The mixtures were stirred under hydrogen (50 8C, 80 atm, 17 h). The
catalyst was filtered off and the solvent removed under reduced pressure.
The FAB-MS spectra of the mixtures obtained from these hydrogenations
contained mainly the peaks at 960, 1038, and 1116, which correspond to the
calculated masses for tetra-, penta- and hexa-adducts, in which the olefinic
double bonds were fully hydrogenated.


General procedure for the acid promoted dehydration : The hydrogenated
adducts were dissolved in toluene (10 mg mLÿ1) and after addition of a
catalytic amount of p-toluene sulfonic acid (0.1 mg mLÿ1), the mixture was
refluxed (until complete disappearance of the starting materials) and then
extracted with aqueous NaHCO3 (5%). The organic phase was dried
(MgSO4) and concentrated to yield a residue, which was subjected to
column chromatography with toluene/hexane (5:95).


Naphthafurophane 3 : From dehydration of 2 (370 mg, 0.51 mmol); white
solid; yield 90 mg, 25%; m.p. 94 ± 95 8C from acetone; 1H NMR: d� 1.36,
1.49, 1.83 (3s, 3� 12 H; CH3), 5.01 and 5.41 (AB system, JAB� 3.1 Hz, 4H;
furan), 5.83 and 5.96 (AB system, JAB� 3.1 Hz, 4 H; furan), 5.93 (s, 2H;
furan), 7.12 ± 7.18 and 7.92 ± 7.98 (AA'BB' system, 4H; Ar), 7.54 (s, 2 H; Ar);
13C NMR: d� 26.2, 26.5, 30.0 (CH3), 37.3, 37.5, 40.2 (C(CH3)2), 103.4, 103.7,
103.8, 104.4, 104.5 (furan CH), 122.9, 123.6, 126.3 (Ar CH), 132.7, 141.5 (Ar
Cq), 157.9, 158.0, 158.0, 158.3, 162.0 (furan Cq); EI-MS: m/z (%): 708
([M� .], 34), 693 (100), 585 (29), 432 (7), 417 (21), 339 (15), 149 (41); EI-
HRMS: calcd for C48H52O5 708.3815, found 708.3822.


Dinaphthafurophane 8 : From dehydration of 6 (94 mg, 0.12 mmol); white
solid, yield 16 mg, 18%; m.p. 118 ± 130 8C from toluene/hexane; 1H NMR:
d� 1.42, 1.61, 1.79 (3s, 3� 12 H; CH3), 5.48 (s, 2H; furan), 5.82 (m, 4H;
furan), 6.23 (s, 2 H; furan), 6.93 and 7.04 (AB system, JAB� 8.1 Hz, 4H;
furan), 7.13 and 8.02 (2m, 2 � 4H; Ar); 13C NMR: d� 26.2, 29.3, 29.7
(CH3), 37.3, 40.4, 40.9 (C(CH3)2), 103.4, 103.7, 104.3, 104.5 (furan CH),
123.1, 123.3, 123.3, 123.5, 126.2, 126.8 (Ar CH), 132.4, 132.6, 141.5, 141.6 (Ar
Cq), 158.0, 158.4, 161.6, 162.2 (furan Cq); EI-MS: m/z (%): 769 ([M�1)� .]
(45)), 753 (100), 728 (24), 633 (11), 369 (14), 149 (83); EI-HRMS: calcd for
C54H56O4 768.4179, found 768.4184


Dinaphthafurophane 9 : From dehydration of 7 (106 mg, 0.13 mmol); white
solid, yield 20 mg, 20%; m.p. 140 ± 155 8C from acetone; 1H NMR (�20 8C,
CDCl3): d� 1.50 , 1.80 (2s, 12 H and 24H; CH3), 4.80 and 5.40 (2 hump,
2� 4H; furan), 7.00 ± 7.07 and 7.75 ± 7.82 (AA'BB' system, 8H; Ar), 7.55 (s,
4H, Ar); 13C NMR (�20 8C, CDCl3): d� 26.3, 30.3 (CH3), 37.5, 40.0
(C(CH3)2), 103.5, 104.0 (furan CH), 122.8, 123.7, 126.9 (Ar CH), 132.4, 141.6
(Ar Cq), 157.3, 160.0 (furan Cq); EI-MS: m/z (%): 768 ([M� .], 59), 753
(100), 369 (31); EI-HRMS: calcd for C54H56O4 768.4179, found 768.4178.


1,4-di(1-methylethenyl)naphthalene 11 and 1,4-di(1-methyl-1(4-(1-methyl
ethenyl)naphthyl)ethyl) naphthalene 12 : From dehydration of the hydro-
genated mixture of penta- and hexa-adducts (fraction 12/E, Scheme 1),
column chromatography as indicated in the general procedure gave in
order of elution the following products.


11: colourless oil; 1H NMR: d� 2.21 (dd, 4J� 1.3 Hz, 4J� 0.8 Hz, 3H;
CH3), 5.06 (dq, 2J� 2.3 Hz, 4J� 1.3 Hz, 2H; CH2), 5.40 (dq, 2J� 2.3 Hz,
4J� 0.8 Hz, 2H; CH2), 7.26 (s, 2 H; Ar), 7.42 ± 7.50 and 8.02 ± 8.10 (AA'BB'
system, 4H; Ar); 13C NMR: d� 25.2 (CH3), 116.0 (CH2), 124.0, 125.0, 126.0
(Ar CH), 131.0, 141.3, 144.8 (Cq); FAB-MS: 208 ([M�], 100), 193 (30), 167
(38); EI-HRMS: calcd for C16H16 208.1252, found 208.1266.


12 : white crystals, m.p. 244 8C from benzene/hexane; 1H NMR: d� 2.10 and
2.16 (2br s, 12H and 6H; CH3), 5.00 and 5.36 (2br s, 2H and 2 H; CH2),
6.66 ± 6.73 and 7.70 ± 7.77 (AA'BB' system, 4H, H-6,7 and H-5,8 central
naphthalene), 6.96 ± 7.04 and 7.16 ± 7.24 (2m, 2� 2 H, H-6 and H-7 external
naphthalenes), 7.36 and 7.86 (AB system, JAB� 7.6 Hz, 4 H, H-2,3 external
naphthalenes), 7.83 ± 7.95 (m, 4 H, H-5,8 external naphthalenes), 8.08 (s,
2H, H-2,3 central naphthalene); 13C NMR: d� 25.3, 32.6 (CH3), 44.2
(C(CH3)2), 115.9 (CH2), 122.0, 122.5, 123.7, 124.2, 124.2, 124.7, 125.8, 126.1,
126.4 (Ar CH), 131.6, 131.9, 132.5, 141.2, 145.1, 145.7, 145.9 (Cq); EI-MS:


m/z (%): 544 ([M� .], 6), 307 (21), 209 (15); EI-HRMS: calcd for C42H40


544.3130, found 544.3131.


Preparation of the adducts of C 6 with DMAD : The furanophane C6
(1.00 g, 1.54 mmol) was suspended in DMAD (5.0 mL) and stirred at 110 8C
for 6 h. The unreacted DMAD was removed under reduced pressure.
Column chromatography of the residue with hexane/Et2O (5:1) gave, in
order of elution, the following products.


Mono-adduct 14 : (428 mg, 36 %, m.p. 165 8C from acetone, m.p. 159 8C
from toluene); 1H NMR: d� 1.31, 1.48, 1.56, 1.61, 1.62 (5s, 1:1:2:1:1 ratio,
36H; CH3), 3.40 (s, 6H; OCH3), 5.54 and 5.66 (AB system, JAB� 3.1 Hz,
4H; furan), 6.00 and 6.02 (AB system, JAB� 3.1 Hz, 4 H; furan), 6.01 (s, 2H;
furan), 7.40 (s, 2H; olefin); 13C NMR: d� 22.1, 25.6, 26.2, 26.4, 26.6, 26.7
(CH3), 37.6, 37.7, 37.8 (C(CH3)2), 51.8 (OCH3), 99.9 (CqÿOepox), 103.9, 104.3,
104.5, 104.6, 105.3 (furan CH), 145.5 (olefin CH), 155.2, 157.9, 158.3, 158.5,
158.6, 158.8 (Cq), 165.2 (CO); EI-MS: m/z (%): 790 ([M� .], 53), 775 (100),
749 (22), 633 (79), 533 (20), 309 (37), 257 (21), 149 (40); elemental analysis
calcd for C48H54O10: (790.93) C 72.89, H 6.88; found C 72.67, H 6.90.


(� )-anti-1,3-Bis-adduct 15 : (226 mg, 17%, m.p. 202 8C from Et2O and m.p.
213 8C from toluene); 1H NMR: d� 1.16, 1.41, 1.42, 1.43, 1.56, 1.59 (6 s,
1:1:1:1:1:1 ratio, 36 H; CH3), 3.38 and 3.54 (2 s, 6H; OCH3), 5.77 (s, 2H;
furan), 5.99 (s, 2H; furan), 5.99 and 6.05 (AB system, JAB� 3.1 Hz, 4H;
furan), 7.38 and 7.49 (AB system, JAB� 5.3 Hz, 4 H; olefin); 13C NMR: d�
22.2, 23.6, 24.1, 26.1, 26.8, 27.0 (CH3), 37.6, 37.7, 37.9 (C(CH3)2), 51.8, 51.9
(OCH3), 99.8 (CqÿOepox), 100.0 (Cq), 104.0, 104.5, 104.6, 105.7 (furan CH),
145.6, 145.7 (olefin CH), 158.2, 158.4, 158.6, 158.7 (Cq), 164.8, 165.3 (CO);
EI-MS: m/z (%): 932 ([M� .], 12), 791(10), 775 (41), 633 (100), 365 (13), 309
(25), 257 (15), 149 (11); elemental analysis calcd for C54H60O14 (933.05): C
69.51, H 6.48; found C 69.82, H 6.68.


anti-1,4-Bis-adduct 16 : 150 mg, 10%, m.p. 170 ± 174 8C from MeOH);
1H NMR: d� 1.32, 1.49, 1.61 (3 s, 3� 12H; CH3), 3.28 (s, 12 H; OCH3), 5.90
and 6.00 (AB system, JAB� 1.4 Hz, 8H; furan) 7.43 (s, 4H; olefin);
13C NMR: d� 22.5, 25.5, 26.3 (CH3), 37.1, 37.7 (C(CH3)2), 51.8 (OCH3), 99.9
(CqÿOepox), 103.7, 105.5 (furan CH), 145.2 (olefin CH), 155.3, 158.0, 159.9
(Cq), 165.0 (CO); EI-MS: m/z (%): 932 ([M� .], 22), 917 (31), 970 (15), 775
(31), 633 (100), 309 (33), 257 (13), 149 (12); EI-HRMS: calcd for C54H60O14


932.3983, found 932.3982.


syn-1,4-Bis-adduct 17: (120 mg, 8 %, m.p. 180 8C from Et2O); 1H NMR: d�
1.36, 1.48, 1.56, 1.61 (4 s, 2:2:1:1 ratio, 36 H; CH3), 3.49 (s, 12H; OCH3), 5.92
and 6.02 (AB system, JAB� 3.1 Hz, 8H; furan), 7.34 (s, 4 H; olefin);
13C NMR: d� 22.9, 25.2, 26.2, 27.5 (CH3), 37.4, 37.8 (C(CH3)2), 51.9 (OCH3),
100.2 (CqÿOepox), 104.1, 105.7 (furan CH), 144.9 (olefin CH), 155.2, 157.9,
158.3 (Cq), 165.3 (CO); EI-MS: m/z (%): 932 ([M� .], 19), 917 (29), 791 (20),
775 (84), 633 (100), 309 (43), 257 (36), 149 (36); EI-HRMS: calcd for
C54H60O14 932.3983, found 932.3994.


syn-1,3-Bis-adduct of C 6 with DMAD 18 : (159 mg, 12%, m.p. 207 8C from
Et2O); 1H NMR (CD2Cl2): d� 1.29, 1.41, 1.44, 1.52, 1.53 (5 s, 1:1:2:1:1 ratio,
36H; CH3), 3.47 and 3.49 (2s, 2� 6 H; OCH3), 5.75 (br s, 2H; furan), 5.99
and 6.02 (AB system, JAB� 3 Hz, 4 H; furan), 7.10 and 7.38 (AB system,
JAB� 6 Hz, 6H; olefin); 13C NMR: d� 22.5, 23.5, 24.4, 24.4, 26.4, 26.4
(CH3), 37.6, 37.7 (C(CH3)2), 51.9, 52.0 (OCH3), 100.5 (CqÿOepox), 103.7,
104.6, 105.2, 105.7 (furan CH), 144.2, 145.2 (olefin CH), 153.5, 156.7, 157.4,
158.1, 158.6, 159.2 (Cq), 165.0, 165.9 (CO); EI-MS: m/z (%): 932 ([M� .],
20), 917 (15), 790 (23), 775 (50), 633 (100), 365 (12), 309 (12), 257 (11), 149
(11); EI-HRMS: calcd for C54H60O14 932.3983, found 932.3981.


General procedure for the selective hydrogenation of the olefinic double
bonds not bearing carboxyl groups in the C 6 adducts with DMAD : Pd/
CaCO3 (10 % w/w, 20 % w/w catalyst/compound) was added to a methanol
solution of the various adducts of C 6 with DMAD (1 ± 4 mg mLÿ1). The
mixtures were stirred under H2 at atmospheric pressure. The reaction was
interrupted upon absorption of the appropriate volume of hydrogen,
corresponding to the hydrogenation of all the olefinic double bonds not
bearing carbonyl groups. The suspensions were filtered and the residues
washed with CH2Cl2. In each case the combined MeOH solutions and the
CH2Cl2 washings were concentrated. Yields were all over 95%.


Hydrogenated mono-adduct 19 : (m.p. 172 ± 173 8C from MeOH and 159 8C
from toluene); 1H NMR: d� 1.24, 1.43, 1.54, 1.56, 1.57, 1.58 (6 s, 1:1:1:1:1:1
ratio, 36 H; CH3), 1.36 ± 1.44 and 2.04 ± 2.10 (2m, 2� 2H; CH2), 3.48 (s, 6H;
OCH3), 5.63 and 5.75 (AB system, JAB� 3.1 Hz, 4 H; furan), 5.90 and 5.94
(AB system, JAB� 3.1 Hz, 4H; furan), 5.93 (s, 2H; furan); 13C NMR: d�
22.9, 23.7, 25.9, 26.1, 26.3, 26.3 (CH3), 29.6 (CH2), 37.3, 37.6, 38.2 (C(CH3)2),
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51.8 (OCH3), 94.5 (CqÿOepox), 103.3, 104.1, 104.2, 104.3, 105.3 (furan CH),
144.9, 158.0, 158.4, 158.5, 158.7 (Cq), 165.3 (CO); EI-MS: m/z (%): 792
([M� .], 63), 777 (100), 749 (83), 633 (5), 367 (15), 257 (12), 233 (25), 149
(26); elemental analysis calcd for C48H56O10 (792.95): C 72.70, H 7.12; found
C 72.61, H 7.18.


Hydrogenated (� )-anti-1,3-bis-adduct 20 : (m.p. 173 8C from MeOH and
213 8C from toluene); 1H NMR: d� 1.28, 1.38, 1.40, 1.45, 1.55, 1.59 (6s,
1:1:1:1:1:1 ratio, 36H; CH3), 2.05 ± 2.11 and 2.31 ± 3.37 (2m, 2� 2H; CH2),
3.53 and 3.59 (2s, 2� 6H; OCH3), 5.56 and 5.90 (2s, 2� 2H, furan), 5.93 and
5.98 (AB system, JAB� 3.1 Hz, 4 H; furan); 13C NMR: d� 22.9, 23.5, 23.7,
24.0, 26.1, 26.8 (CH3), 29.8, 29.9 (CH2), 37.7, 38.3, 38.4 (C(CH3)2), 51.8, 51.9
(OCH3), 94.8, 94.9 (CqÿOepox), 103.7, 104.7, 105.1, 105.2 (furan CH), 144.3,
146.0 (olefin Cq), 158.0, 158.4, 158.5, 158.8 (Cq), 165.3, 165.4 (CO); FAB-
MS: m/z (%): 937 ([M�1]� , 61), 921 (51), 893 (38), 865 (21); elemental
analysis calcd for C54H64O14 (937.08): C 69.22, H 6.88; found C 69.13, H 6.87.


Hydrogenated anti-1,4-bis-adduct 21: (m.p. 175 8C from MeOH); 1H NMR:
d� 1.26, 1.46, 1.64 (3s, 1:1:1 ratio, 36 H; CH3), 1.75 ± 1.78 and 2.17 ± 2.19
(2m, 2� 2H; CH2), 3.31 (s, 12H; OCH3), 5.89 and 5.94 (AB system, JAB�
3.1 Hz, 8 H; furan); 13C NMR: d� 22.8, 24.1, 26.1 (CH3), 29.9 (CH2), 36.9,
38.4 (C(CH3)2), 51.7 (OCH3), 94.3 (CqÿOepox), 103.6, 106.0 (furan CH),
144.8 (olefin Cq), 157.6, 159.0 (Cq), 165.1 (CO); FAB-MS: m/z (%): 937
([M�1]� , 36), 921 (67), 893 (27), 865 (23); EI-HRMS: calcd for C54H64O14


936.4296, found 936.4306.


Hydrogenated syn-1,4-bis-adduct 22 : (m.p. 197 ± 198 8C from MeOH);
1H NMR: d� 1.34, 1.45, 1.57, 1.58 (4s and overlapping m, 40H; CH3 and
CH2), 2.04 ± 2.09 (m, 4 H; CH2), 3.57 (s, 12 H; OCH3) 5.87 and 5.94 (AB
system, JAB� 3.1 Hz, 8H; furan); 13C NMR: 22.9, 24.3, 26.2, 27.2 (CH3), 29.7
(CH2), 37.3, 38.6 (C(CH3)2), 52.0 (OCH3), 94.9 (CqÿOepox), 103.9, 105.8
(furan CH), 144.9, 157.8, 158.5 (Cq), 165.4 (CO); EI-MS: m/z (%): 936
([M� .], 6), 921 (100), 893 (55), 865 (32), 233 (32), 149 (22); EI-HRMS:
calcd for C54H64O14 936.4296, found 936.4325.


Hydrogenated syn-1,3-bis-adduct 23 : (m.p. 177 8C from MeOH); 1H NMR:
d� 1.30, 1.36, 1.40, 1.51, 1.52 (5s and overlapping m, 38H; CH3 and CH2),
1.60 ± 1.71, 1.87 ± 1.98 and 2.00 ± 2.10 (3 m, 3� 2 H; CH2), 3.55 and 3.57 (2s,
2� 6H; OCH3), 5.73 (br s, 2H; furan), 5.89 (s, 2 H; furan), 5.92 and 5.95
(AB system, JAB� 3.1 Hz, 4H; furan); 13C NMR: d� 23.0, 23.0, 23.4, 24.0,
26.5 (CH3), 29.1, 30.2 (CH2), 37.5, 38.3, 38.4 (C(CH3)2), 51.9, 51.9 (OCH3),
94.8, 94.9 (CqÿOepox), 103.6, 104.4, 105.4, 105.7 (furan CH), 144.7, 145.0
(olefin Cq), 157.6, 158.3, 158.6, 159.0 (furan Cq), 165.4, 165.8 (CO);
FAB-MS: m/z (%): 937 ([M�1]� , 10), 921 (5), 893 (3), 865 (1); EI-HRMS:
calcd for C54H64O14 936.4296, found 936.4296.


General procedure for the thermally promoted elimination of ethylene by
retro Diels ± Alder from the hydrogenated adducts of C6 with DMAD : In
each case, a solid sample of the compound to be pyrolysed was heated at
200 8C in an argon atmosphere for 30 min. The residues were then subjected
to flash column chromatography (SiO2, hexane/Et2O (7:3)). All yields were
over 90 % using 50 ± 300 mg of starting materials.


Diester 24 : (m.p. 110 8C from MeOH); 1H NMR: d� 1.50, 1.55, 1.60 (3s,
3� 12H; CH3), 3.62 (s, 6 H; OCH3), 5.67 and 5.71 (AB system, JAB� 3.2 Hz,
4H; furan), 5.80 and 5.91 (AB system, JAB� 3.1 Hz, 4 H; furan), 5.87 (s, 2H;
furan); 13C NMR: d� 25.8, 26.0, 26.4 (CH3), 37.3, 37.5, 38.6 (C(CH3)2), 51.8
(OCH3), 103.8, 103.9, 103.9, 104.1, 104.8 (furan CH), 113.8 (Cq a-ester),
156.9, 157.6, 158.2, 158.3, 158.5, 158.7 (Cq), 164.2 (CO); EI-MS: m/z (%):
764 ([M� .], 32), 749 (100), 367 (20), 233 (10), 149 (4); elemental analysis
calcd for C46H52O10 (764.90): C 72.23, H 6.85; found C 72.25, H 6.92.


Tetraester 25 : (m.p. 160 8C from MeOH); 1H NMR: d� 1.52, 1.54, 1.61 (3s,
3� 12H; CH3), 3.60 and 3.63 (2s, 12 H; OCH3), 5.77 (s, 2 H; furan), 5.83 and
5.94 (AB system, JAB� 3.1 Hz, 4 H; furan), 5.93 (s, 2H; furan); 13C NMR:
d� 25.5, 25.8, 26.2 (CH3), 37.3, 38.5, 38.6 (C(CH3)2), 51.8, 51.8 (OCH3),
103.8, 103.9, 104.9, 104.9 (furan CH), 113.6, 113.7 (Cq a-ester), 156.8, 157.1,
157.4, 157.9, 158.2, 159.0 (Cq), 164.1, 164.2 (CO); FAB-MS: m/z(%): 880
([M�1]� , 29), 865 (100); EI-HRMS: calcd for C50H56O14 880.3670, found
880.3697.


Tetraester 26 : (m.p. 145 8C from Et2O); 1H NMR: d� 1.42, 1.54 (2s, 12H
and 24 H; CH3), 3.56 (s, 12 H; OCH3), 5.70 and 5.82 (AB system, JAB�
3.1 Hz, 8 H; furan); 13C NMR: d� 25.6, 26.2 (CH3), 37.3, 38.6 (C(CH3)2),
51.8 (OCH3), 103.8, 104.7 (furan CH), 113.8 (Cq a-ester), 156.8, 157.6, 158.6
(Cq), 164.2 (CO); FAB-MS: m/z (%): 880 ([M�1]� , 27), 865 (100); EI-
HRMS: calcd for C50H56O14 880.3670, found 880.3673.


X-ray crystallography : Crystal data, data collection and refinement
parameters for those compounds analysed by X-ray crystallography are
given in Table 1. All the structures were solved by direct methods and were
refined by full matrix least-squares based on F 2. Except for the partial
occupancy alternate orientations of the disordered n-hexane solvent
molecules in 10, all the non-hydrogen atoms throughout all eight structures
were refined anisotropically. Disorder is also present in 14, where the
toluene solvent molecule is disordered over a centre of symmetry and in 15,
where one of the ester groups exhibits an approximately 1808 rotational
disorder about the CÿCOOMe bond. All of the CÿH hydrogen atoms were
placed in calculated positions, assigned isotropic thermal parameters,
U(H)� 1.2Ueq(C) [U(H)� 1.5Ueq(CÿMe)] and were allowed to ride on
their parent atoms. For 8, spontaneous resolution upon crystallisation has
occurred, but it was not possible from the crystallographic data to
determine which enantiomer the particular crystal contained. Computa-
tions were carried out using the SHELXTL PC program system.[15]


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-102311 (10),
CCDC-102312 (12), CCDC-102313 (14) and CCDC-102314 (15). 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 :
teched@chemcrys.cam.ac.uk).


Acknowledgments


This research was supported by the MURST, the NATO Scientific Affairs
Division and the Sicilian Region in Italy and in the United Kingdom by the
Engineering and Physical Sciences Research Council.


[1] For comprehensive reviews see for example: a) J.-M. Lehn in
Perspectives in Supramolecular Chemistry, (Ed.: J. P. Beher), Wiley,
Chichester, 1994 ; b) F. Vögtle, Supramolecular Chemistry, an Intro-
duction, Wiley, Chichester, 1991; c) B. Diederich, P. Viout, J.-M. Lehn,
Macrocyclic Chemistry, VCH, Weinheim, 1988.


[2] a) A. Ikeda, S. Shinkai, Chem. Rev. 1997, 97, 1713 ± 1734; b) V.
Bohmer, Angew. Chem. 1995, Angew. Chem. Int. Ed. Engl. 1995, 34,
713 ± 745, and references therein; c) J. Vicens, V. Böhmer, Calixar-
enes. A Versatile Class of Macrocyclic Compounds, Kluwer, Dor-
drecht, 1991; d) C. D. Gutsche in Calixarenes, Monographs in Supra-
molecular Chemistry, Vol. 1, (Ed.: J. F. Stoddart), The Royal Society of
Chemistry, London, 1989.


[3] For an interesting recent development in pyrrole-based calixarene
research see: a) P. A. Gale, J. L. Sessler, V. KraÂ l, Chem. Commun.
1998, 1 ± 8; b) V. KraÂ l, P. A. Gale, P. Anzenbacher Jr., K. Jursíkova, V.
Lynch, J. L. Sessler, Chem. Commun. 1998, 9 ± 10.


[4] a) S. Tanaka, H. Tomokuni, J. Heterocycl. Chem. 1991, 28, 991 ± 994;
b) M. Chastrette, F. Chastrette, J. Sabadie in Org. Synth. Coll.
Vol. 6 (Ed.: W. Noland), Wiley, New York, 1988, 856 ± 859; c) M.
De Sousa Healy, A. J. Rest, J. Chem. Soc. Perkin Trans. 1, 1985, 973 ±
982; d) M. De Sousa Healy, A. J. Rest, J. Chem. Soc. Chem. Commun.
1981, 149 ± 150; e) Y. Kobuke, K. Hanji, K. Horiguchi, M. Asada, Y.
Nakayama, J. Furukawa, J. Am. Chem. Soc. 1976, 98, 7414 ± 7419;
f) A. J. Rest, S. A. Smith, I. D. Tyler, Inorg. Chim. Acta, 1976, 16, L1;
g) M. Chastrette, F. Chastrette, J. Chem. Soc. Chem. Commun. 1973,
534 ± 535; h) R. E. Beals, W. H. Brown, J. Org. Chem. 1956, 21, 447 ±
448; i) R. G. Ackman, W. H. Brown, F. G. Wright, J. Org. Chem. 1955,
20, 1147 ± 1158.


[5] a) H. Hart, Y. Takehira, J. Org. Chem. 1982, 47, 4370 ± 4372; b) P. D.
Williams, E. Le Goff, J. Org. Chem. 1981, 46, 4143 ± 4147.


[6] F. H. Kohnke, G. L. La Torre, M. F. Parisi, S. Menzer, D. J. Williams,
Tetrahedron Lett. 1996, 37, 4593 ± 4596.


[7] The low yield synthesis of [15] and [16]paracyclophanes has been
reported by G. W. Gribble, C. F. Nutaitis, Tetrahedron Lett. 1985,
6023 ± 6026.


[8] F. H. Kohnke, M. F. Parisi, F. M. Raymo, P. O�Neil, D. J. Williams,
Tetrahedron 1994, 50, 9113 ± 9124.







FULL PAPER F. H. Kohnke et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0368 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 1368


[9] Although the synthesis of several cyclic oligomers of furan and
formaldehyde has been reported in the literature, this is not
straightforward: see R. M. Musau, A. Whiting, J. Chem. Soc. Chem.
Commun. 1993, 1029 ± 1031; R. M. Musau, A. Whiting, J. Chem. Soc.
Perkin Trans. 1 1994, 2881 ± 2888 and references therein.


[10] The tilt angles of the furan rings are given in relation to the mean
plane of the six isopropylidene carbon atoms. When the oxygen atoms
of the furan rings are directed away from the central core of the
macrocycles, then the obtuse angle is given.


[11] For a preliminary account of this reaction see: a) P. Fonte, F. H.
Kohnke, M. F. Parisi, D. J. Williams, Tetrahedron Lett. 1996, 37, 6201 ±
6204; b) P. Fonte, F. H. Kohnke, M. Parisi, S. Menzer, D. J. Williams,
Tetrahedron Lett. 1996, 37, 6205 ± 6208.


[12] a) H. Hart, N. Raju, M. A. Meador, D. L. Ward, J. Org. Chem. 1983,
48, 4357 ± 4360, and references therein; b) H. Hart, S. Shamouilian, J.
Org. Chem. 1981, 46, 4874 ± 4876; c) A. Sy, H. Hart, J. Org. Chem.
1979, 44, 7 ± 9; d) H. N. C. Wong, Acc. Chem. Res. 1989, 22, 145 ± 152;
e) N. Z. Huang, Y. D. Xing, D. Y. Ye, Synthesis 1982, 1041 ± 1043;
f) G. W. Gribble, W. J. Kelly, M. P. Sibi, Synthesis 1982, 143 ± 145;
g) K. Jung, M. Koreeda, J. Org. Chem. 1989, 54, 5667 ± 5675.


[13] A. Hazel, Acta Crystallogr. C 1989, 45, 137 ± 140.
[14] M. J. Cook, E. J. Forbes, Tetrahedron 1968, 24, 4501 ± 4508.
[15] SHELXTL PC version 5.03, Siemens Analytical X-ray Instruments,


Inc. Madison, WI, 1994.


Received: May 14, 1998 [F1157]


Table 1. Crystal Data, Data Collection and Refinement Parameters. [a]


data C6 4 5 8 10 12 14 15


formula C42H48O6 C54H56O6 C54H56O6 C54H56O4 C60H60O6 C42H40 C48H54O10 C54H60O14


solvent - - - 1.5 Me2CO 0.5C6H14 - 0.5 C7H8 -
formula weight 648.8 801.0 801.0 856.1 920.2 544.7 837.0 933.0
colour, habit clear blocks clear rhombic blocks clear prisms clear blocks clear needles clear blocks clear prisms clear prisms
crystal size [mm] 0.50� 0.33


� 0.23
0.33� 0.33
� 0.20


0.12� 0.12
� 0.08


0.38� 0.21
� 0.12


0.43� 0.17
� 0.10


0.30� 0.27
� 0.17


0.30� 0.30
� 0.13


0.43� 0.37
� 0.10


lattice type orthorhombic monoclinic monoclinic monoclinic monoclinic monoclinic triclinic monoclinic
space group , number Aba2, 41 P21/n, 14 C2/c, 15 P21, 4 P21/n, 14 I2/a, 15 P1Å , 2 C2/c, 15
T [K] 293 293 293 203 293 293 293 293
cell dimensions:
a [�] 16.679(2) 13.293(2) 25.770(4) 10.610(1) 13.796(3) 19.906(1) 13.431(1) 24.124(1)
b [�] 12.136(2) 14.594(2) 12.394(2) 43.406(1) 13.700(2) 11.564(1) 13.619(1) 14.705(1)
c [�] 18.926(2) 23.423(3) 28.616(4) 10.655(1) 28.385(5) 28.405(2) 15.623(1) 28.541(3)
a [8] - - - - - - 108.48(1) -
b [8] - 93.89(1) 94.65(1) 96.93(1) 97.43(2) 100.84(1) 95.52(1) 92.31(1)
g [8] - - - - - - 115.56(1) -
V [�3] 3830.9(9) 4534(1) 9110(2) 4871.2(4) 5320(2) 6422.1(6) 2352.5(2) 10116(1)
Z 4[b] 4 8 4[c] 4 8 2 8
rcalcd [g cmÿ3] 1.125 1.174 1.168 1.167 1.149 1.127 1.182 1.225
F(000) 1392 1712 3424 1840 1972 2336 894 3968
radiation used CuKa CuKa CuKa


[d] CuKa
[d] CuKa CuKa


[d] CuKa CuKa


m [mmÿ1] 0.59 0.59 0.59 0.57 0.57 0.47 0.66 0.72
q range [8] 4.7 ± 63.9 3.6 ± 60.0 3.1 ± 62.0 2.0 ± 60.0 3.1 ± 60.0 3.2 ± 62.0 3.1 ± 60.0 3.1 ± 64.0
no. of unique refln. :
measured 1641 6719 7171 7489 7904 5056 6701 8410
observed, jFo j> 4s(jFo j ) 1583 5530 4881 6878 5270 3814 5122 5912
no. of variables 218 542 542 1153 641 384 575 623
R1


[e] 0.031 0.041 0.048 0.049 0.076 0.057 0.052 0.054
wR2


[f] 0.086 0.104 0.106 0.125 0.198 0.140 0.124 0.138
weights a, b[g] 0.050, 0.805 0.051, 1.300 0.049, 4.693 0.090, 1.022 0.115, 3.834 0.074, 3.155 0.062, 0.472 0.071, 5.635
largest difference peak,
hole [e �ÿ3]


0.11,ÿ 0.15 0.20,ÿ 0.18 0.15,ÿ 0.15 0.36,ÿ 0.29 0.58,-0.34 0.17,-0.21 0.19,-0.24 0.25,-0.20


[a] Details in common: graphite monochromated radiation, w scans, Siemens P4 diffractometer, refinement based on F 2. [b] The molecule has
crystallographic C2 symmetry. [c] There are two crystallographically independent molecules in the asymmetric unit. [d] Rotating anode source; [e] R1�
S kFo jÿjFc k /S jFo j . [f] wR2�


�������������������������������������������������������p
{S[w(F 2


o ÿF 2
c )2]/S[w(F 2


o )2]}. [g] wÿ1� s2(F 2
o )� (aP)2�bP.








Structure ± Second-Order Polarizability Relationship in Chromophores
Incorporating a Spacer: A Joint Experimental and Theoretical Study


C. Maertens,[a] C. Detrembleur,[a] P. Dubois,[a, d] R. JeÂroÃ me,*[a] C. Boutton,[b]


A. Persoons,*[b] T. Kogej,[c] and J. L. BreÂdas*[c]


Abstract: A joint theoretical and exper-
imental study is reported on the struc-
ture ± polarizability relationship in a
novel type of push ± pull conjugated
system which contains a spacer within
the conjugated backbone. The chromo-
phores are based on a dithienyl conju-
gation pathway, spaced by a keto group,
and selectively end-capped by a donor
and an acceptor. Four chromophores
were synthesized, in which the strength


of the acceptor group and the length of
the conjugated path were varied. The
electronic properties of two model com-
pounds were studied theoretically by
means of correlated quantum-chemical


calculations. The degree of ground-state
polarization was varied in the calcula-
tions by the application of an external
electric field and varied experimentally
by the modification of the dielectric
constant of a binary mixture of solvents.
The linear and nonlinear optical proper-
ties of the compounds (measured in
solution by hyper-Rayleigh scattering)
are discussed in detail.


Keywords: donor ± acceptor systems
´ ketones ´ nonlinear optics ´
semiempirical calculations ´
solvent effects


Introduction


A key objective in the development of materials for electro-
optical applications is to find highly active chromophores with
large second-order polarizabilities b. The classical molecules
that have large nonlinear optical (NLO) activities usually
contain an electron donor and an electron acceptor connected


by a p-conjugated segment.[1, 2] Although polyenes are the
most effective p-conjugated systems, their thermal and
photochemical stability is not high enough for practical
applications; on the other hand, the large aromaticity of the
benzene ring[2, 3] has a detrimental effect on b. Since the
ground-state aromaticity of thiophene is lower than that of
benzene and the solubility of thiophene derivatives is usually
higher than that of the parent benzene compounds, much
attention has recently been paid to chromophores that contain
thiophene[4±6] (this has led to the appearance of the first
commercial organic-based electro-optical device[7]).


For many applications, compounds are required that
combine high nonlinear optical activities with a wide trans-
parency window.[8] One route that has been followed in order
to improve on the transparency ± efficiency trade-off was the
introduction of a silane or disilane group as a spacer in the
center of the conjugated bridge;[9, 10] the role of this spacer is
to modulate the conjugation between the donor and acceptor
termini. Such compounds were found to be transparent above
n� 360 nm; however, their second-order polarizabilities are
rather low. Quantum-chemical calculations have indicated
that push ± pull polyenes containing a (di)methylene spacer
group that interrupts the conjugation along the molecule
could induce large hyperpolarizabilities;[11] these are, how-
ever, correlated to very low first optical transition energies.
More recent calculations suggest that the use of a carbonyl
(ketone) function as a spacer could produce a compromise:
high polarizabilities without an overly large decrease in the
bandgap energy.[12]
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Here, we report on a theoretical and experimental study of
the effect of the solvating medium on the linear and nonlinear
optical properties of push ± pull systems in which the p-
conjugated core (composed of two thiophene rings) is
modulated by a carbonyl spacer (Figure 1). This choice of
chemical structure potentially combines the advantages of:
i) the incorporation of the promising carbonyl spacer; ii) the


well-known properties of the thiophene ring in terms of
thermal stability and decreased aromaticity, as discussed
above, and iii) their suitability as guests in polymer host
matrices for electro-optical applications. Note that the
solvatochromic[13] and second-harmonic generation (SHG)
properties of similar chromophores based on bis(benzylide-
ne)cycloalkanones[14a, b] have already been described; how-
ever, since the latter compounds present a nearly centrosym-
metrical structure, the SHG signal is weak. The nonlinear
properties of some thienylchalcone molecules have also been
investigated;[14c, d] for example, 1-(2-thienyl)-3-(4-methylphe-
nyl)propene-1-one displays a SHG signal 15 times as large as
that of urea.


This paper is organized as follows. Firstly, a theoretical
evaluation is presented of the influence of a reaction field on
the model chromophores 5-(5-N,N-dimethylamino-2-thienyl-
carbonyl)-2-nitrothiophene (DM-CO-NO2) and 5-(5-N,N-di-
methylamino-2-thienylcarbonyl)-2-thiophenecarbaldehyde
(DM-CO-CHO) (Figure 1a). The second part focuses on the


experimental study of the compounds shown in Figure 1b, that
is, 5-(5-piperidino-2-thienylcarbonyl)-2-thiophenecarbalde-
hyde (Pi-CO-CHO), ethyl (E)-2-cyano-3-[5-(5-piperidino-2-
thienylcarbonyl)-2-thienyl]-2-propenoate (Pi-CO-CN), 1,3-di-
methyl-5-[5-(5-piperidino-2-thienylcarbonyl)-2-thienylmeth-
ylene]hexahydro-2,4,6-pyrimidinetrione (Pi-CO-Ba), ethyl
(E)-2-cyanomethyl-3-{5-2-oxo-3-[(E)-1-(5-piperidino-2-thien-


ylmethylidene)cyclohexylide-
nemethyl]-2-thienyl}-2-prope-
noate (Pi-CHex-CN); a de-
tailed synthesis of these
carbonyl-spaced chromo-
phores is given. In the case of
Pi-CO-CN, we describe the
experimental development of
the charge-transfer absorption
band in solution (solvato-
chromism was determined
with UV/Vis spectroscopy)
and the molecular hyperpolar-
izability (determined with hy-
per-Rayleigh scattering) as a
function of the polarity of the
solvent; the polarity was con-
trolled by mixing toluene and
DMSO, two solvents with al-
most identical refraction indi-
ces but very different dielectric
constants. We investigated the
effect of the acceptor strength
and p-conjugation pathlength
on the molecular hyperpolar-
izability for the carbonyl-
spaced chromophores in solu-
tion. Finally, a discussion of the
theoretical results is presented
in correlation with the exper-
imental data.


Results and Discussion


Theoretical study :


Methodology : The compounds DM-CO-NO2 and DM-CO-
CHO (Figure 1a) provide adequate and simple models for Pi-
CO-CN and Pi-CO-CHO, respectively (Figure 1b). The N,N-
dimethylamino and piperidino groups have comparable
electrodonating strengths, while the nitro and vinyl cyanoa-
cetate groups can be considered as having comparable
electroacceptor strengths.[2a]


The methodology used here is the same as that used in a
number of previous reports;[15, 11, 12] it allows us to compare the
results obtained here on compounds which contain a spacer
with those obtained earlier on fully conjugated systems. The
procedure consists of three steps:
1) Geometry optimizations are carried out with the help of


the semiempirical Hartree ± Fock INDO (intermediate


Figure 1. Molecular structures of the compounds studied theoretically.
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neglect of differential overlap) method.[16, 17] A homoge-
neous static electric field (F) in the range 107 ± 108 V cmÿ1


is applied to tune the degree of ground-state polariza-
tion[18a] (we note that this range in F values is comparable
to the reaction fields associated with common dipolar
solvents; for example, the reaction field in chloroform is
0.9� 107 V cmÿ1 and that in nitrobenzene is 4.3�
107 V cmÿ1).[18b] Note that the results we present were
obtained assuming a fully planar structure for all systems:
since the optimal torsion occurring around the ketone
bridge is calculated to be small (�188) and to be largely
independent of the applied electric field, it is more
convenient to use a planar conformation in order to
provide electronic properties, such as p-bond orders, more
easily.


2) The electronic structure (state dipole moments, transition
energies, and transition dipole moments between states) is
evaluated with the INDO method coupled to a config-
uration interaction scheme that takes account of single and
double excitations[16] (single excitations between all p


orbitals; double excitations between the five highest
occupied p MO�s and the five lowest unoccupied p*
MO�s).


3) On the basis of the state characteristics, the static and
dynamic values of the first- and second-order polarizabil-
ities, a and b, are calculated within the sum-over-states
method (SOS) derived from the perturbation theory.[19]


The summations are performed over 50 states, which
provides convergent values for the molecular polarizabil-
ities of the compounds investigated here. For the dynamic
calculations, the damping factor associated with the
excited states is set at 0.2 eV.


It should be borne in mind that the application of a
homogenous external electric field (rather than the applica-
tion of the self-consistent reaction field technique[20]) to the
molecules allows us to modulate the evolution of the degree
of ground-state polarization in the molecule from a neutral
structure to a fully charge-separated zwitterionic structure.
We stress that only a part of this evolution is expected to be
observed experimentally, since the actual reaction fields in
solution are smaller than the largest external fields we
apply.[20, 21]


Both theoretical and experimental polarizabilities are
calculated within a power series expansion of the dipole
moment.[18c] We recall that the average value of the first-order
polarizability a is defined as hai� 1=3(axx�ayy�azz). In order
to obtain a better comparison between the theoretical and
experimental values of the hyper-Rayleigh scattering (HRS),
we have calculated the second-order polarizability b with the
HRS expression in Equation (1),[22] where hb2


HRSi is defined by
Equation (2) with i, j, k� x, y, z.
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Results : Figure 2 illustrates the evolution of the formal total
charge in the ground state as F increases for the individual


Figure 2. Evolution, as a function of the applied electric field, of the
INDO-SDCI total formal charge in the ground state per moiety of the DM-
CO-NO2 compound (the donor/acceptor segments contain the adjacent
thiophene ring).


molecular segments (donor, spacer, acceptor) within DM-
CO-NO2. The external electric field is oriented in such a way
as to promote charge transfer from the donor segment to the
acceptor segment. We observe that the charge flow increases
continuously as a function of F along the whole molecule; the
three segments of the molecule actively participate in the
charge transfer for any value of the electric field. This
confirms that the carbonyl spacer does not strongly interrupt
the charge delocalization between the terminal donor and
acceptor segments.[12] However, two regimes can be distin-
guished in the charge transfer evolution depicted in Figure 2.
The first regime, from 0 to �6� 107 V cmÿ1, is mainly
associated with a flow of charge from the donor segment to
the carbonyl spacer group; the spacer is acting as the main
acceptor group and only a small amount of charge is
transferred through the spacer towards the NO2 acceptor
segment. In the second regime (beyond 6� 107 V cmÿ1) the
acceptor role of the spacer saturates and a substantial charge
transfer occurs through the spacer from the donor to the NO2


acceptor segment.
In this semiconjugated system (considered to be planar for


all values of F), it is convenient to depict the change in
geometry induced by the charge redistribution by considering
the evolution of the p-bond orders (p-BO) with respect to F
(note that the value of p-BO� 0 corresponds to a purely s-
bond, while p-BO� 1 is related to a purely double p-bond). In
Table 1, we present the p-BOs in the DM-CO-NO2 molecule
for values of F ranging from 0 to 108 V cmÿ1. Charge transfer
leads to a reduction in the p-BOs for the initially double
bonds and an increase for the single bonds. When comparing
the p-BOs of the two bonds connecting the donor and
acceptor groups to the conjugated pathway (bonds 1 and 11,
respectively, see labeling in Table 1), bond 1 (donor segment)
is affected twice as much as bond 11 (acceptor counterpart)
when F increases from 0 to 6� 107 V cmÿ1; on the other hand,
for F values beyond 6� 107 V cmÿ1, the two bonds present the
same change in p-BO value (the same statement can be made
for the other corresponding bonds of the molecule). This
evolution of the p-BOs is thus fully consistent with the
analysis of the charge redistribution in the ground state which
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occur from the donor segment to the acceptor segment. A
schematic representation of the evolution of the molecule
upon application of the external electric field is presented in
Scheme 1 and Figure 3.


Scheme 1. Evolution of the geometric structure as a function of ground-
state polarization in keto-spaced chromophores: from the neutral form A
to zwitterion-like forms B and C.


The charge transfer in the ground state can also be
characterized by the evolution of the ground-state dipole
moment (Figure 3). Beyond a field of 6� 107 V cmÿ1, a more
abrupt increase in the dipole moment occurs, in agreement
with a redistribution of the charge over the whole molecule
from the donor end to the acceptor end. The evolutions of the
first- and second-order polarizabilities with respect to F are
also given in Figure 3. The derivative relationships among the
polarizabilities are correctly reproduced by our calculations;
for instance, it can be seen that the a curve peaks and the bHRS


curve vanishes in DM-CO-NO2 at the same value of F
(�8.5� 107 V cmÿ1). In agreement with the evolution behav-
ior of the ground-state dipole moment discussed above, a
smooth increase was found in the first-order polarizability for
the weaker field values (ranging from 0 to �6� 107 V cmÿ1);


Figure 3. INDO-SDCI/SOS calculated evolution of: a) the ground-state
dipole moment, b) the average first-order polarizability (hai), and c) the
second-order polarizability (bHRS) as a function of the applied electric field
in DM-CO-NO2 (!) and DM-CO-CHO (*).


beyond 6� 107 V cmÿ1, the evolution is more rapid since a
substantial amount of charge is transmitted through the
spacer. The peak value of bHRS, obtained at�6.5� 107 V cmÿ1,
is�1� 103� 10ÿ30 esu; we note that this value is not as high as
the those previously calculated for a push ± pull polyene
containing a methylene or dimethylene spacer[11, 12] (�105�
10ÿ30 esu); however, in these compounds the first optical
transition is of the order of a few tenths of an eV. In the case of
DM-CO-NO2, the peak value for b is related to a transition
energy at �1.25 eV.


The DM-CO-CHO molecule displays a lower hyperpolar-
izability b compared to DM-CO-NO2 (Figure 3). This illus-
trates the influence of the donor/acceptor strength on the


Table 1. p-Bond orders in the ground state of the DM-CO-NO2 calculated with INDO-SDCI.


F Donor segment C�O Acceptor segment


[107 Vcmÿ1] 1 2 3 4 5 6 7 8 9 10 11


0 0.446 0.785 0.457 0.798 0.406 0.746 0.292 0.853 0.414 0.842 0.312
2 0.495 0.745 0.504 0.754 0.455 0.718 0.285 0.852 0.421 0.829 0.336
4 0.555 0.692 0.566 0.695 0.515 0.680 0.284 0.845 0.435 0.809 0.368
6 0.627 0.620 0.644 0.618 0.583 0.627 0.295 0.827 0.462 0.777 0.409
8 0.707 0.535 0.727 0.534 0.643 0.564 0.329 0.788 0.511 0.727 0.469
10 0.781 0.452 0.792 0.471 0.667 0.506 0.394 0.724 0.584 0.655 0.549
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polarizabilities. Accordingly, the peak value of b is not
reached within the range of electric fields that are applied.


Experimental study :


Synthesis of carbonyl-spaced chromophores : In a previous
paper,[23] we reported on the electro-optical properties of the
keto-spaced ethyl (E)-2-cyano-3-[5-(5-piperidino-2-thienyl-
carbonyl)-2]-2-propenoate chromophore 6 a (Pi-CO-CN).
This chromophore was obtained by the synthetic pathway
described in Scheme 2. The parent chromophores described in
the present study were obtained by a related procedure with
5-(5-piperidino-2-thienylcarbonyl)-2-thiophenecarbaldehyde
5 a (Pi-CO-CHO) as the key intermediate. A Knoevenagel
condensation of 5 a with ethyl cyanoacetate led to 6 a (Pi-CO-
CN), while the condensation of the N,N-dimethyl barbituric
acid led to the parent chromophore 1,3-dimethyl-5-[5-(5-
piperidino-2-thienylcarbonyl)-2-thienylmethylene]hexahy-
dro-2,4,6-pyrimidinetrione 6 b (Pi-CO-Ba) under the same
conditions. The synthesis of the elongated chromophore 13
(Pi-CHex-CN), based on a cyclohexanone central spacer,


required a different reaction pathway (Scheme 3). 2-Thio-
phenecarboxaldehyde (7) was easily transformed to 5-dime-
thoxymethyl-2-thiophene carboxaldehyde (8) by protection of
the aldehyde group and further formylation with the nBuLi/
DMF sequence, as reported previously.[24] This aldehyde 8 was
then condensed onto cyclohexanone by the reaction described
by Tsukerman and al.[25] to yield 2-{(E)-1-[(5-dimethoxy-
methyl)-2-thienyl]methylidene}-1-cyclohexanone (9). 5-Pi-
peridino-2-thiophenecarboxaldehyde (11), which is readily
obtained by the reaction of 5-bromo-2-thiophenecarboxalde-
hyde (10) with piperidine in the presence of triethylamine,[26]


was then condensed with the cyclohexanone derivative 9 to
yield 5-{2-oxo-3-[(E)-1-(5-piperidino-2-thienyl)methylidene]-
cyclohexylidenemethyl}-2-thiophenecarboxaldehyde (12) af-
ter deprotection of the aldehyde group under acidic con-
ditions. A final Knoevenagel condensation of 12 with ethyl
cyanoacetate led to 13 (Pi-CHx-CN).


Solvent effect on the linear and nonlinear optical properties of
Pi-CO-CN : In any solution, the solute molecules are located


Scheme 2. Reaction sequences used for the synthesis of Pi-CO-CHO (5 a), Pi-CO-CN (6a), and Pi-CO-Ba (6 b). Reagents and conditions: i) AlCl3, CH2Cl2;
ii) piperidine, 120 8C, overnight; iii) a) LDA, THF, ÿ40 8C, 30 min, b) DMF, rt, 90 min, c) HCl, H2O; iv) ethanol, CH2CN(CO2Et), piperidine, 60 8C;
v) ethanol, barbituric acid, triethylamine.


Scheme 3. Reaction sequences used for the synthesis of Pi-CHx-CN (13). Reagents and conditions: i) LDA, THF, DMF; ii) cyclohexanone, NaOH, H2O;
iii) Br2, CHCl3; iv) piperidine, triethylamine, toluene; v) NaOH, H2O; vi) ethanol, CH2CN(CO2Et), piperidine, 60 8C.
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in the reaction field of the solvent. This field basically acts on
the solute in the same way as an external electric field, that is,
it is capable of modifying the ground-state polarization of the
solutes, thus causing a shift of the optical band and a change in
the transition moment.[21, 27] The accurate determination of the
mean reaction field is difficult since it depends on the nature
and arrangement of the surrounding solvent molecules. In the
elegant approximation of Onsager,[28] the reaction field is
directly related to the dielectric constant of the solvating
medium.


In the present study, we decided to use a mixture of two
solvents in different ratios in order to control the dielectric
constant of the solvating medium in a continuous manner.
Toluene and dimethylsulfoxide (DMSO) were selected for:
i) their very different dielectric constants (etoluene� 2.38;
eDMSO� 46.45), ii) their almost equal refraction indices
(ntoluene� 1.4969; nDMSO� 1.4793)Ðthis feature provides an
additional advantage: the use of Lorentz local field correction
factors can be avoided, iii) their high miscibility, and iv) the
high solubility of the chromophore in their mixtures. The large
difference in their dielectric constants allows a continuous
variation of e over a wide range. Figure 4 depicts the evolution
of the dielectric constant and the DMSO:toluene ratio.


Figure 4. Evolution of the dielectric constant e (*, as measured by a
capacitance technique) and the EN


T polarity scale (&� experimental, ~�
theoretical[30]) versus the DMSO volume ratio in the mixture of toluene/
DMSO.


The dielectric constant, determined experimentally by a
capacitance technique, was found to vary linearly with the
DMSO content, as has already been described by McRae in
the case of diethyl ether and acetonitrile mixtures.[29] The
electrostatic model for the description of the solvation
phenomena based on the dielectric constant considers the
solvent as a macroscopic nonstructured continuum. However,
specific solute/solvent interactions can take place on a
molecular level within a structured discontinuum which
consists of individual solvent molecules organized around
the dipolar solute. A useful solvent polarity scale, based on a
negative solvatochromic pyridinium N-phenolate betaine dye,
is able to account for solute ± solvent interactions[30] on a
microscopic level, in contrast to the physical parameter e. The
evolution of the corresponding EN


T scale with DMSO content
is also depicted in Figure 4. The EN


T values were determined


experimentally by a UV/Vis analysis of Reichardt�s dye.[30] A
strong preferential solvation of the betaine dye by the more
polar DMSO solvent can be deduced from the sharp effect of
DMSO on the EN


T values, even at very low volume ratio. This
phenomenon has already been described by Bosch and RoseÂs
in binary solvent mixtures.[31] Figure 4 also represents the
fitted curve of the EN


T -polarity scale by means of the model
developed by Bosch and RoseÂs,[31] in which the preferential
solvation parameters of the benzene ± DMSO mixture instead
of the toluene ± DMSO mixture are used. The following
discussion and figures will refer mostly to the e-polarity scale,
which is linearly related to the DMSO content.


The evolution of the lowest transition energy versus the
dielectric constant, e, of the binary mixture is indicative of the
influence of the electric field on the charge transfer between
the piperidino donor and the vinyl cyanoacetate acceptor in
Pi-CO-CN. The solvatochromic behavior of Pi-CO-CN is
shown in Figure 5. A substantial red shift or positive


Figure 5. a) Evolution of the energy of the lowest optical band peak of Pi-
CO-CN versus the polarity of the solvent; b) absorption spectra of Pi-CO-
CN in cyclohexane, toluene, and DMSO.


solvatochromism of 23 nm (0.14 eV) is observed as the solvent
polarity is increased from pure toluene to pure DMSO. This is
consistent with an increase in the dipole moment from the
ground to the excited state. This red shift is even more
pronounced when the solvent is changed from cyclohexane
(e� 2.02) to DMSO, a difference of l� 35 nm (0.22 eV)
between the lowest energy excitation values then measured.
The UV/Vis spectra of Pi-CO-CN in the three pure solvents
are displayed in Figure 5b. Two charge-transfer bands are
present in the visible region of the spectrum; the second band,
located around l� 350 nm, is also influenced by the solvent
polarity since a red shift of 21 nm (0.21 eV) occurs on
changing from cyclohexane to DMSO.
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The evolution of the (resonant) second-order polarizability
for Pi-CO-CN as a function of the dielectric constant was
measured by HRS at a fundamental wavelength of l�
1064 nm. The b value of p-nitroaniline (PNA) in DMSO
(b� 29� 10ÿ30 esu) was used as an external reference. All the
values were corrected for the difference in the refractive
indices by means of the local field factors. No multiphoton-
induced fluorescence could be observed. The results are
shown in Figure 6. After a small decrease in the bHRS value


Figure 6. Evolution with solvent polarity of the experimental HRS b of Pi-
CO-CN (fundamental wavelength l� 1064 nm).


between e� 2.3 and 15, we observe a large peak with a
maximum value of 600� 10ÿ30 esu for a dielectric constant of
40. The b value in pure DMSO (e� 46) corresponds approx-
imately to the initial and minimum value in toluene. We did
not try to evaluate the static hyperpolarizability by means of
the two-state model,[32] since it is clear from Figure 5 that two
charge transfer transitions are present in the visible region of
the spectrum; the two-state model might thus break down. We
have observed the same absorption intensities at the resonant
wavelength of 532 nm (corresponding to a half of the incident
wavelength (1064 nm) for two toluene/DMSO ratios: 0/100
and 20/80; this suggests that the significant difference in the b


values between the two solutions (257� 13� 10ÿ30 esu and
611� 31� 10ÿ30 esu, respectively) is not simply due to a
resonance phenomenon corresponding to the absorption of
the second harmonic of the laser beam (provided that the
lifetimes in the excited states are similar).


Solvent effect on 1H NMR spectra of Pi-CO-CN : Another way
to investigate the solvent effect on the geometric and


electronic structure of model chromophores is to study the
evolution of the 1H NMR spectra with solvent polarity, as has
been investigated previously by several groups.[33±38] Laszlo
et al. focused on the effect of the solvent on the 1H chemical
shifts of several organic compounds,[33] while B. Nagy et al.
modeled specific solvation phenomena[34] by means of NMR
spectroscopy. More recently, 1H NMR studies on merocyanine
dyes have evidenced the proton shift induced by the
solvent;[35±38] from the J3 (1H NMR) coupling constants of
the olefinic protons, it was shown that simple merocyanine
dyes exhibit a polyene-like structure in nonpolar solvents and
a more zwitterionic structure in polar solvents.


In order to analyze the solvent effect on the electronic
structure of the carbonyl-spaced chromophores, 1H NMR
spectra of 1 wt% solutions of ethyl (E)-2-cyano-3[5-(5-
piperidino-2-thienylcarbonyl)-2]-2-propenoate Pi-CO-CN in
[D8]toluene/[D6]DMSO mixtures were studied. Table 2 lists
the 1H chemical shifts of this chromophore as a function of the
solvent polarity and the corresponding EN


T values. The assign-
ment of the chemical shifts in the aromatic region was
checked by 1H ± 1H COSY experiments. It is also important to
note that the chemical shift of tetramethylsilane (TMS), used
as the internal reference for toluene/DMSO mixtures, is
hardly influenced by the solvent polarity, as described in the
Experimental Section. Although one cannot expect any
simple relationship between chemical shift and p-electron
densities in this type of complex molecules, a general trend
can be deduced. The very sharp increase in chemical shift of
the thiophene protons (A, B, C, D) and the methylene protons
E, F, G at a low [D6]DMSO content is indicative of a
preferential solvation of the Pi-CO-CN solute by the more
polar DMSO solvent molecules (see labeling in Table 2). A
rather strong acid ± base interaction between DMSO (or more
likely its charged mesomeric form, Me2S� ± Oÿ) and the
(partly) positively charged amino nitrogen in the delocalized
quinoid B and C forms of Scheme 1 can be expected to occur.
Actually, the linear relationship observed between the proton
shifts and the EN


T -polarity scale (Figure 7) is consistent with
the presence of such specific solvation phenomena. The
occurrence of a solvent polarity-induced evolution from a
neutral aromatic structure to a zwitterionic quinoid structure
can be also deduced from an analysis of chemical shifts and J3


coupling constants. A net downfield solvent-induced chemical
shift of up to 0.56 ppm for the nonconjugated methylene F


Table 2. Chemical shifts and coupling constants for Pi-CO-CN in CDCl3, [D8]toluene, [D6]DMSO, and a 50/50 mixture of [D8]toluene/[D6]DMSO.


Solvent dA dB J(HA,HB)
[Hz]


dC dD J(HC,HD)
[Hz]


dE dF dG dH e EN
T


CDCl3 6.08 7.73 4.8 7.73 7.87 4.0 8.30 3.40 4.39 1.39 4.67 0.259
[D8]toluene 5.60 7.58 4.5 7.38 7.23 4.0 7.93 2.75 3.94 1.00 1.81 0.099
[D8]toluene/[D6]DMSO (50/50) 6.22 7.84 4.6 7.83 8.00 4.0 8.58 3.23 4.23 1.24 20.05 0.385
[D6]DMSO 6.37 7.89 4.8 7.98 8.09 4.0 8.64 3.31 4.32 1.31 46.45 0.444
D(toluene/DMSO) ÿ 0.75 ÿ 0.31 ÿ 0.6 ÿ 0.78 ÿ 0.7 ÿ 0.56 ÿ 0.38 ÿ 0.31
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Figure 7. Evolution of the 1H chemical shifts in Pi-CO-CN with respect to:
a) the dielectric constant and b) the EN


T polarity scale (see labeling in
Table 2).


protons attached to the N-piperidino donor group is observed
on changing from pure toluene to pure DMSO (see Table 2).
This can be attributed to the electron deficiency on these
protons due to the positive charge induced on the amino
nitrogen in the delocalized quinoid B and C forms
(Scheme 1). This solvent effect is significantly larger than
that induced by the polar solvent on the nonconjugated
methylene G and H protons. The very low chemical shift
induced by the solvent on proton B, compared to adjacent
protons A, C, and D, is also indicative of a net increase in
electron density on this position in the delocalized quinoid B
and C forms. A slight increase in the J(HA,HB) coupling
constant in the donor segment of the chromophore
[J(HA,HB)� 4.5 Hz (pure toluene) to 4.8 Hz (pure DMSO)]
can be related to an increase in p-conjugation between
carbons bearing these A and B protons in the quinoid form,
which is in agreement with the results of the calculations. This
solvent-induced variation in the J(HA,HB) coupling constant
is, however, lower than in polymethine dyes,[36] probably
because of the aromatic character of the thiophene ring. The
analysis of J(HC,HD) coupling constants in the acceptor
thiophene leads to the conclusion that the electronic structure
in the acceptor segment is less affected by the increase in
polarity.


Influence of the electron-acceptor strength : The solvent effects
on the optical spectra and molecular (hyper)polarizabilities of
Pi-CO-CHO and Pi-CO-Ba have been studied and compared


to those of Pi-CO-CN. On the scale of acceptor strength, the
aldehyde group is the weakest of the three while the barbituric
group is known to be one of the strongest acceptor groups, the
vinyl cyanoacetate group in Pi-CO-CN is of intermediate
strength. Substitution of the vinyl cyanoacetate group by the
aldehyde group leads to a significant blue shift of the lowest
transition energy; moreover, only one transition is observable
in the visible part of the Pi-CO-CHO spectrum. Solvatochro-
mic analysis of the latter shows a red shift of�19 nm (0.13 eV)
on changing from toluene to DMSO and 30 nm (0.21 eV) for
the change from cyclohexane to DMSO (Figure 8a). On the


Figure 8. Absorption spectra of: a) Pi-CO-CHO and b) Pi-CO-Ba in
cyclohexane, toluene, and DMSO.


other hand, increasing the strength of the acceptor by
substituting the vinyl cyanoacetate group by the barbituric
acid terminal group induces a rather complex solvatochromic
behavior, as illustrated in Figure 8b; the increase in the
solvent polarity from cyclohexane to toluene induces a red
shift while a higher solvent polarity leads to a blue shift of the
lowest transition and a red shift of the second transition; in
pure DMSO, the two transitions are no longer distinguishable.


Figure 9a represents the evolution of the second-order
polarizability b for the Pi-CO-CHO chromophore as a
function of the dielectric constant of the binary mixture
toluene/DMSO. No significant variation of the resonant
hyperpolarizability is observed when the polarity is progres-
sively increased from e� 2.38 to e� 46.45. The small fluctua-
tions observed are in the range of experimental error.


More interesting is Figure 9b, which describes the evolution
of b for the Pi-CO-Ba chromophore. A peak in the resonant
hyperpolarizability is observed for e� 32, which corresponds
to a maximum value of 1000� 10ÿ30 esu. Because of the
presence of two charge-transfer transitions, the static hyper-
polarizability has not been evaluated by the two-level
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Figure 9. Evolution of the experimental HRS b of: a) Pi-CO-CHO and
b) Pi-CO-Ba with solvent polarity (fundamental wavelength l� 1064 nm).


model.[32] As expected, a comparison between the b curves for
chromophores Pi-CO-CHO (Figure 9a), Pi-CO-CN (Fig-
ure 6), and Pi-CO-Ba (Figure 9b) indicates that a higher
solvent polarity or dielectric constant is needed in order to
reach the maximum value of b for a weaker acceptor strength;
in the case of the weakest acceptor strength (Pi-CO-CHO), no
peak is actually reached (a higher polarity than that of DMSO
appears to be necessary, but still might not be sufficient in
order to observe a maximum).


Effect of the p-conjugated path length : The chromophore Pi-
CHex-CN (see Figure 1b) is composed of a piperidino donor
group and a vinyl cyanoacetate acceptor group connected
through a 2-(2-thienylidene)cyclohexanone semiconjugated
spacer; it is thus longer than Pi-CO-CN by two double bonds.
The UV/Vis spectra of Pi-CHex-CN in cyclohexane, toluene,
and DMSO are given in Figure 10a. As was the case for Pi-
CO-Ba, no clear absorption maximum can be determined and
several transitions are present in the visible part of the
spectrum. Although no significant red shift is observed on
changing the solvent from cyclohexane to toluene, a sharp
positive solvatochromism of �30 nm of the lowest transition
is measured on changing to the more polar DMSO. The
molecular hyperpolarizability values determined by HRS (at
l� 1064 nm) are displayed in Figure 10b. The maximum of b


is located here around a dielectric constant e� 26 correspond-
ing to a 50/50 (v/v) toluene/DMSO mixture. The position of
the peak is shifted to a lower polarity compared to Pi-CO-CN,
which is consistent with the fact that a longer conjugated path
reduces the electric field required to observe the maximum of
b.[26]


Figure 10. a) Absorption spectra of Pi-CHex-CN in cyclohexane, toluene,
and DMSO; b) evolution of the experimental HRS b of Pi-CHex-CN with
solvent polarity (fundamental wavelength l� 1064 nm).


Comparison of theory and experiment : General trends in the
relationship between theoretical and experimental results can
be deduced from the observations reported above. The
experimental evolution of the energy of the first optical
transition with respect to e for Pi-CO-CN (Figure 5a) has been
compared to the corresponding theoretical quantity, that is,
the evolution of the transition energy between the ground
state and the first excited state versus F for DM-CO-CHO. An
overall decrease of 3 eV is determined theoretically for DM-
CO-NO2 for static fields going from 0 to 108 V cmÿ1. Exper-
imentally, changing the solvent from cyclohexane (e� 2.02) to
toluene (e� 2.38) induces a bathochromic shift of 0.1 eV,
which confirms a very rapid decrease of the first transition
energy at low solvent polarities. However, a very small
variation of 0.14 eV is observed when e changes from 2.38
(toluene) to 46 (DMSO). The reason for this slow evolution is
probably related to a preferential solvation phenomenon of
the dipolar chromophore by the more polar solvent that
occurs as the content of DMSO increases in the toluene/
DMSO binary mixture. This preferential solvation phenom-
enon induces an inhomogeneous electric reaction field around
the chromophore in solution and the theoretical and exper-
imental transitions cannot be compared in any simple way.


A large influence of the electric field or reaction field in
solution on the electronic cloud in the donor segment of the
chromophore has been deduced from both theory and
experiment. The neutral and zwitterionic forms described in
Scheme 1 participate in the actual structure of chromophores,
as shown by the theoretical analysis of the p-BOs on DM-CO-
NO2 and the 1H NMR data in the case of Pi-CO-CN. Note that
a similar participation of the neutral and zwitterionic struc-
tures as the solvent polarity was increased has been reported
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by Kessler and Wolfbeis[13] in related keto-spaced chromo-
phores.


An interesting parallel can be made in terms of the
molecular hyperpolarizabilities. The evolution of the calcu-
lated hyperpolarizability bHRS versus F for DM-CO-NO2 can
be compared qualitatively with the evolution of the resonant
experimental second-order polarizability (at l� 1064 nm)
versus e. They both present a maximum, the former at an
electric field of 6.7� 107 V cmÿ1 and the latter at e� 40. There
is also a qualitative agreement between the theoretical b curve
(Figure 3c) and the experimental b evolution (Figure 9a) for
the aldehyde-substituted chromophores DM-CO-CHO and
Pi-CO-CHO, respectively; no peak can be observed exper-
imentally in the range of polarities of the toluene/DMSO
mixtures and only a very small increase in b versus F is
obtained theoretically.


To summarize, despite qualitatively parallel trends between
the evolution of the experimental data as a function of e and
that of the theoretical results versus F, there are major
quantitative disagreements: i) the experimental evolution in
transition energy is much smaller; for instance, in the case of
Pi-CO-CN, as the value of e is changed from 2.02 to the e value
leading to the b peak, the transition energy decreases by
�0.25 eV. If we take into consideration Onsager�s theory
(since the evolution in the reaction field from e� 1 to 2 is half
that up to the largest e values), this would mean a global
evolution from the gas phase to e� 40 of the order of 0.5 eV;
the theoretical evolution is about 6 times as large. ii) The
measured peak b value is only about twice as large as the b


values measured at small e ; the corresponding calculated
increase is over one order of magnitude. These discrepancies
can be ascribed to the occurrence of specific interactions due
to DMSO in solution, which have not been taken into account
in the calculations.


Conclusions


The synthesis of novel carbonyl-spaced NLO chromophores
has been carried out and the linear and nonlinear optical
properties in solution have been determined. Semiempirical
INDO/SDCI calculations of two related model compounds
have been correlated with the experimental results. Qualita-
tively, a parallel is found between the dependence of the HRS
second-order polarizability with respect to solvent polarity
and the theoretical evolution of b as a function of the ground-
state polarization, which was tuned by the application of a
static homogeneous electric field. The quantitative discrep-
ancies between the experimental data and the calculated
transition energies and b values are attributed to a prefer-
ential solvation phenomenon that induces an inhomogeneous
and very different reaction field around the dissolved
chromophore. This work illustrates that a joint theoretical
and experimental investigation can lead to a better perception
of, on one hand, the influence of environmental factors on the
polarizabilities and, on the other hand, the role of a carbonyl
spacer in tuning the charge transfer along a push ± pull-
conjugated chromophore.


Experimental Section


General : 2-Thiophenecarboxaldehyde (Acros), trimethyl orthoformiate
(Janssen), cyclohexanone (Baker), triethylamine (Janssen), piperidine
(Janssen), lithium diisopropylamide (LDA; Aldrich, 2m solution in
heptane, THF, ethylbenzene), N,N-dimethylbarbituric acid (Fluka), and
ethyl cyanoacetate (Fluka) were used as received. N,N-dimethylformamide
(DMF) was dried and distilled over phosphorus pentoxide prior to use.
Tetrahydrofuran (THF) was dried and distilled over sodium/benzophe-
none. Dimethylsulfoxide (DMSO; Merck) and toluene (JP Baker) for
spectroscopic analyses were of analytical grades and used as received.
[D8]Toluene (Aldrich) and [D6]DMSO (Aldrich) were used as received.


The 1H spectra were recorded on a Bruker AM 400 spectrometer; the
chemical shifts in the experimental section are given relative to tetrame-
thylsilane (TMS) and recorded in CDCl3. J values are given in Hertz. Since
some authors have reported a large solvent effect on the 1H and 13C
chemical shifts of TMS,[33] mainly in aromatic solvents where diamagnetic
anisotropy is important, the validity of TMS as the internal reference was
checked by the use of cyclohexane as a second internal reference in the
toluene/DMSO mixtures. The chemical shift of cyclohexane is known to be
independent of solvent polarity;[39] its chemical shift in various toluene/
DMSO mixtures was found to be constant (d� 1.40 relative to TMS).
Therefore, all chemical shifts are expressed relative to TMS, d� 0.0. The IR
spectra were recorded on a Perkin ± Elmer 1600 FT spectrometer. UV/Vis
analyses were performed on a Hitachi U-3300 spectrometer with concen-
trations �5� 10ÿ5m. Hyper-Rayleigh scattering was performed at a
fundamental wavelength of n� 1064 nm (Nd-YAG laser). The setup and
conditions have been described elsewhere.[40]


Synthetic procedures : The synthesis of ethyl (E)-2-cyano-3-[5-(5-piperidi-
no-2-thienylcarbonyl)-2]-2-propenoate (6 a, Pi-CO-CN) and the intermedi-
ate compounds have been described elsewhere.[23]


Synthesis of 1,3-dimethyl-5-[5-(5-piperidino-2-thienylcarbonyl)-2-thienyl-
methylene]hexahydro-2,4,6-pyrimidinetrione (6 b, Pi-CO-Ba): In a single-
necked flask (50 mL), 5-(5-piperidino-2-thienylcarbonyl)-2-thiophenecar-
baldehyde[23] (0.5 g, 0.001.6 mol) was dissolved in dry ethanol (40 mL). N,N-
dimethyl barbituric acid (0.312 g, 0.002 mol) and 2 drops of piperidine were
then added to the solution. The mixture was heated at 80 8C for 0.5 h and
then allowed to cool to room temperature. The mixture was hydrolyzed
with HCl (0.1n, 5 mL) and the aqueous phase was extracted with CHCl3


(2� 50 mL). The organic phases were washed thoroughly with HCl (0.1n)
and water and then dried over MgSO4. The solvent was evaporated under
reduced pressure and the red solid purified by chromatography (silica gel;
n-hexane/ethyl acetate (1:1, v/v)) to give 6b. Yield: 0.4 g (56 %); 1H NMR
(CDCl3): d� 8.69 (s, 1 H), 7.80 (d, J� 4.0 Hz, 1 H), 7.73 ± 7.71 (m, 2 H,), 6.09
(d, J� 4.4 Hz, 1H), 3.37 (s, 6 H), 3.35 (t, 4 H, J ), 1.75 ± 1.60 (m, 6 H); IR
(KBr): 2935, 2853, 1688, 1570, 1474, 1440, 1379, 1322, 1238, 1124, 1087, 788,
753, 725 cmÿ1.


Synthesis of 2-{(E)-1-[(5-dimethoxymethyl)-2-thienyl]methylidene}-1-cy-
clohexanone (9): In a 250 mL flask, 5-dimethoxymethyl-2-thiophene
carboxaldehyde (8, 1.29 g, 0.0069 mol) was dissolved in cyclohexanone
(5 mL) and water (100 mL). A solution of sodium hydroxide (0.27 g,
0.0069 mol) in water (5 mL) was added dropwise and the reaction mixture
was stirred overnight. The crude mixture was then extracted with diethyl
ether (2� 50 mL) and the organic phases washed successively with sodium
bicarbonate and water and then dried over MgSO4. The solvent was
evaporated under reduced pressure, and the yellow oil obtained was
purified by silica gel chromatography (n-hexane/ethyl acetate (1:1, v/v)) to
give 9. Yield: 1.56 g (85 %); 1H NMR (CDCl3): d� 7.77 (d, J� 2.0 Hz, 1H),
7.25 (d, J� 3,6 Hz, 1H), 7.09 (d, J� 3,6 Hz, 1 H), 5.66 (s, 1H), 3.35 (s, 6H),
2.83 (m, 2 H) 2.51 (t, 2 H, J� 6.0), 1.88 (m, 4 H); IR (neat): 2936, 2828, 1710,
1673, 1578, 1348, 1317, 1250, 1193, 1142, 1084, 1063, 974, 818, 789 cmÿ1.


Synthesis of 5-piperidino-2-thiophenecarboxaldehyde (11): In a 250 mL
flask equipped with a condenser and under a nitrogen atmosphere,
2-bromo-5-thiophene carboxaldehyde (10, 8.4 g, 0.051 mol), triethylamine
(3.7 mL, 0.051 mol), and piperidine (4.36 g, 0.051 mol) were dissolved in
dry toluene (100 mL) and refluxed at 120 8C over a period of 3 days. The
reaction mixture was then hydrolyzed with HCl (0.1n, 5 mL) and washed
vigorously with HCl (0.1n), NaHCO3, and H2O. The organic phase was
dried over MgSO4, the solvent removed under reduced pressure, and the
brown solid obtained was purified by silica gel chromatography (n-hexane/
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ethyl acetate (8:2, v/v)) to give 11. Yield 4.28 g (50 %); 1H NMR (CDCl3):
d� 9.50 (s, 1 H), 7.47 (d, J� 4.5 Hz, 1H), 6.06 (d, J� 4.5 Hz, 1H), 3.34 (t,
J� 4.4 Hz, 4 H), 1.69 (m, 6H); IR (KBr): 2974, 2882, 1672, 1596, 1440, 1415,
1333, 1054, 963, 792 cmÿ1.


Synthesis of 5-{2-oxo-3-[(E)-1-(5-piperidino-2-thienyl)methylidene]cyclo-
hexylidenemethyl}-2-thiophenecarboxaldehyde (12): In a 50 mL flask
equipped with a condenser, 5-piperidino-2-thiophenecarboxaldehyde (11,
0.5 g, 0.0026 mol) and 2-{(E)-1-[(5-dimethoxymethyl)-2-thienyl]methyli-
dene}-1-cyclohexanone (9, 0.7 g, 0.0026 mol) were dissolved in ethanol
(20 mL). A solution of sodium hydroxide (0.104 g, 0.0026 mol) in water
(5 mL), was slowly added to the reaction mixture, which was then heated at
100 8C over a period of 4 days. Subsequently, the reaction mixture was
hydrolyzed with HCl (0.1n, 5 mL) and extracted twice with CHCl3. The
organic phases were washed with HCl (0.1n) and NaHCO3 and dried over
MgSO4, and the solvent was removed under reduced pressure. The crude
product was purified by silica gel chromatography (n-hexane/ethyl acetate
(1:1, v/v)) to give 12. Yield: 0.25 g (28 %); 1H NMR (CDCl3): d� 9.83 (s,
1H), 7.93 (m, 1 H), 7.89 (m, 1H), 7.74 (d, J� 4.0 Hz, 1H), 7.36 (d, J� 4.0 Hz,
1H), 7.19 (d, J� 4.3 Hz, 1 H), 6.10 (d, J� 4.3 Hz, 1H), 3.30 (t, J� 5.0 Hz,
4H), 2.93 (t, J� 4.0 Hz, 2 H), 2.86 (t, J� 4.0 Hz, 2 H), 1.95 (m, 2 H), 1.73 to
1.69 (m, 6H); IR (neat): 2937, 2854, 1622, 1537, 1497, 1445, 1381, 1247, 1065,
890, 858, 763, 754 cmÿ1.


Synthesis of ethyl (E)-2-2-cyanomethyl-3-{5-2 oxo-3-[(E)-1-(5-piperidino-
2-thienylmethylidene)cyclohexylidenemethyl]-2-thienyl}-2-propenoate
(13, Pi-CHex-CN): Following the previously described procedure for the
synthesis of 6a, 5-{2-oxo-3-[(E)-1-(5-piperidino-2-thienyl)methylidene]cy-
clohexylidenemethyl}-2-thiophenecarboxaldehyde (12, 0.09 g, 0.00027 mol),
and ethyl cyanoacetate (0.03 mL, 0.00027 mol) were dissolved in toluene
(10 mL). After the addition of 2 drops of piperidine, the reaction mixture
was heated overnight at 60 8C. The reaction mixture was then hydrolyzed
with HCl (0.1 n, 2 mL) and extracted twice with CHCl3. The organic phases
were washed with HCl (0.1n) and NaHCO3, dried over MgSO4 and the
solvent was removed under reduced pressure. The crude product was
purified by silica gel chromatography (n-hexane/ethyl acetate (1:1, v/v)) to
give 13. Yield: 0.05 g (43 %); 1H NMR (CDCl3): d� 8.29 (s, 1H), 7.93 (s,
1H), 7.75 (s, 1 H), 7.76 (d, J� 4.0 Hz, 1 H), 7.36 (d, J� 4.0 Hz, 1H), 7.20 (d,
J� 4.6 Hz, 1 H), 6.11 (d, J� 4.3 Hz, 1H), 4.39 (q, J� 7,2 Hz, 2H), 3.32 (t,
J� 4.6 Hz, 4H), 2.96 and 2.85 (t, J� 5,2 Hz, 4H), 1.99 (t, J� 6,2 Hz, 2H),
1.70 (m, 6 H) and 1.42 (t, J� 7,2 Hz, 3H); IR (KBr): 2934, 2855, 2216, 1715,
1644, 1583, 1514, 1470, 1432, 1375, 1271, 1240, 1197, 1166, 1142, 1067, 1016,
940, 887, 854, 810, 757 cmÿ1.
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From Molecular Ribbons to a Molecular Fabric


Mark Mascal,*[a] Jens Hansen,[a] Philip S. Fallon,[a] Alexander J. Blake,[a]


Brigid R. Heywood,[b] Madeleine H. Moore,[c] and Johan P. Turkenburg[c]


Abstract: Ion-pair reinforced, hydrogen-bonded molecular ribbons are knitted
together through ammonium carboxylate salt bridges into undulating sheets wherein
each component participates in three ion-pairing interactions and up to twelve
hydrogen bonds.


Keywords: crystal engineering ´ hy-
drogen bonds ´ ion pairs ´ self-
assembly ´ solid-state structures


Introduction


'Crystal engineering' has in recent times become a byword of
molecular science, and attempts are being made to deconvo-
lute the variables which orchestrate the crystallization process
and thereby formulate an algorithmic approach to the design
of solids.[1] Despite this, relatively few molecules or systems of
molecules crystallize in an entirely predictable way, and the
best prospects for achieving a preconceived, higher order
structural feature in a solid is to purpose ± design components
which present functional groups with powerful directing
influences, such as hydrogen-bonding or metal ± ligand rela-
tionships.


A good example of a self-organizing system which meets
the above criterion is the hydrogen-bonding molecular ribbon
first introduced by Lehn et al.[2] and Whitesides et al.[3] in
1990, and several applications of this dependable means of
generating long-range order have since been described.[4]


However, in most cases the mode of assembly has been
effectively one-dimensional, with non-associated, independ-
ent ribbons making up the crystal lattice. To date, the only
report of interrelationships between molecular ribbons has
involved weak I ´´ ´ N bonds in N-cyanophenyl-N'-iodophenyl-
melamine or nonspecific coulombic forces and hydrogen
bonds in (H�)melamine barbiturate.[5]


We therefore became interested in extending the degree of
control over this important solid-state motif into a second
dimension[6] in a programmed fashion. This would be accom-
plished by installing electronically complementary functional
groups into the tails of the components, which would cause the
ribbons to converge. An acid ± base ion pair seemed most
suitable as it would provide a substantial interaction, while at
the same time being flexible in terms of directionality and
steric requirements. We now describe the modification of
molecular ribbon components to include such functionality,
and the faithful realization of the intended 'molecular
program'.


Results and Discussion


A series of aminoalkyl-substituted pyrimidine-2,4,6-triamines
(1) and carboxyalkyl 1,3,5-triazine-2,4,6-triones (2) were
synthesized by modification of known methods[7] (Schemes 1
and 2). It was found that any combination of amine 1 with an
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Scheme 1. Reagents and conditions: i. C(NH2)�3 Clÿ, NaOEt, EtOH,
reflux; ii. NH2NH2, EtOH, reflux, then NaOEt, reflux.


acid 2 in ethanol led to the immediate precipitation of 1:1
complexes (Scheme 3) which would only dissolve to an
appreciable extent in polar aprotic solvents (DMF, DMSO)
or water. Recrystallization of the complexes from water
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Scheme 2. Reagents and conditions: i. (EtO)2CO, NaOEt, EtOH, reflux;
ii. CrO3/H2SO4, aqueous HOAc (2a); NaIO4/RuCl3, aqueous acetone (2b).


provided very thin plates which, in the case of 1 a� 2 b yielded
to crystallographic analysis.


The structure of the 1 a� 2 b ´ 4 H2O complex is shown in
Figure 1. As can be seen, pairs of ribbons related by a 1808 b


Figure 1. View of the 1 a� 2b sheet with hydrogen atoms and water
molecules omitted for clarity. The crystallographic axes are as shown.


axis rotation are joined by salt bridges incorporating short
hydrogen bonds between an ammonium H and carboxylate O
atom (N ´´´ O 2.782(2) �). The triply hydrogen-bonded faces
of the ribbons are themselves alternately reinforced by ion
pairing as a result of proton transfer from the triazinetrione to
the pyrimidine ring.[8] These protons are located in difference
Fourier maps, but also the effect of the opposing charges is
manifested in the shorter N ´´´ O distances between the two
rings on that side as compared to the other. The extended
structure resembles an undulating sheet, where the criss-
crossing interactions which constitute the fabric�s 'weave' can
be read off along the traditional ribbon axis (c) as repeating
hydrogen-bond triplexes, and perpendicular thereto (b) as
hydrogen-bond triplexes alternated by ammonium carboxy-
late bridges. The assembly can also be regarded as a honey-
comb of interconnected, oblong 1a32b3 cyclic hexamers, where
some comparison to the graphitic network between cyanuric
acid and melamine can be drawn.[9] Each sheet is also
associated with those directly above and below it through a
second ammonium ± carboxylate contact (N ´´´ O 2.780(2) �)
along an a glide (Figure 2), which renders the assembly
continuous (i.e. three-dimensional). The three strong, linear


Figure 2. Detail from the 1a� 2 b crystal structure showing the relation-
ship of one sheet (filled bonds) to the one directly underneath it (unfilled
bonds) as well as the water bridge between the opposing ribbons. Not
shown are hydrogen bonds from the free triazinetrione oxygen sites to
water molecules (one each) and the hydrogen atoms on carbon.


N N


(CH2)n


NH2


NH2H2N


N


N


N


O


OO


(CH2)n


HH


CO2HNH2


N N


NN


N
H H


H


H


HH


H


N N


NN


N
H H


H


H


HH


H


N


N


N


O


OO


H


(CH2)n


CO2


N


N


N


O


OO


H


(CH2)n


CO2


(CH2)n


NH3


(CH2)n


NH31a (n=2)


1b (n=4)


2a (n=2)


2b (n=4)


+


Scheme 3.







Hydrogen±Bonded Molecular Ribbons 381 ± 384


Chem. Eur. J. 1999, 5, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0501-0383 $ 17.50+.50/0 383


hydrogen bonds[10] to one of the carboxylate oxygen atoms
represent an unusual trifurcation of electron density from a
formally sp2 hybridized centre.[11, 12] Finally, the bridging ion
pairs are themselves bridged by a string of water molecules
which together describe a six-membered, hydrogen-bonding
ring (Figure 2). The four unique H2O molecules assemble a
continuous, highly twisted chain which weaves through the
lattice and hydrogen bonds at every O atom with at least one
component of the molecular complex.


Conclusion


This work demonstrates the programmability of hydrogen-
bond triplex/ion-pair hybrid systems and their potential for
engineering molecular solids for proliferation in set dimen-
sions. The molecular ribbon is put in a new context as part of a
two-dimensional assembly by the programmed coupling of
ionics with hydrogen bonding. Further applications of this
effective combination of design principles are under inves-
tigation and will be reported in due course.


Experimental Section


N-(3,3-Dicyanopropyl)phthalimide (3a): To a stirred suspension of sodium
hydride (60 % in oil, 0.880 g, 22.0 mmol) in DMSO (20 mL) was added a
solution of malononitrile (2.64 g, 40.0 mmol) in DMSO (5 mL) with
cooling. After addition was complete, the mixture was stirred for 10 min,
the temperature raised to 80 8C and N-(2-bromoethyl)phthalimide (5.08 g,
20.0 mmol) was added in one portion. The mixture was stirred for 3 h at
90 8C before being allowed to cool. The reaction mixture was poured into
water (50 mL) and extracted with dichloromethane (3� 50 mL). The
combined organic extract was washed with water (3� 100 mL), saturated
aqueous sodium chloride (2� 100 mL), dried over magnesium sulfate and
the solvent removed to give an orange oil. Chromatography on silica gave
3a (2.11 g, 44%) as a white solid, m.p. 109 ± 110 8C; IR(CHCl3): nÄ � 2912,
2260 (C�N), 1777 (C�O), 1715 (C�O), 1615, 1400, 1355, 1131 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 2.46 (2H, q, J 6.5, 2'-H), 3.96-3.99 (3H, m,
1'-H and 3'-H), 7.76 (2H, m, ArH), 7.87 (2H, m, ArH); 13C NMR
(67.8 MHz, CDCl3): d� 20.8 (C-3'), 30.0 (C-2'), 34.4 (C-1'), 112.1 (CN),
123.6 (Ar), 131.5 (Ar), 134.4 (Ar), 168.1 (C�O); MS (EI): m/z (%): 239
([M�], 21), 174 (9), 161 (32), 160 (100), 148, (6), 133 (8), 130 (8), 105 (10),
104 (11), 77 (10), 76 (15); HRMS (EI) C13H9N3O2: calcd 239.0695; found
239.0697 ([M�]).


N-(5,5-Dicyanopentyl)phthalimide (3b): Malononitrile (4.78 g, 72.4 mmol)
in DMSO (10 mL), sodium hydride (60 % in oil, 1.59 g, 39.8 mmol) in
DMSO (35 mL) and N-(4-bromobutyl)phthalimide (10.2 g, 36.2 mmol)
were allowed to react under conditions identical to those described for the
preparation of 3 a to give 3 b (6.88 g, 71 %) as a white solid, m.p. 137 ±
138 8C; IR(CHCl3): nÄ � 2946, 2868, 2259 (C�N), 1771 (C�O), 1715 (C�O),
1616, 1461, 1357, 1128, 995 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.67 (2H,
m, 3'-H), 1.79 (2 H, quintet, J 7.1, 2'-H), 2.11 (2 H, q, J 7.6, 4'-H), 3.72 (2H, t,
J 6.9, 1'-H), 3.81 (1 H, t, J 6.9, 5'-H), 7.72 (2H, m, ArH), 7.83 (2H, m, ArH);
13C NMR (67.8 MHz, CDCl3): d� 22.4 (C-5'), 23.6 (C-3'), 27.2 (C-2'), 30.0
(C-4'), 36.7 (C-1'), 112.4 (CN), 123.2 (Ar), 131.8 (Ar), 134.0 (Ar), 168.3
(C�O); MS (EI): m/z (%): 267 ([M�], 2%), 240 (6), 202 (10), 160
(PthCH�


2
. , 100), 104 (6), 77 (8), 76 (7); elemental analysis calcd for


C15H13N3O2: C 67.4, H 4.9, N 15.7; found C 67.2, H 4.9, N 15.6.


5-(2-Phthalimidoethyl)-2,4,6-triaminopyrimidine (4a): To a stirred solution
of sodium ethoxide (782 mg, 11.5 mmol) in ethanol (12 mL) was added
guanidine hydrochloride (742 mg, 7.77 mmol). The mixture was stirred for
5 min and filtered to remove the precipitated sodium chloride. To the
resulting solution was added N-(3,3-dicyanopropyl)phthalimide 3a (1.67 g,
6.98 mmol) and the mixture was heated at reflux for 3 h. The reaction was
allowed to cool, filtered, the residue washed with cold ethanol and dried to


give 4 a (1.62 g, 78 %) as a yellow powder, m.p. 255 ± 257 8C; IR(KBr): nÄ �
3386, 2940, 1765 (C�O), 1703 (C�O), 1620, 1577, 1450, 1402, 1362, 1086,
794, 722 cmÿ1; 1H NMR (400 MHz, [D6]DMSO): d� 2.58 (2H, t, J 7.0, 1'-
H), 3.59 (2H, t, J 7.0, 2'-H), 5.41 (2 H, s, 2-NH2), 5.58 (4H, s, 4-NH2 and
6-NH2), 7.82 (4H, m, ArH); 13C NMR (67.8 MHz, [D6]DMSO): d� 22.2 (C-
1'), 35.9 (C-2'), 82.1 (C-5), 123.0 (Ar), 131.7 (Ar), 134.4 (Ar), 160.5 (C-2),
162.2 (C-4 and C-6), 168.2 (C�O); MS (EI): m/z (%): 298 ([M�], 1), 160
(PthCH�


2
. , 4), 150 (4), 138 (TAP-CH�


2
. , 100), 121 (14), 104 (12), 96 (25), 76


(17); HRMS (EI) C14H14N6O2: calcd 298.1178; found 298.1187 ([M�]).


5-(4-Phthalimidobutyl)-2,4,6-triaminopyrimidine (4b): Guanidine hydro-
chloride (2.63 g, 27.5 mmol), sodium ethoxide (2.81 g, 41.3 mmol) in
ethanol (25 mL) and N-(5,5-dicyanopentyl)phthalimide 3 b (6.68 g,
25.0 mmol) were allowed to reated under conditions identical to those
described for the preparation of 4a to give 4 b (6.21 g, 76 %) as a yellow
powder, m.p. 230 ± 232 8C; IR(KBr): nÄ � 3434, 3382, 3181, 2940, 2882, 1768
(C�O), 1708 (C�O), 1616, 1572, 1450, 1438, 1400, 718 cmÿ1; 1H NMR
(400 MHz, [D6]DMSO): d� 1.28 (2H, m, 2'-H), 1.63 (2H, m, 3'-H), 2.16
(2H, t, J 7.7, 1'-H), 3.56 (2H, t, J 6.8, 4'-H), 5.12 (2 H, s, 2-NH2), 5.41 (4 H, s,
4-NH2 and 6-NH2), 7.83 (4H, m, ArH); 13C NMR (100 MHz, [D6]DMSO):
d� 22.7 (C-1'), 25.4 (C-2'), 28.1 (C-3'), 37.5 (C-4'), 85.5 (C-5), 122.9 (Ar),
131.6 (Ar), 134.3 (Ar), 160.6 (C-2), 161.9 (C-4 and C-6), 168.0 (C�O); MS
(EI): m/z (%): 327 (8), 326 ([M�], 17), 138 (100); HRMS (EI) C16H18N6O2:
calcd 326.1491; found 326.1503 ([M�]).


5-(2-Aminoethyl)-2,4,6-triaminopyrimidine (1a): To a stirred suspension of
5-(2-phthalimidoethyl)-2,4,6-triaminopyrimidine 4 a (894 mg, 3.00 mmol)
in ethanol (30 mL) was added hydrazine hydrate (0.400 mL) and the
mixture heated at reflux for 24 h. The reaction was allowed to cool to room
temperature, sodium ethoxide (204 mg, 3.00 mmol) in ethanol (8 mL) was
added and the mixture heated at reflux for an additional 30 min. The
reaction was cooled to 0 8C, filtered through Celite and the filtrate
evaporated to dryness. The residual yellow solid was recrystallized from
water to give 1 a (297 mg, 59 %) as white needles, m.p. 191 ± 192 8C;
IR(KBr): nÄ � 3377, 3182, 2932, 1625, 1582, 1437, 1030, 813 cmÿ1; 1H NMR
(400 MHz, [D6]DMSO): d� 2.23 (2 H, t, J 7.2, 1'-H), 2.49 (2H, m, 2'-H),
3.33 (2H, br s, 2'-NH2), 5.27 (2 H, s, 2-NH2), 5.58 (4H, s, 4-NH2 and 6-NH2);
13C NMR (100 MHz, [D6]DMSO): d� 28.2 (C-1'), 40.7 (C-2'), 84.0 (C-5),
160.7 (C-2), 162.4 (C-4 and C-6); MS (EI): m/z (%): 168 ([M�], 14), 151 (7),
150 (10), 149 (9), 139 (63), 138 (100), 121 (14), 96 (17); HRMS (EI)
C6H12N6: calcd 168.1124; found 168.1120 ([M�]).


5-(4-Aminobutyl)-2,4,6-triaminopyrimidine (1 b): 5-(4-Phthalimidobutyl)-
2,4,6-triaminopyrimidine 4 b (4.89 g, 15.0 mmol) in ethanol (150 mL),
hydrazine hydrate (1.60 mL) and sodium ethoxide (1.02 g, 15.0 mmol) in
ethanol (15 mL) were allowed to react under conditions identical to those
described for the preparation of 1a to give 1 b (2.79 g, 95%) as yellow
needles, m.p. 119 ± 121 8C; IR(KBr): nÄ � 3479, 3399, 3102, 2939, 2869, 1623,
1584, 1436, 810 cmÿ1; 1H NMR (400 MHz, [D6]DMSO): d� 1.28-1.35 (4 H,
m, 2'-H and 3'-H), 2.12 (2H, br s, 1'-H), 2.48 (2H, m, 4'-H), 2.58 (2 H, br s,
4'-NH2), 5.31 (2H, s, 2-NH2), 5.60 (4H, s, 4-NH2 and 6-NH2); 13C NMR
(100 MHz, [D6]DMSO): d� 22.9 (C-1'), 25.3 (C-2'), 32.7 (C-3'), 41.7 (C-4'),
85.9 (C-5), 160.5 (C-2), 162.0 (C-4 and C-6); MS (EI): m/z (%): 196 ([M�],
18), 180 (5), 153 (9), 152 (9), 138 (100), 126 (12), 125 (12), 96 (7); HRMS
(EI) C8H16N6: calcd 196.1437; found 196.1432 ([M�]).


1-(3-Hydroxypropyl)biuret (5 a): 1-Nitrobiuret (24.6 g, 166 mmol) was
suspended in water (150 mL) and 3-amino-1-propanol (12.5 g, 166 mmol)
was added. The mixture was allowed to stand for 1 h with occasional
swirling and then heated at reflux for 1 h. The solution was then cooled on
ice and filtered to remove a small amount of insoluble material before
being concentrated to give the crude product as a white solid. Recrystal-
lization from ethanol gave 5 a (15.7 g, 59%) as a white solid, m.p. 118 ±
121 8C; IR(KBr): nÄ � 3460, 3408, 3287, 3251, 2962, 2923, 1716 (C�O), 1686
(C�O), 1650, 1605, 1566, 1499, 1337, 1304, 1268, 1237, 1056, 660, 580 cmÿ1;
1H NMR (250 MHz, [D6]DMSO): d� 1.53 (2H, quintet, J 6.5, 2'-H), 3.12
(2H, q, J 6.4, 1'-H), 3.39 (2H, q, J 5.5, 3'-H), 4.48 (1 H, t, J 5.2, OH), 6.71
(2H, s, 5-H), 7.48 (1H, br s, 1-H), 8.53 (1H, s, 3-H); 13C NMR (67.8 MHz,
[D6]DMSO): d� 32.6 (C-2'), 36.1 (C-1'), 58.4 (C-3'), 154.6, 155.7 (C-2 and
C-4); MS (EI): m/z (%): 161 ([M�], 0.3), 130 ([MÿCH2OH], 2), 116 (8),
101 (50), 88 (13), 60 (45), 56 (50), 44 (84), 43 (100); elemental analysis calcd
for C5H11N3O3: C 37.3, H 6.9, N 26.1; found C 37.0, H 7.1, N 26.1.


1-(5-Hydroxypentyl)biuret (5b): 1-Nitrobiuret (22.2 g, 150 mmol) and
5-amino-1-pentanol (15.5 g, 150 mmol) were allowed to react under
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conditions identical to those described for the preparation of 5a to give 5b
(15.0 g, 53%) as a white solid, m.p. 116 ± 118 8C; IR(KBr): nÄ � 3404, 3320,
2939, 2864, 1701 (C�O), 1679 (C�O), 1546, 1440, 1243, 1058, 661 cmÿ1;
1H NMR (400 MHz, [D6]DMSO): d� 1.26 (2H, m, 3'-H), 1.36-1.43 (4H, m,
2'-H and 4'-H), 3.06 (2H, q, J 6.5, 1'-H), 3.36 (2H, q, J 5.8, 5'-H), 4.34 (1 H, t,
J 4.5, OH), 6.71 (2H, s, 5-H), 7.44 (1H, br s, 1-H), 8.49 (1H, s, 3-H);
13C NMR (67.8 MHz, [D6]DMSO): d� 22.9 (C-3'), 29.3 (C-2'), 32.2 (C-4'),
38.8 (C-1'), 60.6 (C-5'), 154.4, 155.6 (C-2 and C-4); MS (EI): m/z (%): 190
([M� 1], 3), 189 ([M�], 4), 156 (7), 145 (10), 130 (21), 116 (93), 102 (43), 99
(78), 87 (25), 70 (59), 44 (100); elemental analysis calcd for C7H15N3O3: C
44.4, H 8.0, N 22.2; found C 44.1, H 8.3, N 22.5.


1-(3-Hydroxypropyl)-1,3,5-triazine-2,4,6-trione (6a): A solution of sodium
ethoxide was prepared from sodium metal (138 mg, 6.0 mmol) and absolute
ethanol (6 mL). Diethyl carbonate (472 mg, 4.00 mmol) was added with
stirring, followed by 1-(3-hydroxypropyl)biuret (5 a) (322 mg, 2.00 mmol)
and the mixture was heated at reflux for 2 h, during which the sodium salt
of the product precipitated from solution. The mixture was allowed to cool
to room temperature, filtered and the precipitate washed with cold 1:1
ethanol-ether. The salt was then dissolved in the minimum volume of water
and the solution was carefully neutralized by the addition of 1m sulfuric
acid whereupon precipitation occurred. The product was collected on a
filter, washed and dried under vacuum to give 6a (225 mg, 60%) as a white
solid, m.p. 220 ± 223 8C; IR(KBr): nÄ � 3500, 3059, 2807, 1755 (C�O), 1696
(C�O), 1676 (C�O), 1481, 1450, 1415, 1124, 1030, 937, 862, 839, 758 cmÿ1;
1H NMR (250 MHz, [D6]DMSO): d� 1.64 (2H, quintet, J 6.7, 2'-H), 3.40
(2H, br s, 3'-H), 3.67 (2H, t, J 7.2, 1'-H), 4.45 (1 H, br s, OH), 11.13 (2H, s,
NH); 13C NMR (67.8 MHz, [D6]DMSO): d� 30.7 (C-2'), 38.5 (C-1'), 58.7
(C-3'), 148.7 (C-4), 149.9 (C-2 and C-6); MS (EI): m/z (%): 187 ([M�], 2),
169 ([MÿH2O], 15), 157 (86), 143 (28), 142 (14), 130 (100), 70 (30), 56 (37);
elemental analysis calcd for C6H9N3O4: calcd C 38.5, H 4.8, N 22.5; found:
C 38.4, H 4.9, N 22.7.


1-(5-Hydroxypentyl)-1,3,5-triazine-2,4,6-trione (6b): Sodium ethoxide
(7.5 mmol) in absolute ethanol (7.5 mL), diethyl carbonate (590 mg,
5.00 mmol) and 1-(5-hydroxypentyl)biuret 5 b (473 mg, 2.50 mmol) were
allowed to react under conditions identical to those described for the
preparation of 6 a to give 6b (425 mg, 79%) as a white solid, m.p. 182 ±
183 8C; IR(KBr): nÄ � 3486, 3202, 3067, 2936, 2816, 1746 (C�O), 1689
(C�O), 1485, 1454, 1418, 1155, 1067, 761, 542 cmÿ1; 1H NMR (400 MHz,
[D6]DMSO): d� 1.24 (2H, m, 3'-H), 1.40 (2H, quintet, J 7.0, 2'-H), 1.48
(2H, quintet, J 7.5, 4'-H), 3.35 (2H, t, J 6.4, 5'-H), 3.60 (2H, t, J 7.3, 1'-H),
4.31 (1 H, br s, OH), 11.36 (2 H, s, NH); 13C NMR (67.8 MHz, [D6]DMSO):
d� 22.7 (C-3'), 27.3 (C-2'), 32.2 (C-4'), 40.5 (C-1'), 60.5 (C-5'), 148.7 (C-4),
149.9 (C-2 and C-6); MS (EI): m/z (%): 185 ([MÿCH2O], 15), 155 (10),
143 (7), 142 (8), 130 (100), 68 (64), 56 (27); elemental analysis calcd for
C8H13N3O4: C 44.6, H 6.1, N 19.5; found C 44.4, H 6.3, N 19.7.


1-(2-Carboxyethyl)-1,3,5-triazine-2,4,6-trione (2 a): Concentrated sulfuric
acid (1 mL) was added to water (2 mL) and the solution diluted to 10 mL
with acetic acid. To this was added 1-(3-hydroxypropyl)-1,3,5-triazine-2,4,6-
trione 6a (1.87 g, 10.0 mmol) with stirring. A chromic acid solution (made
by dissolving chromium trioxide (2.5 g, 25 mmol) in water (2.5 mL) and
diluting to 10 mL with acetic acid) was added dropwise over 1 h and the
mixture was left to stand overnight. The solution was then heated at reflux
for 1 h and allowed to cool to room temperature whereupon precipitation
occurred. The green precipitate was collected on a filter and recrystallized
four times from water to yield 2a (1.11 g, 55%) as a very pale green solid,
m.p. 266 ± 267 8C; IR(KBr): nÄ � 3419, 3235, 2796, 1757 (C�O), 1723 (C�O),
1693 (C�O), 1470, 1399, 1192, 1171, 1122, 1038, 805, 762, 552, 516 cmÿ1;
1H NMR (250 MHz, [D6]DMSO): d� 1.56 (2H, t, J 7.0, 2'-H), 2.92 (2 H, t, J
7.0, 1'-H), 10.52 (2 H, br s, NH), 11.44 (1H, br. s, OH); 13C NMR (67.8 MHz,
[D6]DMSO): d� 32.0 (C-2'), 36.4 (C-1'), 148.7 (C-4), 149.7 (C-2 and C-6),
172.3 (C-3'); MS (EI): m/z (%): 183 ([MÿH2O], 12), 155 (100), 142 (16),
130 (11), 70 (26), 69 (24), 56 (51); elemental analysis calcd for C6H7N3O5: C
35.8, H 3.5, N 20.9; found: C 35.6, H 3.6, N 20.9.


1-(4-Carboxybutyl)-1,3,5-triazine-2,4,6-trione (2 b): To a stirred solution of
1-(5-hydroxypentyl)-1,3,5-triazine-2,4,6-trione 6 b (0.25 g, 1.2 mmol) in
70% aqueous acetone (10 mL) was added sodium periodate (1.2 g,
5.6 mmol) and ruthenium trichloride (1.0 mg). The reaction mixture was
stirred overnight at room temperature before being concentrated and
recrystallized from water to give 2b (0.17 g, 64%) as a pale grey solid,
m.p. 239 ± 242 8C; IR(KBr): nÄ � 3441, 3214, 3087, 2961, 1768 (C�O), 1752
(C�O), 1688 (C�O), 1468, 1420, 1407, 1376, 1219, 1052, 794, 762, 553 cmÿ1;


1H NMR (400 MHz, [D6]DMSO): d� 1.45 ± 1.50 (4H, m, 2'-H and 3'-H),
2.20 (2H, t, J 6.8, 4'-H), 3.61 (2H, t, J 6.5, 1'-H), 11.51 (2 H, br s, NH);
13C NMR (100 MHz, [D6]DMSO): d� 21.8 (C-3'), 27.0 (C-2'), 33.3 (C-4'),
40.2 (C-1'), 148.7 (C-4), 150.0 (C-2 and C-6), 174.4 (C-5'); MS (EI): m/z
(%): 211 ([MÿH2O], 49), 193 (5), 183 (90), 170 (56), 155 (24), 142 (40), 130
(65), 54 (100); elemental analysis calcd for C8H11N3O5: C 41.9, H 4.8, N
18.3; found C 41.7, H 4.9, N 18.1.


Crystal data for the 1 a� 2 b ´ 4 H2O complex : C14H31N9O9, Mr� 469.48,
colorless crystal 0.80� 0.50� 0.05 mm, monoclinic, a� 7.849(1), b�
30.790(1), c� 9.634(1) �, b� 108.52(10)8, U� 2207.7(4) �3, T� 293(2) K,
space group P21/a (No. 14), Z� 4, 1calcd� 1.413 gcmÿ3, l� 0.87 �, m�
0.118 mmÿ1, 11815 reflections measured, 2303 unique (Rint� 0.056), final
R1[FO� 4s(FO)]� 0.0447, wR2 (all data)� 0.119 for 315 refined parameters.
Intensity data were collected using a 30 cm MAR imaging plate mounted
on beamline PX 9.6 of the Synchrotron Radiation Source at the CLRC
Daresbury Laboratory, and processed using DENZO and SCALEPACK
(Z. Otwinowski, W. Minor, Methods in Enzymology 1997, 276, 307).
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-102530.
Copies of this data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336033;
e-mail : deposit@ ccdc.cam.ac.uk).


Acknowledgements


This work was supported by the ICI Strategic Research Fund, EPSRC and
BBSRC.


[1] Review: G. R. Desiraju, Chem. Commun. 1997, 1475, and references
therein.


[2] J.-M. Lehn, M. Mascal, A. DeCian, J. Fischer, J. Chem. Soc. Chem.
Commun. 1990, 479.


[3] J. A. Zerkowski, C. T. Seto, D. A. Wierda, G. M. Whitesides, J. Am.
Chem. Soc. 1990, 112, 9025.


[4] For some examples of how various research groups have made use of
the hydrogen-bonding ribbon motif, see: a) V. Marchi-Artzner, L.
Jullien, T. Gulik-Krzywicki, J.-M. Lehn, Chem. Commun. 1997, 117;
b) H. Koyano, P. Bissel, Y. Yoshihara, K. Ariga, T. Kunitake, Chem.
Eur. J. 1997, 3, 1077; c) W. T. S. Huck, R. Hulst, P. Timmerman,
F. C. J. M. van Veggel, D. N. Reinhoudt, Angew. Chem. 1997, 109,
1046; Angew. Chem. Int. Ed. Engl. 1997, 36, 1006; d) Y. Ren, B. Zhao,
X. Chai, A. Lu, S. Chen, Y. Cao, W. Yang, R. Lu, J. Duo, Y. Jiang, T. Li,
Thin Solid Films 1997, 293, 170; e) T. M. Bohanon, S. Denziner, R.
Fink, W. Paulus, H. Ringsdorf, M. Weck, Angew. Chem. 1995, 107, 102;
Angew. Chem. Int. Ed. Engl. 1995, 34, 58; f) G. M. Whitesides, E. E.
Simanek, J. P. Mathias, C. T. Seto, D. N. Chin, M. Mammen, D. M.
Gordon, Acc. Chem. Res. 1995, 28, 37; g) K. Hanabusa, Y. Miki, Y.
Taguchi, T. Koyama, H. Shirai, J. Chem. Soc. Chem. Commun. 1993,
1382.


[5] J. A. Zerkowski, J. C. MacDonald, G. M. Whitesides, Chem. Mater.
1994, 6, 1250.


[6] The application of hydrogen bonding to the generation of other two-
dimensional assemblies has been reviewed: D. S. Lawrence, T. Jiang,
M. Levett, Chem. Rev. 1995, 95, 2229.


[7] D. A. Dunnigan, W. J. Close, J. Am. Chem. Soc. 1953, 75, 3615; W. J.
Close, J. Am. Chem. Soc. 1953, 75, 3617; P. B. Russell, G. H. Hitchings,
J. Am. Chem. Soc. 1952, 74, 3443.


[8] M. Mascal, P. S. Fallon, A. S. Batsanov, B. R. Heywood, S. Champ, M.
Colclough, J. Chem. Soc. Chem. Commun. 1995, 805.


[9] C. T. Seto, G. M. Whitesides, J. Am. Chem. Soc. 1990, 112, 6409.
[10] H ´´´ O distances <2.0 �, X ± H ´´´ O angles> 1708.
[11] The low incidence of trifurcated C�O hydrogen-bond acceptors has


been determined by use of the Cambridge Structural Database: C. M.
Bird, PhD Thesis, University of Cambridge, 1995.


[12] The Cambridge Structural Database: F. H. Allen, O. Kennard,
Chemical Design Automation News 1993, 8, 31.


Received: October 26, 1998 [F1414]








Iodophosphane Selenides: Building Blocks for Supramolecular Soft ± Soft
Chain, Helix, and Base-Pair Arrays


Jörg Jeske, Wolf-W. du Mont,* and Peter G. Jones[a]


Abstract: Structure determinations on di-tert-butyliodophosphane selenide 1 and c-
hexyldiiodophosphane selenide 2 reveal that intermolecular donor ± acceptor
interactions between nucleophilic selenium atoms and electrophilic iodine atoms
lead to chains or helices that are interconnected by Se ´´ ´ Se contacts, building up
layer structures. In the adduct of 1 with molecular iodine (3), 1 acts as donor through
Se(�P) and as weak acceptor through I(ÿP). These interactions lead to base-pair-like
dimers [tBu2P(SeÿIÿI)I]2 that are interconnected by additional Se ´´´ Se contacts.


Keywords: donor ± acceptor interac-
tions ´ iodine ´ iodophosphane se-
lenides ´ selenium ´ supramolecular
chemistry


Introduction


Iodine atoms adjacent to s4l5-phosphonium centres behave as
soft electrophiles. With iodide anions as nucleophiles, anion ±
cation donor ± acceptor I ´ ´ ´ I interactions of Iÿ with electro-
philic iodine atoms of iodophosphonium ions RnPI�4ÿn leadÐ
depending on the number of iodine atoms bound to phos-
phorusÐto spoke structures with approximately linear PÿI ´ ´ ´
I units (n � 3; R3PI2),[1±5] to rings, helices and zigzag chains (n
� 2, R2PI3),[6±9] or to interpenetrating puckered layers and 3D
networks (n � 1, RPI4).[10] The above kind of cation ± anion
soft ± soft donor ± acceptor interactions could lead to a novel
kind of soft ± soft building blocks for supramolecular chem-
istry, when soft donor and acceptor functions are expressed in
one type of molecule. Such bifunctional molecules should
adopt properties related to base-pairing building blocks.
Selenium is a suitable soft donor atom for designing such
building blocks, because its electronegativity is very similar to
that of iodine and because selenium ligands are better donors
towards iodine than are related sulfur ligands.[11] We selected
the phosphane selenide (P�Se) group as the first selenium
donor function designed to coordinate to iodine atoms
bonded to s4l5 phosphorus (Scheme 1). Phosphane selenides
R3P�Se are known to react with molecular iodine,[11, 12] but
structure determinations on products from such reactions
have been carried out only recently.[13, 14]


A study of the structures of the products tBu3PSeÿIÿI,
[(tBu3PSe)2I]�[I3]ÿ and [{(tBu3PSe)2I}2]�[2/x (I5)x]ÿ from the


Scheme 1. SeÿI and IÿI donor ± acceptor interactions in the neighborhood
of s4l5 phosphorus.


reactions of tri-tert-butylphosphane selenide with varying
amounts of iodine revealed that the ability of this phosphane
selenide to act as a soft donor towards iodine is very similar to
that of iodide ions.[13] Compared with tBu3P�Se, Ph3P�Se is a
slightly weaker donor towards molecular iodine, and amino-
phosphane selenides (R2N)3P�Se are slightly better donors.[14]


The simplest combination of a s4l5-PÿI acceptor function
and a P�Se donor function within one molecule should be
expressed in iodophosphane selenides RnP(�Se)I3ÿn ; how-
ever, structures of this type of molecule have not yet been
determined. As building blocks for intermolecular interac-
tions, we regard compounds R2P(�Se)I as soft ± soft equiv-
alents of phosphinic acids R2P(�O)OH (Scheme 2). Depend-
ing on their organic substituents, the latter crystallise as
P�O ´´´ HÿOÿP-bridged dimers or polymers.[15±17] Similarly,
solid phosphoryl chloride and bromide exhibit weak inter


Scheme 2. Phosphinic acid derivatives interacting with hard and soft
donors and acceptors.
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molecular P�O ´´´ XÿP interactions (O ´´´ Cl 305 pm, O ´´´ Br
325 pm) leading to infinite chains.[18] For iodophosphane
selenides, we expected a novel type of P�Se ´´ ´ IÿP bridging.
Like O ´´´ HÿO bridges, Se ´´´ IÿP bridges should be close to
linear. In the following, syntheses and the first solid-state
structures of iodophosphane selenides and of an iodophos-
phane selenide adduct with molecular iodine are presented.


Results and Discussion


Syntheses and NMR spectra : Crystalline iodophosphane
selenides (tBu)2P(�Se)I (1) and c-C6H11P(�Se)I2 (2) were
prepared from the related iodophosphanes with elemental
selenium. It was sufficient to prepare the iodophosphanes in
situ from chloro- or bromophosphanes with excess sodium
iodide in toluene and to add selenium powder to the crude
iodophosphanes. Yellow 1 was recrystallised from hexane,
red-orange 2 crystallised from toluene solution. Addition of
iodine to a toluene solution of 1 furnished the iodine adduct
[(tBu)2P(SeÿIÿI)I] (3); diffusion of hexane into the toluene
solution furnished brown-black single crystals of pure 3.
Similar reactions of 2 and the related compound tBuP(�Se)I2


with iodine in dichloromethane led to insoluble, amorphous
black solids that are apparently not straightforward 1:1
adducts.


In the 31P-NMR spectra of 1 ± 3, satellites arising from
1J(77Se,31P) are well-resolved. Compared with tBu3P�Se,[19]


the magnitude of 1J(77Se,31P) of iodophosphane selenide 1
(775 Hz) is about 60 Hz larger. The couplings of diiodophos-
phane selenides 2 (755 Hz) and tBuP(�Se)I2 (747 Hz), how-
ever, are about 20 ± 30 Hz smaller than that of 1. As in the case
of the reactions of R3PSe with iodine,[13, 14] coordination of 1
with iodine leads to a decrease of 1J(77Se,31P) and to an upfield
shift of d31P, and no separate signals of free and iodine-
coordinated phosphane selenide were resolved in 31P NMR
spectrum at room temperature, that is, 3 is kinetically labile.
The NMR parameters of 3 are solvent-dependent: the change
from dichloromethane to benzene (in which it is less soluble)
leads to a further significant decrease of 1J(77Se,31P) and to a
slight deshielding of the 31P nucleus.


Structure determinations : Iodophosphane selenide 1 crystal-
lises with two independent molecules in the unit cell. Bond
angles and lengths within the two molecules of 1 are very
similar; the most significant deviation between molecules I
and II of 1 is the slightly larger PÿSe distance in molecule II.
(P1ÿSe1: 210.4(2) pm, P2ÿSe2: 212.1(2) pm). PÿI bond
lengths are very similar to those of {[(tBu)2PI2]�[I]ÿ}n, which
is a chain polymer as a result of PÿI ´ ´ ´ I ´ ´ ´ IÿP bridging.[7]


Compound 1 can be described as a helical chainlike polymer if
intermolecular PÿSe ´´ ´ IÿP contacts are taken into consider-
ation (Figure 1). These secondary Se ´´´ I contacts (Se1ÿI2'
369.04(9) and Se2ÿI1 384.38(9) pm; symmetry operator: ÿx,
y� 0.5, ÿz� 0.5) are only slightly shorter than the sum of the
van der Waals radii of selenium and iodine,[20] and are even
longer than those found in the diselenide ± diiodine interca-
lation compound [(TIP2Se2)2I2].[21] However, the L-shaped
geometry of the P�Se ´´ ´ IÿP bridges, with the iodine atoms


Figure 1. Molecular structure and secondary contacts of 1 (H atoms are
omitted). Symmetry operators for equivalent atoms: ÿx, yÿ 0.5, ÿz� 0.5
(A); ÿx, y� 0.5, ÿz� 0.5 (B).


being approximately linearly coordinated, is consistent with
the expectations for typical Se(donor)!I(acceptor) interac-
tions [aP1-I1-Se2 158.62(4)8, aP2-I2-Se1' 167.68(4)8 ; sym-
metry operator: ÿx, yÿ 0.5, ÿz� 0.5].


A surprising feature of the structure of 1 are additional
intermolecular contacts between the two symmetry-equiva-
lent selenium atoms Se2 and Se2' (Se2 ´´´ Se2' 359.4(2) pm;
symmetry operator: ÿx, y� 1, ÿz� 1); the PÿSe ´´ ´ SeÿP
arrangement is not far from linear [aPÿSeÿSe 173.73(6)8].
This additional secondary cross-link between the chains
arising from PSe ´´´ IP interactions is associated with the
above-mentioned slight elongation of d(P2ÿSe2) compared
with d(P1ÿSe1): Se1 does not participate in intermolecular
Se ´´ ´ Se interactions (Figure 1). Cross-linking of the PSe ´´´ IP
chains by PSe ´´´ SeP interactions leads to layers that are
separated by regions containing the tert-butyl groups from
adjacent layers (Figure 2).


Because crystals of the related diiodophosphane selenide
tBuP(�Se)I2 were not suitable for a structure determination,
the comparable c-hexyl compound 2 was isolated and inves-
tigated. Like 1, compound 2 contains a P�Se donor function
[2 : d(P�Se) 209.2(2) pm: shorter than both P�Se bonds in 1];
however, two electrophilic iodine atoms are attached to the
phosphorus atom of 2. As in compound 1, L-shaped PÿSe ´´´
IÿP donor ± acceptor interactions (Se ´´´ I: 347.59(8) pm) form
one motif of the supramolecular structure of 2 and PÿSe ´´´
SeÿP contacts (361.23(14) pm) the other (Figure 3).


Interconnection of two stacks of molecules of 2 by L-shaped
PÿSe ´´´ IÿP bridges leads to staircaselike helices; layers are
built up by connection of these helices through Se ´´ ´ Se
contacts. In contrast to 1, all selenium atoms of 2, but only one
iodine atom of each molecule participate in building up layers
from helices. The stacking of these layers allows cyclohexyl
groups and iodine atoms from terminal PÿI groups to
approach in a herringbone pattern, creating domains of
iodine atoms and of cyclohexyl groups from two adjacent
layers (Figure 4, p. 388).


As expected, iodophosphane selenides exhibit intermolec-
ular L-shaped PÿSe ´´ ´ IÿP donor ± acceptor interactions;
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however, in the case of 1 and 2 these interactions do not lead
to base-pair-like dimers, but to chains. If the factor preventing
dimers in solid 1 and 2 were unfavourable steric interactions
between linearly coordinated acceptor iodine atoms of two
adjacent L-shaped moieties, relief from this kind of strain
might be provided by increasing the distance between the two
donor ± acceptor systems. Such an increase of distance should
be achieved by inserting iodine molecules between two
molecules of 1. From the solid-state structures of iodine[22]


and of the dimeric adduct of Ph2Se2 with I2
[23] it is known that


I2 molcules may act as both acceptor and donor at the same
time: when one iodine atom behaves as electrophile, the
donor properties of the other iodine atom become more
pronounced.


The structure of the iodine
adduct 3 can to a first approx-
imation be described as a mo-
lecular 1:1 complex of the io-
dophosphane selenide 1 donor
with iodine as acceptor. Com-
pared with tBu3PSeÿIÿI, the
SeÿI bond length within the
monomeric unit of 3 is slightly
longer and the IÿI bond length
is slightly shorter, that is, 1 is a
somewhat weaker donor than
tBu3PSe[13] towards molecular
iodine and should be compared
with Ph3PSe[14] (Table 1, p. 388).
However, the monomeric units
of 3 exhibit secondary I ´´´ I con-
tacts [d(I1ÿI3') 370.32(11) pm;
symmetry operator: ÿx� 1,
ÿy� 1,ÿz] that lead to the for-
mation of dimeric units, which
can alternatively be regarded as
two molecules of 1 bridged by
two molecules of molecular
iodine (Figure 5, p. 388). In this
respect, the resulting ten-mem-
bered ring of 2 1 and 2 I2 mole-
cules, all acting as donors and as
acceptors, shows a coordination
pattern that is very similar to
that of the dimeric adduct of
Ph2Se2 with I2.[23]


Between the ten-membered
cyclic dimers, additional PSe ´´´
SeP contacts (382.9(2) pm, re-
sembling those in 1 and 2) and
further I ´ ´ ´ I contacts [d(I3-I3')
379.83(14) pm; symmetry oper-
ator: ÿx� 2, ÿy� 1, ÿz] lead
to a layer structure through the
base-pair-like dimers (Figure 6,
p. 388).


Conclusion


Addition of selenium to alkyl(iodo)phosphanes RnPI3ÿn led to
the isolation of the first iodophosphane selenides
RnP(�Se)I3ÿn (1: R� tBu, n� 2; and 2 : R� c-Hex, n� 1)
and the determination of their structures. Increasing the
number of iodine atoms bonded to phosphorus (at the
expense of alkyl groups) from one to two leads to a slight
decrease of the P�Se bond length. Solid 1 and 2 exhibit
intermolecular P�Se(donor)!IÿP(acceptor) [n!s*] inter-
actions leading to infinite chains. Addition of iodine to 1 can
be understood as insertion of an iodine molecule into such a
donor ± acceptor system, leading to Se(donor)!IÿI!IÿP-
(acceptor) brigding. From two such bridges, a novel soft ± soft
base pair (dimeric 3) is built up. Becoming two-coordinate by


Figure 2. Packing diagram of 1.


Figure 3. Molecular structure and secondary contacts of 2 (H atoms are omitted). Symmetry operators for
equivalent atoms: xÿ 0.5, ÿy� 1.5, ÿz (A); ÿx� 0.5, y� 0.5, z (B); x� 0.5, ÿy� 1.5, ÿz (C).
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Figure 4. Packing diagram of 2.


weak P�Se!I interactions, selenium
atoms of 1 and 2 tend to exhibit further
weak P�Se ´´ ´ Se�P interactions that link
the base-pair dimers of 3 and cross-link
the chains of 1 and 2. In compound 1, the
Se ´´ ´ Se interaction is associated with
slight elongation of the participating
P�Se bonds. This type of Se ´´ ´ Se inter-
action, which is not observed in ordinary
phosphane selenides, indicates a certain
electrophilicity of two-coordinate sele-
nium atoms bonded to phosphonium
centres; it is also related to Se ´´ ´ Se
interactions in trigonal selenium and in
certain solid diselenides.[21, 24] For future
molecular architecture with iodophos-
phane selenides, besides packing of the
organic substituents, directed L-type
P�Se!IÿP and approximatedly linear
P�Se ´´´ Se�P interactions should be
taken into consideration.


Figure 5. Molecular structure and secondary contacts of 3 (H atoms are
omitted).


Experimental Section


31P NMR spectra were run on a Bruker AM 200 spectrometer
(81.0 MHz) with CH2Cl2 as solvent, if not otherwise specified. J values
are given in Hz. Melting points were determined on a Kofler hot-stage
microscope. All values are uncorrected. Elemental analyses were
carried out by the Analytisches Laboratorium des Instituts für
Anorganische und Analytische Chemie, Technische Universität
Braunschweig. Solvents were dried by distillation under nitrogen
from the appropriate drying agent, glassware was flame-dried and
cooled under a stream of nitrogen.


Table 1. Selected bond lengths and secondary contacts (<400 pm) of compounds
with CÿPÿSeÿI moieties.


d(PÿSe) d(PÿI) d(IÿI) d(SeÿI) d(SeÿSe)


tBu2P(Se)I (1) 210.4(2) 245.35(14) 369.04(9)
212.1(2) 244.6(2) 384.38(9) 359.4(2)


c-HexP(Se)I2 (2) 209.2(2) 244.3(2) 347.59(8) 361.23(14)
243.9(2)


tBu2P(SeIÿI)I (3) 217.3(2) 243.1(2) 287.83(9) 278.19(11) 382.9(2)
379.83(14)
370.32(11)


tBu3PSeIÿI[13] 219.50(10) 291.44(8) 276.02(8) 352.70(12)
[(tBu3PSe)2I]�[I3]ÿ[13] 219.39(11) 291.42(10) 276.51(11)
Ph3PSeIÿI[14] 215.6(4) 288.1(2) 280.3(3)


Figure 6. Packing diagram of 3.
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Di-tert-butyliodophosphane selenide (1): Di-tert-butylchlorophosphane
(9.03 g 50 mmol) was added to a suspension of sodium iodide (14.9 g,
100 mmol) in toluene (50 mL). After stirring for 4 d the solid was removed
by filtration, half of the solvent was evaporated under reduced pressure,
and powdered grey selenium (3.20 g, 40 mmol) was added. After stirring
for 3 d unconsumed selenium was removed by filtration, the solvent was
evaporated under reduced pressure, and the yellowish residue was
recrystallised from hexane. Compound 1 (11.45 g, 65 %) was isolated as
yellow crystals. M.p. 83 8C; 31P NMR: d� 126 (s, 1J(77Se,31P)�� 775 Hz);
C8H18PSeI (351.07): calcd C 27.37, H 5.17; found C 29.11, H 5.28.


Crystal structure determination of 1:[24] C8H18IPSe, M� 351.05, P21/c, a�
756.9(2), b� 1375.7(4), c� 2388.1(2) pm, b� 90.334(10)8, V�
2.4864(9) nm3, Z� 8, 1calcd� 1.876 Mg mÿ3, m� 5.583 mmÿ1, T� 143 K. A
yellow prism (0.75� 0.40� 0.30 mm) was mounted in inert oil. 4517 re-
flections were measured (2V 6 ± 508, w/V scans, ÿ9<h< 9, ÿ16< k< 12,
ÿ28< l< 28; index ranges not complete, data are composed of independ-
ent set plus some Friedel pairs) with MoKa radiation (graphite monochro-
mator) on a Stoe STADI-4 diffractometer. After absorption correction (psi
scans, min. and max. transmission: 0.386, 0.646), 4372 reflections were
unique (Rint� 0.0279) and 4368 were used for all calculations (program
SHELXL-93[26]). The structure was solved by direct methods and refined
anisotropically by full-matrix least squares on jF j 2. Rigid methyl groups
were employed. The final wR(F2) was 0.0942, with conventional
R(F) 0.0396, for 211 parameters and 96 restraints (highest peak 1399,
deepest hole ÿ 1556 e pmÿ3).


c-Hexyldiiodophosphane selenide (2): A bromochlorocyclo-c-hexylphos-
phane mixture (18.36 g, about 80 mmol, Cl:Br ratio about 2:1), which had
been obtained by distillation from the reaction of c-hexylmagnesium
bromide with phosphorus trichloride, was added to a suspension of sodium
iodide (30 g, 200 mmol) in toluene (40 mL). The mixture was heated under
reflux for 1 h. After further 18 h at room temperature, the solid was
removed by filtration, and powdered grey selenium (6.40 g, 80 mmol) was
added. After 1 d at room temperature, the mixture was heated to 90 8C for
30 min to complete the reaction. After filtration of the hot solution, slow
cooling led to crystallisation of 18.23 g (about 50%) 2 as red-orange prisms.
M.p. 74 8C; 31P NMR: d�ÿ79 (s, 1J(77Se,31P)�� 755 Hz); C6H11PSeI2


(446.90): calcd C 16.13, H 2.48; found C 17.84, H 2.66.


Crystal structure determination of 2 :[24] C6H11I2PSe, M� 446.88, Pbca, a�
812.3(2), b� 1289.9(2), c� 2143.7(3) pm, V� 2.2460(6) nm3, Z� 8, 1calcd�
2.643 Mgmÿ3, m� 8.925 mmÿ1, T� 173 K. A orange prism (0.38� 0.28�
0.20 mm) was mounted in inert oil. 3442 reflections were measured (2V 6 ±
508, w scan, ÿ9< h< 6, ÿ15<k< 13, ÿ3< l< 25; index ranges not
complete, data are composed of independent set plus some Friedel pairs)
with MoKa radiation (graphite monochromator) on a Siemens P4 diffrac-
tometer. After absorption correction (psi scans, min. and max. trans-
mission: 0.411, 0.953), 1976 reflections were unique (Rint� 0.0373) and were
used for all calculations (program SHELXL-93[26]). The structure was
solved by direct methods and refined anisotropically by full-matrix least
squares on jF j 2. All hydrogen atoms were refined with a riding model. The
final wR(F2) was 0.0731, with conventional R(F) 0.0296, for 92 parameters
and 48 restraints (highest peak 858, deepest hole ÿ 681 epmÿ3).


Di-tert-butyliodophosphane selenide-diiodine (3): Iodine (0.76 g,
3.0 mmol) was added to a solution of 1 (1.20 g, 3.4 mmol) in toluene
(10 mL). Stirring was continued until all iodine had dissolved. Subsequently
10 mL of hexane were carefully added and allowed to diffuse into the
toluene solution. This led to the separation of black-brown crystals of 3
(1.45 g, 80 %). M.p. 96 8C (decomp); 31P NMR (CH2Cl2): d� 117 (s,
1J(77Se,31P)�� 696 Hz), 31P NMR (C6H6): d� 129 (s, 1J(77Se,31P)�
� 600 Hz); C8H18PSeI3 (604.88): calcd C 15.89, H 3.00; found C 15.23, H 2.83.


Crystal structure determination of 3 :[24] C8H18I3PSe, M� 604.85, P21/c, a�
926.6(2), b� 1132.8(3), c� 1512.3(3) pm, b� 91.165(8)8, V� 1.5870(6) nm3,
Z� 4, 1calcd� 2.532 Mg mÿ3, m� 8.271 mmÿ1, T� 173 K. A brown plate
(0.75� 0.38� 0.03 mm) was mounted in inert oil. 4022 reflections were
measured (2V 6 ± 558, w scans, ÿ11< h< 12, ÿ14< k< 11, ÿ19< l< 19;
index ranges not complete, data are composed of independent set plus
some Friedel pairs) with MoKa radiation (graphite monochromator) on a
Siemens P4 diffractometer. After absorption correction (psi scans, min. and
max. transmission: 0.313, 0.818), 3384 reflections were unique (Rint�
0.0319) and 3379 reflections were used for all calculations (program
SHELXL-93[26]). The structure was solved by direct methods and refined


anisotropically by full-matrix least squares on jF j 2. Rigid methyl groups
were employed. The final wR(F2) was 0.1167, with conventional
R(F) 0.0426, for 124 parameters (highest peak 1633, deepest hole
ÿ 1626 epmÿ3).
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